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Summary. 

The Guy-type Inductor alternator is a variable 

reluctance machine with slotted structures on both sides 

of the airgap; the complex airgap geometry and high 

frequency, tend to magnify distortions and losses to a 

greater degree than in normal machines. The existing 

theory of the Guy-type alternator is somewhat empirical 

and restricted; the lack of detail as to the actual flux 

distribution on open circuit and on load has led to the 

underestimation of losses. It is well known that the 

doubly-slotted structure is not covered by generalised 

machine theagy suggesting that a different approach is 

needed for the analysis of Guy-machines. 

In this thesis a detailed study of flux distribution 

in the stator and rotor not only leads to a better 

understanding of the behaviour of the machine, but also 

allows the losses to be calculated with a greater degree 

of accuracy than previously achieved. 

Before commencing a study of flux distribution, it 

was necessary to have a good understanding of no-load 

permeance variations; detailed permeance calculations 

based upon a simple approximation were compared with 

Teledeltos plots, and indicated the optimum tooth-slot 

parameters under open circuit conditions. 

A simple method based upon the airgap geometry and 

the physical movement of the rotor teeth across the 

stator surface, forms the basis of the theoretical work. 

Extension of the theory to include the effects of 

armature reaction and adding a series capacitor on load, 
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leads to a method of calculating the flux distribution 

in the stator and rotor. The effects of damping and the 

calculation of field excitation on load is also 

discussed. A 3kHz experimental machine, heavily instru- 

mented with search wires, was used throughout the work 

to verify the theory. 
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introduction, 

After a brief introduction to the Guy-type. 

Inductor alternator to define the various parameters 

and the principle of operation, a critical survey is 

made of the existing theories, (chapter 1); the rest 

of the thesis is concerned with a detailed study of 

flux distribution in the stator and rotor of a 44.4KVA, 

3kHz, Guy-type Inductor alternator. 

Before commencing with detailed flux distribution, 

a study of no-load permeance variations and overall 

flux distribution in the airgap of Guy-type machines 

was made, (chapter 2 ); studies to investigate the 

effect of d/g and t/, upon €( 1.2.2.1), showed that 

many of the design criteria were correctly chosen and 

that there is an optimum value of flux utilisation 

coefficient on open-circuit for any tooth-slot 

geometry. 

Although Lorenz’ and Guy-type’ machines are very 

different in behaviour ( 1.2 ), it was decided to 

embark on a programme of testing and analysis similar 

to the one used on Lorenz iectines. a Details of the 

experimental machine are given in chapter 3; a complex 

array of search wires on the stator and rotor 

enabled detailed flux measurements to be made under 

open-circuit and load conditions. 

Chapter 4 deals with open-circuit flux 

distribution in the stator; measurements, especially 

at the tooth surface, showed the complex nature of the 

flux distribution.



Analysis of these flux waveforms formed the basis for 

studying load performance in the stator and rotor. 

The effects of damping and the calculation of losses 

is also discussed in this chapter. 

Following the basic analysis used in chapter 4, 

the effects of armature reaction are dealt with in 

chapter 5; other important factors affecting load 

flux distribution, e.g. series capacitors and load 

power factor are also included. The effects of 

damping and the calculation of losses is also discussed. 

From the physical geometry of the airgap region 

and knowledge of the flux distribution in the stator 

on open-circuit and on load, the flux waveforms on the 

rotor were easily calculated,chapter 6; losses were 

treated in a similar way to the stator, except for 

the additional loss due to heteropolar flux. 

Various methods of calculating field excitation 

requirements under load conditions are discussed in 

chapter 7; a major section of the chapter is concerned 

with work by Bese who includes the effects of 

saturation. 

Chapter 8 concludes the thesis with a summary 

of the conclusions drawn from each chapter; the 

calculation of flux waveforms and field excitation is 

demonstrated in two flow-chart diagrams, Figs96 & 97.
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Summary.- Chapter 1. 

After a brief survey of the history of the 

Inductor alternator, the chapter is divided into 

two sections; the first is concerned with the general 

principles and operation of the machine, and the 

second with the existing theories. 

For high frequency heating applications, the 

conventional alternator is unsuitable, since the pole 

pitch becomes impracticable and the windings difficult 

to retain at 2-pole synchronous speed; at these high 

frequencies, the modern heteropolar inductor alternator 

is the most suitable machine. The Lorenz machine is 

used for frequencies in the range 1-2 kHz; for higher 

frequencies, use is made of Guy-type machines. 

Guy-type slotting and the principles of operation, 

including simple flux relationships, are discussed 

in this chapter to introduce the basic ideas and to 

define some important parameters. 

Major contributions to inductor alternator theory, 

related to the Guy-type machine, are discussed and 

the relevance of the existing theories to this type 

of machine and to the work of this thesis is also 

stated.



liet Historical background. 

In the early days of the supply industry and 

wireless, a number of rotating alternating current 

generators were developed. The principle types are 

outlined by Laffoon’ and can be classified as follows: 

(a) Alternators excited by alternating current 

and connected in cascade to step up the frequency by 

having the armature of one feeding the field of the 

next. 

(b) The inductor alternator in which the rotating 

element causes the exciting flux that links the 

armature coils to either pulsate or alternate. 

(c) The reflector type of alternator, which is a 

combination of the two classes above, and in which the 

frequency transformations take place in one machine. 

The types mentioned in (a) and (c) were developed 

in the early 1900's and were used mainly in the field 

of radiotelegraphy. The analysis of type (a) 

alternators is discussed at some length by Patten”? 

" 2. 
and Bethenod, and type (c) alternators by Goldschmidt. 

The history of the inductor alternator (b) is of 

particular interest and is dealt with in detail by 

Lay? 

The inductor alternator was developed in the late 

1880's and is characterised by having no moving 

conductors. In 1888 Mozdey petented the ' Mordey 

inductor alternator ' which was used successfully 

over a decade. The rugged simplicity of the design, 

coupled with its ability to meet the demands for 
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greater outputs, formed the basis for its acceptance. 

Until alternators could be successfully paralleled, 

there was some delay in the expansion of a.c. power 

station outputs, but this was overcome by 1894. Before 

the advent of the steam turbine drive, when prime 

mover speeds were still low, the inductor alternator 

type of machine was a rival to the wound pole type, 

since its construction was favourable to the use of 

castings. During the early 18908 the steam turbine 

steadily established its claim to be the most 

satisfactory prime mover; at these speeds the simplicity 

of slow speed inductor alternator rotors was lost. 

These early inductor alternators were eclipsed by the 

arrival of the steam turbine and were not heard of 

again until the need for industrial high-frequency 

arose, ( 1-10 kHz ). 

Between 1895 and 1899, experiments were also 

being carried out in the field of radiotelegraphy. 

During the next few years a 10,000 Hz alternator was 

developed by Tamme” and a 100,000 Hz alternator by 

Alexanderson” . High frequency alternators having 

outputs up to 200 KW were subsequently designed by 

Alexanderson, and employed in numerous high power 

stations in America and Europe. 

The main use of inductor alternators today is 

for industrial heating. The h.f. power is delivered 

to a water cooled copper coil surrounding a 

refractory crucible. An intense alternating magnetic 

. field is generated within the coil causing eddy 

currents to be induced in the charge. 
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These currents heat the charge and, in the case of 

magnetic materials, there is an additional heating 

effect due to hysteresis, Alternator sets for 500- 

3000 Hz and later up to 10,000 Hz were designed in 

the early 1920's. In the early stages many of the 

machines were of the homopolar type; during recent 

years, however, modern types of heteropolar inductor 

alternators have been developed which have been 

shown to be superior to the homopolar type. Lorenz’ 

and Guy-type. inductor alternators are used for 

high-frequency heating applications. 

In recent years, the inductor alternator has 

also been used for special applications in electronics 

and in spacecraft.



Te The Guy-type inductor alternator. 

Introduction. 

Inductor alternators of the Lorenz or Guy-type 

ere used for generating frequencies in the range 

1-10 kHz; at these frequencies the conventional 

alternator is unsuitable, since the pole pitch 

becomes impracticable and the windings difficult to 

retain at 2-pole synchronous speed. 

Lorenz type machines have unwound slots on the 

rotor side of the airgap only, and the a.c. windings 

are normally single phase, 1 slot/pole. Flux 

distribution in the Lorenz--type machine has already 

been analysed in detail by Davies & eC, Lorenz 

type machines are used for frequencies in the range 

1-2 kHz; as the rated frequency rises, the pitch of 

the stator slot falls and use must be made of Guy- 

slotting ( see 1.2.1 ), which uses unwound slots on 

both sides of the airgap. Although, at first sight, 

this seems a modest change, the Lorenz and Guy 

machines are very different in behaviour. The Lorenz 

machine has been shown to behave like a normal 

synchronous machine when allowance is made for the 

single-phase stator, the reluctance-type rotor and 

the second order effects caused by the size of the 

stator a.c. sitee the other hand, the Guy- 

machine has slotted structures on both sides of the 

airgap and is not a rotating field machine but a 

variable reluctance machine.



Both the stator and rotor core are laminated to 

reduce the losses at these high frequencies; the 

laminations (0.018cm to 0.04cem) are made from 4% 

silicon steel and varnished to prevent eddy currents. 

The simplicity of the construction of the rotor, which 

consists of a laminated cylinder slotted at the 

periphery and carrying no windings, permits peripheral 

speeds up to 100m/sec. 

Most heating applications need single phase, 

which is fortunate, since this is the natural mode of 

operation of the machine.



13204 Details of Guy-slotting. 

For frequencies greater than about 3000 Hz, 

using a 3000 rev/min machine, the stator slot pitch 

becomes too small for a practical Lorenz machine to 

be built. 

[c-e. at 10,000 Hz and 3000 rev/min, 200 rotor slots 

are needed, which gives a rotor slot pitch of 0.635cm 

for a gap periphery of 127cm( 40.5 cm dia.). ] 

A form of slotting proposed by Guy? in 1901 is 

used for these frequencies; this is shown in Fig 1a. 

As in the Lorenz machine, the number of rotor slots 

is decided by the frequency and speed of rotation. 

The stator of the Guy machine has unwound slots ( of 

the same wavelength as the rotor slots ) and larger 

slots to take the field and a.c. windings. The main 

teeth A and B, Fig 1a,have the same number of unwound 

slots at the airgap; these are normally arranged, as 

shown, with one less slot than the number of teeth 

- the missing slot can be considered to be made up 

by two " half slots " due to the fringing at the 

extremities of each main tooth. 

The permeance of main tooth A is arranged so that 

it varies 180° out of phase with that of main tooth B. 

Because both main teeth are embraced by the same 

field coil, the total flux in the pole will divide in 

the ratio of the two airgap permeances, ignoring the 

iron circuit. When the rotor moves through half a 

rotor slot pitch, the flux in main tooth A will 

change from maximum to minimum and the flux in B from 

minimum to maximum. 
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The width of the a.c. and d.c. slots has to be 

MC y + % ) - t, where y is an odd integer, to 

obtain the correct permeance phase. Whilst y can take 

any value, it is normal to use y = 1 for both a.c. and 

d.c. slot opening, giving _3s + t+, as shown. 
2 

Each pole pitch then comprises: 

2x small teeth = 2xt 

2(x - 1) small slots = 2(x-1)s 

a.c. slot opening = (3s +t)/2 

d.c. slot opening = (3s +t)/2 

total/pole pitch (2x41) x 

( see Fig. 11a and 11b. ) 

where:- 

x= small teeth / main tooth. 

t= width of small tooth. 

s= width of small slot. 

A= rotor slot pitch = (s +t). 

The designer of Guy-type machines does not have 

a free choice of frequencies, given a speed of 

rotation, Table 1 shows the possible frequencies in 

kHz for various values of x and pole numbers at a 

driven speed of 3000 rev / min, 
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Table 1. 

Frequencies generated: (in kHz ) for various values 

of x and pole numbers. 

Driven speed 3000 rev/min. Rotor slots= frequency in Hz 

  

  

  

  

  

  

  

  

  

  

    

50 

poles 
Deeth 

main tooth 6 8 TOS a2 14 16 18 | 24 

2 165] 260} 2.5 | 5.0) 3.57 4.0 (4.5 | 6.0 

3 2.1) 2.6 | 3.5) 4.2 | 4.9 | 5s6 16.5 | 8.4 

4 2.7) 3.61 4.5 | 5.4] 6.5 | 7.2 18.1 | 10.8 

5 3.3) 4.4 | 5.5 | 6.6] 7.7 | 8.8 |9.9 

6 3-9] 5.2 | 6.5 | 7.8] 9.1 | 10.4 

uf 4.5] 6.0] 7.5 | 9.0] 10.5 

8 501] 6.9 | 8.5 | 10.2 

9 Doll) | 167 | 945 

10 6.3 | 9.0 | 40.5                     

It is also possible to design slottings as shown 

in Fig ic & 1d, with several a.c. slots for each d.c. 

slot. 
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1.2.2 Principle of operation. 

Direct current is passed through the field 

winding producing a steady flux ( g ) across the 

d.c. pole pitch, Fig 2. Neglecting the effects of 

saturation, the steady flux p splits up into the 

ratio of the airgap permeances; for the rotor tooth 

position shown in Fig 2, the fluxes in teeth A and B 

are defined as dy and ds respectively, where A= flux 

in a whole stator main tooth for the stator tooth 

opposite rotor tooth position and bs = Tlux ive 

whole stator main tooth for the stator tooth opposite 

rotor slot position. When the rotor has moved by half 

a slot pitch, the permeance condition is reversed, 

and on and 4, are interchanged. The fluxes in teeth 

A and B are restored to their original values when 

the rotor has moved by a further half slot pitch. 

Therefore, alternating flux links the a.c. winding 

during rotation of the rotor; the frequency of the 

alternating flux is given by the product of the 

number of rotor teeth and the number of revolutions/ 

“second. 

If single pitch coils are used, as in Fig 1a, 

the alternating component of flux linking each turn 

is (fi, - g. )/ 2. 
Instead of the individual coils embracing each 

main tooth, advantage is taken of the fact that the 

fundamental permeance variations in main teeth 

(A and A’) ana ( B ana Boys Fig 2 are in phase, so 

that ' double pitch coils ' passing from each a.c. 
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slot to the next can be used to link twice the 

fundamental flux / main tooth. 

To introduce the basic theoretical ideas at this 

stage, the permeance variation is assumed to vary 

sinusoidally between the maximum value ( tooth 

opposite tooth ) and the minimum value. ( In chapter 2, 

detailed permeance calculations show that permeance 

harmonics are also present.) 

The expression for permeance can be written in 

the form A = Ag 1 + Ecoswt ), where € is known as 

the ' flux utilisation coefficient '. 

1.2.2.1 Flux utilisation coefficient (€ ). 

18 
Ehas been defined by Raby, 

€=ft - bs =f - be aa Ge Gere eer 

2rA, bh + be $ ¢g 

€ is obviously a very important design parameter 

linking he > dy and de . With the assumption of 

sinusoidal variation stated above it is given by 

€ = Nor ee 

ie a ID 

An2"4 Ln 2” be obtained by Schwarz-Christoffel 

transformations” for the tooth-opposite-tooth and 

tooth-opposite-slot conditions. Useful contributions 

to this subject are made by Gibbs? and Coe and Taylor. 

In practice, an empirical value of 0.9€ is used 

in the design equations. ( It will be shown from 

Teledeltos plots that this 0.9 value follows from the 

erroneous assumption of sinusoidal permeance variation 
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and the use of shallow, sloping-sided slots instead 

of infinitely deep, vertical-sided slots.) 

€ is dependent on the airgap configuration. It is 

convenient to plot it in terms of two pairs of 

dimensionless quantities involving s,g,t and». 

Fortunately, for the values of ( + /) ) normally 

used in these machines ( 0.37 to 0.44 ), €is 

practically constant for a given ( s/g), so that 

a curve of € against (s/g) can be plotted, Fig 3. 

1.2.2.2 Flux equations and voltage generation. 

( open-circuit.) 

On open circuit, only the field mmf F is acting, 

Maximum flux in a tooth A = FAY 1+€) 

Minimum flux ina tooth , = FA,{ 1 -€ ) 

If single-pitch coils are used, Fig 1a the 

alternating component of flux linking each turn is 

(iain) 1) oan em Ge meen ee 

If double-pitch coils are used, Fig 2 

FA,( 1 +€cos wt ) 

-F/A,( 1 -€cos wt ) 

Total flux linking A+ A’= 2FA,€cos wt 

= ( bs - & )coswt, 

i.e. twice the flux embraced by each single pitch coil. 

" Flux in tooth A 

Flux in tooth a’ 

The emf in the total winding, since all the 

fundamental voltages are in phase, is 

E = 4.442N¢,. volts, 

where N = total turns in series in the machine. 
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Because f is high in these machines, the turns are 

usually small. A.C. windings commonly comprise one 

to three effective conductors per slot. Parallel 

paths must be treated with caution as small 

inequalities “in the airgap length produce large 

differences in path voltages. 

Ne2erao Flux equations on load. 

Under load conditions an additional mmf acts 

upon the airgap due to armature reaction; the total 

mmf can be written in the form [F + Acos (wt +a) 

where & is defined as the phase angle between the 

peak of the load current and the peak permeance. 

( The angle X defines the amount of overlap of stator 

and rotor teeth at the moment of maximum applied mmf.) 

Simple equations, assuming sinusoidal permeance 

variation, can be derived for the fluxes linking the 

a.c. and d.c. windings:- 

dae 2 A.J? € cos wt + 2hcos (wt +« ] 
(see 10.4.1) 

Dre -A,ler + AE cosh + AE cos ( 2wt *«J 

2 

The flux which links the field winding under 

load conditions contains a second harmonic term due 

to the interaction of the fundamental permeance 

variation and the fundamental component of armature 

reaction, This high frequency flux component linking 

the field induces a voltage in the field winding 

which is liable to cause a breakdown of the field 

insulation, 5.6.2. 
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Damping windings, consisting of short-circuited turns, 

are placed either in the top or bottom of the d.c. 

slots to damp the high frequency flux which links the 

field winding. The effects of damping on open-circuit 

and on-load are discussed in subsequent chapters of 

the thesis, (04.5, 04s (uoe 5 sand 5.6.2 a)ie 
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1.3 Survey and discussion of relevant papers. 

Walkers papers’ which form a major contribution 

to inductor alternator theory, and which are well- 

known in the field of high frequency machines, provide 

a useful background to the study of high frequency 

alternators; these papers are discussed briefly in 

this section with particular reference to the Guy-type 

inductor alternator. 

The major contributions to inductor alternator 

theory related to the Guy-type machine are presented 

by Poni’ ’ Raby. = Bdesine. > Mandl, and Bares 

A detailed survey of each paper is made in this section, 

except the paper by Bussing. The major part of Bussings 

work is concerned with the effects of saturation and 

the calculation of excitation under load conditions; 

a critical survey of his work is made in chapter 7, 

which deals primarily with the calculation of field 

current on load. 

The main difference between existing theories 

and that presented in this thesis lies in the approach 

to understanding what actually happens in the machine. 

Although the majority of the existing theories lead 

to a useful design technique, they are somewhat 

empirical and restricted. The lack of detail as to the 

flux distribution both on open circuit and under load 

conditions arises because these theories are expressed 

in overall terms, i.e. 'flux per tooth' or ‘ampere- 

turns for gap and teeth.' In this overall approach 

no real indication is given as to the actual flux 
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distribution in the teeth or the core; iron loss 

calculations based upon assumed flux paths etc, lead 

in the main to the underestimation of the losses, 

especially in the small tooth regions. 

Throughout this thesis, a combination of 

experimental work and Teledeltos models has been used 

to develop expressions for the flux distribution in the 

teeth and core. Where detailed distribution is discussed, 

e.g. in the stator tooth surface, little reference is 

made to the existing theory. However, a limited use 

can be made of the theory when considering overall 

aspects, e.g. damping of the fluxes linking a field 

coil. 

Some of the points arising from a survey of the 

literature are dealt with in appropriate chapters of 

this thesis; where this occurs, reference is made to 

the relevant chapter. Other papers which appear in the 

bibliography and which are not specifically mentioned 

in this survey or in the thesis were used for 

background reading, e.g. the papers relating to flux 

plotting etc. 
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1.3.1 _Walker.?* 

Walkers 1941 paper on the ' Theory of the inductor 

alternator,' briefly describes the construction of 

typical homopolar and heteropolar inductor alternators, 

and presents a theory which is also a practical design 

technique. The homopolar machine has several 

disadvantages which are mentioned by Walker and 

Marchbanks?? 

Nowadays the homopolar type has almost completely 

been replaced by the heteropolar machine. 

The flux distribution in the airgap and the emf 

equation is based upon work by F.Wicarter ; the 

equations are based upon simple assumptions which are 

discussed in chapter 2. To calculate the characteristics 

of the machine, it is desirable to relate the mean and 

the alternating fluxes vsing a flux utilisation 

coefficient; this is defined by Raby,(section 1.3.3 ) 

and is discussed in sections ( 1.2.2.1 and 2.1 ). 

Walker also discusses main types of armature 

windings, effects of armature reaction and the necessity 

of an efficient damping system. Methods of 

predetermining the field current on open-circuit and 

on load are indicated and the paper concludes with 

an investigation of the losses in these alternators. 

The calculated losses give a false indication of the 

true loss, since they are based upon simple assumptions 

which are untrue in practice. Walker comments:-— 

' The figure of core loss must be multiplied by 

an empirical constant to allow for the effect of 
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notching, etc. This constant is of the order of 2 to 3 

and is obtained from test results on similar machines. 

The loss calculations are usually based on 

fundamental flux; the fundamental loss is calculated 

from design values of flux density and the appropriate 

loss curve for the material. In subsequent chapters 

of this thesis, detailed flux measurements, especially 

in the small teeth, show that harmonic fluxes are 

present which will influence the loss calculation. 

Detailed studies in the tooth and core regions, show 

where these losses occur; the actual loss is then 

calculated from a simple relationship, i.e. loss«t!® By 

( see section 4.3 ). 

Walker's second paper, ' High frequency alternators, '! 

reviews the various types of alternators available for 

the generation of frequencies up to 50,000 Hz and 

shows that for the majority of applications the modern 

heteropolar inductor alternator is the most suitable 

machine, After discussing Lorenz and Guy-type machines, 

single phase machines employing Guy-Lorenz slotting, 

( Fig 1c&@ ) and polyphase alternators developed in 

connection with telecommunication and certain special 

purpose applications are also mentioned. The electrical 

characteristics and mechanical construction of these 

alternators is considered in some detail, with their 

application to the melting of metals and surface 

hardening of steel. 
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In introducing the ' Theory of pulsating field 

machines,' Pohl shows that electrical machines, as 

electromagnetic converters of energy can be classified 

into two main groups:- 

' The first, that of alternating field machines, 

which are characterised by a magnetic field of 

essentially constant permeance and constant flux 

distribution, alternating relative to the armature 

windings, due to an alternating mmf. In most of 

these machines the alternation is brought about 

through rotation of either the flux or the 

armature winding. Where a constant field is made 

to rotate by electrical or mechanical means 

relative to the a.c. coil, we speak of rotating 

field machines, 

In the second group, the induced emf results 

from flux pulsations brought about by periodic 

changes of permeance, generally within a 

unidirectional, d.c.-excited, heteropolar field. 

These are the pulsating-field or inductor-type 

machines, Where the total flux of a d.c. pole 

containing side by side two or more a.c. coils 

in different phases of induction, is kept 

constant, line cutting has to be imagined as due 

to lateral swinging of lines out of one coil into 

another and back again. We may then speak of 

' swinging-field machines.'' 
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The paper suggests that instead of attempting to 

adopt the rotating-field theory to pulsating field 

machines, it is more satisfactory to employ an 

independent theory. Pohl shows that if the well- 

established theory for the first group of machines is 

applied to the second group, then 

' it no longer leads to a clear mental picture 

and a simple theory, but merely creates 

unnecessary complications. These complications 

are conducive to misconceptions and they become 

intolerable when harmonic effects, especially 

on load have to be investigated.' 

Pohl's theoretical approach is based upon being 

able to find an expression for the pulsating permeance 

and the total mmf that acts upon that permeance, 7.1.23; 

this approach is later adopted by Raby ( 7.1.1) and 

Bussing ( 7.2.2.1). 

For simple geometries, e.g. tooth-opposite-tooth 

or tooth-opposite-slot, over a rotor pitch, the airgap 

permeance is calculated as described in section 1.2.2.1. 

For the complex geometry of the Guy-machine, the method 

becomes very tedious and complex. The problem of 

integration becomes increasingly more involved as the 

number of corners in the original flux distribution 

boundary increases; for more than 6 corners the 

integration leads to elliptic functions, 

To obtain expressions for the permeance variation, 

Pohl makes an approximation to the airgap permeance 

by using a ' substitute angle' which is claimed to be 

accurate within 1% for a wide range of s/g values, 

( 10.1 and Fig 4. g 4.) Aes



Instead of Carters coefficient:- 

c= are tan( s/2g ) - loge ( 1+ ( s/2e)- ) ee 
x s/g 

Pohls method leads to a correction coefficient c’ 

given by 

t 
ec =|1 Be /p rose (1+ Bs/2g ) 

s/g 

fo express the permeance variation over a whole 

cycle a number of equations have to be used, since 

there are points of mathematical discontinuity during 

the permeance cycle, ( section 10.3 ). 

The fluxes both on open-circuit and on load are 

easily calculated by considering the mmfs which act 

upon this permeance variation, ( sections 1.2.2.2 and 

Tate )s 

Some important features of the pulsating field 

machine are mentioned by Pohl which can be summarised 

as follows:- 

(a) _open-circuit conditions. 

1) The difference ( d, - $b, ) is a measure of 

the flux pulsation and for unsaturated conditions will 

rise in proportion to the applied ampere-turns. With 

the commencement of saturation, however, the rate of 

rise of de decreases, while that of d, remains 

constant so that ( 4 - 4, ) now rises less rapidly. 

Ultimately a point is reached where the slope of dy 

equals that of Be ; here ( dy - ee) reaches its 

maximum, then decreases with further excitation, Fig 88. 
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2) he output of pulsating field machines is 

ultimately limited by the saturation in the iron and 

the heating of the windings. The limiting saturation 

is set by the teeth of stator and rotor, since the 

cores can always be made deep enough to accomodate 

the tooth flux. 

3) As the rotor teeth pass from a position of 

maximum permeance to a position of minimum permeance, 

the flux is constrained to enter through a reduced 

tooth surface where ultimately a very high saturation 

may be set up. In addition to the high saturation 

which is possible for certain rotor tooth positions, 

flux measurements on open-circuit have shown that 

harmonic fluxes are also present, which cause extra 

losses in the tooth regions, (section 4.1.2 ). 

(b) _On-load. 

Pohl also includes the effects of armature 

reaction:- 

' While the maximum ampere-turns producing the 

flux on load which reach ( A + F ) greatly exceed F, 

the stator and rotor teeth may have ceased to face 

each other, or may do so only over a small angle. In 

so far as they still overlap, the gap density, and 

therefore the tooth surface density, reaches much 

higher values than on open-circuit. The lines of 

force entering the teeth from the gap at high induction 

will at once spread out in the iron to make use of its 

whole width. Despite a low general tooth induction, 

a very high surface saturation may thus prevail.! 

Obie



(a mathematical analysis of Pohl's work is given in 

chapter 7) 

A close examination of the flux distribution 

under load conditions, especially in the tooth 

regions, shows that the flux distribution at the 

surface is far more complex than that mentioned by 

Pohl, ( chapter 5*); the distortion in small sections 

of the surface feeneneuet fern across the surface and 

is dependent upon a number of factors, e.g. the value 

of. series capacitor,( 5.2.7 ) the tooth-slot geometry 

and the degree of saturation, ( 5.5.2 ). 

Under load conditions, the maximum output is 

limited by field heating , ( 7.3.6 ); the maximum 

output for a given field current is dependent upon the 

value of series capacitor and load power factor, 

(7.550) Jie 

A further important point is discussed in relation 

to the optimum shape of the teeth. The permeance 

variation is a function of dimensional ratios only, 

namely of the ' tooth ratio' ( t/\ ) and s/g . Fora 

given value of s/g the permeance variation can be 

plotted for various values of t/y 3 when the curves 

are analysed for harmonic content, Pohl shows that 

the optimum value for { approaches 0.4. Chapter 2 

shows that this is infact true for a wide range of s/g, 

but only for open-cicuit conditions. Under load 

conditions other factors as well as the airgap 

geometry affect the flux distribution, suggesting that 

under load conditions a different value of t/), may 

have to be chosen to give optimum performance,( 5.5.2). 
* 
(Chapter 5* and Chapter 7* refer to this thesis.) 

= 26a



1.3.3. _Raby!® 

The property of high-frequency currents whereby 

the current density at the surface can be many times 

greater than in the interior of a conductor, makes it 

possible to heat-treat a piece of steel to produce a 

relatively thin layer of surface hardening. This 

important application is discussed in detail by 

Marchbanks” Two typical applications are mentioned 

by Raby, namely the pre-heating of rivets and surface 

hardening of metals. For surface heating applications 

a demand exists for a.c. supplies at a frequency of 

8-10 kHz; the inductor alternator of the Guy-type 

provides a convenient source of power at these 

frequencies and is most commonly employed in ratings 

of 25-250 KW. Rabys paper deals with the principles 

of operation and the theory for 10 kHz machines of the 

Guy-type. 

In discussing the flux relationships in the 

machine, two important parameters are defined:- 

(a) flux utilisation coefficient (€ ). 
  

assuming sinusoidal permeance variation, € is 

defined as the = ds pe CRI ece ete. 

A + 

(b) ta! (Gvicalenlny) 

'a' is defined as A/RE, where 

A = peak a.c. ampere turns/pole 

" F, = field ampere turns/pole to give rated 
open-circuit volts 

€= flux utilisation coefficient. 
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For damped conditions the parameter 'a' is modified 

to a( 1- €/4). For 10 kHz machines € is low ana 

leads to a discrepancy of not more than 1.5%. Raby 

uses these two parameters to develop a simple load 

theory; this is discussed in detail in chapter 7, 

which is primarily concerned with the calculation of 

field excitation under load conditions. 

A major part of the paper is concerned with 

losses in this type of machine. The losses can be 

classified into three groups:- 

(a) losses which are dependent upon uncertain 

conditions such as the precise quality of the iron, 

the finish of the punched edges, the amount of 

machining of the airgap surfaces, etc. In machines of 

this type the performance is critically dependent 

upon the length of the airgap. ' Errors in manufacture 

which are well within the limits of the closest 

tolerances that can be reasonably specified may still 

produce discrepancies between observed and predicted 

performance considerably in excess of those resulting 

from imperfections in the design procedure.' 

(>) loss which can be calculated with a good degree 

of accuracy, e.g. the copper loss in the a.c. and 

field windings; this is usually very small compared 

with the total losses. 

(c) The losses in the core and teeth. The losses in 

the core and teeth are usually calculated from the 

known flux density, volume of iron and specific loss 

curves. 
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Additional losses in the rotor also occur due to 

heteropolar flux. The conclusions on losses which 

emerge from the paper are summarised by Raby as 

follows:- 

' The chief requirement is for a theory and 

straightforward design procedure based on a sound 

understanding of the fundamental principles of the 

inductor-type machine. __ Until a 

fundamentally sound theory of the losses has been 

developed and agreed upon, simultaneous input/output 

readings at full load should be taken as the sole 

eriteria of efficiency.' 

In subsequent chapters of this thesis, the flux 

distribution in the stator and rotor under open- 

circuit and load conditions is analysed in detail; 

with this knowledge of flux distribution, the losses 

can be calculated with a greater degree of accuracy 

than previously achieved. A considerable amount of 

the loss is concentrated in the tooth regions 

and, although some of the factors mentioned by Raby 

in (a) will affect the overall loss, the gap between 

measured and calculated loss is considerably reduced, 

4055.3 eanduoet s45)s 
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1.3.4 __Manai?° 

This paper is concerned with developing a 

graphical method of determining the short-circuit 

current of an inductor alternator, taking into 

account the effect of a damping circuit which prevents 

oscillations of the total flux. From the open-circuit 

and short-circuit characteristics it is shown how 

an equivalent circuit can be developed which enables 

the load characteristics to be calculated. The short- 

circuit current is developed from the magnetic 

characteristics for maximum and minimum flux. The 

leakage flux is introduced as a percentage of the 

minimum flux and a leakage coefficient is defined as 

the ratio of leakage flux to minimum flux; this 

coefficient is assumed to be constant and independent 

of saturation. ( Flux measurements on the experimental 

machine show that there are a number of additional 

factors which influence leakage flux, ( 4.2.3 and 

Sues Tide 

Mandl develops load characteristics from an 

equivalent circuit, Fig 5a; the terminal voltage, 

load voltage etc are related by the equation:- 

roo x | X.+ Zsing a ( Zcos¢ i] 

- The output is given by 

Ta Ze EZ 

f X,+ Zsing y +(zeos¢ | 
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Introducing the ratio of output voltage to generated 

emf, Ve and the ratio of output current to 
er 

short-circuit current, I =X , a general equation 
L ° 

of the load characteristic is obtained:- 

yi +X 2yxX sing = 4 

From this equation load characteristics are drawn as 

shown in Fig 5b; these equations are further 

discussed in chapter 7 of this thesis. 

Mandl also discusses capacitor compensation 

and parallel running; these are summarised as follows:- 

Capacitor compensation. 

Condensers can be used either in parallel or in 

series with the machine windings. The parallel 

condenser increases the open-circuit voltage, but 

has no effect upon the short circuit current. As a 

rule it has a very bad effect on the waveform of the 

output voltage. The series condenser increases the 

short-circuit current but not the open-circuit 

voltage. Usually full compensation is not used, since 

this causes high short-circuit currents. 

Compensation of the internal inductive reactance 

by series condensers for an alternator with constant 

and variable speed is considered, and the transient 

and steady voltage changes are investigated. The effects 

of series capacitor upon flux distribution and load 

characteristics are discussed in chapters 5,6 and 7. 
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Parallel operation. 

also 

Parallel operation of inductor alternators is 

discussed by Mandl:- 

' For zero compensation there is no difficulty 

in synchronising the two machines if they run up 

simultaneously and their excitations are brought 

up together either during running up or after, nor 

does it make any difference whether the load is 

connected during running up or afterwards. _— _ _ 

Experiments proved that it is safe to compensate 

up to 50% of the internal inductive reactance in 

order to maintain good parallel operation. 

In order to allow for possible variations in 

the percentage slip between the driving motors, 

the rating of the combination of alternators 

should be about 10% less than the sum of their 

individual ratings. An unusual type of 

instability arising when paralleling series- 

compensated alternators is also investigated; 

this is overcome by the addition of an 

equalising connection across the machines output 

terminals.' 
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1.5.5 Bunea 2? 

In the 'Theory of medium frequency pulsating 

machines,' Bunea analyses the Guy-type inductor 

alternator, The theory does not follow the usually 

accepted approach made by Pohl and Raby; ' the 

characteristics are traced point by point on the 

basis of a magnetisation characteristic of the 

magnetic circuit.' Various equivalent circuits are 

drawn showing how series capacitors can be used to 

compensate the load-circuit inductance; the circuit 

which is Nornatiy, used, Fig 6a,forms the basis of the 

thecretical analysis, From this circuit Bunea 

derives the differential equation for the equivalent 

circuit and uses this to obtain an expression for the 

emf v of the armature winding, i.e. 

  

T= (a+ )dtin + (Rt Ry) ain + iy 
dx xe ax uly 

v=-WAwd_ ( By, - B,. ) 
dx 

where v= emf of armature winding, x= electrical 

angle between rotor-tooth and stator-tooth axes, 

L,,ly = inductance of load, leakage inductance of 

armature winding, w= angular frequency, i,= 

instantaneous armature current corresponding to 

position x of rotor on load, R,, Rg= resistance of 

load, resistance of armature winding, C,= equivalent 

capacitance of load, W,= number of turns on 

armature winding, A = area of half pole, 
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B, = instantaneous magnetic flux density in 

equivalent airgap at position x of rotor, for a 

particular running condition. 

The airgap in this method is replaced by an 

equivalent airgap dy 3; when the equivalent airgap on 

any half pole is dx that on the neighbouring half pole 

isSdyx. . The airgap density B,is related to EB, by the 

magnetisation curve, i.e. BF, = f ( Bx). 

where F, = mmf in iron magnetic circuit 

corresponding to By . Assuming that the generated emf 

and the generator current vary sinusoidally as 

functions of x, the curve relating F, and B, is 

linearised according to the relation, 

FR, = qos - Np dy 

where a,= airgap for linearising magnetisation 

curve, b, = current for linearising magnetisation 

curve, np = number of conductors in field slot. 

With F, = £ ( By ) known from this linearisation 

process, the characteristics are developed for the 

machine. 

Although the derivation of the equations appears 

to be sound, the accuracy of this linearisation 

process is in some doubt and is mentioned by Bunea; 

"we are dealing with a limited and progressive 

linearisation of the magnetisation curve. For 

synchronous generators, such a linearisation yields 

unacceptable results. Obviously the 

wider the range within which the flux density varies, 

the more inaccurate is the linearisation. 
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This happens for large and capacitive loads, 

especially in higher frequency generators, _ 

applying the assumption of sinusoidal operation, with 

Fy = _axBx - ny Dx 

4x 

will yield somewhat discontinuous results.'! 

Some important deviations from Bunea’s theory 

are mentioned which are summarised as follows:- 

(a) _core packing. 

Owing to imperfect packing of the rotor and / or 

stator core plates, neighbouring laminations may not 

be perfectly in register, slightly increasing the 

tooth width. Analysis by Bunea shows that the open- 

circuit voltage does not decrease significantly, 

whereas there is a decrease in the short-circuit 

current. Another consequence of faulty packing is 

that rotor and stator teeth are not parallel. The 

effect of this irregularity can be judged by 

assuming the rotor tooth to have an axial inclination 

towards the stator tooth. This has the effect of 

reducing the voltage and the armature current. 

(b) _Non-uniform gap. 

Bunea also discusses the effect of a non-uniform 

airgap, ' The consequences of a non-uniform airgap 

may be judged by comparison with a machine having 

SP Coureal OUCr |p meeee ere vole A non-uniform 

gap implies an effective mean gap longer than the 

minimum measurable one.! 
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For machines operating in the region of 10 kHz 

the flux utilisation coefficient falls to 0.2, 

( 2.1.1.1 ). The unwound slot openings become very 

small and a large percentage of the flux crosses the 

gap in the slot regions; to keep € as large as 

possible very short airgaps are used. E€ is critically 

dependent upon s/g and consequently any irregularities 

in the airgap will influence the output of the 

machine. 

(c) core plate material. 

' Another cause of deviation from the theory is 

the variable quality of the magnetic steel. A 

magnetisation curve calculated from laboratory tests 

on a sample seldom agrees with that for the machine 

as built.' 

In a recent paper?” Bunea completes his 

theoretical work by considering magnetic skin effects 

in medium frequency machines. The characteristics 

of medium frequency alternators for 2-10 kHz can be 

affected by this phenomenon; the higher the frequency 

the more pronounced is the skin effect. The phenomenon 

is well known and has two consequences:- 

(a) an increase in the core losses. 

(bo) modification of the operational characteristics 

of the machine. 

It is well known that the output of medium 

frequency alternators is limited by magnetic 

saturation. Saturation makes the operational 

characteristics exhibit maxima which cannot be 
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exceeded however much the field current is increased. 

Due to skin effect, saturation will appear earlier 

and leads to a decrease of the active power of 

medium-frequency generators. The analysis follows 

basically that already outlined in the earlier paper, 

except that the independent parameter is assumed to be 

composed of a median density 3B, , on which an 

alternating component is superposed, namely Bxoy on 

open-circuit and Bx, on load. The equations derived 

for the machine show that:- 

(a) there is a decrease in terminal voltage. 

(bd) there is a backward shift in the phase of this 

voltage in relation to the voltage if the magnetic 

skin effect were neglected. : 

(c) the median flux density Bk is unaffected. 

Bunea mentions that for flux densities above 1 Tesla, 

there is practically no skin effect, suggesting that 

the descending part of the open-circuit characteristic 

taking the magnetic skin effect into account coincides 

with the equivalent part of the characteristic when 

the skin effect is ignored, Fig 6b. The majority 

of medium frequency machines operate at flux 

densities in the region of 1 Tesla, and it is felt 

therefore that the effects due to magnetic skin effect 

will be small. Tests carried out by Bunea show this 

to be true:- 

' The measurement on 8 kHz generators under load 

conditions showed that the magnetic skin effect has 

negligible effects. The decrease 
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in the open-circuit characteristic is due solely to 

the quality and thickness of the sheet. With good 

quality sheets, the characteristic at 8-10 kHz is 

6-9% lower, and the peak of the open-circuit 

characteristic falls by 3.5-5.5%. At 2.5 kHz the 

effect of magnetic skin effect is practically 

negligible for sheets of this type.! 
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Chapter 2. 

Permeance calculations and overall flux distribution 

on open-circuit. 

2.1 The flux utilisation factor € . 

2 Vent 10kHz experiments. 

-1.1 Effect of d/g and slope of slot side. 

FCs 3kHz experiments. 

2.2 Permeance variations. 

2.2.1 Teledeltos models. 

-2 Baillie method. 

2.3 Harmonic permeances. _ 

2.561 Symmetry. 

2.4 Permeance variation in total pole. 
  

255, Conclusions. 
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Summary.- Chapter 2. 

Before starting on load performance, it was 

necessary to have a good understanding of the no-load 

permeance variations; this chapter compares Teledeltos 

measurements of permeance through a cycle with the 

usual assumption of sinusoidal variation between 

minimum and maximum permeance. The fundamental of the 

actual variation is shown to compare well with the 

empirical modification of the sinusoidal approximation. 

This work was done on a single tooth and slot (for 

comparison with earlier work) and with the whole of a 

large stator tooth, which is shown to give a permeance 

variation closer to measured values from the open- 

circuit test. A simple approximation (section 2.2.2) 

for calculating the permeance variations is shown to 

give good agreement with the measured Teledeltos curves. 

Having established the basic variations on open- 

circuit, measurements were then made of the detailed 

distribution of flux around the airgap for various 

positions of the rotor slotting relative to the stator 

for the whole d.c. pole. These showed that there is 

sufficient asymmetry between the two main teeth on a 

pole to cause harmonic flux variations in the field 

coil on no-load. Although small, these variations would 

cause substantial voltages, because of the frequency 

and the large number of turns in the field coils. These 

variations of flux were verified by test on the actual 

machine, 
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2.1 The flux utilisation factor€é. 

Teledeltos paper provides a simple method for 

checking and extending knowledge of airgap flux density 

distributions. 

Before commencing with detailed plots over a 

whole cycle, (2.2) the effects of three practical 

modifications to the Carter infinitely-deep, vertical- 

sided slots were measured: 

(a) practical slots are shallow and it is 

obviously advantageous to make them as shallow as 

possible. 

(b) to reduce the mmf drop and iron loss, the 

teeth should be as wide as possible by tapering the 

sides cf the slots. 

(c) flux concentrations are avoided by making 

the slot bottoms rounded instead of flat, especially 

in the shallow slots used at 10kHz. 

These experiments did not use the more accurate 

method of plotting AV for the whole cycle. It was 

sufficient to compare the values with the Carter 

MS rnc Te Lae 

may + nw 

and ee which are easily obtained. 

results using and measured values of 

‘\ max 

* 
2.1.1 10kHz experiments. 

Typical 10kHz values ( tA= 0.4 and s/g =8 ) 

were chosen for the experiments. The minimum 

allowable mechanical airgap in these machines is closely 

related to diameter, so the value of s/g tends to a 

constant. 

* see page 46. 
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Normal practice is to use a 20° sloping side combined 

with a circular slot bottom. To minimise the work, the 

effect of circular slot bottoms with 20° sloping sides 

only was measured; tests were made at each depth with flat 

bottomed slots and circular bottomed slots of the same 

depth. The difference in the two readings was negligible 

for the useful range of a@/g, and was small (<1% ) 

even at d/g =1. Although round bottoms are used in 

practice, it was decided that there would be no loss of 

accuracy in doing all the other experiments with flat-— 

bottomed slots, in view of these experiments, with 

considerable simplification in the slot cutting. 

2.1.1.1 Effect of d/g and slope of slot side. 

Figure (7a,b,c ) [rove scales | shows the effect 

on E of varying d/g and the slope of the slot side. 

For each slope of side, two models were made: 

(1) tooth-tooth position, and (2) tooth-slot position. 

Each was made with a depth of slot approximating to 

infinity ( for parallel sides ) and maximum depth 

( for sloping sides ). For each value of a/e, Napand 

Aanwere found and € was calculated from the 

relationship: Ee Fe -Arin 

laa e Aan 

Since the permeances are proportional to the 

measured resistances, it is only necessary to use the 

resistances directly, without calibration. The value of 

a/g was changed by cutting off the bottom of the slot 

with scissors. 
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It was seen that very little is lost by reducing 

the slot depth to d/g =4 to 5 and that there is 

virtually no difference between O and 20° sloping 

side in that region. Too much is lost at 30° slope to 

recommend it for practical machines. 

( compare the [carter €vatue x0.9| of 0.241 for s/g=8 

with the value of 0.240 (d/g= 4 ) from Teledeltos 

plots. ) 

2e1ee 3kHz experiments. 

The experiments with round-bottomed slots and 

varying slopes of side were not repeated for 3kHz 

slotting, but only the normal 20 sloping sides were 

used. Using s/g = 30, t/) = 0.4, values ot /\, and Ania 

were found as for 10kHz slotting and the results plotted 

in Big 7a. It will be seen that the optimum value of 

d/g has now risen to 15. This is the value used for 

these machines. 

( compare the Carter€= 0.635 with value of 0.628 at 

d/g = 18. ) 

2.2 Permeance variations, 

Since the derivation of € using DNmcond (Ns is 

based on the dubious assumption of sinusoidal 

variation and gives the wrong answer, and since it was 

necessary to know the harmonic flux-variations in the 

iron for other purposes, it was decided to plot the 

permeance over the whole half cycle as the rotor moves 

from tooth-opposite-tooth to tooth-opposite-slot. 
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A new value of € could then be found by harmonic 

analysis, This was done for typical 3kHz slotting 

(-d/g = 15, ‘s/g = 30, th= 0.4 ). 

Breet Teledeltos models. 

Eleven models were made representing positions 

: from, to New . They were made with 20 sloping sides. 

The tooth-opposite-tooth condition has simple 

symmetry as the flux must pass radially across the gap 

at the centres of the teeth, so it is easy to make 

these centre-lines the electrodes in an orthogonal 

plot. Use can also be made of the mid-line of the 

airgap being an equipotential in practice, i.e. a 

flow-line in an orthogonal plot. 

For the tooth-opposite-slot condition, the only 

simple places where flux lines can be drawn with 

certainty are at the centre lines of the slots, but 

these require long electrodes in an orthogonal plot. 

After a hand plot to check the accuracy of the 

approximation, it was found sufficient to join the 

two corners at each side with electrodes and use an 

orthogonal plot between these electrodes. 

The other nine positions have no simple natural 

positions for the electrodes. In each position, a 

short electrode was suitably placed based on 

knowledge of the flux distributions. For example, 

where there was no overlap, arguments similar to the 

tooth-opposite-slot condition were used, except that 

a whole tooth nitch was used. Where there was 

reasonable overlap, the mid-point of the overlap was 

STAhe =



used as a radial flux line, i.e. an electrode in the 

orthogonal plot. 

In this way, the’ eleven readings were taken from 

Nato an » and the permeance variation was then 

analysed to obtain the mean value and the first eight 

harmonics, as shown in Table 2. 

fable 2. 

Harmonic analysis of permeance variation for 3kHz 

slotting. 

( t/X =034, s/g = 30, ei so c80) 

  

~<~—__——. Harmonic order —______=___. 

  

  

mean Fund 2 3 4 5 6 x 8 
value ‘ 

100 58.6 O22. 3s | ean Ose [4055 40.3191 064 

                      

The harmonic content is low, which is fortunate 

since the a.c. coils cannot be short-pitched or 

spread in these machines, and skewing is extremely 

delicate as small mechanical angles of skew represent 

large electrical angles because of the small wavelength 

of the rotor slots. ‘ 

The permeance variation for the actual machine 

geometry, Fig 8, ( tA = 0.39, s/g = 32.5, d/g = 18.4 ) 

was also analysed to obtain€, Table 3. 
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Table 3. 

Harmonic analysis of permeance variation for the 

experimental machine. 

(Ct) 7= 0.39, 8/g = 52.5, a/g = 18.4 ) 

  

~—<_-———_ Harmonic order ——_>— 

  

  

mean Fund 2 3 4 5 
value 

4100 52.5 T2537) 0.66 |,0.9. 10.15               
  

These Teledeltos plots were all made for a single 

slot-pitch and are strictly comparable with the Carter 

method. A series of plots was also made for a whole 

stator main tooth, containing two small teeth, a small 

slot and the two adjacent slots, for the whole cycle. 

The flux utilisation coefficient € increased from 

0.525 (single slot) to 0.554. The actual variation, 

scaled to give the same value of fe for comparison 

is shown dotted on Fig 8. 

Figure 9 shows the measured open-cicuit curve 

for the machine together with the calculated curves 

using the new value of € from the whole large tooth 

(0.554 ) and the "single-slot" value of € ( 0.525 ). 

Agreement is much better for the new value of € . 

* The experimental work described in sections 2.1.1 

—> 2.2.1 ( except the flux plots over a whole stator 

main tooth ) was carried out at GENERAL ELECTRIC, 

New York, and has been reproduced by kind permission 

of E.J.Davies. 
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2eees Baillie method. 

Carter's coefficients for calculating the effective 

airgap of a slotted structure are well-known. Although 

the expression can be summarised in the form of a 

curve or nomograms, it is not suitable for the 

derivation of permeance variations of the kind discussed 

st 22g ae 

In 1909, ®.C.Baillie” described a simple method 

for obtaining Carters curves, which is accurate to 

better than 1%. The depth of slot is assumed to be 1/5 

of its width and the permeance is then calculated as if 

there were no fringing, Fig 10a, giving the simple 

expression for CarterS coefficient 

C = tts 

t+ 5gs 
bets 

which is convenient for slide-rule calculation and 

economical of computer space. 

This method has been used in a French design 

handbook” for the calculation of airgap correction 

coefficients for simple slots for combinations of 

stator and rotor slots and for ventilation ducts. It 

seemed reasonable to apply it to Guy machines to try 

to calculate the variation of airgap permeance. When 

applied in a straight-forward way to the Guy airgap 

geometry between the centre line of the a.c. and d.c. 

slots, the results were as shown in Fig 11b. It agrees 

well with the tooth-opposite-tooth position and the error 

increases to 4% at Na. Thereafter, the divergence 
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suddenly increases and only returns to a fair 

approximation at the tooth-opposite-slot position. 

The inclusion of. the whole of the a.c. and d.c. 

slots was obviously wrong, from the airgap flux plots 

already analysed, so it was decided to apply the 

Baillie method for half a slot pitch on either side of 

the stator main tooth, i.e. to assume that the a.c. 

and d.c. slots were only s/2 wide on the stator side, 

instead of (3s+t)/4 as previously, Fig 10c. The 

actual tooth-slot configuration at the opening of the 

a.c. and d.c. slots is as shown in Fig 10b. To allow 

for the chamfer at the tooth edge, an approximation 

was made which increased the effective tooth width by 

7.5%. The revised calculated points are shown on Fig 11c 

and will be seen to give good agreement with the 

Teledeltos plots. The approximation was tested using 

the other values of s/t, d/g, etc that had been plotted, 

with equally good results. 

With this analytical method available, it is now 

easy to derive the permeance variations for various 

values of s/g and t/, , section 10.3. Permeance 

curves for typical slottings were obtained, using the 

Baillie method, ( Fig 12 a,b,c & da ); similar curves 

were analysed for mean value, fundamental, 2nd and 3rd 

harmonics for a practical range of t/» of 0.3 to 0.45 

and for s/g of 28, 30 and 32. The value of € and the 

harmonic content is shown in Table 4; for s/g = 30, 

t/)\ = 0.4, the Baillie value of E€( 0.52 ) can be 

compared with ( Carter x0.9 ) of 0.518. 
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Table 4. 

Computed variation in € and harmonic content of the 

permeance variation for various values of t/\ and s/¢g 

using the Baillie method. 

Typical 3kHz slotting. 

  

% end % 3rd 
harmonic harmonic 

th E flux wrt flux wrt 
fundamental | fundamental 

Sz 28 |%=30 |%4=32 |%=28 |%4=30154=32 |%=28 [54-30 [S4= 32 

O.5-| 0.49 | 0.531 0.53] 30/26) 27; 2 | 2 12 

0.35) 0.51] 0.54 | 0.54] 15] 413] 14 

0.40] 0.50] 0.52] 0.5315 |4 | 5 

0.45| 0.45 | 0.46 | 0.47] 0.2) 1 [0.5 

  

  

  

  

  

o
;
F
i
n
 2 |5 

ous 

B69)                         
In a practical machine, the s/g value is normally 

made as big as possible by using the minimum airgap. 

For this value of s/g, the table shows that a small 

increase in output could be obtained by decreasing the 

th from its usual value of 0.4 to 0.35, but this 

would cause a large increase in 2nd harmonic flux 

content ( and the associated losses ys 

Since the Baillie method is an approximation, the 

harmonic analysis must be treated with caution. The 

good agreement of the value of € and of the permeance 

curves of Fig 11 suggests that considerable confidence 

can be placed in the fundamental component. The analysis 

of higher harmonics should not be taken too literally; 

nevertheless, it is believed that the lower order 

harmonics shown in Table 4 and their relative values 

for changes of s/g and t/) are reasonably accurate, 
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Figure ( 12 e,f,g & h ) shows the permeance 

changes for a typical 10kHz slotting, with s/g = 

and t/y varied over the practical range of 0.3 to 

0.45. The € value using Teledeltos ( section 2.1.1.1 ) 

was 0.24 compared with the Baillie value of 0.2, but it 

must be remembered that the latter is for a whole 

stator main tooth and is being compared with a'single- 

slot' figure. The value of € and the harmonic 

content is shown in Table 5. 

fable 5. 

Computed variation in € and harmonic content of the 

permeance variation for various values of t/\ using 

the Baillie method. ( s/g constant ) 

Typical 10kHz slotting. 
  

  

  

  

  

% 2na % dra 
th cS for harmonic harmonic 

s/e = 8 flux wrt flux wrt 
g= fundamental) fundamental 

0.3 0.19 16 6.5 

0.35 0.18 es 3 

0.40 0.20 6.5 4 

0.45 0.19 3.5 4.5             
The effect of varying s/g over a wide range, for 

a constant t/) is shown in Fig 13, showing that the 

pu permeance for the tooth-opposite-slot position 

changes little compared with the tooth-opposite-tooth 

position.



2.3 Harmonic permeances. 

In section 2.2.1 a series of permeance 

measurements was taken for a whole stator main tooth, 

containing two small teeth, without considering the 

distribution of flux in the airgap region. For 8 

rotor positions the flux distribution was also 

determined along the surface of the stator and rotor. 

Figure 14 shows the flux distribution for these 

positions, including the two positions of symmetry 

which occur during a complete cycle ( 4 and 4a ), Fig 14. 

Bela t Symmetry. 

In sections 1.2.2 and 1.2.2.1 the permeance 

variation was assumed to vary sinusoidally to introduce 

the basic ideas. Tests have shown that the permeance 

variation is not sinusoidal. If the permeance 

variation for a whole stator main tooth is analysed 

for a mean value and harmonic content over a cycle, i.e. 

b> 4, —>G, position, then the permeance variation can 

be expressed in the form:- 

A= NG 1 +€coswt +€,cos2wt +€,cos3 wt +____) 

A, DY 1 +€,cos(wt+n ) +€,cos2(wt +x) 

FC,coss(uh 4%) tt ) 

It follows that the a.c. and d.c. flux is given 

by:- 

bre = AFC 2€,cos wt + 2€,cossut + ) 

i.e. only odd harmonics link the a.c. winding. 
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and 

A. = AF 2+ 2€cos2wt + 2E€,cosdwt +____) 

( only even harmonics link the field winding ) 

Figure 14 shows that during a complete cycle 

there are two positions of symmetry ( 4 and 4a) when 

either a rotor tooth or rotor slot is opposite the 

centre line of the a.c, slot. The main and leakage 

fluxes for these two positions are not the same and 

hence the two halves of the permeance cycle are not 

symmetrical. To derive expressions for the flux 

linking the a.c. and d.c. winding it is necessary to 

consider the two halves of the cycle which will 

modify the above equations. 

Consider teeth A and KOC Fig 2 ): For the first 

half of the permeance eyole: 1.6. b— bs the stator 

main tooth (A) will pass through a position of 

symmetry, Fig 14 (4), and during the second half of 

the permeance cycle will pass through the other 

position of symmetry, Fig 14 (4a). As main tooth (A) 

passes from h—> 4, position, tooth (A) will pass 

through a position of symmetry, Fig 14 (4a), i.e. 

(4a) is not a mirror image of (4). 

When deriving the expressions for the flux in 

teeth A and As the flux utilisation coefficient E 

cannot be used, since it only applies for a symmetrical 

variation over a cycle; two coefficients are 

introduced at this stage, Sa and ee » where 

§= coefficient relating the nth harmonic flux 

variation and the mmf over a half cycle as tooth A 

moves from the 4 $c position, 
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g'= coefficient relating the nth harmonic flux 

variation and the maf over a half cycle as tooth A 

moves from the ¢s—>Be position. 

For the tooth A the flux can be expressed in the form:- 

dn = FAA, ( 1+ §coswt + §cos2 wt +§cos3wt +...) 

Ge $s 

ba = FAS 1- 5 cos wt + Sicos2wt -§.cos3 wt *) 

9s—> $e 

for tooth A’ 

ga = FA,( a € cos wt + S/cos2 Lee -S,cos3ut_...) 

$—> be 

gd = FAX 1+ §,c08 wt + EF cos2urt + §,c0s3 wt__) 

be» bs 
From the above expressions it can be seen that 

the flux linking the d.c. winding will contain even 

and odd harmonics: 

Banc. pole ( teeth A and B ) 

ae fe (§,-§/ Jeoswt + (§,+5, Joos2wt 

/ 
+ (Sa S: Coss wrtut = ] 

Similarly the flux variation linking the a.c. 

winding 

go8 winding 

Ls / 
=F, (§, +S, )coswt + (5,+§ )cos2wt 

is Gs + So )\e0ss ub ose... ) 
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Tests have shown that even and odd harmonic 

fluxes link the a.c. and d.c. windings under open- 

circuit conditions. The harmonic fluxes linking the 

d.c. winding, although small, are of a sufficient 

high frequency to induce considerable voltages in the 

d.c. field, Table 6. 

Table 6. 

Harmonic voltages induced in a field coil. 

No damping, Rated open-circuit voltage. 

  

  

  

  

  

  

Harmonic order V peak (volts) 

fundamental 90 

2 85 

¢ 4259 

4 114 

5 Ded:         

Total peak voltage in one field coil = 326 volts. 

In previous papers the discussion of high voltages 

across a field coil has been confined to on-load 

performance; however, a detailed study of open- 

circuit permeance variations and measurements across 

a field coil, have shown that voltages liable to 

cause a breakdown of the field insulation are also 

present under open-circuit conditions, (without 

damping). ‘The need for damping windings on open- 

circuit is apparent; the effects of damping upon 

these fluxes and the induced voltages in the field 

is discussed in subsequent chapters of the thesis. 
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2.4 _Permeance variation in total pole. 

Figure 8 is not sinusoidal, nor is it symmetrical 

about its mean value. The total pole has two such 

variations, whose fundamentals are 180° out of phase 

with each other. The total airgap permeance is the 

sum of these permeances and could be obtained by 

adding Fig 8 to the same curve moved through 1807 

This was done, and showed a variation of the total 

permeance over a cycle, but was relatively insensitive 

to fine changes of permeance. 

It is important to know the detailed variation 

of the total permeance, and how the permeance varies 

in adjacent poles, as the fluxes associated with these 

permeances link the field and damping windings, so 

Teledeltos models were made of the total pole 

( between successive field slots). They were made as 

large as possible ( 20x full size ) since the 

variations in flux linking the field and back of the 

d.c. slot are small compared with the main fundamental 

flux. The airgap has to be very accurate in the model; 

to ensure this, ground key stock (0.635cm) was used to 

cut and mark the airgap itself. 

Measurements were taken over a cycle; the results 

are plotted in Fig 15a. The peak to peak variation is 

seen to be about 5% of the mean value. The permeance 

in two adjacent poles is 180 out of phase so that the 

resultant permeance, Fig 15c, is given by the 

difference between Fig 15a and Fig 15b. 
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From the relationship ¢g = ( mmfxA ), the 

variation in flux linking the back of the field slots 

for rated open-circuit voltage was obtained and 

compared with test results, Fig 15d. 
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2.5 Conclusions. 

This chapter, using Teledeltos plots to examine 

permeance variations, shows that many of the design 

criteria (e.g. +t/) , d/g ) of practical Guy-type 

machines are correctly chosen. The new plots have 

been extended to a whole stator main tooth and to the 

whole d.c. pole. They show that the permeance variation 

for the whole stator main tooth is slightly ( 6% ) 

different from the variation of one stator slot pitch, 

giving a better prediction of the open-circuit curve 

of the machine, and that the small asymmetry of the 

two halves of a pole produce harmonic variations in the 

field on no load. 

A simple approximation, based on Baillie, is shown 

to give good agreement with flux plots for the values 

of airgap parameters studied. Whilst it must be used 

with caution, the method allows the variation of airgap 

permeance to be calculated easily by hand, or with a 

small computer programme. The method could be extended 

to other problems involving overall permeance variations 

( as opposed to detailed variations at one point in the 

airgap ). 
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Chapter 3. The Experimental Machine, 

Summary. 

This chapter discusses in detail the design and 

building of the experimental machine. An industrial 

Guy-type Alternator rated at 44.4 KVA was used for the 

experimental work. 

Minor modifications were made to the normal 

windings, so that damping currents and voltages in the 

field windings could be measured, 

Search coils were located on the stator and rotor 

to allow detailed flux measurements to be made. 

The design of a series capacitor unit and details 

of the water cooled load etc, are also given. 
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Deal's The design of the experimental machine. 

The stator frame and punchings used in the 

experimental machine are exactly the same as used in an 

Industrial machine rated at 44.4 KVA. The stator and 

rotor tooth-slot configuration is shown in Fig 16. 

General details of the machine are given in Table 7. 

fable 7. 

General details for the experimental machine. 

  

  

  

  

  

  

  

  

Voltage 500/250 volts 

Current 89/178 amps 

Speed 3000 rev/min 

D.C. poles 12 

Rotor teeth 60 

Airgap 0.0317 cm 

Stator core 
length 22.2 cm 

Stator i.d. 31.115 em 
  

rotor slot pitch 1.62 cm 
  

rotor tooth 
width 0.635 cm 
  

depth of rotor , 
slot 0.583 cm         

More detailed information on windings and load 

field requirements etc, are given in the manufacturers 

design sheet, Fig 17. From heat run data on a machine 

of this eee was decided that the machine rating 

could be increased to 55 KVA without overheating. 

A design for this rating is given in Fig18. 

* see section 7.3.6.1 of this thesis. 
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3.2 Windings. 

The positions of the various windings are shown in 

Fig 16. 

3.2.1 A.C. winding. 

The coils for the a.c. winding were preformed from 

rectangular copper section (6.7%1.27)mm. To reduce 

eddy current losses in the a.c. winding, the conductor 

in the slot is subdivided; from design curves it is 

possible to choose an optimum value for the depth of 

copper in each layer. Six coils, each comprising six 

conductors (3 effective conductors/slot), were 

connected in series to give 18 series turns/phase. 

Tappings across each a.c. coil were brought out of the 

machine to check the concentricity of the airgap and 

to allow the two halves of the winding to be connected 

in series or parallel. 

3.2.2 Field windings. 

Each of the 12 field coils comprises 143 turns of 

0.0812 cm diameter wire. Tappings across two adjacent 

field coils were brought out of the machine to a main 

terminal board to allow measurement of the induced 

voltage in the coils. 

3.2.3 Damping windings. 

Damping windings (4.5, 5.1.1,& 5.6.2) are usually 

fitted to inductor alternators of this type to reduce 

the harmonic fluxes which link the field winding on 

load; these windings consist of short circuited turns 

in either the top or the bottom of the d.c. slots. 

= Gti



Short-circuited coils at the back of the d.c. slots 

have also been used for damping the fluxes which link 

the field winding.” These three types of winding were 

built into the experimental machine to observe the 

effects of damping. 

The end connections for each damping coil were 

brought out of the machine so that:- 

(a) the effect of each type of damping could be 

investigated by simply short circuiting the appropriate 

coils. 

(b) the damping currents could be measured. 

The core damping windings consist of 7 turns of 

0.1648 cm diameter wire; the seven turns were wound 

around the back of the d.c. slots and anchored to the 

end-rings. ( Reoge= 0.028-1) 

Each coil for the top and bottom damping 

windings comprises 14 turns of 0.0812 cm diameter wire; 

these coils and the coils forming the main d.c. 

winding were all wound on the same former. 

( mean length of field, top and bottom damping windings 

= 84 cm ) Rise = RearonseDoDs. « 

3.3 Search coils. 

3.3.1 Stator search coils... ° 

The stator was provided with a large number of 

search wires, Figs 19 & 20, to investigate the flux 

distribution in the stator core and teeth. A special 

stator-—core packet, 1cm long, was positioned in the 

middle of the stator core, to enable detailed flux 

measurements to be made, 
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The holes to accommodate the search wires were made 

as small as possible so that their effect upon the 

fluxes would be negligible; the smallest hole that 

could be drilled satisfactory was 0.0254 cm diameter, 

using a drill speed of 18000 rev/min. Due to the 

shortness of the drill shank, it was necessary to drill 

each lamination separately. A precision jig was built 

to drill the matrix of holes in the stator iron; each 

lamination was accurately located on the jig by a 

series of ground studs. When the laminations had been 

drilled, the burrs caused by drilling were carefully 

removed. The stack was assembled on the jig and riveted 

together at the back of the core away from the varying 

fluxes; the holes in individual laminations lined up 

with each other, since each lamination could be 

mounted accurately on the jig, ( within+0.0013 cm ). 

V'shaped grooves were cut in the stator tooth surface 

to accommodate a 0.0152 cm dimeter wire. Search wires 

were also positioned on the sides of the d.c. and a.c. 

slots and at the back of the core. A common connection 

was made to all the wires at one end of the stack; at 

the other end of the stack the wires were suitably 

twisted and led out of the machine to selector switches. 

At each side of the stator stack the laminations were 

cut away to accommodate the common connection and the 

search wire end connections which were led out radially. 

Each earn wire was connected to two 75-way selector 

switches, enabling any two wires to be connected to form 

a search coil. 
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3.3.2 Rotor search coils. Figs, 21 &22. 

Search wires on the rotor were placed along the 

entire core length. The wires were located only on the 

tooth surface and on the sides of the slots. Shallow 

V grooves (approximately 0.025 cm wide at the tooth 

surface), were cut into the tooth surface to accommodate 

the 0.0152 cm diameter wires. A mixture of Araldite and 

mica dust was used to hold the search coils in position. 

A common connection was used on the drive end of the 

rotor and the wires forming the search coils were led 

to a terminal block on the end-plate of the rotor core. 

From this terminal block a multicore screened cable was 

led out through the shaft to a slip ring assembly 

coupled to the generator by a flexible coupling. 
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Dahe Design of the water cooled capacitor. 

A water cooled capacitor used to investigate the 

effects of series compensation was designed to operate 

over the range 4-40F in 4? steps. Details of the 

capacitor unit are given below:- 

Water cooled medium frequency capacitor 

Type L200, ( impregnated in chlorinated diphenyl ) 

Current carrying capacity 100 amps. 

The capacitor unit consists of 6 sections as 

follows:- 4,8,8,4,8 and 8 Ke, making it possible to 

select any value between 4 and 40 pF in 4 pF steps. 

All sections singly, or together are capable of 

operating continuously at 700 volts. Equal sections in 

either half of the can could also be used in series to 

provide values of 2,4,-------- 10 pF. ( maximum 

terminal voltage 1400 volts. ) ‘The cooling system is 

adequate for a total loading of 400 KVAR. 

To change over the connections during compensation 

tests, it was necessary to discharge the capacitors; 

150 Ka 2 watt resistors were connected between each 

line terminal and the common to reduce the residual 

voltage across the capacitor to a small value within 

1 to 2 minutes. 
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3.5 

3.561 

Supporting apparatus. 

Water cooled load. 

The water cooled load consists of a nickel helical 

resistor mounted on a ceramic core, ( 2 units each 

7.6cem diam x 35.5cm long ). The resistance was 

variable by altering terminal clamps to any point on 

the helix, ( maximum resistance 6-2). The unit is 

suspended in water which can be continuously changed. 

With full mains water pressure feeding the load tank, 

( plastic water tank 

to dissipate 100 KW. 

dissipating the load, 

expanded metal cages, 

45.7x61x38cem ), it was possible 

Compared with other methods of 

e.g. fan cooled resistors or 

the water cooled load is much 

smaller and easily controlled. 

3.5.2 Drive motor. 

G.E.C. 

170 h.p. 

400/440 volts. 

2940 revs/min,. 

Starter. 

h.p. 170. 

Induction motor. 

214 amps. 

B.S. 168 CONT, 

E.A.C. Type 30QODSD. 

400/440 volts, 3 phase. 
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STATOR FLUX DISTRIBUTION ON OPEN CIRCUIT. 
  

Summary. 

Existing theories related to the open-circuit and 

load performance of the Guy-machine are based upon simple 

approximations which are untrue for practical machines, 

and which lead to considerable errors in calculating the 

losses in the tooth regions. In the previous chapter 

detailed permeance calculations showed the necessity to 

include permeance harmonics and to analyse the permeance 

variation over a whole stator main tooth. 

This chapter considers in detail the open-circuit 

flux distribution in the stator laminations, the under- 

standing of which is essential before embarking on the 

calculation of load performance. 

The results show that a considerable amount of harmonic 

flux is present in small sections of the tooth surface; 

these harmonic fluxes cause additional loss in the tooth 

surface, In the core region harmonic fluxes are present 

which link the a.c. and d.c. windings. The voltages 

induced in the field windings were also investigated in 

detail for various types of damping, showing the need for 

damping windings under open-circuit conditions. 
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4.1 Flux distribution at the stator surface. 

4.1.1 Dheory. 

The flux waveform in a small section of the 

surface under open-circuit conditions is dependent 

upon the airgap geometry. 

If the tooth surface is divided into m sections, 

then for any section along the surface the flux will 

be a maximum for ae eae degrees,Fig 23c. 

m> 

As the rotor tooth moves across the surface, the flux 

will decrease to a minimum value, and then increase 

as the next rotor tooth aligns itself with the stator 

tooth A; the interval for this to take place is given 

by [org 290 | electriéal degrees, Fig 23c. 
m 

To fix the shape of the flux waveform, the slope 

of side of the waveform and the fluxes Po and dy 

have to be calculated, where d= maximum flux ina 

small section of the tooth surface on open-circuit, 

for a given field current and A, = minimum flux in a 

small section of the tooth surface on open-circuit, 

for a given field current. The rate of decrease or 

increase of flux is dependent upon the slope of side 

of the slot and the tooth-slot parameters d/g and 

t/\ « To determine the slope of side of the flux 

waveform it is necessary to know the flux distribution 

in the airgap. Teledeltos models similar to those 

in chapter2 were used for this purpose. The fluxes 

for a given field excitation are easily calculated 
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from the permeances /\p and h, » where Ape maximum 

permeance seen by a small section of the surface and 

ise minimum permeance seen by a small section of the 

surface. 

4.1.2 Teledeltos models. 

The tooth surface was marked off into seven 

sections so that results could be correlated directly 

with the search coil stack. The potential distribution 

( which can be shown to be analogous to the flux 

distribution ) was measured for each small section 

of the stator tooth surface over a complete rotor 

cycle, enabling the flux waveforms to be plotted for 

each small section, Fig 24. For this particular 

geometry the slope of the side of the flux waveform 

was found to be 10. For machines operating at 3kHz, 

the d/g and t/) parameters will be of the same order 

as the experimental machine; since the slope of side 

of the slots is usually constant, i.e. 20° for these 

machines, an angle of 10° ( for the slope of side of 

the flux waveform ) may be used with some confidence 

for 3kHz machines. For other frequencies where t/, 

and d/g are substantially different from those used 

in the experimental machine, flux plots would have to 

be used to find the slope of side of the flux 

waveforms, since the time interval for the flux to 

change from , to ty cannot be determined from the 

tooth-slot geometry; tests over a wide range of th 

and d/g would lead to empirical formulae for determining 
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the slope of side of flux waveforms. 

The ratio} t(m-1 was also verified by Teledeltos, 
m 

(s+_t_) 
m 

fable 8. 

Table 8. 

Comparison of slope of side of flux waveform and the 

ratio +(m-1) for measured and calculated results. 
ia 

(s+_t_) 
m 

3kHz slotting, t/)\ = 0.39, s/g = 32.5, a/g = 18.4. 

slope of side of slots =20°. 
  

  

machine Teledeltos | machine] machine 
parameters analogue 1 amp 2.15amps 

field field 

t(m-1 
m 0.502 0.495 0.51 0.49 

(s+ t_) 
m 
  

  slope of side 

of flux 10° 10° 10° 
waveform,             

The flux waveforms in adjacent small sections 

are displaced from each other by a time interval,   185 psec, [20° electrical] ), Fig 24. This interval 

which separates each section is associated with the 

physical movement of a rotor tooth across the stator 

tooth surface, The shape of the flux waveform in a 

small section shows that a considerable amount of 

harmonic flux is present. Previous Teledeltos models 

( chapter 2 ) concerned with overall flux variation 

across the tooth surface, show that it is very nearly 

sinusoidal. The harmonic fluxes which appear in small 

ide



sections of the surface must therefore combine in such 

a way as not to appear in the resultant flux waveforms 

across the surface. fo relate the flux waveforms in a 

small section and the waveform across the tooth surface 

it is convenient to introduce a harmonic reduction 

factor Kp, , which relates the nth harmonic flux in a 

small section and the amount of nth harmonic flux in 

the total surface. 

4.1.3 Waveform analysis. 

fo a good approximation the flux waveform in a 

small section can be represented by an asymmetrical 

trapezium, Fig 23d. The harmonic content can be 

calculated by expressing the waveform as a Fourier 

series:-— 

oe is proportional to 

section oo 

2al [cents +) -cosn(b - & x] cosnnz 

a nn? L L 4 
n=) 

It follows that the total flux across the surface 

can be expressed in the form:- 

gb is proportional to 
Total cae 

  

oO 

2almKyn $ Poot +X) vestate in| cosa 
2 ¢ h 

awn 

Le 2 

n=) 

For accurate results the Kyq value should be 

calculated for moo, i.e. K,, = chord/arc. 

The measured fundamental fluxes in small sections of 
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the tooth surface and in the large teeth are shown 

in Fig 25, (1 amp field excitation ). 

Pe ee 
For moo Ky, =sinm Zz 

a » where w=ny . 

Kp, = 0.812 ( using theoretical Y angle of 20° ye 

For tooth (4-11) the average flux in a small section 

= 50.1 pwn. 

Fundamental flux across (4-11) 7X KyX50.1 pwd 

285 pid. 

(compare with 276 pW measured ) 

For tooth (21-28) the fundamental flux =7x 0.812 48.1 

= 274 pwd. 

(compare with 274 pWo measured ) 

4.2 Experimental work. 

4.2.1 Flux waveforms at the surface. 

Since the Teledeltos analogue is valid only under 

non-saturated conditions, initial tests were carried 

out at a low value of field excitation, ( 1 amp ); at 

a later stage the field current was increased to 

observe the effects of saturation, ( 2.15 amps ). 

The predicted flux waveform ( Fig 24 ) compared 

favourably with experimental waveforms, Fig 26; the 

ratio +(m-1) and the slope of side of the 
nm 

(s ++_) 
m 

measured flux waveform are compared in Table 8, with 

a



the results from Teledeltos and the tooth slot 

geometry. With the field current increased to 2.15amps, 

( rated open-circuit voltage of the machine), there is 

slight distortion of the flux waveform in a small 

section, but fairly good agreement still exists with 

the analogue results, Table 8. 

Two adjacent search coils on the stator tooth surface 

were used to measure the phase displacement between 

the flux waveforms ( 4-5 ) and ( 5-6 ), Fig 26d; as 

expected the waveforms are displaced by a time interval 

associated with the physical movement of the rotor, 

( 20° electrical ). The flux waveform was also 

measured across the total tooth surface, Fig 26e; 

the waveform shows a considerable reduction in harmonic 

content compared with a small section. For a small 

section of the tooth surface the harmonic fluxes were 

measured using a waveform analyser, and compared with 

the harmonic analysis obtained from the Teledeltos 

plots, Table 9. A similar analysis was also conducted 

over the whole tooth surface, Table 9. 
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Table 9. 

Harmonic content in a small section of the tooth 

surface and across the total tooth width. Te amp. 

  

  

  

  

  

  

  

  

  

  

    

conductor | machine machine analogue 
and flux readings % harmonic % harmonic 

order of in pWb wrt wrt 
harmonic 1 amp field. fundamental fundamental 

Fund (4-5) 41.7 100 100 

2nd (4-5) 4.16 10 11.8 

3rd (4-5) 8.34 20 25.8 

4th (4-5) 3.94 9.45 10 

5th (4-5) 2.65 6.36 8.8 

Fund (4-11) 230 , 100 100 

2nd (4-11) 5.83 2.54 204 

3rd (4-11) 2.46 1.06 an25 

4th (4-11) 5.15 1.63 1.7         

In both cases good agreement exists between the 

measured and predicted harmonic content, giving 

confidence in the Teledeltos plots. 

4.2.2 Addition of fluxes at the surface. 

To demonstrate the addition of harmonic fluxes 

at the tooth surface, only the fundamental and second 

harmonic components are considered in detail. 

Measurements of the harmonic fluxes in small sections, 

and across two adjacent sections, enabled vector 

diagrams to be constructed as shown in Figs 27 and 28, 
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Aig aiseiet Fundamental flux. 

The fundamental fluxes across small sections of 

the stator tooth surface combine to give a main tooth 

flux ( bai ) which is given by:- 

Bai = mKp,( fundamental flux in a small section ). 

The harmonic reduction factor Kp, is analogous to the 

breadth factor arising from the distribution of a 

winding in a machine. The displacement between 

adjacent sections (Mm electrical degrees ) was measured 

across the surface; from the physical geometry of the 

machine, these sections should be equally displaced 

from each other. yj, angles taken from the vector diagram, 

Fig 27, varied slightly from the theoretical value due 

to small errors in measuring the fluxes; the average 

measured Yaangle from the vector diagram = 18.5. 

[m= Stor fundanental.| 

Aeceeee Second harmonic flux. (C Fig) 26") 

The second harmonic fluxes in small sections of 

the stator tooth surface combine to give a main tooth 

flux which is given by:- 

fe (e-u) = mKp,( second harmonic flux in a small section ) 

Ky, is considerably lower than Kp, ( compare Ky, = 0.84 

and Kp = 0.169, at rated open-circuit voltage ). 

The harmonic reduction factors for the other 

harmonics are also small compared with the fundamental, 
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resulting in a flux variation across the surface which 

is nearly sinusoidal, Table 10. For completeness the 

vector diagrams for the 3rd, 4th and 5th harmonic 

fluxes are shown in Fig 29. 

Table 10. 

Comparison of Kp, factors from the machine and analogue 

  

  

  

  

  

results. 

Harmonic Kpn (machine) Kp (machine) Rea 

order n. 1 amp field. 2.15 amps analogue, 

: field. 

1 EOE 0.845 | 0.8 

2 0.2 0.169 0.17 

5 0.046 0.037 0.04 

4 0.136 0.133 0.43             

46265 Leakage flux waveforms. 

The flux across ( 42-32 ), Fig 19, which does not 

pass through the small tooth surfaces ( 4-11 ) and 

(21-28 ) is defined as leakage flux. At the openings 

of the ac. and de slots the leakage flux was measured 

across ( 3-4 ) and ( 28-29 ), Fig 19 and Fig 30; for 

the small slot in a whole main tooth, the leakage 

fluxes were measured across ( 11-13 ) and ( 21-29 ), 

since the fluxes p ( 13-15 ) ana KK 17-19 ) are very 

small under open-circuit conditions, Fig 19 and Fig 30. 

For 1.0 amp field excitation the leakage flux 

waveforms at the tooth surface were measured, Fig 30; 
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the main tooth surface flux was used as a reference 

signal so that the phase relationship between the 

waveforms could be obtained. At the leading and 

trailing edges of the small tooth ( 4-11 ), the 

leakage flux waveforms are similar in shape to the 

waveforms 4-5, 5-6, 6-7 etc, since the leakage 

permeance variation is similar in shape to that for 

small sections of the tooth surface. When the stator 

and rotor teeth are opposite, the leakage fluxes at 

( 3-4 ) and ( 11-13 ) are small, since most of the 

flux passes through the tooth region; as the rotor 

teeth move into the symmetrical position ( 4 ), Fig 14, 

the leakage flux decreases slightly at the leading 

edge, as more flux passes through the tooth section 

and the trailing edge of the stator tooth. For the 

stator tooth opposite rotor slot position the permeance 

increases for the leakage paths, resulting in an 

increase of leakage flux. When the rotor tooth has 

moved to the second position of symmetry ( 4a ) Fig 14 , 

the permeance for the leading edge of the tooth is 

greater than for the trailing edge; the flux at the 

leading edge reaches a maximum for this condition, while 

the flux at the trailing edge decreases to its minimum 

value. The flux waveform across ( 3-13 ) was also 

measured, Fig 30; this flux is in phase with ( 4-11 ) 

and the same magnitude, suggesting that the effects of 

the leakage flux at the leading and trailing edges of 

the stator teeth cancel each other out. Flux ever ores 

for the adjacent small tooth (21-28 ) are also shown in 

Fig 30. 
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4.3 Losses in the small teeth. 

In this type of machine, losses are usually 

calculated using the fundamental component of flux; 

the fundamental loss is calculated from design values 

of flux density and the appropriate loss curve for 

the material. Flux measurements over a small section 

of the stator tooth surface have shown the presence of 

harmonic fluxes which will influence the loss calculation. 

An extra loss factor k is introduced to take account 

of these harmonic fluxes. The factor k is defined as 

k= Total loss . 

fundamental loss 

If the flux carried by iron in a magnetic circuit 

is varied, hysteresis and eddy-current losses are 

produced. Eddy-current loss, under normal conditions, 

may be expressed to a sufficiently close approximation 

oe P= Ke( Bum £1) where “Y is the lamination 

thickness, Bry, the maximum flux density and Ke a 

proportionality constant whose value depends on the 

units used, the volume of iron, and the resistivity of 

the iron. The most commonly used relation for hysteresis 

loss is Pe 
P= K,f Bux » where K, is a proportionality 

constant, p ranges from 1.5 to 2.5. 

Loss curves for the core material used in the 

experimental machine* ( MM262, 0.0178cm grade 1100 ) 

are given in Figs 31 and 32. Fig 31 shows the specific 

* reproduced by kind permission of E.J.Davies. 
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loss against frequency for various values of flux- 

density; if the results are plotted on log-log paper, 

as shown, the relationship between specific loss and 

frequency is linear, i.e. loss ( for constant B ) 

is proportional to fo, At 0.20Teslathe slope, n= 1.41, 

ise. ( lossxf'") ana at 0.46Tesla,n=1.63, ( loss« Face ie 

An average figure of n= 1.5 was chosen for calculating 

the losses in the stator and rotor laminations. Fig 32 

shows the specific loss plotted against B (Pesla ),for 

a range of frequencies ( 1-10 kHz ); again the 

relationship is linear, i.e. loss& B™ ( for constant 

f ). Over the range 1-10 kHz, m varies between 1.89 

and 2.2; for the purpose of calculating losses, m=2.0 

was chosen, To a good approximation the losses can be 

assumed to be proportional to 2 B’ at these frequencies. 

For a small section, the harmonic content is known, 

and therefore it is possible to calculate the total 

loss from a knowledge of the fundamental loss and the 

appropriate Ky, factors. 

Example:- 

A harmonic analysis of the flux waveform in 

section ( 4-5 ) of the tooth surface, Tp = 1.0 amp, 

results in the following:- 

Prup = 47.2 pW, Gp = 4.5 pWd, gs = 9 pW, G,= 4.25plNb, 

gs = 2.82 pW. 

Therefore:—- 
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Vs <= 38 

fundamental loss « 3000 (47.2) « 3.29x10 

2nd harmonic loss « 6000°(4.5)" 

3rd harmonic loss «9000'(9)° 

4th harmonic loss «12000'%(4.25) «5.21x10" 

&7.0x10° 

&6.75x10" 

5th harmonic loss «15000'(2.82) «8.9x10" 

2 losses « 5.44x10° 

k (1.0 amp ) = 5.44x10° = 1.65, (Table 11 ) 

3.29x10° 

For a more accurate determination of k, a different 

value of m would have to be chosen for each frequency; 

since m decreases as the frequency increases, Fig 32, 

the resulting k factor will be slightly lower than 

when m=constant=2 is chosen. 

The actual loss in a small section is found by 

multiplying the fundamental loss in a small section 

( obtained from suitable loss curves ) by the extra 

loss factor. For open-circuit conditions extra loss 

factors calculated at the surface and further back in 

the tooth are shown in Table 11. 

Extra_loss factors for the small teeth. 

fable 11. 

  

  

  

  

  

            

conductor k(1.0amp) | k(2.15amps)| k(3amps)| k(4amps)} 

4-5 1.65 1.8 1.8 1.66 

21-22 1.62 1.8 1.8 Ae67) 

3-4 1.24 1.34 he DD. 1.27 

11-12 1.24 1.38 1.38 1.55 

1-13 1.0 1.02 1.02 1.05     
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Extra loss factors pet omieaeg for a small distance 

(0.25cm) away from the tooth surface, quickly approach 

unity, ( section 1-13). An average loss factor for the 

whole small tooth region was calculated for rated 

open-circuit voltage and found to be 1.21, which 

represents a 21% increase in loss compared with the 

loss based upon fundamental flux. 

Under load conditions the fluxes at the surface 

are further distorted by armature reaction. To obtain 

a true estimate of the losses, the harmonic fluxes 

must be taken into account; extra loss factors similar 

to those described for the open-circuit condition can 

be used on load to determine the true loss. Losses in 

the teeth on load are discussed in the next chapter, 

( section 5.3 ). 

4.4 Flux distribution in the stator core - no damping. 

4.4.1 Fundamental flux, 

The fundamental flux across the main stator tooth 

( 43-48 ) was measured for O->4.0 amps field excitation 

and was compared with the voltage induced in the a.c. 

coil linking the search coil area, ( ACs, ,Fig 33 ys 

Theoretically the flux linking the a.c. coil AC,, should 

be equal to twice the flux linking ( 43-48 ), 1.2.2.2; 

error in estimating the effective core length accounts 

for the discrepancy between PACs-4 and 26 ( 43-48 ). 

The fluxes measured across 43-44______ 48 are in phase, 

so the phase angles which appear at the tooth surface 
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are not reflected into the back of the teeth, Fig 25. 

Most of the fundamental flux passes behind the a.c. 

slot, Fig 25, resulting in a non-linear flux density 

distribution across ( 43-48 ) and ( 49-70 ). The 

fundamental flux which passes behind the d.c. slots 

is approximately 2.4% of the main a.c. flux, Fig 33. 

4.4.2 Second harmonic flux. 

Second harmonic fluxes were measured for various 

values of field excitation in the following regions:- 

(a) 43-48, (b) 49-70, (c) 58-67, Fig 34. 

4.4.2.1 Unsaturated conditions. 

The fluxes passing behind the d.c. and a.c. slots 

combine to give the flux across the main tooth (43-48). 

For unsaturated conditions there is no phase angle 

between uci and Deas . fo predict the flux linking 

the a.c. winding from these measurements it was 

necessary to assume flux paths for the second harmonic 

flux, Fig 35a. 

From flux measurements for unsaturated conditions, 

e.g. Tp= 1.5 amps, Fig 35b,it was possible to determine 

the flux paths across a pole pitch B, ( search coil 

area ). Initially the same paths were chosen for the 

adjacent pole A; the resulting flux linking the a.c. 

winding from these flux paths gave the wrong answer. 

Since BACs-4 was known, the flux linking the a.c. 

winding in pole A could be calculated; from these 

results it was obvious that the second harmonic fluxes 
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behind the a.c. slots are distributed as shown in 

Fig 35a. 

Fig 34 shows the measured a.c. flux PACs. and the flux 

linking the a.c. winding from the vector diagram and 

the assumed flux paths. The close agreement between 

them gives confidence to the validity of the chosen 

paths. 

4.4.2.2 Saturated conditions, 

Under saturation conditions a phase angle is 

introduced between Bios and rte. Search coil 

measurements under saturation conditions enabled vector 

diagrams to be constructed which show how these fluxes 

combine together. To calculate the flux linking the 

a.c. winding, it was necessary to consider two adjacent 

pole pitches and to calculate the flux linking the 

two main stator teeth,Fig 35. Again good correlation 

exists between the measured flux linking the a.c. 

winding and that predicted from vector diagrams. 

For unsaturated and saturated conditions, the 

second harmonic flux linking the a.c. winding is in 

phase with Oars and is approximately equal to 2b,9-70 ‘ 

Fig 34. 

Acad Second harmonic flux paths— no damping. 

As the field current is increased from 0 to 4.0amps 

there is a redistribution of second harmonic flux in 

the stator core, Fig 35. For unsaturated conditions 
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( O0-—> 2.0 amps ), the second harmonic fluxes are 

reasonably well behaved, i.e. 

(a) Daye Besa + Pose ( Goo-er & Provo in phase ) 

( Cie > disen ) 

(bo) the flux-field current relationship between small 

eect tans across 43-48 is approximately linear, Fig 36. 

At igs 2.5 amps there is a slight decrease in D545 ; 

beyond this value of field excitation the flux Brs-40 

increases until saturation effects cause a reduction in 

flux at p= 3.5 amps. Beyond Ip= 2.5 amps ( Dare ieee ) 

until ap 3.5 amps where the condition is reversed 

again and ( eas? Cisne ). Although saturation in the 

stator core may have some effect upon the distribution 

of flux, the second harmonic flux paths in the core 

are controlled mainly by what happens in the small 

tooth regions. The main and leakage fluxes are 

particularly sensitive to changes in field excitation, 

and the phase angles which exist at the surface ( due 

to the combination of main and leakage fluxes ) are 

reflected into the back of the small teeth ( section 

43-48 ). The non-linear flux distribution across 43-48 

results in peculiar saturation curves for the second 

harmonic components, Fig 36; the dips in the flux 

curves are due to saturation effects and the 

redistribution of flux as the field current is altered. 

Up to approximately 2 amps field excitation, the flux- 

field current relationship is practically linear, Fig 36; 

with a further increase in excitation, the fluxes in 

each of the small sections across 43-48 decrease to 
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a minimum value and then increase, e.g. Cee reaches 

a minimum value at Ip= 2.4 amps. At Ips 2.5 amps, the 

second harmonic fluxes in the two small teeth 

comprising a whole stator main tooth, ( Oana and Dis-29 ) 

are nearly in antiphase, Fig 41; this results in a 

decrease of flux across 43-48, since trie brs + Dep 

The magnitude and phase of the second harmonic fluxes 

across ( 3-3) and ( 19-29 ) depend on how the main 

tooth surface fluxes and leakage fluxes combine; as the 

field excitation is increased, the leakage flux in the 

small slots increases until high values of saturation, 

e.g. still increasing at Ipg= 2.5 amps, ( although 

Gis-4g is a minimum for this value of Tp , Fig 40 & 41). 
The magnitude of these fluxes is critically dependent 

upon the flux waveforms at the surface; saturation 

effects also influence the calculation. Peculiar 

flux-field relationships are also present when damping 

windings are added, 4.7.2. Since the magnitude and 

phase of these fluxes is critically dependent upon the 

value of uy » the calculation for a given field 

excitation would be extremely tedious, i.e. the flux 

waveforms across the surface and the leakage flux 

waveforms would have to be calculated, taking into 

account their relative phase displacement. 

4.5 Damping windings and their effect upon flux 

distribution. 

Damping windings are usually fitted to Guy-machines 

to reduce the second harmonic flux which links the field 
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coils under load conditions, 5.1.1. In chapter 2, 

measurements have shown that harmonic fluxes also link 

the field winding on open-circuit. These fluxes induce 

voltages in individual field coils which are liable 

to cause a breakdown of the field insulation, showing 

the need for damping windings on open-circuit; at rated 

open-circuit voltage, the induced voltage in a single 

field coil = 340 volts (peak), Fig 37. 

aoa Fluxes linking the a.c. and d.c. windings and 

the effects of damping. 

If the permeance variation is assumed to be 

sinusoidal, the fluxes linking the a.c. and d.c. 

windings under open-circuit conditions ( without 

damping ) are given by i 2FA€coswt and 2A, respectively, 

( section 1.2.2.2 ); when permeance harmonics are 

introduced, 2.3.1, the a.c. and d.c. fluxes are given by:- 

6..= ABF( 2€coswt + 26cosswt + ) 

and 

de = A,F( 2 + 2€,cos2urt + 2E,cos4wt + ) 

Since there are two positions of symmetry over a 

complete cycle, the above equations have to be modified; 

the fluxes linking the a.c. and d.c. windings without 

damping are then given by:- 

g= RA 2 + (§,- §,)eos wt + (§,+ §.)cos2 wt 

de (S, — 5. )COSS tubes ) 

d.= ZA §,+)00 ut + (§,+€))cos2wt + (S,+ $,)cos3 wt 
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When damping windings are used, an additional mmf acts 

upon the airgap permeance, Since harmonic fluxes will 

link the damping winding, harmonic damping currents 

will be set up in the damping winding which can be 

expressed in the form = Dacos(n wt + Bn ) 

where D,= peak value of the damping ampere-turns/ 

pole ( nth harmonic ), 

and Bn = phase angle between the peak of the nth 

harmonic damping current and the nth harmonic flux 

component which links the a.c. winding. 

The addition of a damping winding results in the 

following equations for the a.c. and d.c. fluxes:- 

The a.c. flux with damping 

fhe “0/25, §(-1)" )cosnwt + E Dal, - §(-1" | 

cos(2nwt +Bn) + coop | 

and the d.c. flux with damping 

by ~A2x + 2D,cos(nwt + Bn) + RS(E,+§,(-1)" Joosnurt 

Da (aye 2nurt +Bn fa 2 E Dal So Sal jan) feos( nur +B ) + coop] 

Ne 152 ,5% on 

The above equations have been developed for a general 

damping winding. Obviously the D, values will be 

different for each type of damping winding, since 

the harmonic fluxes which link the damping winding are 

dependent upon the flux distribution in the core and 
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the phase angles Bas 

For odd harmonic fluxes See S41 J) will be very 

small since §,#§/e.g. §, = 0.554, 5/ = 0.548. 

The even harmonic fluxes which contain terms in 

Zee SX-1 )*) will also be small, since for n>1 

the € values are very small; compare S25 0.006 with 

Sc 0.554. 

Since the flux terms containing [s- s(-1 ‘] 

especially for n>1, are small compared with the a.c. 

flux, RA(S, + §) the a.c. flux on open-circuit will 

not be affected by damping, until high values of 

saturation, Fig 33,( compare D,and Dz with A, ). 

With damping the voltage in a field coil is considerably 

reduced, i.e. terms in |§,+ si(-10 | will be very 

small, Fig 37 and 4.6(b). 

4.5.2 Equivalent circuit for damping winding. 

Although a general expression has been derived 

for the flux linking a d.c. coil on open-circuit 

without damping, 4.5.1, the effectiveness of a 

particular type of damping winding will also depend 

on Xd, and r4, , where ry, = effective resistance of the 

damping winding at a frequency f, and XJ, = reactance 

of damping winding corresponding to a frequency f, . 

The impedance of a damping winding is given by 

( xy, + j Xda) for each type of damping, Xj, will vary 

according to the position of the winding inthe doc, 

slot and the resistance of each damping winding may be 
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different,( compare Troe) = TA@erron) = 0.385n and 

Teor) = 0-028-1 ), When the machine is running on 

open-circuit ( no-damping ), harmonic fluxes link the 

field coils and the damping windings; if the voltage 

induced in a damping coil due to the nth harmonic 

flux is VY, , the damping current will be given by:- 

Tyna = Vn » where I), = nth harmonic 

Gx? jae) 

damping current. 

Although a simple expression can be derived to compare 

the damping currents in two different windings, e.g. 

Toa (roe) = (rin + j Xan) sorrom ; 

Toa (Gorton) ( m + 3) Xda)ror 

( YW same for top and bottom damping windings ) 

it is necessary to see how each damping winding affects 

the total voltage across a field coil before assessing 

the most effective type of damping winding, 4.6. 

Although the reactances are difficult to calculate, 

some qualitative results follow from measurements taken 

in section 4.6. 

Clearly the top damping winding is the most 

effective for damping the harmonic fluxes which link 

the field winding, Table 12; to demonstrate why 

certain types of damping are more effective, it is 

convenient to compare the reactances of the various 

damping windings. For top and bottom damping windings, 

Tagor) = Td (perro) = 0.3852 3; since ry Xi,, the value 

of Ip, will depend on the value of Xy, for each winding, 
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dee. Ipe (top) = _Xdn (bottom) 

Ip, (bottom) Xan (top) 

To compare fundamental and second harmonic reactances, 

V, and Ip, were measured for various values of field 

excitation, Fig 38; the reactance for a particular 

frequency and field current was calculated from the 

relationship Xj, = Ww. 

Ion 

Without damping, the open-circuit voltage was 

measured for various values of field current, (O— 

2.75 amps) [ t, limited to 2.75 amps to prevent possible 

breakdown of the field insulation | 3; the resulting 

curves for fundamental and second harmonic components 

are shown in Fig 38. The induced voltage in both cases, 

which bears a non-linear relationship to the field mnf, 

is dependent upon the flux distribution in the core 

region; the effects of field mmf on flux distribution 

have already been discussed in sections CARAS et An ane 

and 4.4.3 ). 

Damping currents in top and bottom damping windings 

were also measured for various values of field 

excitation, Fig 38; throughout these tests a non- 

inductive shunt was used for measuring Ip,. 

Since I,, and V, vary with field excitation and 

bear a non-linear relationship to each other, the 

reactance of a damping winding will also depend on the 

value of field excitation, Fig 38. 

Fundamental damping currents for top and bottom 

damping windings are practically equal and therefore 

Xa, (top)* Xa, (bottom). 
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Xg, (top) aed oem A = 59.50. 
  2:0 Amps 

dyn 0.235 

Xa, (bottom), soars = 14 = 63.0 

0.22 

Le. Xa (bottom) = 63 = 1.06 = I», (top) 

Xa, (top) 59.5 Ib, (bottom) 

Second harmonic reactances (for top and bottom damping 

windings) were also calculated; for a field current of 

2.0 amps:- 

Xa, (top) = _18 = 106-0 

0.47 

X4, (bottom) = 17 = 495. 

0.034 

i.e. Xa. (bottom) = 4.66 = Is, (top) 

Xa, (top) Ip, (bottom) 

Since Xy, (top) < Xu, (bottom), Iy, (top) will be 

greater than I), (bottom), i.e. top damping winding will 

be the most effective for damping the second harmonic 

fluxes; ( compare d. linking field with top damping 

1.8pWb and dbo. linking field with bottom damping 

W 1.93 pWb, Table 12.) 

Since for all n, Xa. (bottom) > XJ, (top), top 

damping windings will be the most effective for 

damping the fluxes which link a field coil, Table 12. 

Fundamental and second harmonic reactances were 

also compared for bottom and top damping. 

For top damping, X4. = 106 = 1.78 (2.0 amps ) 
Xd, 59.5 
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This ratio varies with field excitation, i.e. 

compare Xdz = 1.0 ( p= 1.5 amps ) and 

Xd, 

Rady 361.67, of Te= 2.75 amps ) 

Xa, 

For bottom damping, Xa. = 495 = 7.85 ( Ips 2.0amps) 

Xa, 63 

This ratio also varies with field excitation, i.e. 

compare Xd. = 3.36 ( Ip= 1.0 amp ) and 

Xa, 

R= 1056) oi Ip= 2.5 amps ). 

Xa, 

If the system were linear, then_X. = 2; for most 

X, 

values of field excitation Xd. diverges substantially 

2 

from this ideal ratio. Two factors regarding flux 

distribution are obviously connected with these results:- 

(a) saturation (especially at the tooth surface) affects 

the flux distribution, i.e. non-linear system. 

(b) second harmonic fluxes are particularly sensitive to 

different types of damping and changes in field 

excitation; ( peculiar flux-field relationships which 

occur in the core region are discussed in sections 

4.4.1+4.4.3. ) In view of these results and the fact 

that values of reactance are difficult to check 

theoretically, measurements of VW, and I>, were repeated; 

over the full range of field excitation, close 

agreement was obtained between the two sets of results 

giving confidence to the measured values of reactance. 
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4.6 Experimental work. 

fests were carried out to determine:- 

(a) the flux which links the d.c. winding for various 

types of damping, 

(b) the voltages which are induced in the field winding, 

(c) the damping currents which appear in bottom and 

top damping windings. 

(a) Harmonic fluxes linking the d.c. winding for the 

different types of damping were measured, Table 12. 

Table 12. 

Harmonic fluxes linking the back of the d.c. slots 

for different types of damping. 
  

  

  

  

  

        

Harmonic fluxes in Wb. 
Type of 
Damping Fund 2nd 3rd 4th 5th 

No Damping 59.6 6.96 3.5 4.24 0.186 

Bottom 11.75 Told 0.67 0.33 0.017 
Damping 

Top 10.2 1.8 0.52) |ge0.29) | ae 
Damping 

Core 16.8 Bod 0.83 0.56 0.09 
eee           

The effectiveness of a damping winding depends on 

how the damping currents affect the fluxes linking the 

field winding; for each harmonic, the top damping 

winding reduces the voltages induced in a field coil 

( expressed as fluxes in Table 12 ) to a minimum. 
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A similar analysis to that described in section 

4.5.2 can be used to compare the reactances of core 

and bottom damping windings. For the core damping 

winding, the reactance is different from Xan(eorror)? since 

part of the winding links the core and part links the 

airspace behind the core. Core damping windings are 

seldom used, since they are difficult to wind and they 

are not as effective as bottom or top damping windings; 

e.g. at rated open-circuit voltage, the core damping 

winding reduces the induced voltage in a field coil 

to about 13% of the peak value without damping, whereas 

the top damping winding reduces the induced voltage 

to about 1.6% of the voltage without damping. 

(b) The high frequency fluxes which link the field 

winding without damping, although they may be small, 

induce high voltages in the field winding. Fig 37 

shows the peak voltage induced in a single field coil 

when no damping windings are used; the peak voltage in 

the field coil for rated open-circuit voltage is 

340 volts, which is a voltage high enough to cause a 

possible breakdown of the insulation. This voltage 

which appears in a single field coil is not apparent 

if the voltage is measured across the total field 

winding. The voltages induced in individual field 

coils tend to cancel each other out, resulting in a 

very small residual induced voltage across the total 

winding; the sum of all modulations across the total 

winding = 1.4% of the voltage induced in one field coil.



This can be shown theoretically by considering 

the fluxes linking two adjacent field coils. Taking 

into account permeance harmonics, the flux linking 

a field coil ( A ) is given by 

AF (2 + 2(§, + (4 Ys! Jeosn wt} 

( section 2.3.1 ) 

hence, 
ae 

E,(A) = tabby MP2 + 2(§+ (-1) a | 

where:- E, = nth harmonic voltage induced ina 

field coil and Ny. = number of series turns in a 

field coil. 

in the adjacent pole, the flux linking the field coil 

(B) is given by 

-AF {2 + S(5, + (-1)€! )oosn w+ 

If the d.c. winding has m poles, then the total 

effective voltage induced in the field winding is 

given by 

Ba = 40442 TB b +56 ,+(-195,)] -f +5 (S,+(-1 | 
= O. 

The same effects as mentioned above are also exhibited 

in the Lorenz-type machine: 

For three different types of damping, the peak 

voltages were measured across a field coil, Fig 37. 

The top damping winding is very effective in damping 

the induced voltage, the peak voltage with top damping 
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being only 1.5% of the peak voltage without damping. 

(c) Since fundamental and second harmonic flux 

components have been considered in detail, fundamental 

and second harmonic damping currents were measured for 

top and bottom damping windings and plotted against 

field current, Fig 38. The fundamental and second 

harmonic currents are small as suggested by the theory; 

with these small damping currents the I*R loss in the 

damping windings will be negligible compared with the 

total losses in the machine. The fundamental damping 

currents are difficult to calculate with any confidence, 

since small changes in airgap around the periphery 

affects (§,- 5); measurements on the experimental 

machine showed a slight- variation in I), for various 

poles. This variation was particularly marked for 2nd 

harmonic components which are sensitive to small 

changes in airgap. Although readings over a pole pitch 

indicate the flux patterns, absolute measurements taken 

over a pole pitch must be treated with caution, since 

they may not represent exactly what is happening in 

other poles, Calculation of the damping currents is 

inherently difficult due to the complex nature of the 

flux distribution and requires:- 

(a) the accurate calculation of fluxes linking a 

damping coil when open-circuited- hence voltage VY,. 

(b) the accurate calculation of the reactance of the 

damping winding. 

Under load conditions the damping currents increase 

considerably; these are discussed in section 5.6.2. 
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4.7 _Flux distribution in the core with damping, 

4.7.1 Fundamental flux. 

The fundamental flux linking a whole stator main 

tooth ( 43-48 ) was measured for bottom and top 

damping windings at various values of field excitation, 

and the resulting fundamental flux linking the a.c. 

winding is shown in Fig 34. For unsaturated conditions 

there is very little difference between top, bottom 

and no damping, as suggested by the theory. Under 

saturation conditions where the flux distribution 

changes in the core region, the fundamental flux density 

does not saturate quite as quickly as when there is no 

damping. 

41.2 Second harmonic flux. 

The distribution of second harmonic flux has 

already been shown to be complicated when no damping 

is used, ( section 4.4.2 ). With the addition of a 

damping winding, it is even more complex. For no 

damping, the second harmonic flux patterns are as 

shown in Fig 39a; the fluxes shown here are for a field 

excitation of 2.5 amps. The fluxes in teeth A and B 

are given by the following relationships:- 

i 
Go a 

where 4,5 is the measured flux in pwd passing behind 

| | 

u a wn
 ny
 

uw os 

0D 

|   

nN
 

Sy
 

ul
 

the field slots for Ips 2.5 Amps, 

and 2.5 is the measured flux in pilb passing behind the 
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a.c. slot for I= 2.5 Amps. 

The a.c. flux is given vy fy - dy! as shown in the 

vector diagram, Fig 39c. 

When a damping winding is added , in this case 

a bottom damping winding, the vector diagram has to be 

modified. Measurements have shown that the second 

harmonic fluxes behind adjacent field slots are equal 

under damped conditions, and it was therefore assumed 

that the total flux due to the damping winding ( 2d, ) 

would split up in the way shown in Fig 39b. The a.c. 

flux was calculated from the following relationships 

which exist when Ip = 2.5 amps:- 
> 

flux linking tooth A Ton 5k 
= 4.5 + 2.5 - ¢ 

with damping Bn P 

  

u 

flux linking tooth B Ee ; ce = 4.5-25-6 
with damping 

qu 

>
 1 

L
e
 a.c. flux with $b. 

damping 

The a.c. flux for various values of field excitation 

was calculated from a series of vector diagrams and 

compared with the actual second harmonic flux linking 

the a.c. winding, Fig 34. 

Good correlation between actual measurements and 

those predicted from the vector diagrams gives 

confidence in the flux paths chosen. The redistribution 

of flux in the core due to saturation and the effects 

of damping, both of which are difficult to calculate 

for a given field excitation, produces peculiar 
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flux/field excitation curves as shown in Fig 34. 

With bottom damping ( Ip O—>2.5 amps ), Pes-ur< 93-10 3 

beyond this value of field current eee bees »Fig 40. 

Across ( 43-48 ) as the field current is increased 

from 0 to 2.0 amps, the flux increases linearly with 

field excitation; at 2.5 amps the flux decreases to 

quite a low value and then increases with additional 

field excitation. Phase angles between the fluxes in 

two small adjacent teeth are present for all values 

of excitation; for Ip = 2,5amps the two fluxes are 

nearly in anti-phase. 

The second harmonic leakage fluxes are also 

quite large and are comparable with or larger than the 

small tooth surface flux, Fig 41. In the small tooth 

regions there is very little difference between the 

second harmonic flux components for top or bottom 

damping. 

The second harmonic paths are critically 

dependent upon the value of field excitation, Fig 41; 

this makes the calculation of second harmonic fluxes 

extremely difficult. 
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4.8 Conclusions. 

It has been shown by experiment and from theory 

that although the flux variation across the total 

surface of a small tooth is approximately sinusoidal, 

flux waveforms in small sections of the tooth surface 

contain considerable harmonic content. These harmonic 

fluxes can easily be predicted from the tooth-slot 

geometry and Teledeltos plots. Extra loss factors 

derived for small sections of the tooth surface enable 

an estimate to be made of the extra loss at the surface 

due to these harmonic fluxes and the total loss in the 

tooth. Harmonic fluxes are also present in the core 

region, their patterns being determined by the tooth- 

slot geometry and the amount of saturation in various 

parts of the core; second harmonic flux components 

are particularly sensitive to changes in field 

excitation. Measurements across a field coil ( without 

damping ) show that harmonic fluxes cause high voltages 

to be induced in a field coil; the voltages which 

appear in each coil cancel each other out and do not 

appear across the total winding. Various types of 

damping were investigated and it was shown that top 

damping windings ( which have a lower reactance than 

either bottom or core damping windings ) are the most 

effective in reducing the voltages induced in a field 

coil. 
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Chapter 5. 

Stator flux distribution under load conditions. 

5.1 

De led 

Theoretical analysis. 

Fluxes linking the a.c. and d.c. windings 

on load. 

-1.1 Simple analysis. 

ot. 

22 

oe) 

“4 

25 
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2 Effect of permeance harmonics and 

damping currents on tre and bre . 

Flux waveforms at the tooth surface. 

Phase relationship between the flux 

waveforms at the leading and trailing 

edges of a small stator tooth. 

Effects of armature reaction. 

Effects of damping. 
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Flux waveforms at the tooth surface under 
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oe) 
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8 
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at the surface. 

S angles. 
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waveforms on load. 

Flux density distribution across the tooth 

surface. 

Flux waveforms in a small stator tooth, 

(C= 12 pF ). 

Flux waveforms at the surface ( no C ). 

Effects of varying the value of series 

capacitor. 

Addition of fluxes at the tooth surface. 

y angles. 
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5.2.10 K,, factors. 

5.3 _Losses under load conditions. 

5.3.1 Extra loss factors. 

-2 Overall extra loss factor and total loss 

in a small tooth. 

5.4 Machine on short-circuit. 

5.4.1 Flux waveforms at the tooth surface, ( no 

series capacitor ). 

.2 Flux waveforms at the tooth surface (C=12aF). 

~3 Addition of fundamental fluxes under 

short-circuit conditions. 

-3.1 No series capacitor. 

22 C= 12yP. 

«4 Flux density distribution in the stator 

tooth surface. 

5.5 Additional comments and conclusions. 

5.5.1 optimum value for series capacitor. 

«2 Choice of tooth-slot parameters. 

5.6 Flux distribution in the stator core under 
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5.6.1 Harmonic fluxes. 

«2 Voltages induced in a field coil and the 

effects of damping. 

-2.1 Voltages in a field coil. 

-2 Damping currents. 

«3 Factors affecting I). 
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Summary. - Chapter 5 

Under load conditions an additional mmf due to 

armature reaction acts upon the airgap permeance, 

resulting in a non-uniform distribution of flux 

across the tooth surface. 

The mmf acting upon the airgap permeance, assuming 

sinusoidal load current, is given by [F + Acos( ut+ & 

ampere-turns, where & is the phase angle between the 

peak permeance and the peak current. The angle & 

defines the amount of overlap of stator and rotor teeth 

at the moment of maximum applied mmf. 

An extension of the results obtained from open- 

circuit tests leads to a method of predicting the flux 

waveforms at the tooth surface under load conditions 

and also for the short-circuit condition. The distortion 

in a given section is shown to depend upon the angle 

and upon the magnitude of the armature reaction. 

Although saturation effects have been neglected in the 

analysis, good correlation exists between measured and 

calculated results giving confidence in the method used. 

From the flux waveforms across the surface it is 

possible to derive extra loss factors for the small 

sections and thus determine the true loss in the stator 

teeth under load conditions. The extra loss factors 

are shown to be dependent upon the value of series 

capacitor. With this understanding of the flux 

distribution at the tooth surface it is now possible to 

discuss the effects upon losses when the power factor 

or series capacitor is altered, for any tooth-slot 

geometry. 
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Diet Theoretical analysis. 

Bot 4 Fluxes linking the a.c. and d.c. windings 

on load. 

-1 Simple analysis. 

Neglecting permeance harmonics and the asymmetry 

of the permeance variation over a cycle, the fluxes 

linking the a.c. and d.c. windings under load conditions 

( without damping ) are given by:- 

he 

he 

[er E cosut + 2Acos(wt +o A, 

[er + AE cosk+ AE cos(2wt + A. 

(section 10.4.1 ) 

The flux which links the field winding under load 

conditions contains a second harmonic term due to the 

interaction of the fundamental permeance variation 

and the fundamental component of armature reaction. 

This high frequency flux component linking the field 

induces high voltages in the field winding which are 

liable to cause breakdown of the field insulation. 

Damping windings situated either in the top or the 

bottom of the d.c. slots are used to damp the fluxes 

which link the field winding. To calculate the 

ampere-turns required to damp the second harmonic flux 

component, a term Deos(2wt uae) ) is introduced into the 

equations, where D is the peak mmf of the damping 

winding and B is the phase angle between the peak 

permeance and the peak mmf of the damping winding. 

Although the above expression has neglected the fact 

that terms in Deoswt and higher order harmonic damping 
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currents will be present, ( 5.1.1.2 ) the analysis 

gives a good approximation to the ampere-turns 

required to damp the second harmonic flux. 

With damping:- 

Bac 
and 

tre 

u Afercostes +o) +€2Fcoswt + DE cos(wt +p] 

u A. + AE cosk + AE cos(2wt +« }+20c08(2ut+ p 

(section 10.4.2 ) 

For complete damping of the second harmonic flux 

linking the field winding:- 

D=-AG and B =a 
oa 

Then 

he A, pac €% Joos tut +X) + QFE cost] 

and : 

he Aer + AG cose] 

The mmf of the damping winding also modifies the flux 

due to armature reaction to 2/A,A(1- 6° )cosWwt +%). 
4 

5.1.1.2 Effect of permeance harmonics and damping 

currents on hac and Pde . 

The effect of permeance harmonics adds considerably 

to the complexity of the problem; with an assumed 

permeance variation of the form 

Ag 1 +Ecoswt + E,cos2wt + 

the d.c. flux without damping is given by:- 

he = Afar + FSE( 1 + (-1)” )cosnwt 

+ ZAE,( 1- ep” Jeos(nwtt+% esr 

(section 10.4.3 ) 
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6 Aber + AE, cos(2wt +X )+AEcosd + 2FE,cos2wt 

+ 2FE,cos4ut + A€,cos(4wt +) *A6c0s(200t-) 
Ee 

The additional terms which contain €,, Es and€, 

etc, do not have a marked effect upon Pue since these 

E, values are small compared with the fundamental 

and second harmonic terms, but the expression does 

indicate that harmonic fluxes will link the field 

and damping winding. Harmonic damping currents will 

flow in the damping windings setting up mmfs in 

opposition to the harmonic fluxes which link the 

winding. 

To see how these harmonic damping currents affect 

the fluxes tre and dae » it is necessary to take into 

account:- 

(a) the asymmetry of the permeance variation over 

a eycle. 

(b) permeance harmonics. 

(c) a term D,cos(mwt +6,), m=1,2,3,4--.----.— 

The resulting expressions for Pre and Gae are given by:- 

d,. =/\, [2F +. 22 DnrCOS(mwt+Bm) +S F(§,+ (-1 )s\ )cosnwt 

+SA(S,- (-1 JS! )cosnwtcos(nwt +X) 

+2 D(S,+ (-1 yer )oos(mut+fn)cosnut| 

and 

tre =A,|2SAncos(nwt +4) + = F(§, -(-1 Ys) )cosnut 

+5 Aal(S, +§/(-1)" )cosnwtcos(nwt + on) 

‘SSD a(S, — (-1)'€! Jecosnwtcos (mut +m) 
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The second harmonic flux (,) linking a d.c. coil 

is given by:- 

$ = 2D,cos(2wt +f.) + F(§, +§, )cos2wt 

+A(S, + )oos(2wt +«) + Di (S,-¢')cos(2wt +h) 
Be: cz i 

For practical calculations, terms in (3, -§) and 

(6,+8) can be neglected, i.e. 

, 
To damp the second harmonic flux completely, 

X =P, and D, = -A(S +s1) 
a 

2D, cos(2wt +B.) + Als, +§ eos (2ut +x ) 

( compare «& =6 and D = -AE for simple analysis, 

Bstsis te) 

Fundamental damping currents will also be present, i.e. 

, 
4, = 2D,cos(wt +B,) + F (S, -§/ )coswt + As, -§ )cos(wt+ g, ) 

since D, (5, =<) is very small compared with F(5, ==')5 
cay 

2D, cost + Pi) = -F(S, -§ )coswt. 

To damp the fundamental flux completely, 

B=o and D,= FS ~ 5.) 
2 

The theoretical analysis although giving an 

expression for the flux linking a whole stator main 

tooth, the d.c. and the a.c. windings, does not give 

any indication of what the flux distribution is like 

at the tooth surface. To obtain a true understanding 

of the flux distribution at the tooth surface it is 

necessary to look at small sections across the surface 

and to calculate the distortion caused by armature 

reaction. 
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Sed ae Flux waveforms at the tooth surface. 

In the present section, the angle X will be 

treated as a known quantity; the calculation of % is 

dealt with in detail in chapter 7. 

The shape of the open-circuit flux waveform in a 

small section of the tooth surface, neglecting saturation 

effects, is associated with the tooth slot geometry 

and has been shown to be proportional to 

2al _2l $° ee + )x-cos(b | cosnwt, (4.1.3 ) 

ann ue ie 

It follows that the flux on open-circuit is given by:- 

fel 

rn Pps ok (A,- ~Aigfeoentoes)n rea Feosnwt 

dren net i 

where:- LNe is the mean permeance as seen by a small 

section of the surface, 

Ne is the maximum permeance seen by a small 

section of the surface. 

From design sheet data it is possible to 

calculate the flux passing through a whole small tooth 

for the stator tooth opposite rotor tooth position. 

Static tests have shown that the flux is uniformly 

distributed across the tooth surface for this position, 

thus enabling the maximum flux in a small section to 

be calculated. The maximum nth harmonic flux is given 

by:- 

rae Pe2k 2h, A leoen naa aes) F 
Ann? 

The flux in a small section for the stator tooth 
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opposite rotor slot position (Ayr ) is not easily 

calculable, since the flux is not evenly distributed 

across the tooth surface. Either a simple hand flux 

plot or Teledeltos model is needed to obtain the flux 

in one of these small sections. 

From the tooth-slot geometry the shape of the 

flux waveform in a small section of the stator tooth 

surface is known. For any section along the surface 

the maximum flux levelis constant. 

The minimum flux level will vary for each 

section due to the fringing effect of the flux at the 

tooth edges. A scale diagram can be drawn of the flux 

waveform in a small section with these levels marked 

on the diagram, The mean flux level can be obtained 

by using a planimeter. Before introducing the effects 

of armature reaction it is necessary to know the phase 

relationship of the fluxes across the surface for 

open-circuit conditions. 

5.1.3 Phase relationship between the flux waveforms 

at_the leading and trailing edges of a small 

stator tooth. 

At Fig 42a the flux in ( 4-5 ) has just reached 

its maximum value. The flux remains constant until the 

stator and rotor small teeth are opposite, Fig 42b. 

The time interval over which the flux is constant in 

( 4-5 ) is associated with the displacement of the 

stator and rotor teeth in electrical degrees, i.e. 
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x = 6 x 140° ( t = 140° electrical for our particular 

tooth-slot geometry ). 

At tooth position (b), section ( 10-11 ) has just 

reached its maximum value, which remains constant 

until the tooth position shown in Fig 42c. The flux 

waveforms $45) and 610-11) are related as shown 

in Fig 42d. 

50164 Effects of armature reaction. 

Under load conditions the peak value of the load 

current waveform is displaced from the maximum 

permeance position (b) by an angle & . To relate the 

load current waveform to any particular section across 

the tooth surface it is necessary to define an angle 

HOt which relates the peak value of the load current 

and the centre line of the maximum flux level period 

in the appropriate small section. For a given 

displacement Be from this centre line, the armature 

reaction mmf acting is Acos (Sy +B.) where 4 is the 

et section across the surface, i.e. 

OF bbs , be = Os-p 

The flux on load for the ae section across the 

surface is given by:- 

[F + noos(§ 2B] Ar ie =fi)el [ooontneacenent ee] 
ane 

eoeut] 

5.1.5 Effects of damping. 

The equation for the flux waveform in a small 
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section will be modified when damping is taken into 

account, resulting in the following:- 

“fF + C1 Bena pd] A= Oa2d { with ~—tne 

DAMPING 
ane 

cosn(b+a )x-cosn(b-« )xtcosnwt 
i £ 

For F = 390 ampere-turns/pole, A= 188 ampere- 

turns/pole, 

fee a=) | = 566 = 0.98 

| 578 
i.e. % error in neglecting damping = 12x100 = 2.1% 

566 

The effects of damping have been neglected in the 

work following, since the percentage error is likely 

to be small enough not to introduce any appreciable 

error in the predicted load waveform. It can be seen 

however, that where the armature reaction assists the 

d.c. field, then the predicted flux levels will be 

reduced slightly compared with the predicted flux 

levels without damping. Similarly where the armature 

reaction is opposing the d.c. field then the flux 

levels in that region will be slightly higher than if 

damping were neglected. Comparison with measured and 

predicted waveforms ( without damping effects ) show 

that if damping effects had been taken into account it 

would have improved the correlation between measured 

and calculated results, but only by a small amount. 
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Bice Experimental work. 

5.2.1 Flux waveforms at the tooth surface under load 

conditions. 

For rated output of the machine and with a 

capacitor connected in series with the alternator, 

flux measurements were made at the tooth surface. 

Figs ( 43 & 44 ) show the flux waveforms across the 

tooth surface for two small teeth comprising a stator 

main tooth; the load current waveform is also displayed 

for each section showing whether the armature reaction 

is magnetising or demagnetising. At ( 4-5 ) and (21-22), 

where there is a large demagnetising component of 

armature reaction for the maximum permeance condition 

for the section, the flux is reduced considerably from 

its open-circuit value at the same field excitation. 

Further across the surface the open-circuit flux 

waveform is distorted by an amount depending on the 

angle (i+ B.). At (10-11 ) ana ( 27-28 ) and a 

maximum permeance condition for this section, there is 

a magnetising component which increases the flux in 

the small section. 

The distortion in each section affects the mean 

flux density. At the leading edge of the small stator 

tooth ( defined as section 4-5 ), the armature 

reaction is demagnetising for the maximum permeance 

condition reducing the peak flux level on load to a 

lower value than on open-circuit. The mean flux and 

hence the mean flux density was calculated using a 

planimeter. The mean density on the leading edge is 
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reduced to 0.63 Tesla compared with 0.76 Tesla on 

open-circuit. At the trailing edge of the tooth (10-11), 

the mean density only varies by 2.6% ( 0.76 Tesla 

open-circuit to 0.78 Tesla on load. ) 

Since the flux waveforms in other sections across 

the surface are known, it is easy to calculate the 

mean density for each section across the surface. From 

the leading to the trailing edge there is an increase 

in mean density of 18%. The variation in mean density 

depends upon the value of series capacitor and load 

power factor which control the magnitude of the angle 

oO ; the mean density in ( 4-5 ) for an 8pF series 

capacitor is less than the wean density in ( 4-5 ) 

when a 6p series capacitor is used, ( constant power 

factor ), Fig 45. At the trailing edge of the stator 

tooth the mean density is little affected by changing 

the value of the series capacitor. For a given power 

factor the mean density across the tooth surface will 

increase as the amount of compensation decreases. 

5.2.1.1 Fundamental and second harmonic fluxes at 

the surface. 

Fundamental and second harmonic fluxes were 

measured at the tooth surface with and without a 

series capacitor, Fig 46. The distortion of the flux 

in each section leads to a non-uniform flux distribution 

across the tooth surface; at the leading edge of the 

stator tooth the armature reaction is demagnetising 

for the maximum permeance condition and at the trailing 
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edge the armature reaction is magnetising for the 

same permeance condition. For C=0 & C= 12uF, the 

fundamental fluxes in teeth A and B are in phase, 

Fig 46. Second harmonic flux distribution is more 

sensitive to changes in field current for a given 

output; when a series capacitor is added to give rated 

output, there is a substantial increase in second 

harmonic flux at the tooth surface. The magnitude of 

these fluxes will alter for different values of series 

capacitor, since the value of series capacitor controls 

the X angle and the distortion of flux in the small 

sections. 

Total flux measurements were also made in the 

tooth regions for the two load conditions, ( C=0 

and C= 12nF ) Fig 46e&f. The main difference between 

the fluxes for these two conditions is the amount of 

leakage at the leading edge of the stator teeth; for 

no series capacitor the leakage flux is approximately 

twice that for C= 12uF. This is to be expected since 

the overlap of.the teeth for maximum applied mmf 

( C=124F ) is greater than for C = 0, [tne « angle 

determines the amount of overlap of the teeth for 

maximum applied ant] At the trailing edge of the 

stator teeth A and B changes in « angle have very 

little effect upon the flux waveforms and hence the 

leakage fluxes are approximately equal for the two 

conditions. 
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OV 2ie Slaneless 

From a given Wit is possible to calculate the 

5 angles ( section 5.1.4 ) for each section along 

the tooth surface. For C = 16uF comparison between 

measured and calculated § angles is given in Table 13, 

for the small tooth ( 4-11 ). 

Table 13. 

Comparison of measured and calculated g angles for 

C= 16yF. 

* ° 

( & angle from Table 27, & = 134°) 

  

  

  

  

  

  

  

  

Conductor & (Calculated) § (Measured) 
: electrical gleotzicn segrecs 

4-5 196 190 

5-6 ATS 174 

6-7 155: 152 

71-8 134 129 

8-9 114 415 

9-10 93 90 

10-11 r 712 70           

Face Comparison of calculated and measured flux 

waveforms on load. 

For sections ( 4-5 ), ( 7-8 ) and ( 10-11 ), the 

flux waveforms on load were calculated using the actual 

open-circuit flux waveform, Figs ( 47, 48 & 49 ). The 

theoretical approach which assumes a trapezoidal 

open-circuit waveform was also used to check certain 
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points on the curve; some error is introduced in the 

slot region due to the approximation made in the 

theoretical approach. From theory it was possible to 

calculate the mean flux under load conditions for any 

particular section across the tooth surface, To compare 

the measured waveforms with the calculated results, it 

was necessary to use the theoretical mean flux as a 

reference for the measured results, since the mean 

level was not indicated on the measured waveform. 

The measured flux waveform ( calibrated in pWb ) was 

then suitably scaled to compare its shape with the 

calculated results. The measured and calculated flux 

waveforms were analysed for harmonic content, Table 14. 

Table 14. 

Harmonic content of flux waveforms at the tooth 

surface under load conditions. 

Series capacitor C= 16aF. 

(Harmonic fluxes are expressed as a percentage of the 

fundamental flux, i.e. 

reference ( 100% ) ). 

fundamental flux taken as 

  

  

  

  

  

Cond. 2nd harmonic] 3rd harmonic4th harmonic5th harmonic} 
E flux flux flux flux 

meas.| cal. | meas.| cal. jmeas.|cal. |meas.| cal. 

4-5 14.8 19.9 | 34.6 | 38.35 10 12251 1459 54 

1-8 18.0 23.5 | 14.0 |19.9 g 41.2 (6.9 1.2 

10-11 20.0 31.0 117.9 | 16.5 8 Teac 469 6.0                   

For sections ( 4-5 ) and ( 7-8 ) good correlation 

exists between the measured and calculated harmonics, 
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since the saturation effects are negligible. At (10-11) 

where armature reaction assists the main field, the 

calculated maximum flux is 7% greater than the 

measured flux, the discrepancy being due to neglect of 

saturation effects in the theoretical analysis. The 

shape of the flux waveforms on load is particularly 

sensitive to the second harmonic flux terms, i.e. a 

slight variation in shape can have a marked effect 

upon the harmonic content. The main sources of error 

in predicting the waveforms on load are due to small 

errors in calculation of the M angle, and to saturation 

effects which distort the calculated flux waveforms. 

5.2.4 Flux density distribution across the tooth 

surface. 

To obtain the flux density distribution across 

the tooth surface for various rotor positions, it was 

necessary to determine the flux in each small section 

at a certain instant of time; this was done by 

dividing the load current waveform into suitable 

intervals, Fig 50. The rotor position is directly 

related to these points on the load current waveform. 

For position B where the stator and rotor teeth are 

opposite, the flux density is appreciably constant 

across the tooth surface. As the rotor tooth moves 

across the stator tooth surface, the flux density on 

the trailing edge of the stator tooth increases as 

more flux is passed through a decreasing permeance 

path, until at D, a high flux density B=1.55 Tesla 
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exists at the trailing edge. At F where the rotor slot 

is opposite the stator tooth, the flux density is 

appreciably constant’ along the tooth surface, except 

at the edges of the tooth where the permeance is larger 

than at the centre of the tooth. 

5.2.5 Flux waveforms in a small stator tooth (C=12yF ). 

With C= 124F and for rated output of the machine, 

flux waveforms in the small tooth ( 4-11 ) were 

recorded as shown in Fig 51. The flux waveforms in 

small sections of the tooth surface are far from being 

sinusoidal. When the flux waveforms across the tooth 

surface are added together, taking into account their 

relative phase angles, then the resulting waveform 

across the tooth surface is approximately sinusoidal. 

The overall flux waveform, without the knowledge of the 

flux distribution in small sections of the tooth 

surface, gives a false picture of what is really 

happening at the tooth surface. The harmonic fluxes 

which appear in small sections of the tooth surface 

will produce surface loss which is discussed in 

section 5.3. A small distance away from the tooth 

surface,( 0.25em ) flux waveforms in sections across 

the tooth width are reasonably sinusoidal, suggesting 

that these harmonic fluxes are mainly confined to the 

tooth surface, although it has been observed that the 

distortion at the tooth surface does influence the 

harmonic content further back in the teeth, i.e. at 

( 43-48 ), section 5.6. Changes in series capacitor 
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and power factor will influence the harmonic content 

in the back of the teeth, since both these factors 

affect the distortion at the tooth surface. The flux 

distribution further back in the teeth, and the fluxes 

linking the damping windings under load conditions are 

discussed in section 5.6. 

5.2.6 Flux waveforms at the surface ( no series 

capacitor ) : 

To achieve the rated output of the machine without 

a series capacitor, the field current is increased 

considerably, i.e. ( Ip = 4.05 amps compared with 

3.05 amps for C = 164F ). It was felt that the field 

current needed to give rated output without a series 

capacitor would cause the field winding to overheat 

when running a series of tests for various sections 

of the tooth surface. After recording the flux 

waveforms at the surface for rated output., Fig 52, 

and comparing the flux waveform in section ( 10-11 ) 

with the calculated waveform, Fig 53 tests were 

carried out for a lower output rating, ( 30 EW ) to 

reduce the possibility of overheating the field 

winding. The measured and calculated flux waveforms 

at the leading and trailing edge of the tooth surface 

are shown in Figs 54 & 55. For rated output , section 

(10-11) ana sections [« 4-5 ) and ( 10-11 ), 30 Kw] 

fairly good correlation exists between the measured 

and calculated results, except where saturation has 

prevented the flux from rising to the calculated value. 
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The harmonic analysis for sections ( 4-5 ) and ( 10-11) 

is given in Table 15. 

Table 15. 

Harmonic analysis of load flux waveforms (_no series 

capacitor. ) 

Harmonic fluxes are given as a percentage of the 

fundamental flux, which is taken as reference (100%). 

( output rating of the machine 30 KW. ) 

  

cond | 2nd harmonic |3rd harmonice4th harmonic5th harmonic 

  

  

saakye a flux flux flux 

measjcal. meas{cal. meas}cal. meas.| cal. 

4-5 8.0 12.2 34 137.5 2.34)2.25 1009 | tes 7 
  

TORTI 1962" 22.5 19.4/21.4 | 7.41|8.03 3.8 | 5.66                       

The good agreement which exists between calculated 

and measured results for the above condition and also 

when a series capacitor is added, gives confidence in 

the method used. The results obtained from harmonic 

analysis ( from calculated flux curves ) must however 

be treated with caution where the flux densities are 

high, and where saturation effects can have a marked 

effect upon the load flux waveform. 

5.2.7 Effects of varying the value of series capacitor. 

Altering the value of series capacitor for a given 

output and power factor of the machine causes the % 

angle to change its value. The effects upon the flux 

distribution in a small tooth are summarised as follows:- 
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(a) The load flux waveforms in small sections of the 

stator surface will alter as * alters, resulting in a 

variation of harmonic content for each section, Fig 56. 

(b) The variation in & will affect the distribution 

of flux in the tooth, i.e. the leakage and main tooth 

fluxes are dependent upon the angle . 

For rated output of the machine ( 44.4 KVA ) fundamental 

fluxes were measured for various values of series 

capacitor, Table 16. 

Table 16. 

Main and leakage fluxes (fundamental) for various 

values of series capacitor, (constant power factor) 

( all fluxes in pid, total core length.) 

  

cond. 36pE 28pF 20pF 16pF 8pF 
  

4-11 540 540 518 518 582 
(main 
flux) 

3-4 102 9D 82 74 15.8 
(leakage 
flux) 

  

  

11-13 194 190 190 190 184 
(leakage 
flux) 

fern 495 495 520 520 585 
flux) 

  

    3-11 470 450 426 426 560 
(main 
flux)               

Considering the leakage flux at the leading edge of the 

stator tooth ( 3-4 ), the flux decreases from 102plWb 

to 15.8pWb as the compensation is increased from 0.2 

to 0.9 pu, i.e. the leakage flux increases as the angle 
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& decreases. [as & decreases the permeance increases 

for the leakage flux path. | (1 pu compensation 

is defined for condition where (4+ X,) = Xe ) 

Altering the X angle also affects the amount of 

distortion in the small sections across the surface, 

and will therefore influence the main tooth surface 

flux in magnitude and phase, since the main tooth 

surface flux is calculated by adding vectorially the 

fluxes in the small sections. As the amount of 

compensation is increased, there is a slight decrease 

in the main tooth surface flux until high levels of 

compensation, where the tooth surface flux increases. 

In Fig 56, for C = 8F, the fundamental flux in (4-5) 

is less than the fundamental flux in (4-5 ) C=12pF 

due to the shape of the flux waveform. 

These facts suggest that there must be an optimum 

value of series capacitor, which for a given output, 

keeps the main tooth density to a minimum; this is 

discussed in section 5.5.1. 

For each value of series capacitor and therefore 

a given “( for constant power factor ), the peak of 

the total flux waveform across the surface is displaced 

from the peak of the load current waveform by an angle 

defined ask. oh angles for various values of 

series capacitor are given in Table 17. 
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Table 17. 

ences for various values of series capacitor. 

( constant power factor ) 

  

  

C pF Ge oe & aK 
36 103.5 404 145 41 
28 98.4 99 141 42 
20 92.6 93 135 42 
16 89.5 90 129 39 
8 6555 62 112 50               

For a wide range of compensation ( 0.2-0.7 pu ), 

the angle K is related to « by the. following 

relationship:- 

x -XK = 41° ( average ) 

As the compensation is increased further up to 0.9 pu 

this relationship breaks down and 

a -XK = 50°. 

Usually machines do not run at these high levels of 

compensation; for normal operating conditions the value 

of series capacitor and the power factor of the 

machine control the angle between the peak load 

current and the peak of the main tooth flux. 

5.2.8 Addition of fluxes at the tooth surface. 

Using the search coil stack it was possible to 

form vector diagrams of how the harmonic fluxes 

combine at the tooth surface; for rated output of the 

machine the vector diagram of the fundamental flux is 

tea



shown in Fig 57. Tests were carried out at four levels 

of excitation to see what effect saturation had upon 

the vector diagram. 

The fundamental flux under load conditions in 

small sections of the tooth surface combine to give 

a main tooth flux which is given by:- 

Kp, ( arithmetic sum of the fundamental fluxes 

through the small sections across the surface) 

The vector diagram under load conditions is very 

similar to the open-circuit diagram, except that the 

fundamental fluxes in each section are not equal, due to 

the distortion caused by armature reaction. For 

unsaturated and saturated conditions the total tooth 

flux ine is displaced by a constant angle from the 

main tooth flux at the surface. On open-circuit the 

fluxes in sections (3~15 ) and ( 4-11 ) are in phase, 

since the leakage fluxes are small compared with the 

main tooth flux. Under load conditions, the leakage 

fluxes are much larger than on open-circuit, leading 

to a phase displacement between the main tooth surface 

flux and the total tooth flux. Since the value of 

series capacitor affects the magnitude of the main and 

leakage fluxes, it is to be expected that varying the 

value of series capacitor will vary this angle between 

the main tooth surface flux and the total tooth flux. 
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5.2.9 Y angles. 

The phase displacement between sections along 

the tooth surface are defined as ,¥%,% etc, 

where 

is the phase angle between section (4-5) and (5-6) 

,is the phase angle between section (5-6) and (6-7) 

¥, is the phase angle between section (9-10) and (10-11). 

The phase displacement for fundamental flux and for 

the harmonic fluxes was measured and compared with 

calculated results in Table 18. Although the phase 

displacement was found to vary considerably between 

sections, the average measured angles corresponded 

closely to the calculated results. 

fable 16. 

Y angles for open-circuit and load conditions. 
  

  

open-circuit on-load 

wy Ip= 2.75 amps C=12uF, Ips 2.75 amps. 

fund | 2nd|3rd | 4th | 5th | fund | 2nd| 3rd | 4th 5th 

vy, 24 40 60°] (85 80 | 27 27 70 100 88 

MY, aU 44 58 | 80 92 2) 34 46 82 98 

VY 25) 54 5S 13 95 30 40 55 ner 98 

VY 21 46 52 67 S5 12 29 69 tie 88 

aA 16 aS 56 | 80 | 84 13 44 45 MS 95 

y, |18 | 39 | 69 | 80 | 90 | 22 | 30] 22] 76 | 88 
AVERAGE 

  

  

  

  

  

  

  

  

19 | .40 | 58 ls 78: | 94 19 34 | 51 81 93 
MEASURED 

~v 

[THEORETICAL 

  

20 | 40 60 |} 80 |100 | 20 40 60 | 80 100                           
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5 celO) Kp. factors. ( 4.1.3 and 4.2.2 ) 

From these results it was possible to calculate 

Ky, factors for the load condition and to compare 

these factors with the open-circuit Kj, factors for a 

given excitation, Table 19. 

Table 19. 

Kya factors for open-circuit and load conditions. 

Ip= 2.75 amps. 

  

  

  

  

    

  

Kp open-circuit on-load, C=12pF 

K, 0.794 0.79 

Ky 0.148 0.49 

Ks 0.035 0.085 

rat. |e one 0.134 

Ks 0.186 OR 155           
For C = 12yP the Ky, factors are very similar to 

the open-circuit condition except for the second 

harmonic term which is approximately three times as 

large as the open-circuit Kp, factor; this only applies 

for C = 12uF, since the Kp, factors on load will vary 

according to the value of series capacitor. Since the 

losses at the surface are dependent upon the amount of 

harmonic flux, the losses will be a function of Kp,. 

5.3 _lLosses under load conditions. 

The harmonic fluxes which are present at the tooth 

surface produce surface losses. Data from test curves 

‘show that the losses are proportional to fs at the 
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frequencies that we are considering, 4.3. To obtain 

the loss at the tooth surface it is convenient to 

define an extra loss factor k =_Total loss ° 

fundamental loss 

Under open-circuit conditions it is easy to calculate 

an overall extra loss factor, and hence to calculate 

the true loss in the teeth simply by multiplying the 

fundamental loss ( calculated by standard techniques ) 

by the overall loss factor. Under load conditions the 

problem is more complex due to the distortion across 

the tooth surface. Extra loss factors quickly approach 

unity at a small distance away from the tooth surface. 

Depending on the values of k for a given tooth-slot 

geometry it is possible to estimate an area [aeptn 

d into the iron from the tooth surface | where these 

loss factors can be used to calculate the extra losses 

under load conditions. To find the total loss in the 

shaded section, Fig 58,it is necessary to calculate 

the following:- : 

(a) the fundamental flux across ( 4-11 ) under load 

conditions. 

(>) the fundamental flux distribution across the 

surface ( analyse the fundamental component in each 

section of the surface ). 

(c) the fundamental loss for a given small section. 

(d) extra loss factor for each small section across 

the surface. 

(e) multiply (c) by the appropriate extra loss factor. 

(£) the total loss in the shaded region- compare with 

loss based upon fundamental flux~ hence Kp . 
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(g) multiply actual fundamental loss ( W/mm) by 

K, to obtain true loss. 

In general terms:- 

Fundamental loss in each section = a,b,c,d 

K factors for respective sections = Ka, K,, Ke_____ 

Actual ace on load for shaded region 

= Ka + Kpb + Kc +. 

Total loss based upon fundamental flux 

& tot Co 4+-Gae a ese. 

5 eDe1 Extra_loss factors. 

Extra loss factors at the tooth surface were 

calculated for rated output and for various values 

of series capacitor as shown in Table 20. 
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Table 20. 

Extra _ loss factors for various values of series 

capacitor (rated output ). 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

conductor Kaye Krapr Ksupe 

4-5 5.22 5.16 2.2 

3-4 2.04 2.39 1.56 

10-11 W553 1.58 eo 

11-12 165 ieee 1.26 

1-13 Veer 1.05 1.02 

3-2 1.02 10> 1622 

21-22 Deo 2.9 2.95 | 

| 24-25 ipo tea 1.74 
27-28 1.45 1.49 1.4 

28-29 ecw 128 te25 

19-31 1.02 1.05: 1.09 

31-30 1.04 1.09 1.03 

30-29 1.02 1.02 1.0             
5.3.2 Overall extra loss factor and total loss in a 

small tooth. 

For the machine running on load at rated 

output ( C = 12uF ), the extra loss factors for 

small sections across the surface are given in Table 21. 
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fable 21. 

K factors for small sections of the tooth surface 

and the total loss for rated output, C = 12uF. 
7 

  

  

  

  

  

  

  

  

      

section | K factor|fundamental| fundamental | total loss 
flux pwWo 1088 “Kg* 

o £°B 
a GF 

4-5 3.16 61 3700 11700 

5-6 2.80 12 6120 17100 

6-7 2.50 95 9000 22500 

1-8 2.28 110 12000 27500 

8-9 2.0 126 16000 32000 

9-10 1.76 140 19500 34500 

10-11 1.58 195 24000 38000 

z fund Z total 
lo loss 

% 90320 4183300         
  

Overall extra loss factor K, = 183300 = 2.03. 

90320 

In the rest of the tooth section (1) an approximation 

to the extra loss factor can be made, leading to an 

overall loss factor for the tooth. 

Example:— 

For rated output and C = 12pF, the tooth 

region can be divided up into a series of squares to 

form a mesh, Fig 58. With the extra loss factors 

known for the tooth surface and further back in the 

tooth, it is possible to estimate an extra loss factor 
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for the tooth region. 

Calculated fundamental loss in a whole tooth = 248watts 

average extra loss factor K, = 1.28 

Total loss in whole tooth = 320 watts. 

The harmonic fluxes at the surface introduce 

surface losses which increase the total loss in the 

tooth by 28%. From the table of loss factors for 

various values of series capacitor it will be seen 

that the loss factors decrease as the amount of 

compensation is reduced; at these lower values of 

compensation the field current increases considerably. 

In reducing the losses in the teeth and increasing the 

field winding losses, a compromise must be sought 

which ensures that the field does not overheat and 

yet which keeps the losses in the small teeth to a 

reasonable level. 

iad: Machine on short-circuit. 

5.4.1 Flux waveforms at the tooth surface. 

( no series capacitor ) 

On short circuit, without a series capacitor, the 

angle ® approaches 180°. Fig 59 shows the flux 

waveforms across the tooth surface for a short circuit 

current equal to the rated load current, ( 88.8 amps ). 

The measured & angle was found to be ATA: This 

increase in « as the machine changes from on load to 

a short circuit condition, further distorts the fluxes 

at the tooth surface, i.e. on short circuit there is 

a substantial amount of harmonic flux present at the 

surface. 
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5.4.2 Flux waveforms at the tooth surface, ( C=12uF). 

To obtain the rated load current under short 

circuit conditions with a series capacitor, the field 

current is reduced considerably; ( compare Ig= 2.87amps 

[x0 c| with Ip= 1.19 amps [c= 12], see Fig 60. 

With the machine running under short circuit conditions, 

flux waveforms were recorded at the tooth surface, 

Fig 61. Adding a series capacitor has little effect 

upon « , but the flux waveforms are distorted more 

than on load without a series capacitor, since the 

field ampere-turns are much less with C for a given 

armature reaction mmf. At this value of field 

excitation the field and armature reaction mmfs are 

practically the same; at certain points across the 

surface the flux density is reduced to quite a low 

level due to the cancelling of the main flux by 

armature reaction, Fig 61. 

5.4.3 Addition of fundamental fluxes under short 

circuit conditions. 

Vector diagrams showing the combination of 

fundamental fluxes in small sections of the tooth 

surface ( under short-circuit conditions ) are shown 
in’ Pig 62; 

5.4.3.1 _No series capacitor. 

The vector diagram is similar in form to the 

on-load diagram, except that the additional distortion 

in each section increases the average f/ angle to 28.6° 

( electrical ); compare with Y = 18.5 (under load 

conditions. ) 
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Deas aoe With series capacitor, C = 12yF. 

With C = 12uP, the vector diagram becomes very 

distorted from the open-circuit diagram as the fluxes 

in the centre of the tooth are reduced to fairly low 

values, and the fluxes at the edges tend to be much 

larger due to leakage flux. The average 7 angle is 

reduced from 28.6° to 26.6° and Kp increases nearly 

to the same value as under normal load conditions, 

(Kp = 0.722 ). 

564.4 Flux density distribution in the stator tooth 

surface. 

For various rotor-tooth positions the flux density 

distribution across the stator tooth surface was 

calculated, Fig 63. For the rotor-tooth opposite 

stator-tooth position, the flux is approximately 

uniform across the tooth surface. The flux density 

for a given rotor tooth position depends on the 

magnitude of field and armature reaction mmf and the 

angle dA. 

5.5 Additional comments and conclusions. 

Analysis and practical tests have shown that for 

a given tooth-slot configuration and load condition, 

it is possible to calculate the flux distribution 

across the tooth surface and also the losses in the 

teeth, The distortion at the surface has been shown 

to be dependent on the value of series capacitor and 

load power factor. In choosing a series capacitor the 
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following factors have to be taken into account:- 

(a) saturation caused by Fou. 

(b) losses and heating in small teeth. 

(c) field heating due to Fru. 

(a) cost of capacitor KVAr . 

A typical set of curves showing the relationship 

between Fp. and the pu compensation is shown in Fig 64. 

The field Fy increases as the pu compensation is 

reduced, and as the power factor changes from a 

leading to a more lagging power factor, for a given 

value of compensation, the field current increases, 

For a given load power factor the angle « determines 

the amount of distortion in the tooth surface, and 

therefore controls the losses. As the compensation 

increases the angle & decreases, and for the particular 

tooth-slot geometry under consideration, the distortion 

in the surface increases. In choosing a series 

capacitor a balance must be found between a suitable 

field current, and an & angle which will keep the losses 

in the tooth region to a reasonable level. 

5.5.1 Optimum value for series capacitor. 

From the search coil stack it was possible to 

measure the fundamental flux across the tooth surface 

for various values of compensation. The fundamental 

flux with C = 36yuF was taken as a reference Cima 

hence the pu fundamental loss in each section for 

various values of series capacitor. For five different 

values of compensation an overall loss factor was 
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found for the tooth surface, which enabled the total 

loss in the tooth surface to be calculated, Fig 65. 

For minimum loss in the tooth surface the pu 

compensation = 0.44; this corresponds to 1.47 Fpu. 

5.5.2 Choice of tooth-slot parameters. 
  

When the machine is running under load conditions, 

armature reaction distorts the fluxes in the teeth; 

this distortion is also dependent upon the value of 

series capacitor, load power factor and the degree of 

saturation. Altering the ratio t/, will also affect 

‘the distortion in the teeth and the field current 

required for a given output. To find the optimum t/, 

it is necessary to calculate the following for each 

tooth-slot geometry:- 

(a) flux waveform in a small section on open-circuit. 

(b) load flux waveforms for various values of series 

capacitor. 

(c) plot the field—compensation curves for the 

required load conditions. 

(a) plot tooth loss-compensation curves. 

(e) decide from the sets of curves the optimum 

performance for a given load condition, i.e. 

compare field current and losses for each value 

of t/\. 

Since the optimum value of t/, under load 

conditions is dependent upon the value of series 

capacitor and the load power factor, the value of t/, 

may be different from the open-circuit value; ( optimum 
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t/), for open-circuit conditions = 0.4 ), Tables 4&5, 

section 2.2.2. 

An optimum value of t/y, ( on-load ) can only be 

calculated for a particular power factor and series 

capacitor; if the machine is designed to operate over 

a range of power factor, e.g. ( 0.9lag to 0.9lead ), 

then an average value for tA would have to be chosen. 

Since the calculations outlined in sections 

(pee! (e) (5.5.2 ) are tedious, especially for 

varying C and power factor, the effect of altering 

tA has not been analysed in detail. One of the main 

problems concerns the harmonic analysis of flux 

waveforms across the surface; for a given powemtacsor 

and series capacitor, 100 points are needed for 

harmonic analysis of the flux waveform in each 

section to give a reasonably accurate analysis up to 

the 5th harmonic. (700 points across the surface) 

From detailed measurements already made ( for 

constant power factor and varying C ), it is difficult 

to make any general statements as to the optimum value 

for t/y } a complete analysis of the problem ( i.e. 

calculation of optimum value of th for varying C and 

power factor is needed.) 

The calculation of the optimum tooth-slot 

parameters on load could provide an interesting line 

to be followed in future work, and would undoubtedly 

prove useful for design calculations. 
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5.6 Flux distribution in the stator core under 

load conditions. 

DeGet Harmonic fluxes. 

Under load conditions two additional factors 

influence the flux distribution at the stator surface 

and across the whole stator main tooth ( 43-48 ), 

(a) armature reaction mmf and (b) the anglex. 

For rated output ( 44.4 KVA ye and two values of 

compensation, fundamental, second and third harmonic 

fluxes were measured in the core region, Fig 66; 

most of the odd harmonic fluxes pass behind the a.c. 

slots, resulting in a non-linear flux density 

distribution across ( 43-48 ) and ( 49-70 ). When a 

12pF capacitor is connected in series with the 

alternator, the fundamental flux across ( 43-48 ) 

increases by about 24% for rated output; the flux 

across ( 43-48 ) can be calculated from a consideration 

of the fluxes at the tooth surface, i.e. eer ae 

4,1 = ae . 

The second harmonic flux paths, already discussed 

in sections 4.4.2.1, 4.4.3 and 4.7.2 ( open-circuit), 

are further complicated by the fact that armature 

reaction mmfs act upon the airgap permeance; detailed 

measurements across ( 43-48 ) for two values of 

compensation are shown in Fig 67. As for open-circuit 

conditions, the flux across ( 43-48) Geeends on the 

flux distribution at the surface and the leakage 

fluxes, e.g. Fig 46c&d shows the increase in 2nd 

harmonic flux at the surface when a series capacitor 
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is added under load conditions. Calculation of these 

fluxes for a given excitation is difficult,since 

different types of damping and variations in field 

excitation also affect the flux distribution. 

Although there is a considerable amount of 

harmonic flux in the teeth under load conditions, the 

harmonic content in the core region is fairly low, 

Fig 66; consequently losses in the core region can 

be calculated with a reasonable degree of confidence 

by considering the loss due to fundamental flux. 

5.6.2 Voltages induced in a field coil and the 

effects of damping. 

faking into account permeance harmonics and 

assuming that the mmf due to damping can be written 

in the form D,,cos(mwt +Bm), the flux linking the 

d.c. winding is given by :- 

6. =/\, [er + 2S FE, cosnwt 

+ 2€€, A,cosnwtcos(nwt +o ) 

+ 2D,cos(mwt + Bm) 

+ 2%€,D_cosnwtcos(mwt +Bn) | 

n=2,4,6 (section 10.5 ) 

M=1,52,5 

526.221 Voltages in a field coil. 

If the machine is run on load without damping 

windings, then the voltage induced in a field coil 

may be large enough to cause a breakdown of the 
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insulation; this voltage is produced mainly by the 

flux component A€A,cos(2wt +«), since the other 

second harmonic fluxes contain terms in€, ,€,, etc, 

which are small compared with €,. 

Without damping windings, the machine was run on 

load, and the field excitation adjusted to a low value, 

to avoid possible breakdown of the insulation; at 

Tn = 1.0 amp, the peak voltage in a field coil =260v. 

If it is assumed that the voltage induced in a field 

coil increases linearly with excitation, which is 

reasonable from Fig 68, then the induced voltage for 

rated output = 1040 volts ( peak ). The second 

harmonic flux linking the winding is given by 

A,€, Acos(2wt +%); the voltage due to this flux can 

be calculated easily from the following expression:- 

Hy, = 4.46, 14,4 B 
where Ey = voltage induced in a single field coil 

on load without damping. 

f, second harmonic frequency 

Nee number of turns in a single field coil 

Ag =A,€,Aptpole pitch 
rotor slot pitch 

f m4 
for 4, = 0.225; po = 4x.10; f£,= 6000; N= 129; 

A,= 15.16; €= 0.554; A= 188, " u 

E, = 700 volts (RMS) = 970 volts( peak). 

(compare with 1040 volts(peak)- measured.) 

Damping windings are very effective for damping 

these fluxes; top damping windings are the most 

effective. The peak voltage across a field coil with 
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top damping is approximately 1.4% of the voltage 

induced without damping, Fig 68. 

be 6c2ee Damping currents. 

To damp the second harmonic fluxes which link 

the field coil completely:- 

D,= “Gd and B= a 

For rated output, i.e. IL = 88.8 amps, V_= 500 volts 

Dz, = 52 AT/pole (peak) 

( compare D, = 54 AT/pole (peak)- measured ) 

The damping currents on load are larger than on 

open-circuit, but they are still small and the T?R 

loss is negligible compared with the other losses in 

the machine. 

5.6.2.3 Factors affecting Ip. 

Two factors affect I, , (a) the type of damping 

and (b) the value of series capacitor. 

Damping current waveforms for various values of 

series compensation and for two types of damping, are 

shown in Fig 69; for a wide range of compensation and 

one type of damping, the waveform shape remains 

appreciably constant, but there is a difference in the 

value of I, for each value of series capacitor as 

shown in Fig 70. 
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From the equations developed for Bae and dae ’ 

(section 5.1.1.2 ) the phase angle between I, (peak) 

and I,, (peak) is given by (P,-%); since « depends 

on the value of series capacitor, the angle (pf, -«) 

will alter for various values of C. [fe constant = 

145° (electrical), Fig 69. ( top damping | 

As the pu compensation increases, the angle (f: -«) 

will increase, (compare f,-% = 0 at C=36aF and 

Pe -% = 33 at C=8pF.) 

In fig 69 the load current waveform was taken as 

reference, and shows the phase displacement between 

Iy, (peak) and I, (peak) for various values of C; for 

top damping, the second harmonic damping current is 

predominant and the angles (f2 -«) can easily be 

taken from the diagrams shown in Fig 69. For bottom 

damping, the second harmonic damping current would 

have to be separated from the total Ip waveform to 

give a true picture of the displacement between 1, 

and I,. 

For top and bottom damping, the damping current 

increases as the pu compensation increases. The 

reactance of each damping winding controls the 

magnitude of the damping current for a given series 

capacitor; for the experimental machine, the ratio 

Tyfep / TyGetton) is approximately 2:1, Fig 70. 

AA? Ss



Chapter 6. Rotor flux distribution. 

6.1 _Rotor flux distribution under open-circuit 

conditions. 

Ostet = ineory. 

-1.1 Flux waveforms. 

.1.2 Harmonic fluxes in the rotor teeth. 

6.1.2 Experimental work. 

-2.1 Flux waveforms at the rotor tooth 

surface. 

-2.2 Flux density distribution across the 

rotor tooth surface. 

.2.3 Harmonic content of flux waveforms at 

the tooth surface and at the tooth root. 

-2.4 Losses. 

6.2 Flux distribution under load conditions. 

6.2.1 Theory. 

-2 Experimental work. 

-2.1 Flux waveforms under load conditions. 

-2.2 Harmonic analysis of flux waveforms. 

-2.5 Distortion of flux waveforms for 

different values of series capacitor. 

-3 Losses under load conditions. 

-3.1 Losses in the rotor teeth. 

«3.2 Losses in the core region. 

°6.3 Rotor flux distribution under short- 

circuit conditions. 

6.4 Conclusions. 
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Summary. - Chapter 6 

fo investigate the rotor flux distribution, 

search wires were set in shallow slots along the 

entire rotor tooth surface and brought out of the 

machine to a slip-ring assembly, enabling any two 

conductors to be connected to form a search coil. 

Flux measurements, made under open-circuit, load 

and short-circuit conditions, showed the similarity 

between stator and rotor flux waveforms over a rotor 

pitch, and the nature of the heteropolar flux which 

links the rotor teeth and core. For any given load 

condition, the flux waveforms on the rotor can 

easily be determined by relating a search coil on 

the rotor to a given reference on the stator surface. 

From an understanding of the flux distribution at the 

tooth surface and at the tooth root, it was possible 

to estimate the losses in the rotor teeth and in the 

core. 
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6.1 Rotor flux distribution under open-circuit 

conditions, 

6.1.1 Theory. 

-1.1 Flux waveforms. 

From a consideration of the physical geometry of 

the airgap region and the detailed flux measurements 

on the stator, it is possible to predict the flux 

waveforms in the rotor teeth. 

As the rotor tooth A, Fig 71a,moves across a pole 

pitch, the flux in tooth A will vary according to the 

position of the rotor tooth relative to the stator 

surface; in addition, the rotor tooth is subjected to 

heteropolar flux, due to the reversal of the mean 

flux component under successive d.c. poles. This 

reversal takes place at a frequency determined by the 

speed of rotation and the number of d.c. poles. For 

the experimental machine, the heteropolar frequency 

is 300 Hz, since there are 12 d.c. poles and the 

speed of rotation of the rotor is 3000 rev/min, 

In previous work on Lorenz type machines, it was 

shown that the overall flux variation across the 

rotor tooth surface is proportional to the heteropolar 

flux wave, whereas a search coil comparable to the 

armature slot opening in width will also sense the 

slot opening. In the Guy-machine, where the rotor 

tooth width is comparable to the stator-slot 

openings, a search coil embracing the whole tooth 

surface can be expected to sense these slot openings, 

giving a waveform of the shape shown in Fig 71b. 
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Flux waveforms in small sections of the tooth surface 

will also sense these slot openings, Fig 71c. From 

the tooth slot geometry, Z/Y = a.c. slot width / small 

slot width, Figs 71b and 7ic. By analogy with the 

flux waveform in a small section of the stator tooth 

surface, the rotor flux waveform for a similar 

section will also have approximately the same shape, 

Fig 71d. These waveforms can be added together taking 

into account their relative displacement, to obtain 

the total flux variation over a rotor pitch, Fig 72. 

The position of the rotor tooth with respect to the 

stator surface is easily obtained, Figs 72 & 73, 

allowing the flux density distribution to be plotted 

for various rotor tooth positions. If the stator 

tooth ( 4-11 ) is taken as reference, Fig 74, then 

under open-circuit conditions, the flux linking a 

search coil on the leading edge of the rotor tooth 

( 12-13 ) will reach a maximum at the same instant 

as the search coil ( 4-5 stator ), Fig 74a,and the 

flux linking coil ( 6-7 rotor ) will reach a 

maximum value at the same instant as coil ( 10-11 

stator ), Fig 74a. Over a d.c. pole pitch the flux 

waveforms in ( 6-7 rotor ) and ( 12-13 rotor ) are 

related as shown in Fig 74b. As the rotor tooth A 

passes teeth A and B on the stator, the flux 

waveforms in ( 4-5 stator ) and ( 12-13 rotor ) will 

be in phase, Fig 74c. Similarly ( g 6-7 rotor ) and 

( ¢g 10-11 rotor ) will also be in phase, Fig 744. 

When the rotor tooth A passes teeth C and D on the 

stator, there will be a phase displacement between 
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the rotor and stator flux waveforms of 180, due to 

the necessary permeance variation across the pole 

pitch, Fig 74c&d. 

6.1.1.2 Harmonic fluxes in the rotor teeth. 

Slot ripples in the open-circuit emf waveform 

of salient pole synchronous machines meenced by the 

interaction of rotor permeance harmonics with those 

set up by the stator slot-openings, are very similar 

to the patterns shown in Fig 71; although a slightly 

different problem is being dealt with for the Guy- 

machine, use can be made of the well established 

theory for synchronous machines** 

A brief summary of slot ripples is made by Say? 

' If the main flux wave were assumed to be rectangular 

( as in a salient pole machine without fringing ) and 

the ripple flux a pure sine wave superimposed on it 

di ET ele eel NI » the frequency of flux pulsation would 

correspond to the rate at which the slots cross the 

pole face. This pulsation may be regarded as two waves 

of fundamental space distribution rotating at angular 

velocity, one forwards and one backwards; the 

component fields will have velocities of ( 2¢+1 )w 

relative to the armature winding, and will generate 

emfs of frequency ( 2g+1 )f Hz, where g=slots/pole.! 

A detailed mathematical analysis is given by Walker?” 

By analogy with these results, the harmonics in 

the rotor teeth of a Guy-machine can be predicted. 

Consider Fig 71: as the rotor tooth A moves across 
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a pole pitch, the flux waveform across the tooth 

surface has the form shown in Fig 71b, ( i.e. the 

ripples superimposed on the heteropolar flux wave 

are caused by the stator slot openings.) 

The frequencies induced in the rotor teeth, at 

the surface, ( assuming that the ripple flux is 

purely sinusoidal ) will be given by:- 

£467 ( 2 rotor slots/pole + 1 )f, 

where f,= heteropolar frequency. 

Since the a.c. slot width is greater than the small 

slot width s, the resulting ripple flux is not 

sinusoidal; this distortion of the ideal ripple flux, 

produces further harmonic fluxes, ( i.e. 3rd and 7th 

harmonic fluxes for the experimental machine, Table 22.) 

For the Guy-machine simple relationships can be 

derived for fxg, :=- 

A d.c. pole comprises ( 2x + 1 ) rotor slot pitches, 

where x = number of small teeth/main tooth, ( 1.2.1 ) 

vores [2¢ Ox + 4 +1 f, 

number of rotor teeth = ( 2x +1), 

where Pj.= number of d.c. poles 

Since -frcuwe= 50 ( number of rotor teeth ), 

fpmenne =50( 2x + 1 )By, =50(2x + 1)2f,= 2f,( 2x +1 ) 

50 
  

The main frequencies induced in the rotor teeth are 

given by Fry fy, a 
fh 
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Harmonics which are produced by asymmetry of the tooth 

ripple waveform, will also be present in the 

experimental machine, ( i.e. the frequencies induced 

in the rotor surface are given by:- 

[me 4] and the harmonic frequencies due to 

asymmetry of the ripple waveform. 

For the experimental machine, frequencies of 

3f, and 7f, are present in addition to the main 

frequencies, Table 22. 

( i.e. frequencies induced in the rotor tooth 

surface are [me am A f, ond fy ) 

where fuacnme= ZOOOHZ. 

f, = 3f, 

(ik a £ 

The magnitude of the harmonic fluxes which link the 

rotor tooth surface can be obtained theoretically 

by using a simple approximation outlined in 

Appendix 10.7. 
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ete Experimental work. 

fo verify the theory, search coil signals were 

integrated and results compared with the theoretical 

analysis. 

6.1.2.1 _Flux waveforms at the rotor tooth surface. 

If two adjacent search coils on the rotor surface 

are chosen, namely ( 6-7 ) and ( 7-8 ), the flux 

variation is as shown in Fig 75a. Due to the scaling 

of the waveforms, the phase displacement between them 

is not detectable. The search coil signals at the 

leading and trailing edges of the rotor tooth surface 

were expanded giving a display of the flux variation 

over a d.c. pole pitch, Fig 75b. The display was 

expanded further to investigate the shape of the 

waveform in a small section, Fig 75d; these 

waveforms are similar in shape to the open-circuit 

waveforms on the stator. Flux waveforms in sections 

( 6-7 ) and ( 7-8 ), Fig 75a,also demonstrate the 

nature of the heteropolar flux variation as the rotor 

tooth A moves under successive d.c. poles. The phase 

relationship between coils ( 4-5 stator, 10-11 

stator ) and coils at the leading and trailing edges 

of the rotor tooth surface, Fig 76a&b, show the 180° 

phase displacement as tooth A passes under teeth C 

and D. If a search coil is formed from conductors 

at each side of the rotor tooth surface, ( coil 6-13 ) 

the coil is sensitive to the heteropolar flux wave 
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and the slot openings, Fig 76c. The phase relationship 

of the flux linking coil ( 6-13 ) is shown related to 

the total flux passing through the stator tooth 

surface ( 4-11 ); again the 180° phase change is 

apparent after the rotor tooth has moved across the 

a.c. Slot. Leakage flux waveforms at the leading and 

trailing edges of the rotor tooth are also sensitive 

to the heteropolar flux and the stator slot openings, 

Fig 76dé&e. 

6.422 Flux density distribution across the rotor 

tooth surface under open-circuit conditions. 

The flux density distribution, Fig 77, which 

shows the open-circuit and load flux density variation, 

was easily obtained from calibrated flux waveforms 

across the tooth surface. For the condition where 

the rotor and stator teeth are opposite, the flux 

density is appreciably uniform across the tooth 

surface. Close agreement between open-circuit and 

load flux density distribution for the rotor tooth 

positions where the armature reaction mmf is zero, 

gave an added degree of confidence to the analysis. 

6.1.2.3 Harmonic content of flux waveforms at the 

tooth surface and the tooth root. 

The flux waveform across the total tooth surface 

*( 6-13 ) was analysed for harmonic content, 

considering the heteropolar frequency ( 300 Hz ) as 

the fundamental component. Waveforms were also analysed 
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at various depths in the tooth to investigate the 

-effects leakage flux may have upon the harmonic 

fluxes entering the root of the teeth, Table 22. 

Table 22. 

Harmonic analysis of the total flux variation in 

a_rotor tooth. 

cpenecircult rated voltage ( 500 volts ), tp =2.15amps. 

Top damping windings connected. 

All fluxes in pWb ( total core length ). 

Fundamental flux taken as f,, i.e. 300 Hz. 

  

  

  

  

  

  

Harmonic| coil] % coil coil coil % 
order HARMONIC. 

6-13 wee 5-14 4-15 2-17 He 

g Fund. g ¢g g Fund 

Fund 730 100 890 930 970 100 

3rd 380 be. 280 290 290 30 

7th 245 34 270 270 270 28 

9th 300 41 310 300 300 BA 

11th 180 2S 200 200 200 21                   

The harmonic content at the surface is considerable, 

and the harmonic fluxes which are present at the 

surface are still of the same order of magnitude at 

the tooth root; the fundamental flux entering the 

root of the tooth is 25% greater than at the surface, 

due to leakage flux. 

The main rotor frequencies are given by 

[foen' | » ( 6.1.1.2 ) i.e. the 9th and 11th harmonics, 

where f, is taken as the fundamental flux and fincume = 

3000 Hz. 
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3rd and 7th order harmonic fluxes are also present, 

Table 22, and are of the same order as the 9th and 

11th harmonic fluxes. ( see section 6.1.1.2 and 

appendix 10.7. ) 

6.16254 Losses. 

Usually the loss in the rotor is calculated 

taking inte account the following components:— 

(a) 3000 Hz loss in the rotor teeth. 

(b) 300 Hz heteropolar loss in the rotor teeth. 

(c) 3000 Hz loss in the rotor core. 

(d) 300 Hz heteropolar loss in the rotor core. 

The losses in the teeth and core calculated from 

the above will be in considerable error, since:- 

(1) the harmonic fluxes are neglected. 

(2) there is no 3000 Hz frequency in the rotor; 

harmonic frequencies of [ Creme tn) ats and fy | are 

superimposed on the heteropolar flux wave. 

(3) an additional loss due to the surface saturation 

effect must also be taken into account. 

At these frequencies the losses are proportional 

to £3", ( 4.3 ); using this simple relationship 

it is possible to calculate the total loss in the 

tooth, and to compare this value with the loss 

calculated from the normal assumptions. Neglecting 

the harmonic fluxes which link the teeth, and 

assuming that the loss in the teeth and core occurs 

due to frequencies of 3000 Hz and 300 Hz, leads to an 

underestimation of the losses in the teeth, but gives 
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a reasonably accurate value for loss in the core 

region as shown by the following calculations. 

(1)_Rotor teeth. 

normal loss calculation:- 

Taking 3000 Hz loss as 1pu; 300 Hz loss = 0.138pu. 

- new loss calculation:- 

From analysis of the flux waveform ( 6-13 ) the total 

loss = 1.6pu. 

Extra loss due to the surface saturation effect=0.21pu. 

/. fotal loss = 1.81pu. 

The ratio _Total loss = 1.59 = Ker 

(3000Hz +300Hz)loss 

From this calculation the true loss in the teeth is 

shown to be approximately 60% greater than that 

calculated by only considering the 3000 Hz and 300 Hz 

loss, ( which is not present at the rotor surface ). 

(2) Losses in the rotor core. 

No experimental data has been obtained for the 

rotor core, but from analysis of the flux variation 

in the root of the rotor teeth, it is reasonable to 

assume that part of the core will also be subjected 

to harmonic fluxes, causing additional loss to that 

normally calculated. 

Since the harmonic content of the flux waveform 

at the root of a rotor tooth is known, i.e. ( 2-17 ), 

it is possible to estimate the harmonics present 

across P-Q, Fig 78, by adding the flux waveforms in 
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two adjacent rotor teeth, taking into account their 

relative phase displacement. 

The flux waveform in section ( 2-17 ) can be 

expressed in the form:- 

g (2-17) = Asin@ + Bsin30 + Csin7O0 + Dsin9e + 

¢ in adjacent rotor tooth 

where X, = phase angle between g (2-17 ) and ¢ in 

adjacent rotor tooth. 

g ( PQ ) A (1 + cosxXg)sinO + Acos@sinX, 

+ B (1 + cos3X,g)sin3@ + Beoos3@sin3x, 

+ 0 ( 1 + cos7X,)sin7@ + Ccos7Osin7X, 

a 

d ( P-Q ) can be written in the form:- 

Asine(GOer ie) + bain’ (e56ls oe) 40 10s kee 

For open-circuit conditions the harmonic analysis 

of the total flux waveform across P-Q is shown in 

Table 23. 

Table 23. 

Harmonic content of flux waveform across P-Q. 

Rated open-circuit voltage ( 500 volts ) I = 2.15 amps. 

[*- 300 Hz, taken as fundamental flux] 

  

  

  

  

  

  

Harmonic % Harmonic wrt Joss 

fundamental 

Fund 100 « 5170 

3rd 16 % 690 
TtA 45 « 2090 
9th 33 « 16000 
Tita 16 « 9100           
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The actual total loss was compared with the losses 

calculated on the basis of 3000 Hz and 300 Hz loss in 

a similar way to the rotor teeth. 

Kye = 1.12 where K, =_ Total loss in core 

(3000Hz + 300Hz) loss 

In the core region the K factor is much smaller than 

the K factor in the teeth; the losses based upon the 

( 3000Hz and 300Hz )loss account for 89% of the losses 

in the core region. 

It is felt that the calculation of losses from 

a consideration of the total flux variation is far 

more realistic for the tooth and core regions, and 

may in conjunction with the new approach to calculating 

losses in the stator teeth, reduce the large 

discrepancy between measured and calculated losses 

in this class of machine. 

6.2 Flux distribution under load conditions. 

6.2.1 @heory. 

For open-circuit conditions the phase 

relationship between the flux waveform in a small 

section of the rotor surface and a particular 

reference coil on the stator surface can be calculated 

as shown in section 6.1.1; under load conditions two 

additional factors are needed to predict the load 

flux waveforms:- 

(a) the magnitude of the armature reaction mmf. 

(v) the angle &. 
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Under load conditions the load current waveform 

is stationary with respect to the flux waveforms 

( 4-5 stator ) and ( 10-11 stator ), its phase 

displacement being dependent upon the anglex, Fig79b. 

The rotor positions shown in Fig 79a denoted by 

Since the rotor flux waveforms under open-circuit 

conditions are related in phase to the stator flux 

waveforms, it follows that the load current waveform 

will also remain stationary with respect to the flux 

waveforms ( 12-13 rotor ) and ( 6-7 rotor ), Fig 79c. 

The angle & can be transferred directly to the rotor, 

enabling the magnitude of the armature reaction mmf 

to be determined for any rotor position. The distortion 

in each section of the rotor surface can be analysed 

in a similar way to the stator, enabling an extra 

loss factor to be calculated. The distortion at the 

tooth surface is dependent on the value of series 

capacitor and load power factor. 

6.2.2 Experimental work. 

6.2.2.1 Flux waveforms under load conditions. 

The flux variation across the total tooth 

surface ( 6-13 rotor ), Fig 80a,shows the relationship 

between g ( 6-13 ) and the flux variation across the 

stator tooth surface ( 4-11 ); the nature of the 

heteropolar flux and the 180° phase shift as the rotor 
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tooth A moves across the a.c. slot opening is apparent. 

The load waveforms ( 6-7 ) and ( 12-13 ), 

Fig 80(b,c,dé&e), show (a) the nature of the heteropolar 

flux variation and (b) the relationship between the 

associated stator flux waveforms. In each case the 

180° phase change is apparent as the rotor tooth A 

moves across an a.c. Slot width. At the. trailing 

edge of the rotor tooth ( 6-7 ), the armature reaction 

mmf assists the main field, whereas at the leading 

edge of the rotor tooth ( 12-13 ), the armature 

reaction opposes the main field causing pvooredderante 

reduction in flux. The distortion across the tooth 

surface is shown in Fig 81; these waveforms are very 

similar to the stator flux waveforms, (chapter 5 ). 

6.2.2.2 Harmonic analysis of flux waveforms under 

load conditions. 

The flux variation across the surface ( 6-13 ) 

and in various sections of the tooth was analysed 

for harmonic content, Table 24. 

Table 24 

Harmonic analysis of flux waveforms in a rotor tooth. 

Rated output: 44.4 KVA. series capacitor C = 16pF. 

Fluxes in pilb ( total core length). 

  

  

  

  

  

  

fovrnnonic fovrnvionie 
FREQUENCY, oA i wee 0d sy shi Le wee fund 

300Hz 840 100 1000 1100 1200 100 

900Hz 460 49 560 580 600 50 

2100Hz 280 33 280 280 280 eo 

2700Hz 320 38 B19 310 310 26 

3300Hz 210 30 220 220 250 19                 
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The harmonic content across the total rotor 

tooth surface under load conditions is very similar 

to the open-circuit condition; due to more leakage 

flux under load conditions, there is a 30% increase 

in the fundamental flux in the root of the tooth. 

( compare 25% increase on open-circuit. ) 

6.2.2.3 Distortion of flux waveforms for different 

values of series capacitor. 

The effect of altering the value of series 

capacitor was investigated for three different values 

of compensation:— 

(a) no series capacitor. 

(b) 36xF ( 0.206pu compensation. ) 

(c) 8 pF ( 0.93pu compensation. ) 

At the trailing edge of the rotor tooth surface there 

is no marked effect in the flux variation as the value 

of the series capacitor is altered, ( compare with 

stator section (10-11 ) , 5.2.7) whereas at the 

leading edge ( 12-13 ) there is quite a marked effect 

in the distortion, (compare with stator (section 4-5 ), 

5.2.7 ), Fig 82. 

6.2.3 losses under load conditions. 

6.2.361 Losses in the rotor teeth. 

The harmonic content of the flux waveform across 

the total tooth surface is practically identical for 

open-circuit and load conditions. Since the surface 
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loss in the rotor and stator teeth are of the same 

order, it can be concluded that under load conditions, 

the true loss in the rotor teeth is approximately 60% 

greater than normally calculated using the simple 

“assumption that the rotor teeth are only subjected to 

a 3000Hz and 300Hz loss. 

6.2.3.2 Losses in the core region. 

The harmonic content of the total flux waveform 

across ( P-Q ) under load conditions is shown in 

Table 25. 

Table 25. 

Harmonic content of flux waveform across P-Q under 

load conditions. 

Rated output: 44.4 KVA. C= 16nF. 

  

  

  

  

  

              

Hz Harmonic % Harmonic wrt loss 
fundamental 

300 Fund 100 “& 5170 

900 3rd 26.6 aw 1820 

2100 7th 12.2 x 1540 

2700 9th 207 «11,500 

3300 11th 15.4 x 4400 

Total loss = 1.15 

3000Hz + 300Hz loss 

From the above figures, the true core loss is 15% 

greater than normally calculated from assuming that the 

losses in the core are due to frequencies of 3000 and 

300 Hz. 
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Geo Rotor flux distribution under short-circuit 
  

conditions. 

The flux distribution was analysed for 

(a) short-circuit- no series capacitor. 

(®) short-circuit with series capacitor ( C=16F ). 

With the machine running on short-circuit ( I,, =rated 

load current ) the flux variation was displayed for 

the whole tooth surface, and for the leading and 

trailing edges of the tooth. For both conditions the 

total flux variation across the surface and in the 

tooth was analysed as shown in Table 26. 

Table 26. 

Harmonic analysis of flux waveforms across sections 

of the rotor tooth 

all fluxes in pid ( total core length). 

(a)_no series capacitor. 

under short-circuit conditions. 

I,, = 88.8amps. 

  

  

  

  

  

            

  

  

  

  

  

              

g Gomme] @ Z Oy. setae 
freq. 6-13 wrt fund|5-14 4-15 2-17 wrt fund 

(6-13) (2-17) 

300Hz 750 100 980 980 1000 100 

900Hz 380 51 470 500 510 a] 

2100Hz 200 26.6 200 190 180 18 

2700Hz 160 21.44 140 110 100 10 

3300Hz 1 9.3 10 12 29 2.9 

(bd) series capacitor 6 16yF. 

trea. | <¢A5l wer tana|sca la-ta [poten bene eee” 
(6-13) (2-17) 

300Hz 340 100 460 510 540 100 

900Hz 160 47 210 220 230 42.6 

2100Hz 52 15.4 44 38 33 6.1 
2700Hz 16 4.7 53 14 o2 eh 

3300Hz 56 76.5 110 130 150 27.8       

161 - 

 



The third harmonic component remains approximately 

50% of the fundamental flux at the surface for all 

conditions, whereas the higher order harmonics are 

considerably reduced compared with the open-circuit 

and load conditions. For C = 16:F, there is a 37% 

increase in tooth flux at the tooth root, due to 

leakage flux effects; for different values of 

compensation, the leakage flux will alter due to the 

change in « . Flux waveforms at the leading and 

trailing edges of the tooth surfaces for these two 

conditions are shown in Figs 83 and 84, with their 

corresponding waveforms on the stator surface. 
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6.4 Conclusions. 

The flux distribution across the rotor tooth 

surface under open-circuit, load and short-circuit 

conditions is very similar to the flux distribution 

on the stator surface over a rotor pitch, and can 

be predicted from a knowledge of the stator flux 

waveforms. The magnitude of the load or short-circuit 

current and the appropriate X angle, enables the flux 

density to be plotted across the rotor tooth surface. 

A loss calculation for the rotor teeth can be made, 

taking into account the surface loss and the harmonic 

fluxes seen by the rotor teeth; these losses 

calculated for the tooth region are about 60% greater 

than the normal calculated losses. The losses in the 

core region are a little more difficult to calculate 

accurately, since the harmonic fluxes entering the 

tooth root are different from the harmonic fluxes at 

the surface, due to leakage fluxes. Usually it is 

sufficient to consider the harmonic content at the 

surface for the core loss calculation, especially 

for normal values of compensation where the leakage 

fluxes will not have a significant effect upon the 

flux entering the tooth root. 
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Chapter 7. 

The calculation of field excitation under load 

conditions. 

7.1 On load analysis ( Raby and Pohl ) 
  

Te161 Raby. 

owe ) Pon, 

) Calculation of Ip under load conditions 

for various values of series capacitor. 

a 

7.2 Bussing. 

7.2.1 open-circuit analysis ( part 1 ) 

e1.1 Permeance calculations. 

«1.2 Fluxes linking the a.c. and d.c. 

windings under open-circuit conditions. 

p -1.3 Voltage generated in the a.c. winding. 

7.2.2 On load analysis ( part 1 ) 

«2.1 Fluxes linking the a.c. and d.c. windings 

under load conditions. 

.2.2 Main and leakage fluxes. 

7.2.3 On load analysis ( part 2 ). 
  

-3.1 Main and leakage fluxes. 

23.2 Calculation of Te under load conditions. 

Ws2icd Fluxes linking the a.c. and d.c. windings 

under load conditions, taking into 

account permeance harmonics. 

1.2.5 Calculation of ae from main and leakage 

fluxes. 

7.2.6 Conclusions. 

7.3 Calculation of & and field excitation using 

the concept of saturated synchronous 
  

reactance, 
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7.3.1 Saturation factor k, and synchronous 

reactance. 

«2 load vector diagrams using the concept 

of saturated synchronous reactance. 

-2.1 unsaturated conditions. 

-2.2 Saturated conditions. 

7.3.3 Maximum power and load angle. 

7.3.4 Load angle for the Guy-machine ( 85) 

«4.1 ©; for zero compensation. 

tee 85 for series compensation. 

1.5.5 Experimental work. 

7.3.6 Choice of rating for the experimental 

machine. 

-6.1 Temperature measurements on load. 

7.3.7 Comparison of calculated and measured 

results for various load conditions using 

the concept of saturated synchronous 

reactance. 

7.1 Constant impedance test. 

-7.2 Alternator supplying a variable impedance 

load, Te constant. 

-7.3 V load constant ( variable load and field 

current ). 
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Summary. - Chapter 7. 

In design work it is important to be able to 

calculate the field excitation requirements under load 

conditions. The calculation of field excitation for 

unsaturated conditions is considered by Raby and Pohl; 

these theories are based upon simple assumptions which 

give reasonable results for non-saturated conditions, 

but which are considerably in error at high values of 

saturation. These theories are discussed at the 

beginning of this chapter to introduce some of the 

basic ideas and problems. 

The major contribution to load theory is presented 

by Bussing® who attempts to include the effects of 

leakage flux and saturation; in this section a survey 

is made of Bissings analysis with calculations for the 

experimental machine. 

A simple method of obtaining the field requirements 

from the open-circuit and short-circuit curves, taking 

saturation into account, is also given. 
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Chapter 7. 

The calculation of field excitation under load 

conditions. 

7.1 _On load analysis ( Raby and Pohl ). 

{otis Raby? 

Under load conditions two mmfs ( neglecting 

damping ), act upon the airgap permeance, 

(a) the field mmf, F 

(b) the mmf due to armature reaction, A. 

Assuming that the load current is sinusoidal, the 

total mmf acting upon the airgap permeance is given by 

(F + Acoswt) ampere-turns. 

If permeance harmonics are neglected, the permeance 

variation can be expressed in the form:- 

A 1 +€cos(wt +«) ) 

where he mean permeance, 

e 

x 

flux utilisation coefficient, 

phase angle between the instants of 

peak current and peak permeance. 

The flux which is given by the product of mmf and 

permeance can be expressed in the following form:— 

¢d - Ar + 4A€ cos «] (constant flux) 

+Afre cos(wt+ « ) +hoosut | (fundamental flux) 

+A, [ane cos (2wt +) (second harmonic flux) 

The fundamental a.c. flux can be represented by a 

vector diagram, Fig 85(a). 

At this stage it is convenient to express the 

fluxes in pu terms to eliminate ie . If the machine 
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were running under open-circuit conditions and excited 

to give rated voltage, then the fundamental flux would 

be given by CaN cost If this value is taken as our 

unit of alternating flux and F, as the unit of field 

excitation, bre = emf numerically, and it follows that 

LNs = 1/R€. The vector diagram can therefore be drawn 

in pu terms, Fig 85b&c. 

If damping windings are added, the value of ‘a’ 

is modified to a(1 - E74 ). ( ‘a is an important 

parameter and is defined by Raby, section 1.3.3*) 

For 10kHz machines, € is of the order of 0.2 and 

hence a( 1 - E74) 2 0.99a; for 3kHz machines where 

the € value is much higher, the value of ‘a’ is 

modified to approximately 0.94a,. 

Since damping has little effect upon the value of 

‘al, the change in the a.c. flux with damping will be 

small; for the experimental machine the increase in 

a.c. fundamental flux with damping is approximately 

2.6%. 

in this simple theory which neglects saturation, 

it is necessary that X,'a ana g,. are known before 

the field excitation can be calculated. 

Te1.2 Poni s* 

A further extension to the theory is presented 

by Pohl who takes into account permeance harmonics. 

The permeance variation can be written in the form:- 

Aiea nies ea Ce eee 

Al 1 +€,cos(wt+L) +€,cos(2wt+ 2% ) +€,cos(3wt+ 3x ] 

where Ey = AA, fe 

* section 1.3.3 refers to chapter 1 of this thesis. 
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Flux expressions are derived similar to the analysis 

presented by Raby:- 

p = A|? + 4€,acosx| 

+/\ [Pecos tute %) + Acoswt + A€cos(2% + wt)| 
° 2 

  

+A,[PGcos(2ut + 2% ) + AE, cos(2wt +% ) 
2   

+ AG cos(2ot + 3K | 
2 

Terms underlined, e.g. F€,cos(2wt + 2%) are the 
  

components that are added when permeance harmonics 

are included. For t=0, a simple vector diagram can 

be drawn which combines the amplitudes of the three 

fundamental flux components to form 4, ( fundamental 

component of d ), Fig 85a. 

If a@A/2 is small compared with the other 

fundamental components, then it can be neglected, 

resulting in the same vector diagram as Raby. 

( For the experimental machine €2#0,025€, and 

therefore the term A€,4./2 will be approximately 1% 

of Fé,A, , and can be neglected for practical purposes.) 

The extra terms introduced by Pohl are not important 

for practical calculations, since they are small 

compared with the main flux components. 

Vole Calculation of Ir under load conditions for 
J 

various values of series capacitor. 

To calculate the field requirements on load, 

it is convenient to work in the pu system, and to 

use a vector diagram similar to that used for 

6d



synchronous machines. Two conditions are considered, 

(a) machine on load- zero compensation and 

(b) machine on load with series compensation, Fig86a&b. 

If the reactances Xy and ‘al are known, then the 

voltage E,, is easily obtained from the vector diagram; 

(a) oo Sever Xp 4sa00 ( I,= ipu ) [Ne c.] 

(o) Hl= V+%+ +e (stp) — [witn c.] 

The field current ( Ip) corresponding to E,is obtained 

from the open-circuit saturation curve. 

The experimental machine was run to give rated 

output for various values of series compensation; 

the field current and < angle were measured and compared 

with calculated results, Table 27. 

A typical calculation for “ and Tp when a 16, PB 

capacitor is connected in series with the alternator is 

given below; the corresponding vector diagram is shown 

in Fig 86c. 

Rated load current = 88.8 amps = 1pu current. 

load voltage = 500 volts = 1pu voltage. 

ipu resistance = 5,62n., 

From design sheet data:- 

Xp = 0.078pu and a = 1.23pu. 

For cos ¢ = 0.962, E,, is easily found from the 

    

relationship:- 

oa vit yt eae 

VY -= 0.962 + j0.270 

2h SS j0.078 

Dee —j0.59 

aris j 1323 

Eo. = 0.962+ j0.988 
  

Ser



E, oc. = /1.91 = 1.38 pu —+ 395 AT/pole 

(from o.c. saturation curve ) 
    

( p= 3.1 amps.) 

tany = 0.988 3; “Y= 45° 42° 
0.962 

of =%+ 90° = 135° 42’ 

Table 27. 

Comparison between measured and calculated values of 

field current and % angle for various values of 

  

  

  

  

  

  

  

series compensation. Rated output, I,= 88.8 amps. 

field field 

compensation ° «? BEDS amps 

CpP (measured )|(calculated)|(measured){ calculated 

8 444 116 2.4 2525 

12 126 132 25 eee 
16 134 135° 42" 3505 Bea 

28 141 144 3.5 4.3 

36 145 145 3.6 550) 

No ¢ 150 148° 30 4.05 5.5               

For the calculation of field current, the 

synchronous reactance given by ( a +Xg) is assumed 

to be constant. For field excitations up to 3 amps 

where this condition is satisfied, Fig 87b,the analysis 

gives results which compare favourably with measured 

values of field current, ( max error 6% ). For 

further increases in field current, i.e. decreasing 

compensation to achieve rated output, the value of X, 
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decreases due to saturation. If the value of X, is 

assumed to be constant, then the calculated field 

current will be larger than the measured value, 

Fig 87a&b; at zero compensation the percentage error 

between measured and calculated results is 37%. 

Small changes in synchronous reactance due to 

saturation will not have a very marked effect upon 

the & angle as shown in Fig 87a; for the whole range 

of compensation the calculated values of « compared 

favourably with measured values ( max error 5% es 

fwo main conclusions result from this analysis:- 

(a) The method gives reasonable results for 

unsaturated conditions when a series capacitor is 

used to give rated output. 

(b) It is obvious from measured and calculated 

results that,at low values of compensation and at 

rated output, the effects of saturation must be taken 

into account to obtain a reasonably accurate estimate 

of the field excitation; this problem is dealt with 

in some detail by Bussing, (section 7.2 ). 

Se



yu . 8 
Vaio Bussing. 

In his theoretical analysis of the Guy-machine, 

Bussing includes the effects of leakage flux and 

saturation. A method analogous to that used in 

synchronous machine theory is also developed to 

calculate the field excitation under load conditions. 

Teal Open-circuit analysis (Paper 1) 

Tee eel Permeance calculations. 

The magnetic permeance is calculated for the tooth 

opposite tooth and tooth opposite slot positions using 

the substitute angle method, (section 10.1 ) resulting 

in the following:- 

A= t/g + (2.34) log( 1 + Bs/g ) 

  

and 

A= s-t + 9.2 log(_1+ Bs/2g ) 

g + B(s-t) BP (1 + B(s-t) 

2 26 

The total permeance per d.c. pole half is obtained by 

multiplying the values of ANe( which correspond to unit 

core length and one rotor slot pitch) by k=fte 2, Ze 

where Mo= absolute permeability, 

&, = effective length of the core, 

Z. = number of stator teeth per de pole half. 

In the initial stages of the analysis it is 

assumed that the permeance variation is sinusoidal; 

for the two main teeth A and B, Fig 88a the permeance 
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variation can be expressed in the form:- 

A,= AN 1 +€cos wt ) 

and A,= A.C 1 +€cos(wt+nx )) =A, 1 -€coswt ) 

Tecelen Fluxes linking the a.c. and d.c. windings 

under open-circuit conditions. 

The fluxes in teeth A and B are given by:- 

f= RA, 

9, = RA\, = RA( 1 - Ecos wt ) 

RA 1 +€coswt ) u 

The flux linking the a.c. winding = 6, + d,! 

he = well is Ecoswt] i nA, - Ecos wt 

= 2FA,€coswt 
  

Similarly the flux linking the d.c. winding is given 

by ba + Os 

by. = nf + Ecos wt} + %A, {4 = beone 

= 2Fe/\, 
  

Te2ieled Voltage generated in the a.c. winding. 

The induced voltage E is found by differentiating 

the a.c. flux wrt time, i.e. 

B= 4.44tu.Adg 

where Wa= series turns in the a.c. winding 

Ag resultant flux linking the a.c. winding. 

(Ag= 2A,€( F, + Fe )pody Z ) 
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If the specific fluxes in the d.c. pole halves A and 

B are calculated at the airgap then dn = AF, 

and dy = Ae, where F, = mmf at the airgap. 

With these fluxes and with the mmf Fz at the stator 

and rotor teeth, the flux 6 is given by 

$= £( F)+ Fy), Fig 88. 

At a certain value of excitation the voltage reaches 

a maximum due to saturation of the teeth; this 

maximum occurs where the tangent to by is parallel 

to de . 

From design sheet data E was calculated for 

Ip = 2.15 amps, ( 500 volts- measured ). 

E = 4.44fw.A$ 

with ns 3000; Uk= 18; y= 4x .10; L= 0.22m; 

Zp=)23/N 152165) € = 0.554; (Fa Wo) =260, 

Ecncnarey = 510 volts, compare 500 volts(measured) 

( 2% error ) 
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eo ac On load analysis ( part 1) 

72.2.1 Fluxes linking the a.c. and d.c. windings 
  

under load conditions. 

Under load conditions an additional mmf acts 

upon the airgap permeance due to armature reaction; 

this mmf can be represented by Acos(wt +), 

where A= peak a.c. ampere turns/pole 

= phase angle between the peak of the load 

current and the peak permeance. 

Initially, if damping is neglected, the following 

equations result for bn and pe! » Fig 88. 

dp =A,( 1+€coswt )( e+ Acos(wt +%)) 

dy! =A, 1 -€cos wt )(-Fe+ Acos( wt +)) 

The a.c flux is given by d+ 4, 

he = 2A,Acos(wt +) + 2A,€Fecos wt 

Dre is given by da - de 

4, =A, 2Fe+ EAcosX + €Acos(2wt + 

These results are summarised by Bussing:- 

‘The above equations show that for an assumed 

harmonic change of permeance, change of the fluxes 

‘effective in the a.c. winding are purely harmonic; 

while in the d.c. winding a flux of double 

synchronous frequency boosts the d.c. flux.' 
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Harmonic fluxes are also considered by Bussing, 

(section 7.2.4 ); a detailed discussion of these 

fluxes is given in chapter 5 of this thesis (section 

5.6 ). 

Teteeee Main and leakage fluxes. 

In addition to the airgap fields, the a.c. 

current also excites leakage fields across the a.c. 

slots and around the end-winding. These fields are 

associated with reactance and can be calculated by 

known methods. 

Bussing extends the results outlined in section 

7.2.2.1 by splitting the a.c. flux into main and 

leakage fluxes. Initially, the a.c. flux is split 

into two components, namely hs and $h 

where tos = leakage flux 

tr 
The split of the into two components is based upon the 

main flux. 

following assumptions:-— 

(a) under short-circuit conditions, the angle « 

approaches 180. 

(b) for K = 180°and A = FE, the a.c. flux in the 

machine is reduced to zero. 

(ec) if F= A, k= 180 » the flux in the machine is 

leakage flux, whose peak amplitude is given by 

2C Tete yas 

At this stage, it was decided to examine these 

assumptions ( by comparing them with experimental data 

Seti



from the test machine ) before proceeding with any 

calculations for field excitation based on dn and 

das » (section 7.2.3.2 ). 

.(a) under short-circuit conditions,the angle« 

approaches 180° 

Measurements on short-circuit ( no series 

capacitor ) showed that the & angle = 1745 (section 

5.4.1 ). Tests also showed that & is little affected 

by the value of series capacitor on short-circuit. 

The assumption that &k= 180° on s.c., which is also 
+ 

used by Pohl, seems to be reasonable. 

(b) for %= 180° and A=FE , the a.c, flux in the 

machine is reduced to zero. 

Measurements on open-circuit and on-load (chapters 

4 and 5 ) have shown that the overall equations for 

bee and tye must be treated with caution, and do not 

give any indication of the flux distribution at the 

surface and in the small teeth. 

If A= FE and X= 180°is substituted into the 

equation for dae (without damping), then 

$,. = 2A,Acos( wt + 180°) + 2A,Acoswt 

=-2/,Acoswt + 2A,Acoswt = 0. 

With the experimental machine running on short- 

circuit ( no series capacitor ), the flux distribution 

at the tooth surface and across ( 43-48 ) is shown in 

Fig 59. 
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[Por Ing = 88.8 amps, &=% 180 and AS Fe, 

i.e A = 188AT/pole and FE = 20042/pole. | 

The distortion at the tooth surface is greater 

than on load, but the fluxes in small sections of the 

surface are still comparable with fluxes under load 

conditions, ( compare Figs 59 and 56 ). The fluxes at 

the surface combine with the leakage fluxes to give 

Gisas ; Gjs-48 is considerably less than on load, 

(compare $y3-4, (peak) on s.c. = 337~Wb and Grasse (Deak) 

on load = 1680p4b ). The flux linking the a.c.winding 

is given by Bis-s0 (Fie 59) added to a similar waveform 

moved through 180° (electrical); it can be seen from 

Fig 59 that, when these two waveforms are added 

together, the resulting a.c. flux will be very small, 

( practically zero for the condition shown in Fig 59 ). 

Although the assumption made by Bussing is not based 

upon the actual flux distribution, the overall 

on short— equations do give a correct value for he 

circuit (for the particular conditions stated). 

(c) if Fe A, % = 180% the flux in the machine is 

leakage flux, whose peak amplitude is given by 

2045 —¢ Aga 

Bussing extends the ideas expressed in (a) and (b) 

by substituting F=A and = 180° into the expression for 

tet 

TAG, de 2A, Acos(wt + 180°) + 2A,AE cos wt 

-2A,acos wt( 1 -€) 
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This flux is defined as leakage flux ( gas ) whose 

peak amplitude is given by 2( 1 -€)A,A. 

Bussing includes this term in the expression for the 

a.c. flux by rewriting Pac in the form:- 

fe = fost Gr» 
i.e. 

the = 2€A,|Fe cos wt + Acos(wt + )| 

+ 2( 1 -€)A,Acos( wt +) 

Although Bussing gives no reasons for this initial 

split [ce) does not follow directly from (a) and (v)], 

the calculation of Ip based upon this equation, does 

give reasonable results as shown in 7.2.3.2,Tabie 28. 

From the above expression, Bussing assumes that 

the peak amplitude of the fundamental leakage flux is 

given by 2( 1 -€ AA, i.e. independent of power factor 

and series capacitor. Measurements on load, ( Table 16, 

chapter 5 ) show that although the fundamental 

leakage flux is practically constant for the trailing 

edge of the teeth for various values of series 

capacitor, the leakage fluxes decrease with increasing 

compensation at the leading edge. Leakage flux 

waveforms also contain a considerable amount of 

harmonic flux, Fig 51; obviously these harmonic fluxes 

must be taken into account when considering the 

relationship between main and leakage fluxes, 

[ronpare Gases = 2.05 ( C= 12 pF )- Fig 46 

Preneace 

with fas-10 = 1.67 (NoC ) ( Total fluxes ) 
Preacace 
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Using the argument below, Bussing proceeds to split 

the a.c. flux into three components, namely aby 7 Pas 7 

and Phn 3 calculation of If (discussed in 7.2.3.2 ) 

shows that this further split gives the wrong answer. 

"At the instant wt = 0, the main fluxes in the a.c. 

and d.c. windings are of equal value. At other instants 

the two main fluxes do not correspond with one another, 

due to the d.c. winding having a flux component with 

a frequency not corresponding to the windings.' 

To obtain equality of the main fluxes, Bussing splits 

the a.c. main flux into a main and leakage flux. 

The a.c. flux is then given by bin + Gary + das 

where hn = main a.c. flux 

and thy das = leakage fluxes. 

be is then written in the form:- 

dee = 26A,{2 00s wt + ¢4cos( wt +o Mt 

+€A,Acos( wt +) 

+ 2( 1 -€)A,Acos( wt +4) 

Bussing associates these fluxes with reactance and 

proceeds to calculate the various components from the 

open circuit saturation curve. Measurements discussed 

in 7.2.3.2, show that the leakage reactance given by 

xX + Xs is incorrect, (compare Xahg + Xs = 1.13pu aby 
and X, (measured) = 0.76 pu ). 

The calculation of these fluxes,using a complicated 

graphical solution,is also mentioned by Bussing, but 

no detailed calculations are given. Bussing concludes 

his first section by suggesting that the graphical 
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solution is too complex for normal calculations:— 

'The calculation of these fluxes is not dealt with 

in any detail, since the method is very complicated, 

especially for determining the necessary field current 

for a given terminal voltage and load current—_.___-___ 

----It is obvious that this method is unsatisfactory 

and lengthy.!' 

1265 Part 2. (Bussing) 

In this section Bussing presents an analysis based 

on synchronous machine theory. 

Leesa Main and leakage fluxes. 

The fluxes in teeth A and B are given by:- 

th =A,F, +A,€ Facoswt 

be =A,F, -A,€Fycoswt 

( F + Acos(wt +a) ) n where Fa 

Fg = (-F + Acos(wt +) ) 

de = (A, Fy - A,B, ) + AF, +€A, B)cosut. 

Assuming that the permeance changes harmonically for 

each saturation condition, the a.c. flux can be 

expressed in the following form:- 

he = thm, + 4AR- 24,7, - 248, 

which reduces to 

a(Ay Si, )E,- a(Ay SAS Ee 2A.Acos(wt +o ) 

(see section 10.6 ) 

- 182 -



The term 2A,Acos( wt +4)= 2A. 1- €)Acos(wt+ &) 

as 

if /,is assumed to be constant, then the leakage 

reactance will be independent of saturation. 

The a.c. main flux = §,. — gas 

= (A, m- A, B)+(EAF +640 B)cosuwt- 2A,(1- € )Acos(wt+ ) 

This reduces to 

2R€A,coswt + 2€A, Acos(wt +4), (see section 10.6 ) 

(same result as obtained in 7.2.2.3 ) 

and similarly Bae 

= (A.€ F - AEF, )coswt + (CA Fy t+EAF,) + 2A 

( 20m = 2 ( 1-€)A,R) 

Two important conclusions arise from this analysis:-— 

(a) the leakage flux is independent of saturation, 

i.e. only contains terms in Nes 

(b) the main flux which contains EA, terms is 

affected by saturation. 

A OR 

- 183 -



Vises toe Calculation of I¢ under load conditions. 
a 

Following standard synchronous machine theory a 

simple method is obtained for calculating the field 

excitation under load conditions. With a given terminal 

voltage U, the internal voltage & is obtained from a 

vector diagram, Fig 89 where R= resistance of the 

a.c. winding and xe = leakage reactance. 

From the open-circuit saturation curve,the field 

current to give S on open-circuit is found. The 

required field current(I,) under load conditions is given 

by adding vectorially the currents Ip and J, where 

d= load current, In = field excitation to give § 

referred to the a.c. winding, Ie = field excitation 

on load referred to the a.c. winding. ( compare with 

synchronous machine vector diagram, Fig 89b i) 

Initially calculations for Io ( on load ) were 

made, assuming that the leakage reactance is ang +Xg 

(Caee. dec = cou Pom * e's 

For C=0, Ip ( Bussing ) = 5.25 amps, 

( compare Ig = 4,05 amps-measured [# error 29.6%] ) 

For C=16pF, Ip (Bussing ) = 3.38 amps. 

( compare Ie = 3.05 amps-measured [s error 10.8%] ) 

For C = 16yP there is reasonable correlation between 

measured and calculated results; at zero compensation 

where the amount of saturation is greater than for 

C= 16,F to achieve rated output, the discrepancy 

wetween measured and calculated results increases to 

29.6%. 
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The value of field current is critically dependent 

upon the value of eens For various values of 

compensation, the angle & and field excitation were 

measured; from a vector diagram, the leakage reactance 

was calculated and compared with xe 1( Bussing ». where 

Xe = ( Xaly + Xs ). Over the whole range of compensation 

( O—>0.93 pu ), the variation in leakage flux was 

approximately 4%, which suggests that for all practical 

purposes the value of leakage reactance can be assumed 

to be independent of saturation. ( This agrees with 

the analysis given in 7.2.3.1 ) The average leakage 

reactance was found to be 0.76 pu, ( compare 

pes (Bussing) = 1.13 pu ). 

If the flux component Pats is considered to be 

part of the main a.c. flux, i.e. X, = Xz (he = dn +s ye 

then XJ= 0.722 pu, which corresponds closely with the 

measured value. If the a.c. flux is split up into 

( dy + Oa), then a correct value for Xe is obtained, 

and gives correct answers for Ip on load; assuming 

that ee =X, , the field current and « angle were 

calculated for various values of compensation, Table 28. 
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Table 28. 

\ 

Comparison of calculated and measured values of & and 

Ip for rated output. (assuming ee = dy. + Gos ) ie 
  

  

  

  

  

    

°o * ° Ty * Ty 
Xx 

Cpr (calculated)|(measured)|(calculated)\(measured) 

36 143 445 3.4 3.6 

28 140 141 3.3 DoD 

16 132 134 269 3.05 

T2 124 126 205i 2015 

8 109 Tat 226 2.4             
(maximum error in 4 = 1.84%, maximum error in I,=0.56%) 

id $ 
[* calculated from Bassing.| 

From Table 28 it can be seen that very good 

correlation is obtained between Ip (measured) and 

Ty (calculated) when Xe! is equal to Xz, . Measurements 

on the experimental machine have also shown that the 

correct value of ate is obtained by splitting the a.c. 

flux into bn and Gree 

7.2.4 Fluxes linking the a.c. and d.c. windings under 

load conditions, taking into account permeance 

harmonics. 

Throughout Bussings analysis the permeance 

variation is assumed to be sinusoidal. Permeance 

harmonics will however be present, and are discussed 

by Bussing in an appendix. The equations for 9, and 

tue which result are not suitable for calculating the 
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performance characteristics, but they indicate the 

complex nature of the flux linking the a.c. and d.c. 

windings when permeance harmonics are present, 

( section 10.4.4 ). 

ere



W2e5 Calculation of I¢ from main and _ leakage fluxes. 
J 

( based_on theoretical and practical work-chap 5) 

The methods already described for calculating 

Tp are based upon overall equations which neglect the 

distortion in the tooth-surface and the actual flux 

distribution in the teeth, whereas detailed flux 

measurements have shown that the flux linking the a.c. 

winding under load conditions is mainly dependent upon 

the distortion at the surface; although these methods 

are simple and give reasonable results, it is felt 

that a more realistic approach would result from a 

calculation based upon the actual flux distribution. 

The distortion in each section of the tooth 

surface depends on the angle & ; for the calculation 

outlined in this section, it is assumed that & is 

known. 

The flux linking Gi3-4g depends on the flux 

distribution in the stator teeth, i.e. upon the 

distortion at the tooth surface and the leakage fluxes, 

( dane = en + ce + Dieacace ). 

For normal operating conditions, the leakage fluxes 

at the leading and trailing edges of the stator teeth 

have little effect upon the main tooth flux, which 

suggests that for practical purposes the flux across 

( 43-48 ) can be calculated from Py and g° zhe I-21 

distortion at the tooth surface depends on the ratio 

A/F and the angle 4; if A is assumed to be constant, 

i.e. the armature reaction mmf corresponding to the 

required load current, and various values of Ip are 
* 2 , 
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chosen, then a series of flux waveforms ( on load ) 

can. be drawn for each section of the surface. For each 

value of I,, the flux waveform in Geen and Doi-28 can 

be calculated by adding the flux waveforms together; 

from by-u and Paras ; dys-45 48 easily calculated. 

For a given load voltage, load current, power 

factor and series capacitor, the terminal voltage of 

the machine can be calculated from a simple vector 

diagram. The field current to give I, is then obtained 

when Pass (from flux waveforms) = Oiste (to give 

terminal voltage of the machine ). 

For the experimental machine and C= 16pF, ( Rated 

output ) terminal voltage of the machine = 510 velts 

( Pave = 1065,W> ). 

To demonstrate the principle, the flux across 

Wises was calculated for the measured value of field 

current ( 3.05 amps ), instead of a series of values; 

[compare drs-18 calculated from flux waveforms =1100Wb 

with Prsene = 1065p~Wb from actual measurements. | Zp 

calculated from flux waveforms will be very close to 

Ip (measured), since there is only 4% difference in the 

fluxes. 

Although this calculation gives some degree of 

confidence to the method, there are two main 

disadvantages:— 

(a) the calculation of flux waveforms at the surface 

is tedious. 

Jb). fox different values of-.series capacitor and power - 
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factor, co alters, and the calculations have to be 

repeated for each section. 

As a first approximation, I¢ can be calculated 

from one of the methods already described, thus 

reducing the number of values of Tp to be used in the 

analysis. 

7.2.6 Conclusions. ( Bussing and 7.2.5 ) 

From experimental data it was shown that for a 

wide range of compensation, the leakage reactance is 

independent of saturation; the measured value of x 

corresponds closely to the X, value calculated from 

Bussing, i.e. the a.c. flux can be split up into a 

main and leakage flux given by:- g = a, + Gea 

The reactance X, can be calculated from the parameters 

of the machine, and the field current and % angle 

from a vector diagram similar to that used in 

synchronous machine theory. A method of calculating 

the field excitation based upon the actual flux 

distribution is also discussed; the method is tedious, 

but the correlation for. only one value of series 

capacitor, suggests that the method will give a good 

approximation to the field current. 

31S



7.3 Calculation of & and field excitation using the 

concept of saturated synchronous reactance. 

7.3.1 Saturation factor k, and synchronous reactance. 

It is well known that the effects of magnetic 

saturation are important in modifying the operating 

characteristics of synchronous machines. When a 

synchronous machine is loaded, magnetic conditions 

are determined by the combined influence of field 

and armature mmfs. The treatment of saturation under 

these circumstances is inherently a difficult problem 

requiring the use of judiciously chosen simplifying 

assumptions for its solution. The effects of saturation 

under load conditions can be taken into account with 

good accuracy by use of a saturation factor determined 

from the open circuit characteristic. The degree of 

saturation can be described in terms of a saturation 

factor k, defined as 

k= _E air ga 

Ey (0.c. curve ) 

For unsaturated conditions sg = Xses)— Ce 

where xg = leakage reactance 

X4ay = unsaturated value of magnetising 

reactance 

%s@3)= unsaturated value of synchronous 

reactance, 

Because of the effects of saturation, the reluctance 

of the magnetic circuit is k, times jts unsaturated 

value, and the component fluxes are reduced to 1/k, 
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times their unsaturated values. Under saturation 

conditions 

Ny = Lyay = Xs(a9) — xp 

kK. k, 

and Xs =X, + Lely) ce 

ky 

This saturated value of synchronous reactance is 

easily calculated from the open and short circuit 

characteristics. 

The same approach can be applied to Guy-type 

machines, provided that the open and short circuit 

characteristics are known or can be accurately 

calculated. In previous chapters good correlation 

has been obtained between the measured and calculated 

open-circuit curve by using a new value of € based 

upon a whole stator main tooth. On short-circuit the 

pu field excitation is given by ( a +Xz); Fig 60 

shows the calculated and measured short-circuit 

curves for the experimental machine. It follows that 

X, can be calculated in a similar way to that 

described for cylindrical rotor synchronous machines; 

the reactance ( X,) is shown in Fig 90. As saturation 

increases, the value of X, decreases fairly rapidly; 

for the experimental machine the decrease in X, bears 

a linear relationship to the field excitation. The 

relationship between X, and Ip is dependent upon the 

shape of the open-circuit and short-circuit curves 

and will not necessarily decrease linearly with an 

increase in field excitation. For the same tooth-slot 
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geometry and different airgap ( 0.0406 cm), X, 

decreases fairly rapidly as saturation increases, 

but the relationship between X, and Ip is not linear. 

( X,firgap = 0.0406cm ] from o.c. and s.c. test curves 
on 44.4 KVA machine- A.E.I.) 

Werder Load vector diagrams using the concept of 

saturated synchronous reactance. 
  

For zero compensation and neglecting armature 

resistance, the vector diagram for the machine can 

be drawn as shown in Fig 89. 

The induced voltage is given by:- 

E= (aoa V*+ 2VIX, sing 

Tepeled Unsaturated conditions. 

The field current is related to the voltage E 

by E = Kig and hence 

Ip = I?x24 V2+ 2VIX. sing 
x2 

7.3.2.2 _Saturation conditions. 

For saturation conditions E and X, are functions 

of Tp 3; the simplest way of dealing with this 

situation is to find E and IX, graphically, Fig 91. 

For a given V and I, IX, can be drawn for various 

values of X, , i.e. IX,, IX,, etc; the correct value 

of E and Ip is obtained from the vector diagram when 

X, for the induced voltage E and the volt drop IX, are 

equal, 

eo



T5303 Maximum power and load angle. 

For synchronous machines an angle 0 is 

introduced which is called the 'load angle'; this is 

the angle between the induced emf and the terminal 

voltage. The power output is given by 

mUIcosf, 

where U= phase volts 

I= phase amps 

m= number of phases. 

The maximum power is delivered when sin®@ = 1 

i.e. Np, = _mVE 
x 

where Np = power output. 

If a Guy-machine is supplying power to a load 

impedance Z, the following relationships result:- 

Boe [0+ Zsing ) + (zoos) 

E* can also be written in the form:- 

| 40 + 21veing = 1 
oo I,.B wy

 Y 

Hi
 Ss 

If y% =v and X= aL then 

z Tse 

Ve + Xp + 24pX- sing =1 

Maximum output is achieved when = Xp = 4 

¥2(4+ sing) 

i.e. maximum output given by Be 

2xf 1+ sing ) 

ete



For constant power factor, the maximum output is 

dependent on E and X,. ( Heating of the field windings 

is discussed in section 7.3.6.) 

For unsaturated conditions, X, remains constant, 

Fig 90; under these conditions the power output can be 

obtained from the following expression:-— 

Power output = IZ = EZ 

Xo 4+ 2+ OXkeZsind 

[Por I,= 2.5 amps, E = 565 volts, X,= 7.212, 2 =5.60, 

sing = 0.276: Power output = 17 KVA. 

Compare power output = 17.4 KVA-measured ( Fig 93 )] 

If X; remained constant for saturated conditions C ine. 

y>3 amps for the experimental machine ), then the 

maximum output would be given by Bane . 

2X,(1+sing ) 

(taximum power at field becitation corresponding to Enm) 

From Fig 90 it can be seen that, for Ig>3 amps, the 

value of X, decreases with increasing field current; 

under these conditions, the power output can be obtained 

from EZ 5 [3s 3.5 amps, power output 

Xo + 2+ 2X,Zsin$ 

= 33 KVA ( compare 34 KVA- measured ) 

For Ig= 5.25 amps ( Emax ), the calculated power 

output = 56.2 KVA. ( compare 61 KVA - measured ) 

For > 5.25 amps, the power output increases and is still 

increasing at Ip= 6.0 amps* ( Ig limited to 6.0 amps to 

prevent overheating of the field winding.) 

From these results it can be seen that, although the 

maximum output depends on E, it does not necessarily 

toIneide With Ey. , since Xj; also influences the 

maximum power output. 
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With the addition of a series capacitor, the output 

can be increased still further ( see 7.3.6 and Fig 93 ). 

7234 Load angle for the Guy-machine. 

  

7.34.1 Toad angle - zero compensation. 

For zero compensation the load angle is given 

by = (%- ¢ ), Fig 92a. 

7.3.4.2 load anele — series compensation. 

For series compensation the load angle is given 

by & = (y+ Bp)» Fig 92b&e. 

For the Guy-machine, the factors which affect 

the load angle are:- 

(a) X, 

(b) power factor ' 

(ec) series capacitor. 

Compare with synchronous machine running under 

normal conditions, where @, is dependent upon (a) 

and (b). [re a synchronous machine had a series 

capacitor, then @ would also depend on (c). | 

7.3.5 Experimental work. 

From the calculated open-circuit and short-— 

circuit curves, the value of X, was determined for 

various values of field excitation and compared with 

the results obtained from actual measurements on the 

machine, Table 29. 
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Table 29. 

Comparison between calculated and measured values of 

synchronous reactance for various valves of field 

  

  

  

  

  

  

  

        

current. 

<— measured ____.» | calculated 

AT/pole I amps Vpu Isc pu Xs pu Xs pu 

100 0.775 0.34 | 0.265] 1.26 1.29 

200 1.55 0.7 0.54 | 1.28 1.29 

300 2.32 1.05 0.81 1.28 1.29 

555 2.75 1.24 | 0.96 | 1.29 1.29 

400 3.1 1.58 | 1,07 | 1.29 1.28 

500 3.89 1.58 1.35 1.14 Aretey: 

600 4.65 1.68 | 4262 407 1.03             
Good correlation exists between X, (calculated) 

and X,( measured ); maximum error 4%, even for high 

values of saturation; the correlation is dependent 

upon being able to predict accurately the open-circuit 

and short-circuit curves. Using the concept of 

saturated synchronous reactance it was possible to 

calculate the field current and the « angle for a 

wide range of compensation and to compare results 

with measured values, Table 30. 
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Table 30. 

Calculated and measured values of % and I¢ for 
J 

  

various values of series compensation. 
  

( Rated output ) 

  

  

  

  

  

  

  

CpF | Ipamps Igamps %error Be x | error 

(cal) (meas)| in Ip (meas) |(cal)}in « . 

No © 4.4 4.05 8.6 150 | 145 3.4 

36 3.8 3.6 565 145 142 2e1 

28 566 “ub cD) 2.85 144 1441 0 

16 Det 3.05 da 134 136 ao 

12 el 2.75 1.8 126 128 a6 

8 2.55 2.4 261 111 113 Ted                   

For zero compensation the error in calculating Ty 

is a maximum ( 8.6% ); at this value of field 

excitation the saturation is considerable and any 

small errors in the calculation of Xs, can lead to 

errors of this order. In practice a series capacitor 

is used to reduce the field current for a given 

output; at a reasonable level of compensation, i.e. 

about 50%, the errors are quite small, ( 2.5% ). 

From the vector diagrams used in the above analysis, 

it was possible to calculate the load angles for various 

degrees of compensation, Table 31 and to compare them 

with measured angles. 
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Dable 31. 

Measured and calculated load angles for various values 

of compensation, ( constant power factor ). 

( Rated output ) 
  

  

  

  

  

  

  

CphF load angle 04 load angle ®4 

( measured) ( calculated ) 

(electrical deg) (electrical deg) 

8 64 66 

12 63 65 12 

16 62 62 24" 

28 54 53 

36 53 52° 30! 

No ¢ 44 39           

155.6 Choice of rating for the experimental machine. 

During load tests it was obvious that the 

experimental machine could deliver a much higher 

output than its rating of 44.4 KVA without overheating; 

the measured output against field excitation is shown 

in Fig 93, for zero compensation and C = 16pF. 

The simple theory using the concept of saturated 

synchronous reactance was used to predict the field 

current required for these outputs; output/field 

current curves are shown in Fig 93. For zero 

compensation the theory gives good correlation up to 

36% more output than the design value, and for 0=16,F 
} 
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where the saturation effects are not so marked, the 

theory gives good correlation up to 80% more output. 

For these large outputs the problem of heating 

becomes apparent and it may be impossible to run these 

machines for long periods. 

Ue DieGed Temperature measurements on load. 

To monitor the temperatures in the windings and 

stator iron, thermocouples were placed in the following 

regions:- 

(a) at the back of the core 

(o) small teeth (near surface) and 

(c) a.c. end-winding. 

The temperature in the field winding was measured 

by the resistance method. 

Since a) the air flow between the stator core 

and the outer frame is restricted considerably in the 

experimental machine due to the end-windings and 

damping connections and b) the field slot is not used 

to the best advantage, ( 26% increase in field AT/pole 

when only 1 damping winding used ), the recorded 

temperatures are expected to be higher than in a 

standard machine of the same rating. 

At 44.4 KVA (rated output), the maximum 

temperature rise in the field winding is 67.2 C, 

( C= 28pF ). The temperature rise decreases when the 

pu compensation is increased; ( 47.2°C rise at 0.93pu 

compensation). 
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Maximum temperature rise in the a.c. winding is 40°C 

and in the core and teeth, 35°C. These temperature 

rises are well within the specified limits set out 

in BS2613. With the alternator delivering 55 KVA 

output, similar temperature measurements were taken, 

Fig 94. The core and tooth temperature rises are still 

reasonably low ( max 45°C ); the minimum temperature 

rise occurs at 0.45 pu compensation which corresponds 

to the calculated minimum overall loss in the teeth, 

Fig 65. For this value of compensation the temperature 

rise in the field and a.c. winding is within the 

required limits; these results show that the machine 

can deliver at least 25% more than its rated output 

without overheating. If full use is made of the d.c. 

slots then the temperature rise is much lower, Fig 94c; 

at higher values of pu compensation, the temperature 

rise is reduced still further. Obviously at these 

higher values of compensation the s.c. current will 

increase and adequate protection must be incorporated 

into the system. 

Two important conclusions arise from the analysis:- 

(a) A saturated value of synchronous reactance as used 

in normal synchronous machine theory, can be applied to 

the Guy-type inductor alternator. Good correlation is 

obtained between measured and calculated values of field 

current over a wide range of conditions, provided that 

the open-circuit and short-circuit curves are known 

accurately. 
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(b) The theory can be applied to a new design or an 

existing machine to see whether the machine is 

correctly rated. For the experimental machine the 

output can be increased to about 60 KW ( C= 16p.F ) 

without any appreciable overheating of the field 

winding. The current density at this output (6.2A/mm’ ) 

is not much higher than for rated output (5.5A/mm? ), 

For ( C= 16pF ), the machine is capable of generating 

100 KVA ( Fig 93 ), current density 10A/mm, and could 

be run at this output, provided the field coils could 

_ be kept cool. 

7.3.7 Comparison of calculated and measured results 

for various load conditions using the concept of 
  

saturated synchronous reactance. 

Cereios Constant impedance test. 

Measurements of terminal voltage were taken when 

_the machine was supplying a constant impedance load; 

for a range of field current values, load current and 

terminal voltage were measured. For various values of 

load current and terminal voltage, the theory was used 

to calculate the field current, Fig 95B. 

Te5 alee Alternator supplying a variable impedance 

load, is constant. 

( For two values of compensation, 9. 6yuF and 12pF ») 

Readings of load voltage and load current were 

recorded when the machine was supplying a variable 
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impedance load and the field current constant at 1 amp, 

Fig 95C&D. 

7.3e7e3  V_load constant ( variable load and field 

current) 9.6,»F compensation. 

Readings of load current and field current were 

recorded while the load voltage was kept constant, 

Fig 95A. 

In each of these three tests, good correlation 

exists between the calculated and measured results 

giving confidence in the theory. 
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Chapter 8. 

General _ conclusions and comments. 

Od P=



Chapter 8. 

General conclusions and comments. 
  

The main objectives under consideration were:— 

(a) to obtain an understanding of the flux 

distribution in the stator and rotor on open-circuit 

and on load, theoretically and by measurement. 

(b) to relate this to the loss distribution in the 

machine. 

(c) +o produce a load theory for the machine. 

(a) to investigate the effects of series capacitors 

on load. 

(e) to investigate damping windings in this class of 

machine. 

Each of these aspects is considered in detail 

in chapters 2-7; at each stage, experimental results 

are compared with the theoretical analysis. 

Existing theories are somewhat empirical and 

restricted; the lack of detail as to the flux 

distribution both on open-circuit and on load, arises 

because these theories are expressed in overall terms. 

By considering the physical movement of a rotor tooth 

across the stator surface, a simple method was 

developed for predicting the flux distribution at the 

surface; this approach led not only to a better 

understanding of the behaviour of the machine, but 

also enabled the losses to be calculated with a 

greater degree of accuracy than previously achieved. 
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The calculation of the fluxes on open-circuit and on 

load is summarised in Figs 96 and 97. 

At the commencement of the research programme, 

a detailed study was made of permeance variations in 

the airgap region; Teledeltos plots were made for a 

single slot pitch and extended to a whole stator 

main tooth. The derivation of € using /\ and Le is 
MAX 

based on the dubious assumption of sinusoidal 

permeance variation and gives the wrong answer; a 

correct value for € is obtained from a harmonic 

analysis of the actual permeance variation. The value 

of € obtained from a whole stator main tooth gives a 

better prediction of the open-circuit curve; it is 

important that a correct value of € is chosen, since 

it is used for calculating damping currents and the 

field excitation on load. The value of € is dependent 

on the airgap configuration; experiments on 10kHz and 

3kHz slotting showed that for 

(a) 4OkHz slotting, 

for a/g = 4 to 5 the € value is a maximum 

and practically constant; in this region there is 

virtually no difference between O and 20° sloping side. 

Too much is lost at 30° slope to recommend it for 

practical purposes. 

(b>) 3kHz slotting, 

optimum value for d/g =15. 

A simple approximation to the airgap permeance 

variation, based on Baillie, was shown to give good 
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agreement with Teledeltos plots; this method allows 

the permeance variation to be calculated easily by 

hand, or with a small computer programme. With this 

analytical method available, it is easy to derive the 

permeance variations for various values of s/g and 

th . For typical 3kHz slotting a small increase in 

output can be obtained by decreasing t/y from its 

usual value of 0.4 to 0.35, but this causes a large 

increase in 2nd harmonic flux content ( and the 

associated losses ). For a constant t/ and varying 

s/g, the pu permeance for the tooth-opposite-slot 

position changes little compared with the tooth- 

opposite-tooth position. The Baillie method could 

be extended to other problems involving overall 

permeance variations ( as opposed to detailed variations 

at one point in the airgap ). 

Without damping, large voltages are induced in 

a field coil on open-circuit; these voltages are 

caused by asymmetry of the permeance variation over a 

cycle, and show the need for damping windings on 

open-circuit. 

Analysis of the flux distribution at the stator 

tooth surface on open-circuit, showed that a 

considerable amount of harmonic flux is present in 

small sections of the surface; these fluxes cause 

additional losses in the tooth surface, The harmonic 

fluxes can be predicted from the tooth-slot geometry 

and Teledeltos plots. For 3kHz machines, the slope 

of side of the flux waveform is 10. 
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The harmonic fluxes which appear in each section 

of the surface, combine in such a way that the 

harmonic content over the total tooth surface is 

small; the addition of these fluxes using a harmonic 

reduction factor Kp, , is analogous to the breadth 

factor arising from the distribution of a winding in 

a machine, 

Since losses at these frequencies are proportional 

to 2B the losses in a small section of the surface 

can be calculated and compared with the fundamental 

loss. An average extra loss factor derived for the 

stator teeth, enables the true loss in the teeth to 

be calculated. For the experimental machine, the true 

loss in the teeth is 21% greater than the loss based 

upon fundamental flux. 

Harmonic fluxes are also present in the core 

region, their pattern being determined by the tooth- 

slot geometry and the amount of saturation in various 

parts of the core. Fundamental fluxes are reasonably 

well behaved; most of the fundamental flux passes 

behind the a.c. slots, resulting in a non-linear 

flux distribution across the whole stator main teeth. 

The fundamental flux which passes behind the field 

slots is small, ( approximately 2.4% of the main a.c. 

flux ). Second harmonic flux components are particularly 

sensitive to changes in field excitation; assumed flux 

paths for the second harmonic components, ( verified 

by experimental results ) can be used to predict the 

second harmonic fluxes linking the a.c. and d.c. windings. 
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Without damping, large voltages are induced 

across a field coil; these voltages tend to cancel 

each other out around the machine, resulting in a 

small induced voltage across the total winding. 

Damping windings are very effective in damping these 

voltages; top damping windings which have a lower 

reactance than either bottom or core damping windings 

are the most effective, and for the experimental 

machine, reduce the induced voltage in a field coil 

to approximately 1.5% of the voltage without damping. 

For unsaturated conditions the flux linking the 

a.c. winding is not affected by damping, and the 

damping currents required to damp the fluxes linking 

the field winding are small. 

The detailed analysis of flux distribution on 

open-circuit, coupled with experimental results, gave 

confidence to the theory, and formed the basis for 

analysing the flux distribution in the stator on-load, 

and in the rotor. 

Under load conditions, the flux waveform ina 

small section of the surface is distorted from its 

open-circuit shape, due to the effects of armature 

reaction; the amount of distortion is dependent upon 

the angle & and upon the ratio A/F. 

The distortion in each section of the surface is 

different, since each small section across the surface 

is displaced by an angle & = B.) from the load 

current waveform; [for a particular instant of time, 

the armature reaction mmf acting on the airgap permeance 
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for each small section is aifterent. | At the leading 

edge of the stator tooth, the armature reaction is 

demagnetising for the maximum permeance condition, 

and at the trailing edge, the armature reaction is 

magnetising. The mean flux density is affected by the 

distortion; at the leading edge, the mean density is 

reduced by approximately 17%, whereas the mean density 

at the trailing edge remains substantially constant, 

(true for varying c) . The addition of fluxes at the 

tooth surface is more complex than on open-circuit, 

since the harmonic flux components in each section 

are different in magnitude; Kk), factors on-load are 

dependent upon the value of series capacitor and load 

power factor. Extra loss factors for the teeth can be 

calculated from the flux waveforms at the surface; as 

the amount of compensation is reduced, the loss factors 

also decrease, but the field current increases 

considerably. In reducing the losses in the teeth and 

increasing the field winding losses, a compromise 

must be sought which ensures that the field does not 

overheat, and yet which keeps the losses in the small 

teeth to a reasonable level. Calculation of the total 

losses in the teeth for various values of series 

compensation enable an optimum value of series 

capacitor to be chosen. If the ratio t/, is altered, 

this will also affect the distortion at the tooth 

surface; since the distortion is also dependent upon 

the value of series capacitor and load power factor, 

the optimum value of t/ = 0.4 may not be the optimum 
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value on load, ( section 5.5.2 ). 

Detailed flux measurements in the stator core 

showed the complex nature of the flux distribution; 

although calculations for the harmonic fluxes are 

difficult and tedious, overall equations can be used 

to predict damping currents and the induced voltage 

in a field coil without damping. 

Although there is a considerable amount of 

harmonic flux in the teeth under load conditions, the 

"harmonic content in the core region is fairly low; 

losses in the core region can be calculated with a 

good degree of accuracy from a consideration of the 

fundamental loss. 

If the machine is run on-load without damping 

windings, a large voltage is induced across a field 

coil ( for the experimental machine, V (peak)=1040volts 

at rated output ). Damping windings are very 

effective on load and reduce the peak voltage across 

a field coil to approximately 1.4% of the voltage 

induced without damping; top damping windings are 

the most effective. The damping currents on load are 

larger than on open-circuit, but the I?R loss is 

negligible compared with the other losses in the 

machine. 

On short-circuit, without a series capacitor, 

the angle & approaches 180°. With a series capacitor 

the flux at certain points on the tooth surface is 

reduced to a low level, due to the cancelling of the 
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main flux by armature reaction. For no series 

capacitor, vector diagrams of how the fluxes combine 

at the surface are similar to the no-load diagrams; 

with a series capacitor the diagrams become very 

distorted. 

Using the detailed knowledge of flux distribution 

on the stator, and relating sections on the rotor 

tooth surface to a given reference on the stator, the 

flux waveforms on the rotor surface can be calculated. 

Theoretical and measured results showed the similarity 

between stator and rotor flux waveforms under open- 

eircuit, load and short-circuit conditions. 

The rotor is subjected to heteropolar flux, due 

to the reversal of the mean flux component under 

successive d.c. poles; frequencies of (fyacune = fh), 

3f, and 7f, are also superimposed on this waveform 

due to the slot openings. Analysis of the flux 

waveform across the total tooth surface, coupled 

with an approximation for the surface loss, leads to 

a more accurate estimation of the rotor losses than 

previously achieved. On open-circuit, the true loss 

is approximately 60% greater than the normal 

calculated loss. 

Although no experimental data was available for 

the rotor core, an estimation of the losses can be 

made by considering the flux distribution over two 

adjacent rotor teeth. Results showed that previous 

loss'calculations based upon a 3000Hz and 300Hz 

component, account for about 90% of the true loss in 

the core. 
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On-load and open-circuit waveforms across the 

total tooth surface are very similar in shape; due 

to the increase in leakage flux on-load, there was 

approximately a 30% increase in fundamental flux in 

the root of the teeth. Flux waveforms in the rotor 

are affected by the value of series capacitor and 

load power factor. For each & angle, the rotor flux 

waveforms and the rotor tooth position can be related 

to the stator surface, enabling the flux density 

variation to be plotted for various rotor positions. 

fo obtain the correct answers in design work, the 

total calculated losses are usually multiplied by a 

factor K, , where K,1.3-1.4; for the experimental 

machine K, 21,26 ( average value for various values 

of C ). Flux measurements and analysis, have showed 

the presence of harmonic fluxes and their effect 

upon the losses; the above figures suggest that, a loss 

calculation based upon an understanding of the flux 

distribution, will lead to a loss figure which will 

give results comparable to the actual loss. 

The calculation of field current under load 

conditions can be considered under four main headings:- 

(a) Simple theory based upon the work of Raby and Pohl. 

For the calculation of field current, the 

Synchronous reactance is assumed to be constant; for 

values of field excitation where this condition holds 

true, the analysis gives good results which compare 

favourably with measured values. For further increases 
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in field current, ( decreasing compensation to achieve 

rated output ) the value of Xs decreases due to 

saturation. If Xs, is assumed to be constant for these 

values of field current, then errors of about 40% 

can be expected between measured and calculated values. 

A small change in X,; has little effect upon the angleo ; 

for a wide range of series compensation ( 0-93% ) the 

analysis provided a simple method for calculating 

this angle. 

(bv) Bussing. 

Bussings analysis includes the effects of leakage 

flux and saturation. For the whole range of compensation 

the leakage reactance is independent from saturation. 

The leakage reactance can be calculated from the 

parameters of the machine; the field current and 

angle is then obtained from a vector diagram similar 

to that used in synchronous machine theory. 

(c) Flux waveforms. 

The value of Ip can also be calculated from the 

flux waveforms at the surface provided « and Disa is 

known, The method is tedious, but gives a good 

approximation to the field current. 

(a) _Saturated synchronous reactance. 

If the open-circuit and short-circuit 

characteristics are known accurately, the synchronous 

reactance for varying i can be calculated; the field 

current and 4 angle is then calculated from a vector 

eae



diagram. The theory can be applied to a new design 

or an existing machine, to see whether the machine 

is correctly rated. 
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9.1 List _of symbols. 

A 

ps - 

flux defined in a whole stator main tooth for the 

stator tooth opposite rotor tooth position. ( wb ) 

flux defined in a whole stator main tooth for the 

stator tooth opposite rotor slot position. ( Wb) 

constant d.c. flux across a pole pitch. ( Wb ) 

Carter coefficient. 

width of small slot. ( cm ) 

airgap. ( cm ) 

correction coefficient, ( Pohl ). 

fictitious angle of sides of rectangular slots, (Pohl) 

width of small tooth. ( em ) 

rotor slot pitch. ( em ) 

flux utilisation coefficient. 

frequency. ( Hz ) 

peripheral speed of the rotor, ( m/sec ) 

pole pitch, (cm )( Raby ). 

aCe £10. at Wor) 

peak a.c. ampere turns/pole. 

field ampere-turns to give rated open circuit volts. 

defined as Me . 

terminal voltage. ( volts ) 

load current. ( amps ) 

odd integer. 

small teeth/main tooth. 

total permeance variation. 

mean permeance, 

field mmf. ( ampere-turns ) 

total number of series turns in high frequency 

winding. 
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A — maximum permeance ( rotor and stator teeth opposite ) 

Anim minimum permeance ( rotor tooth opposite stator slot) 

d- depth of slot. (cm ) 

uy - angular predtency? ( radians/sec ) 

TAY = nth harmonic permeance, 

En- he 

- coefficient relating the nth harmonic flux 

variation and the mmf over a half cycle as tooth A 

moves from the de> ds position. 

§ - coefficient relating the nth harmonic flux 

variation and the mmf over a half cycle as tooth A 

moves from the 45? tt position, 

6 - angle between the centre line of a small stator 

tooth and the centre line of a rotor tooth. 
( electrical deg ) 

V - harmonic voltage (peak) in a field coil for rated 

open circuit voltage. ( volts ) 

m-— number of sections in the tooth surface. 

Ee slope of side of the slots. ( degrees ) 

ee ny. 

ft - harmonic order. 

aes phase displacement between sections on the tooth 

surface. ( degrees ) 

K = harmonic reduction factor. 

abx-— parameters for waveform analysis. 

k - extra loss factor. 

B - flux density. ( Wb/m?) 

ye peak value of the damping ampere turns/pole, 

mth harmonic. 

pee phase angle between the peak of the mth harmonic 

damping current and the peak permeance. 

( electrical degrees ). 
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¢., - asc. flux with damping. ( Wb ) 

du - d.c. flux with damping. ( Wb ) 

2¢,- damping flux. ( Wb ) 

a - phase angle netueen the peak permeance and the 

peak current. ( electrical deg ) 

a- Mean permeance as seen by a small section of the 

surface, 

q7 minimum permeance as seen by a small section of 

the surface. 

Ap- maximum permeance seen by a small section of the 

surface. 

x - displacement of the stator and rotor teeth, 

( electrical degrees ). 

Se phase angle between the peak value of the load 

current and the centre line of the maximum flux 

level period in the appropriate small section. 
(electrical deg 

f displacement in électrical degrees from the centre 

line of the maximum flux level period ina 

particular section on the surface. 

IE phase angle between the peak of the total flux 

waveform across the surface and the peak of the load 

current waveform.( electrical deg ) 

a,b,- fundamental loss in each section of the tooth 

  

surface. ( watts ) 

Kak, - loss factors under load conditions for the 

x respective sections. 

K.- overall loss factor for the tooth surface under 

load conditions. 

Ka- overall loss factor for the small tooth region 

under load conditions. 
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k 
Dec 

ee 
Ve 

Fa 

x 
= 

harmonic reduction factor for short circuit. 

slot leakage reactance. ( ohms ) 

load voltage. ( volts ) 

voltage on open circuit with field excitation 

applied to give rated load current. ( volts ) 

power factor. 

angle between E and I. ( degrees ) 

synchronous reactance. ( ohms ) 

resultant field due to F and A. ( ampere-turns ) 

saturation factor. 

unsaturated value of magnetising reactance. ( ohms) 

%ag-unsaturated value of synchronous reactance. ( ohms) 

a 

0.- 
Ure 

saturated value of synchronous reactance. ( ohms) 

load angle for synchronous machines. (elect deg ) 

phase volts. ( volts ) 

number of phases. 

power (MpVEsiw if +), ( watts ) 

load impedance. ( ohms ) 

VEU. 

If... 
terminal voltage of the machine. ( volts ) 

load angle for the Guy-machine.( elect deg ) 

phase angle between terminal voltage of the 

machine and the load current I. ( degrees ) 

leakage reactance ( synchronous machine ). (ohms) 

fictitious reactance which replaces the effect 

of armatute reaction. ( ohms ) 

(2,.+ 2, ) , synchronous machine. ( Ohms ) 

open circuit voltage corresponding to the 

excitation F on the open circuit curve. ( volts ) 

- 220 -



resistance of a.c. winding,( synchronous machine ) 

voltage induced in a single field coil on load, 

without damping. ( volts ) 

number of turns in a single field coil. 

total loss factor for the machine. 

maximum flux in a small section of the tooth 

surface on open circuit, for a given value of 

field excitation. ( Wb ) 

minimum flux in a small section of the tooth 

surface on open cicuit, for a given value of 

field excitation. ( Wb ) 

slots/pole. 

heteropolar frequency. ( Hz ) 

frequency of fluxes at the rotor tooth surface (iz) 

number of d.c. poles. 
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List of symbols. ( applied particularly to Blssing ) 

Jo absolute permeability. ( H/m ) 

ae effective length of the core.( cm ) 

Z,- 

Ad- 

Ws - 

hn 
das ee 

ee 

Ree 

gos 

See 

Th - 
¥ 

Te - 

au na 

Xnm, 

Xahg 

Xs - 

X= 

lees 

number of stator teeth per d.c. pole half. 

resultant flux linking the a.c. winding. ( Wb ) 

series turns in a.c. winding. 

main a.c. flux. ( Wb ) 

leakage fluxes. ( Wb ) 

terminal voltage. ( volts ) 

resistance of the a.c. winding. ( ohms ) 

load current. ( amps ) 

internal voltage. ( volts ) 

field excitation corresponding to>. ( amps ) 

field excitation under load conditions referred 

to the a.c. winding. ( amps ) 

number of conductors/a.c. slot. 

number of a.c. slots. 

V2. Ane, Zn * 

mmf at the airgap. ( ampere-turns ) 

mmf at the stator and rotor teeth. ( ampere-turns) 

"—}reactances. (K#ne (Ae-As)/2.) ( ohms ) 

reactance given by KZn24, . ( ohms ) 

XstXehg . ( ohms ) 

field excitation under load conditions. ( amps ) 
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Pohl’s approximation to airgap 

permeance variation. 
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No damping. 

With damping. 

No damping (including permeance 

harmonics ). 
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Damping currents under load conditions. 

Main and leakage fluxes— Bussing. 
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10.1 Pohls approximation to airgap permeance 

variation. 

For the position of coincidence of the tooth axes, 

i.e. x=0, the specific airgap permeance is given by:- 

Ay= t/a + 2.3 log( 1 +Bs/e ) 
B 

For the position of coincidence of stator-tooth and 

rotor-slot axes, i.e. for x= (s + t)/2 

i = _s-t + 9.2 log (1 + Bs/2e ) 

e+plest) P (1+ Bist) ) 
2g 

There are in principle four kinds of field area, A,B,C, 

D, not necessarily all present at a given moment, Fig 4. 

The area A is bordered by peripheral iron surfaces and 

the length of flux path is constant; the permeance is 

( t- x )/g. The two areas B are bordered by one 

peripheral and one radial surface. Their combined 

permeance is given by:- 

x 

2 dr mee ey LOR | Set Bx 

g+Pr B g 
oO 

The two areas C, bordered only by radial surfaces, 

similarly supply a logarithmic function as their 

contribution to the permeance, namely 

<p, 

2 dr =. la dog + s-x 

B gt px 
J) get+fr + B(r-x) 

The part D, bordered by radial surfaces at opposite 

sides has, like A, a constant length of flux path, 
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namely B(s-x) and contributes 

Sh. 

dr = x 

get B(s-x) gt B(s-x) 
Fa-x 

The permeance equations for the half cycle are given 

below:- 

For 04x<s/2 
7 

AN =t-x_ + 4.6 /log g+Bx , #log_g+B(s-x)+ x 

& g ge+Bx | e+ p(s-x) 

  

  
For s/2éx<t 

  

  

A= tox + 4, a gtBbs/2 + log g+Bs/2 | + s-x 
g B g gtp(s-x)| @ + pls-x) 

For t<x<st+t 
2 

  

6 g+Bs/ <= at = 2 Ne 4.6 ae ae sl; + log gtBs Sel Sate=) & oe — 

( compare with simple equations given by Baillie 

method, 10.3 ) 
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1052 Waveform analysis. 

The harmonic content of experimental waveforms 

was analysed using a main computer program ( AMH1 ) 

and a Fourier subroutine program taken from 

' Fortran- Engineering Applications. ' 

Details of main computer program ( Fortran ) 

C WAVEFORM ANALYSIS AMH1 14 8 69 
  

100 

101 

102 

103 

INTEGER N2, POINTS 

REAL F(100),FO,A0,A(50),B(5) 

COMMON/X1/N2,F,FO,AQ,A,B 

N=25 

READ(1,10@)N2 

POINTS=2*N-1 

READ(3,101)FO, (F(K),K=1, POINTS) 

CALL FOURN 

PAUSE 1 

READ(1,102)XDASH 

READ(1,102)X 

IF(X.LT.0.0)GOTO 2 

XD=X/XDASH 

ARG=6.2831853*XD 

Y=AQ*.5 

I=N2-1 

DO 4 K=1,1 

RK=K 

Y=Y+A(K)*COS (RK*ARG)+B(K)*SIN(RK*ARG) 

WRITE(2,103)X,Y 

GOTO 3 

FORMAT(12) 

FORMAT (F8.3) 

FORMAT(F6.4) ; 

FORMAT(3H X=,F6.4,5H Y=,F8.3) 
END 
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1033 Permeance calculations. — Baillie 

For a single-slot pitch the permeances Nee and 

ican be calculated easily from Carter or Pohl. 

Between these two symmetrical positions one has to 

distinguish three sections with different equations 

for the permeance variation, because they meet at 

points of mathematical discontinuity; these sections 

are defined as (a) 0<x<s/2, (bd) s/2ex<t and 

(c) t<x<(s+t)/2. If the permeance variation is taken 

over a whole stator main tooth and account is taken 

of the chamfer at the tooth edge, then 6 equations are 

necessary. The equations for an airgap geometry 

similar to that for the experimental machine are given 

below and were used to predict the curves in Figs12 

and 13. ; 

It is convenient to express the permeance equations 

in terms of m and K where m=s/g and K=s/t. 

Regions for permeance calculation defined as:- 

(a) 022 <0.15% x=0 corresponds to A, 

(b) 0.15téx<s/2 x=0.15t corresponds to Ze 

(ce) s/2<x<t x=s/t corresponds to/\, 

(a) tox<t4+0.15t x=t corresponds to Ne 

(e) t+0.15t<x<stt_ x=t+0.15t corresponds tol\s 

2 

x= s+t corresponds to Ag 

2 
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(Ne m/K 

ie m/K 

A, = /K 

ie m/K 

Dee m/K 

Ay, =m/K 

Permeance equations. 

2.040.3/(140.2m)+(2K-0.3)/(1+0.4m)] 

1,85+0.6/(14+0.2m)+(2K-0.45)/(1+0.4m)] 

2.15-K+2K/(1+0.2m)+(K-0.15)/(140.4m)| 

0.15+4/(140.2m)+(2K-2.15)/(1+0.4m)] 

4.45/(140.2m)+(2K-2.3)/(140.4m) 
4.3/(140,2m)+(2K-2.3)/(1+0.4m)] 

The calculation of permeance for varying s/g and +/) 

is made easy by the use of a simple computer program. 

'Focal' program fords. 

c PERM 3 

> om 
a 

2D 

ASK K,MMIN,DM,MAX 

ml . 

FOR M=MMIN,DM,MMAX;DO 2 

QUIT 

SET P3=(m/K)*<2 . 15-H}-2*K/ [1+0.2m] 

+ [K-0.15] / [1+0.4m]> 

7 2.00,M," 
RETURN. 

",P3, | 
(same line as 2.1 ) 

  

OSA =



10.4 Fluxes linking the a.c. and d.c. windings on load. 

10.4.1 Neglecting damping. 

by = A. + Acos( wt +% )] [1 + €cos wt] 

te = AP + Acos(wt +d | ie Ecos vot] 

d, =/\ {rere cos wttAcos(wt+ % )+AE cosh +h€cos(2wt+% 
‘i Oe 2 

d, is Ecos wttAcos(wtt+ & )-AE cose —A€cos(2wtt+ « D 
2 2 

4. is given by $n - be 

=A, [2r + AE cosx + AE cos(2 wt 3) 

b= +e 

= [ere coswt + 2Acos(wt +& )| 

  

  

TOA ect With damping. 

dy =/\, F+Acos( wt+ « )+Deos(2 wt+ B }{ 1+€ cos we} 

be -A\(-PrAcos( wt+a& )-Deos(2w t+B Hf 1- Ecoswt} 

g =/\ F+F € cos wt+Acos(w t+ x ) +AG cosa +hEcos(2wt+«) 

+Deos(2wt+B ) sgoos (Sut+f)+Decos (utes }} 

4, =/\ (-P+Rec0s wt+Acos(wtt+ « )-AE cosk -AE cos(2ut+< ) 
2 2 z 

—Deos(2w t+p )+DE cos(3wt+B )+Décos(wt+B If 
{ Zz 

neglecting terms above 2nd harmonic:-— 

A. -A ler thE cosa +h€ cos(2 wt+ o )+2Dc0s(2ut+p J 
  

B.-A [2acos( wt+ & )+2F€cos wt+DE cos(w t+B | 

 



10.4.3 Analysis with permeance harmonics. 
  

(assuming sinusoidal load current ) 

4, -A,[F+cos( wtt+% )| [1+E Ecosn wt] 

B= A, far + PZE(1+(-1 y* )cosn wo t4ZAE(1-(-1 y )eosn wt 

cos(nw t+ « 

and 

g. =/\, [ercos(w tex ) + FSE,(1-(-1)” )cosn wt 

+ ZAE(14+(-1 y Jeosnutoos(not+« J 

10.4.4 Load_analysis— Bussing. 

A, = A+ Ecos wt +€,c0s2 wt +€,cos3wt_____- ) 

Ae =A,U-€,cos wt +€,cos2wt -€,cosdwt______ ) 

A= AR + A, cos(wt+%,) +Azcos(3 wtt+w3). ] 

[a +€,cos wt +€,cos2wt +€,cos3wt____. | 

¢, “Afr ~-A,cos(wt+*,) ~A,cos(3w t+ %3)___ ] 

[(1-€,cos wt +€,cos2wt -E,cos3w +o 

feo = 9, 
=/\ (1 +Z€,cosnwt)(R +£A,cos(mot+am))] 

0 

=i [os 2(-1 Jecosnet)(K -2 A,,cos(mutt+¥m »)] 

n=1,2,3,4 m=1,3,547. 
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= u % +9, 

Aa +3€,cosn wt) (Fe+ZAgcos (mw t+%m) 

tA +S (-1 Jécosnut) (F.- ZA, cos (mat +om ) 

Be =|A,26, [Pecos wot + A,cos(wt +% )| 

+2(1-€,)A, A, cos(wt +X,) 

pee ay 
+2A,6,F cos3wt + Ascos(Zwt +4 ) 

4+2(1-63)A, A,cos(3wt +43) 

+Su + =. 

where 2,=2A, A,COS [ (mn) wt +m 

Zae\, A,Cos [ (msn) wot +m | | 

n=n| =v 

g. = [er + EA, cosa, + E,A,cos(2wt +a, ) 

+ 2A RSE, cosnwt 

+ AZ bmn Em COS%m 

tA, E bin En 008 (2m ete ea 

(compare with simple theory):- 

he = 2€ A,[R cos wt + Acos(wt +% )| 

+ 2( 1-€)A Acos(wt +« ) 

fe - A, [ere + E Acos& +E€Acos(2wt +x) 

=e 2e—



10.5 Damping currents under load conditions. 

h =A (1+ €,cosnet) (R+ZA,cos(nwt +%.) +D,cos(mut+ Bm) ) 

4, =A (148 (-1 Yoosnut ) (-E+ Z Acos (nwt+4)-D,, cos (mut+ Bm) ) 

ye = , $s 

Ne [Fe + ZAqcos(nwt+%)+D, cos (mot+Br) +FeZE,cosnest i) 

+Z€,A,cosnatcos (nust +40) +E, D,, CoSnwtcos (mut+ Bm) 

+ Fe -ZApgcos(not+n)+D,COS (mut+ Bm )+Z RE(-1 Jeosnut 

-ZE,A(-1 Secosnwtcos (nwt-+un) +5€,(-1)cosnutD,cos (matsp)] 

-A,| 2. +2 FE,cosnat + 2E€, A, cosnwtcos (nut+ %r) 

+ 2D, cos(mwt+ Pn) + 22 E, Dacos (mut-+fx) cosnest | 

Boe - A, [2% + 2F€,cos2ut + 2D,cos(2ut +B.) 

+ 2D, cos(wt +B) + 2€,D, cos2utcos(wt +B, ) 

+ 2€,D, cos2wtcos (2wt+Be ) 

+ 2€,A, coswtcos(wt+a ) 

+ 26, A, cos3wtcos(3ut tos ree ee 

2nd harmonic terms:- 

2D, cos(2ut +Br)+6,A, cos(2wt +o, )+2R6,cos2ut 

For complete damping of the second harmonic flux, 

(neglecting 2F€,cos2wt, since €, small compared with€, ) Z 2 1 

oX,=B. and Dd, = -GA 
=e 2 
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the ig 4, +4 

=/\, [ 24,005 (nust+ o) += Fe E, cosnwt ( 4-(-1 y) 

+ EE, Ancosnotcos (nwt +n) (4+ (-1 y) 

+ 2E,Dacosnutcos(mwt +Bm) (1-(-1 ‘)] 

for n=2,4,6,8-.... terms in (1- (1 i) =0 

“neat, 355112 a  andami = 2152,5,4, 50m 

he = /\, [ 2Ancos(nutu) + 22 RE, cosnet 

+ 22€, A,cosnutcos(nut +%n) 

+ 22€, D,cosnwtcos(mwt +B )| 
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10.6 Main and leakage fluxes- Bussing. 

fA. = 34m + 345-3AR- AR, 
= 24%, -tA,m - 44. +A,5 -Ad,+ 24.7, 

= £(A, -4,)5, -2(A, ~ As) +A,[Fe + Acos(wt+%) + Acos(wt+% ) 

-7.] 

fre = 40, -A,)m- $C, -A) B+ 2A,Acos(wt+% ) 

where 

2A,Acos(wt+%) = 2A,(1- €)Acos(wt +%)= We, 

a.c. main flux. = g. - Qc 

(A.B -A,F,) + €A.F, +€4, B)coswt-2A,(1- € )Acos(wt+ « ) 

A.B, ¢ (GAR GAR, )cosut —/, (Fy— F ) 

=A,%,-A.t+ (EA +€A,Fs )coswt - (1-€ )A,(E,- F) 

= €A,F,+EAF, )cosut +€A(F,- Fg) 

= 2R€A,coswt + 2€A,Acos(wt + ) 

bo. =A,R+4.€ m coset +A,R, -A,€ F, cosut 

-(A€ F,-A€ ) cosut + AG + Bs) 

= Act -A,€ B)cosut +(€A.R +€ A, e) + 2A R 

( 248 = 2( 1-e)AR ) 

SALI) =



10.7 Fourier analysis of flux waveform at the rotor 

tooth surface. 

  

  

    
              

  

      
ae se ae wos neh? 180” 

i | 

180° 

f(x) = mean value + S$ B, sin(nwt ) 
3" sae 72 

B,= bh, Kk [ [sinox.ax +1 { simnx. ax + J sinnx.ax 
n 18° oO Ae b 5A 
108 196° 44 

pip [sinnx.ax + [simmax + ate { sinnx.ax 
2.5 Mn jos” 265 Yo 

162? 
sti [sinnx.ax | 

144 

B= 1.26; Bs= 0.76; B,= 0.4; B,= 0.44; B,= 0.27. 

Comparison of measured and calculated values:- 

  

  

  

  

  

  

harmonic calculated iz measured 

Fund 100% 100% 

3rd 60 ny 

7th 32 34 

9th 35 41 

11th 216 25           
=A



(a) 

  

Cx D.c. coin Fg *) 

Ac. ceil. Bet 

  

  

| Accel       

(« ° 
A B 

SNA NNT NEAT NES NI NS: 

—— > Mekien of reker, 

        

j= -|-<S >| 

ea 
    

  

        
  

                                    

        

| — Fred FIELD. 

A.C. , Ac. Ac, 

al lo fem lial 
| | L 

(a) 

__ Fen). FiecD. ee 

Ac fe A.C oa A.c Pe Ae.                       

    

Fig.1 

Typical slotting arrangements. 

(a) Simple form of guy slotting. 
(bo) Tooth slot parameters, t=tooth width, s=slot width. 
(c) Guy-Lorenz slotting, odd ac slots de pole. 
(a) Guy-Lorcenz slotting, even ac slots de pole.
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Fig.3 

Variation of flux utilisation coefficient E with Y9 : 

The E values shown are (E€carter x0°9 ). the curve is 

valida for (0-37 £ A<0-44.)



  

  

      (») 

          

    
  

    
      

          
Fig.4 

Approximations to airgap permeance, (Pohl). 

(a) =0,i.e. rotor and stator teeth opposite. 

(bd) x= SE i.e. stator tooth opposite rotor slot. 

(c)ozx<S/o (A = A+2B+20+D ).
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ie LoAD CURRENT pe ee 
SHOKT-CIRCUIT CURRENT 

(vb) 

Fig.5 

(a) Equivalent circuit of Inductor Alternator ( Mandl) 

(b) General load characteristics for various 

power factors. 

E- open-circuit voltage, V-terminal volts of 

alternator, I,I, ,-load,short-circuit current, 

Z- load impedance, X,-internal reactance.
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Fig.6 

(a) Equivalent circuit of Inductor Alternator ( Bunea ) 

(>) Open circuit characteristics of medium frequency 
  

alternator. 

(1) Neglecting magnetic skin effect. 
(2) Taking account of magnetic skin effect.
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Fig.9 

Open circuit voltage curve for the machine. 

e test o.c. curve on actual machine. 

4 calculated using value of€ = 0-525. 

X calculated using value of€= 0-554.
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Approximations to airgap permeance. 

(a) Baillie approximation to airgap permeance. 

(Oper go actual chamfer. 

Approximation to chamfer at tooth edge.
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Fig.14 

Flux distribution for various rotor positions. 
  

(4) and’ (4a) - positions of symmetry.



  
Fig.15 

a) Permeance variation across a total pole pitch. 
Permeance variation in adjacent pole. 
Resultant permeance variation behind the field 

slots. - 
(ad) Flux variation behind the field slots. 500v.o.c. 

teledeltos  ---<--<-----~ measured.  
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Design sheet data for the experimental machine. 

Rating increased to 55KVA. 550 volts,100 Amps,cosé= 0:9,
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Fig.19 

STATO SZAXCH COILS. 

(a) Search coils in the stator core and teeth. 

(b) Search coil arrangement for the small teeth.
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--—. Terminal block. 

Fig. 21 

Rotor search coils. 

General view of rotor search coils showing 
the common connection on the drive end of 
the machine. 

Numbering system for search wires and the 
terminal block. ( non-drive end )



  
Rotor search coils and terminal block 

connections on the non-drive end. 
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Fig.23 

Flux waveforms in a small section of the tooth surface. 

(a) Flux in section 4-5 ( just reached a maximum. ) 

(b) Flux waveform still a maximum in 4-5, just about 
to decrease. 

(c) Flux waveform in a small section for the experi- 

mental machine. 

(a4) Approximation to flux waveform, (section4,1,3)-
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Fig.25 

Fundamental flux distribution in the core and teeth. 
(open-circuit. } 

(a) fundamental fluxes in the core and teeth (lamp fiela,) 
(b) fundamental fluxes at the tooth surface(lamp field.) 
(c) fundamental fluxes in the core,( 2°15 amps field.)
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Fig. 26 

Measured flux waveforms at the tooth surface. 
(Z0amp Tield excitation.) 

flux waveform in section 4-5. 
flux waveform in section 7-8. 
flux waveform in section 10-11. 
phase displacement between (4-5) and(5-6). 
flux waveform across the total tooth surface. a
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Fig.29 
Addition of harmonic fluxes at the tooth surface. 

(a) 3rd harmonic flux. ( vector diagram drawn 

(>) 4th harmonic flux. from measurements on 

(c) 5th harmonic flux. the actual machine. )
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Fig.30 

Leakage flux waveforms, l0amp field excitation. 

(4) -position of symmetry, Figl4 . 

(4a)-position of symmetry, Fig|4 . 

Main flux waveforms:- lem=450phb. 
Leakage flux waveforms:- lem =110-Opwh .
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Fig.31 

Core loss of MM262 0.0178cm Grade 1100, 

for frequency range 1000/10,000 Hz. 
  

Slope at 0.2 Tesla= 1.41 ( lossw £'"') 

Slope at 0.046 Tesla = 1.63 ( loss« g'h)
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Core loss of MM262 0.0178cm 

for frequency range 1000/10, 

Grade 1100, 

000 Hz. 

Slope for 1000 Hz = 2.2 ( loss« B*”) 

-Slope for 3 Khz = 2.09 ( loss“ B’ 7) 

Slope for 10 Khz = 1.89 ( loss ¢ Be )
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Fig.35 

Second harmonic flux paths in the stator core, 

(_no damping. ) 

(a) second harmonic flux paths. 
( AC,-, ac coil linking the search coil area.) 

(b) second harmonic flux paths for 1-5 amps field 
excitation. 

(ce) phase relationship between s and 
$us-ue Tor Ip=1-5 amps. te — fear 

(a) second harmonic flux paths for 2°5 amps field 
excitation. 

(e) phase relationship between g ’ g. » and ae 40-70? 159-67 Gs-48 for Ip =2-5 amps.
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Fig.37 

Voltages induced in a field coil with and without 

damping. 

(A) no damping. (B) core damping. 

(C) bottom damping. (D) top damping.



    

  

    
  

  

    

  

      

  

  

  

    

  

  
  

  

    

  

    
  

      
      
  

    
    
  

      

  

      
      
  

      
  

                                                      

Fig.38 

Fundamental and second harmonic damping currents. 

(a) Fundamental currents. 1-bottom damping. 
2-top damping. 

(b) Second harmonic currents. 1-top damping. 
2-bottom damping. 

3(a)-fundamental voltage induced in damping coil on 
open-circuit. ( no damping) 

3(b)- 2nd harmonic voltage induced in damping coil 
on open-circuit. (no damping)
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Fig.42 

Phase relationship between flux waveforms in a small 

section of the tooth surface and the load current 

waveform. 

(a-) flux in section 4-5 just reached a maximum. 
(bd) flux in section 4-5 still a maximum; just 
about to decrease. 

(b) flux in section 10-11 just reached a maximum. 
(c) flux in section 10-11 still a maximum; just 

about to decrease. 
(a) o.c. flux waveforms in sections 4-5 and 10-11. 
(e) on load flux waveforms in sections 4-5 and 10-11.



  

    

  

  

    

  

  

  

  

    
    

    
    
    
    
  

    
  

  
  

$ SCALE For kr 
ISMALL SEcTIONS| 

      

    
f 

  

    
              

  

  
  

      
                                    

Fig.43 

Flux waveforms at the tooth surface under load 
conditions. Series capacitor =16pF. Faas amps. 

ait. 2 ea (RATE) outruT). 
$4-5,45-6,46-7 ,----flux waveforms in small sections of 

the tooth surface. 

  

4-11, flux waveform across the total surface.



  

  

  

  

    
  

          
    

    

        
  

    

  

      
  

      
  

    
  

    
          

        
          

        

  
  

      

  

                                    
Flux waveforms at the tooth surface under load 
Conditions. szgies caracitor . Crip. Type 3-05 ames @ TED 

\ourreT, 

21-22 ,422-23,.... flux waveforms in small sections 
of the tooth surface. 

21-28, flux waveform across the total surface.
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Fluxes at the tooth surface under load conditions 
for various values of series capacitor. 

Rated output, S00volt-load, I,=88°8 amps. 
(a) fundamental flux. 
(b) second harmonic flux. 
(c) third harmonic flux.
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\ G64) (or-5) 3) (99-0, (uray, (128) , oe 

% Bs 6 7 8 3 to a“ 

[oe 
\(225) (02) (03) (ror), (aro) 05:5) , (167) 
+ 5 é 7 2 3 10 

\r9)__, (51), (18-7), (207) 25) (22's) _, (24-8) 
4 5 6 7 8 9 10 a 

  (e) 

  

  

  

Fo 4#°0 — [— 440 > 

Fig.46 

Fluxes in the small teeth under load conditions. 

ie fundamental fluxes, no series capacitor. 
(b) fundamental fluxes, series capacitor C=12yF. 
(ce) second harmonic fluxes, no series capacitor. 
(a) second harmonic fluxes, series capacitor C=12pF. 
{2} total fluxes in a small tooth, no series capacitor. 
(f) total fluxes in a small tooth, series capacitor, 

C=l2yF . ( flux readings inpwb , total core length) 

(12 flux readings for rated output, 44°4 KvA.)
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Flux density distribution across the tooth surface fot 
various rotor positions. 

Rated output, series capacitor =16pF ° toe oaoS amps. 

Q-leading edge of rotor tooth, P-trailing edge of rotor 

tooth, Q- leading edge of adjacent rotor tooth. 
Position F-rotor slot opposite stator tooth. 
(Flux density in Tesla.)



  

  

  

  

    
  

      

  

  

          

        
  

  

    
      

  
      
      
  

  

  

    
    

  

                                          

  

Fig. 51 

On load flux waveforms with series capacitor ,C=12yF. 

¢3-4, leakage flux waveform at the leading edge of 
the stator tooth. 

$4-5,45-6 ,¢6-7, flux waveforms at the tooth surface. 

g1l-12, leakage flux waveform at the trailing edge 
of the stator tooth. 

¢ 3-13, flux waveform across a small tooth Ve slot 
depth away from the tooth surface. 

$4-11, flux waveform across the total tooth surface. 
~45-48,flux waveform across a main stator tooth.



    

  

    

  
    
  
    

  

  

  

  
  

        
      
    
  

  

  
  

    
  

      
      
  

    
    
  

    
    

                    
Fig.52 

Flux waveforms at the tooth surface under load conditions 
-no series capacitor, rated output. 

#4-5, gs-6, $6-7 ,---- flux waveforms in small sections of 
the tooth surface. 

f4-11, flux waveform across the total surface.
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Fig.56 

Flux waveforms at the tooth surface for various 

values of series capacitor. 

Rated output, load current =88-8 amps.



*
s
d
u
e
 

o
u
-
g
=
t
r
 

(p) 
*
s
d
u
e
 

o
-
g
a
t
r
 

(qa) 

*sdue 
g-g=4r 

(0) 
‘due 

o-t=*t 
(2) 

*
p
e
z
,
o
o
u
u
o
o
 

B
u
t
T
p
u
t
m
 

S
u
t
d
u
e
p
 

doy, 

  

+ 
yd 

@t=o 
“
s
o
p
 
T
o
e
c
E
o
 

Sopqos 
JO 

Son{eA 
SHOFICA 

TOJ 
SUOTJTPUOD 

peo, 
aJoepuN 

e
o
e
s
a
n
s
 

Z
O
O
,
 

oY} 
3
 

SoOxN[J 
[e}uouepuNns 

JO 
U
O
T
I
T
p
p
Y
 

L
E
°
 
2
4
a
 

gen 
ove 

ot 
O01 

So 
a
s
p
 

G
a
n
 

@-z2n 
(Sz) 

“Gane 
saz 

“sz 
o
z
e
o
i
)
y
 

  (sez) 
1



  

    
     

  

    
   

I ' 
SS | bs Ms re | ee 

ee —-L-4t-—- >, =~ 
1 I | | 
! aie 2 12 

\ 
I 

+ u 

         
     

Fig.58 

Extra loss factors in a small stator tooth. 

(a) en In this region an approximation is made to 
the extra loss factor depending on the magnitude 
of k at the surface. 

(shaded area: Extra loss factors calculated in 
this region from the fluxes in the tooth surface. 
Overall loss factor Ko for this region given by 

fakes bios ckes Bannon } 

Arbreor ------- 
Ko = 

(b) For C=12pF , rated output, K,=2°0. 
In the remaining mesh an approximation is made to 
the extra loss factor. 

Average extra loss factor for the small tooth, 
K, =1-28. 
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Short circuit characteristics with and without a 
series capacitor. 

(a) no capacitor (measured) 
__ a no capacitor ( calculated) 

(Deans C=12y~F . ( measured) 
MiCcee oor a a C=12uF. ( calculated)
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Fig. 63 

Flux density distribution across the tooth surface 

under short circuit conditions. 

(a)-no capacitor, Ip=2-87 amps 

(o)-with series capacitor ( Cauca adn 1-19 amps 

Q-leading edge of the rotor tooth. 
P-trailing edge of the rotor tooth. 
Q-leading edge of adjacent rotor tooth.
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For a given load power factor:- | ee Doe era 

at decreases, ——> 

—> increase in distortion at 
the tooth surface. 

Ka-5 23:22 

Kio-u = 153 
Kro-n 215, 

= 45° 
| Ky-5 22-2 | {: 212° \ 

Fig. 64 

Relationship between pu field excitation (epand 

pu_compensation at various power factors. 

lpu compensation taken for 100% compensation.
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Fig. 66 

Harmonic fluxes in the stator core under load conditions 

Rated output. 
  

A-fundamental flux- zero compensation. 

B-fundamental flux- C=12yF. 

D-second harmonic flux- C=12pF., 

es harmonic flux- zero compensation. 

ied harmonic flux- zero compensation. 

F-third harmonic flux- Cal2pF.



  

  

  

    

            
      

Fig. 67 

Second harmonic fluxes in the stator core under load 

conditions. Din-45 . 

A-zero compensation- no damping. 
{Bzser0 compensation~ bottom damping. 
C-zero compensation- top damping. 
D- series capacitor C=12yrF- no damping. 
E- series capacitor C=12»F- bottom damping. 
F- series capacitor C=12,F- top damping. 
G- open circuit- top damping.
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Fig. 69 

Damping current waveforms under load conditions for 

warious values of series capacitor, Hated output. 

A,B,C,D-top damping: E,F,G,H- bottom damping. 

( coils 7-8 top and 7-8 bottom used for measuring 
damping currents.)



 
 

 
 

 
   

  
 
 

 
 

  
  

  
  

  
  

  
  

  
 
 

 
 

Fig.70 

Damping currents under load conditions for various   

Damping coil ( 9-10 ). 

values of series capacitor. 

Rated output. 

B- bottom damping. A- top damping.
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Fig.71 

Theoretical flux waveforms in a rotor tooth. 

(a) stator and rotor configuration over a dc pole pitch. 
(b) theoretical flux waveform across the total rotor 

tooth surface ( rotor tooth a ). 
(bo) Z/Y = ac slot width / small slot width. 

Bat - flux passing through tooth A when rotor tooth A 
is opposite a stator tooth. 

w2 - Tlux passing through tooth A when rotor tooth A 
is opposite a stator slot. 

(c) theoretical flux variation across a small section of 
the tooth surface. 

Z/Y¥ = ac slot width / small slot width. 
(ad) flux waveform in a small section of the tooth surface 
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Fig.74 

Theoretical flux waveforms in a rotor tooth related 
  

to the flux waveforms on the stator surface for 
  

open-circuit conditions.



 
 

  
 
 

 
 

     
 

  
  

  
  
 
 

    
  

  
  

 
 

Fig.75 

Measured flux waveforms in a rotor tooth under open-   

circuit conditions. 

Ip =2-15 amps. Rated open circuit voltage.



      

    
   

Pres} | pt 
STATOR 

  

  

     

presi 

ie 
  

     
    | 

| 
Pip-_searon. 

          
Fig.76 

Phase relationship between flux waveforms on the rotor 
and stator for open circuit conditions. 

Rated voltage, De ece amps.
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Fig.77 

Flux density distribution across the rotor tooth 
surface under open-circuit and load conditions. 

  open circuit: -—---- on load , C=16 wF 5 

4,11,(where shown ) represent the conductors on the 
stator tooth surface (4-11 ) and their relationship 
to the rotor tooth position.
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Fig.78 

Flux waveforms across two adjacent rotor teeth. 

(a) stator and rotor configuration over a de pole pitch. 
( shaded area represents the assumed loss region in 
rotor core. } 

(b) flux waveform at the tooth root. ($2-17 rotor tooth A ) 
(c) total flux waveform across P-Q.



  

  

  

  

  
  

  

  

  Tooth A 

Fig.79 
Theoretical phase displacement between the flux 
waveforms on the stator and rotor and the load current. 

STATOR TooTH A Ae 
OPPOSITE RoTOoR 

STATOR TOOTH B 
OPPOSITE ROTOR 
TooTH A.   

(a) load current waveform related to the rotor tooth 
position for C =l6yF. 
(b) phase relationship 
open-circuitswaveforms 
(c) phase relationship 
open-circuit¢swaveforms 
(d) phase relationship 
open-circuitéwaveforms 
opposite teeth A and B 

between the load current 
on the stator surface. 
between the load current 
on the rotor surface. 
between the load current 
on the rotor surface for 
on the stator surface. 

and the 

and the 

and the 
tooth A
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Fig.80 

Flux waveforms in a rotor tooth under load conditions. 

Series capacitor, C=16 KF . Rated output.



  

  

  

  

  

      

        

      
          

    
  

  

  

    
        

  

    
    

  

  

  

    
                    

Fig.81 

On load flux waveforms across the rotor tooth surface 

showing the distortion due to armature reaction. 

( flux waveforms over a rotor pitch. ) 

Rated output. I, =68°8 amps. C= l6yF .
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Fig.82 

Flux waveforms at the leading and trailing edges of 

a rotor tooth for various values of series compen- 

sation. Rated output. I,=88°8 amps.



  

  
  

    
  

    

  

    

  
  
            

                
  

  
          

Fig.83 

Flux waveforms in a rotor tooth under short circuit 

conditions. 

No series capacitor, 1, =88°8 amps.



  

  

    

  
    

    

  

  
      

  
      

    

    
          
            

Fig. 84 

Flux waveforms in a rotor tooth under short circuit 

conditions. 

Series capacitor, G=16,F . £=88°8 amps.
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Fig.85 

  
On-load vector diagrams. (Pohl and Raby ). 

(a) addition of fundamental fluxes to give Pox |: 

(b),(c) addition of fundamental fluxes to give Pac (pu Nie 

(a) addition of fundamental fluxes- Pohl.
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Fig.86 

On-load vector diagrams to calculate Fou and Cee 

(a) - no series capacitor. 

(b) - with series capacitor. 

(c) - load vector diagram for C= 16 pF , ( rated output ) 

cos ge 0-962. T,= 88-8 amps.
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measured ALcULATE! 
Tp “= a > 
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Fig.87 

(a) - On-load vector diagram for two values of 

synchronous reactance, Xs > Xz. Fpu, pu field 

corresponding to E, and IXs; . Fou, DU field 

corresponding to E, and IX, . 

(b) ©.C. saturation curve and synchronous reactance 

Fou y measured field current corresponding to Eg, 

Xs,- saturated value of synchronous reactance. 

Fru, Calculated field current assuming that X, is 

constant.
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Fig.88 

(a) _Guy-slotting, ( A,B,B’ )-symbols used in 

section 7.2.1.1. and 7.2.1.3. 

(bd) Open circuit saturation curve. (@:2.1-5%) 

ga -flux in whole stator main tooth A for the 

rotor position shown in (a). 

fg, -flux in whole stator main tooth B for the 

rotor position shown in (a).



ar 

(@) 
a u 

I 
Te 

ap 

a   
j1%q 

jTAX, 

  

Fig.89 

(a) On-load vector diagram ( unity power factor ) Bussing. 

U-terminal voltage, X,’-leakage reactance. 
§-internal voltage, Iy-field current to give veferrea 
to the ac winding, J- load current, Ie- total field 
excitation on load referred to the ac winding. 

(b) on-load vector diagram for cylindrical rotor 
Synchronous machine.
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Fig.90 

E- open circuit voltage characteristic for the 
experimental machine. 
I,.- short-circuit characteristic for the experimental 
machine. —-~—-~~ measured, calculated. 

  
Xs synchronous reactance characteristic. 
——-- ——-—-measured ——______—___ calculated.
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Fig. 91 

On-load vector diasrams (7.3.2.) 

(a) zero compensation. 

(b) vector diagram for different values of Xg - 

(c-) with series capacitor.
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Fig.92 

Load angles for the Guy-machine. 

(a) zero compensation 4 ay — ¢ 2 

(>) vector diagram when series capacitor is used. 

(c) with series capacitor Oy=Yrk.
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Fig.93 

Machine output-I¢ curves for zero compensation and 

C=16 yr : : 

A-16 pF (measuced ) B-16 pF (calculated) 

C-zero compensation (measured) 

D-zero compensation (calculated).
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Load characteristics. 

ad: load constant) (variable load and field current) 
C=9-6pyF. 

B- constant impedance test. 
C- alternator supplying a variable impedance load 

Ig=constant =lamp. C=12 pF 5 
D- alternator supplying a variable impedance load 

Ip-constant=lamp C=9+6 pF :
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