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Summary : 

Throughout this work the emphasis is laid on developing the 

theory in a form which contributes directly to the design technique; 

each stage is verified experinentally. 

Relevant literature falls into two distinct categories: one, 

classical in form, based on the permeance of assumed magnetic circuits: 

the second, presenting computed solutions to models of detailed field 

problems. This thesis extends the classical approach to bring its 

capacity for analysis closer to the level of detail offered by the 

model/solution concept. 

After a full analysis of these theories, the experimental machine's 

design, manufacture and instrumentation are reported, Problems connected 

with 'damping undesirable flux variations' and ‘accounting for anomalous 

loss mechanisms' formed ‘the original investigation. Their solution is 

presented in the complete analysis of tooth and core flux distribution, 

which leads to a detailed description of the on-load flux density 

distribution across the surface of a rotor tooth. 

The theory derived to solve these early problems is extended to form 

an alternative technique to existing practice in the complete solution of 

the loaded machine. ‘The expressions combine the load current and voltage 

with the field current and, in addition, are dependent on the airgap 

geometry, the load circuit power factor and the leakage reactance. By 

expressing the parameters in two cquations, one limited by the load 

conditions and the second dependent on the characteristics of the 

particular machine, successful predeterminations of field requirements 

for practical non-linear conditions are obtained. 

A paper on the history and changing fortunes of this class of machine 

is included, demonstrating its unique character and contribution to 

technology. From a research viewpoint great potential lies in the 
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combination of medium frequency and an unusual airgap geonetry; this 

has allowed the detection and analysis of characteristics which, in other 

types of machine, are individually unidentifiable. 
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summary 

Chapter 1 introduces the machine, existing theory, and an 

extension to the theory which forms the basis for this work. ‘The new 

analysis is derived from an expression for the airgap field; hence 

many aspects of design are involved. : 

To provide comparisons between this approach and previous work it 

is necessary to summarise the existing theory point by point. This 

introduces the machine in detail rather than in the general form which 

is already satisfactorily presented by Walker .. 

Papers by Walker and Erdelyi are considered to represent the major 

contributions to inductor-altemator theory and these form the basis 

for the summaries. It is convenient to include under each heading 

contributions both from other sources, and from the new analysis, with 

references to subsequent chapters. 

In this way a detailed assessment of published work is combined 

with the findings of this thesis, presenting a comprehensive survey of 

design techniques for the Lorenz-type inductor-alternator.



1.1 Origins of the Lorenz-type Inductor-Alternator 

In a paper, included as appendix 8.11, titled 'The History and 

changing fortunes of the inductor-alternator' the writer has traced the 

‘progress of the inductor-alternator class of machine from its inception 

in the late 1880's to the present day. The single phase heteropolar 

Lorenz-type inductor-alternator referred to by Dr. Walker in section 2.2.1 

of reference 2 is the subject of this thesis. 

The term 'Lorenz' would appear to be derived from the company of 

C. Lorenz at Berlin - Templehof. In 1914 this company patented = 

an alternator due to Dr. Schmidt which was later designated type er , Tig      ficld 
slot 

armature 
slot 

Fig 1: 100 Kw, 500c/s, 1500r.p.m. Type 'S' 

from reference 21 

The major contribution of the patent was the introduction of a winding 

layout wherein both field and armature coils were wound in the same 

plane. The earlier distinction between homopolar and heteropolar a 

which was solely concerned with the relative angular position of two 

rotor cores, had lapsed before the type S was manufactured. This made 

available the term 'heteropolar' to describe the new field system which 
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had alternate directions of flux spaced around ‘the airgap periphery ae 

From 1925 onwards the inductor-alternator was used to supply coreless 

induction furnaces for melting and smelting. This process required 

frequencies within the range 500 c/s to 5 Kc/s, which coincided with the 

efficient application of the Lorenz design. The action of 'skin effect! 

in limiting the penetration of eddy currents in the workpiece led to the 

technique of surface heat treatments by induction. This process required 

higher frequencies (of the order 8-12 kc/s) for which a design of the 

type patented by Guy 22 was suitable. The distinction between the Lorenz 

design and Guy's patent lay in the airgap surface geometry of the stators. 

The Lorenz design stator was that of an induction motor with a number of 

slots enlarged to take the field coils: in manufacturing terms this was its 

major advantage. The armature slot openings were 'semiclosed', 

consistent with winding techniques and acceptable leakage reactance. The 

field slots were sometimes enlarged without altering their opening but 

more often the advantages of pre-formed field coils led to 'open' slot 

designs. However, for the purposes of definition nee the Lorenz design has 

"semiclosed armature slots and an otherwise smooth stator-airgap surface 

between field slots’. 

The essence of Guy's patent had been to arrange that several rotor 

tooth pitches (i.e. a.c. pole pairs), matched by identical inductors on the 

stator, should lie within one armature coil pitch. Thus the 'stator-airgap 

surface between field slots' for this design consisted of open unwound 

slots (i.e. inductors), fig 2. 

The necessity to differentiate between the designs has produced a 

terminology a which, in the U.K., distinguishes these two main 

variations in stator slotting as Lorenz-type and Guy-type. On the 

continent 'Lorenz' remains a definition of 'heteropolar' as in the 

original 'type S'. In the writer's opinion the clearest description of a 

‘design is achieved by limiting the terms 'Lorenz" and 'Guy' to 

‘describing slotting while the terms ‘homopolar' and 'heteropolar' describe
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field systems. Nevertheless it must be recognised that "homopolar-Lorenz' 

is a contradiction in terms to some desipners. 

  

Fig 2: Guy slotting from reference 24



1.2.1 

Le2 An appreciation of the major contributions to inductor-alternator 

theory 

1.2.1 The two main types of theoretical approach 

Relevant publications fall naturally into two categories which are 

characterised by the approach to, or model for, their respective theories. 

The broad definitions of these categories are: 

(a) containing representation and analysis of ‘total fluxes' 

(per pole, per tooth, etc.) from consideration of the m.m.f. 

imposed upon the magnetic circuit, assuming the flux paths 

are known. 

(b) containing representation and analysis of the field 

throughout the machine by potential equations (Laplacian, two 

dimensional) limited by boundary conditions approximating to 

the iron and copper geometries. | 

Inductor-alternators as a class of machine are not unique in being 

the subject of two widely differing types of analysis: compared with most 

other machines there are, however, remarkably few publications in either 

group. 

Undoubtedly a major work in group (a) is Walker's 1942 paper 1 on the 

"Theory of the Inductor-alternator'. Very nearly every author in the field 

makes reference to this paper and often also to a second paper E by 

Walker in 1946. The first combines the contributions of references 3 to 9 

to present a theory which is also a practical design technique. In his 

second paper Walker classifies single and polyphase, Guy and Lorenz-type 

designs, considers armature windings in detail, and identifies the positive 

and negative sequence components of armature-reaction flux. These two 

papers will be studied in detail in section 1.2.2. 

Group (b) publications are the work of one man {et al); E.A.Erdelyi, 

at the University of Colorado. Since 1963 the U.S. Army Research and 

eG os
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Development Laboratories have supported the application of the analytical 

methods developed in reference 10, This is the parent paper to references 

11 to 19 in which the partial differential field equations for a variety of 

design problems are established and solved. The solutions are numerical, 

involving 'over-relaxation of the potentials and permeabilities alternately’. 

These papers will be studied in section 1.2.3. 

Therefore, to summarise the philosophies of these two approaches: 

group (a) The m.m.f£. is applied around a 'classic magnetic circuit’, 

taking account of the complete machine's actual dimensions, 

thus deriving values for flux per pole or per teeth. This 

theory is unable to comment on flux density distribution 

within the core or teeth; it must calculate on-load field 

requirements by applying armature reaction m.m.f. to the 

same magnetic circuit. This restricts accurate calculation 

and understanding to operating conditions where the field 

and armature reaction m.m.f.s are coincident in space (i.e. 

ZPF). Further, the non-linear characteristics of the 

machine are only expressed by the iron manufacturer's B-II 

curve which does not account for non-uniform tooth and core 

flux-density distributions. 

group (b) Elements of the machine, concentrating on the airgap region, 

are layed out on a grid so that the copper and iron 

geometries are described by groups of mesh points. ‘These 

provide the potential and boundary conditions which lead to a 

solution for the complete field pattern expressed at each mesh 

point. ‘This supplies the distribution detail lacking in group 

(a) and is possibly the only method applicable to very highly 

saturated conditions. Such a detailed analysis requires 

considerable computer facilities: to investigate core flux 

densities and overall machine characteristics by this approach 

‘would be to employ a process of far greater sensitivity than 

is necessary. 

de
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1.2.2 Survey and discussion of papers by J.II.. Walker 

In this section two papers by Walker 152 ore considered in detail. 

Summaries on each point drawn directly from Walker are set into the page 

with a wider margin to distinguish them from the writers own comments and 

references to subsequent chapters. In this manner the inductor-alternator 

class of machine will be surveyed in detail: at the same time the 

relevance of the theoretical and experimental work of this thesis will be 

indicated. 

Each section of the survey is numbered for ease of reference to those 

features which are investigated in later chapters. 

The first summaries are from 'The theory of the inductor-alternator' 

(ref. 1) and rum from (1) to (13) as follows: 

(1) field systems 

( 2) airgap flux density pattern 

( 3) generation of e.m.f. 

( 4) flux utilisation factors 

(5) e.m.£./flux equation 

( 6)\ comparison of unidirectional and bi-directional flux variation systems 

( 7) equipotential m.m.f. circles leading to +, and ¢, 

( 8) Iléakage paths 

( 9) open-circuit characteristic from (4, - o,) 

(10) armature reaction m.m.f, 

(11) damping of undesired pulsations in main flux 

(12) calculation of field current on load: 

(13) losses A 

(1) Field systems 

‘The homopolar site fig. 3, and the heteropolar 922 ics 4; 

are the two possible field systems shown here with their 

respective constructions, '
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Fig 4: Heteropolar inductor-alternator 

  

LiZs2 (2) 

    

(2) Airgap flux density pattern 

  
'The fundamental operational characteristic of this machine 

is flux modulation: the simplest physical element is a slot 

opposite a smooth surface, fig. 5.



early) 

  

  

  

  
  

    

Fig 5: Space distribution curve of flux-density 

‘The flux density in such an airgap is given by the 

equations: 

= k+1 
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1.2.2(2) 

Ss 

/ { (s/g)? + 4 } 
parameter corresponding to values of x 

t= +s/g V{ (s/)? + 4} 
+ 

space co-ordinate measured along a rotor slot pitch 

from the axis of a slot (0 ¢x < (s + t)/2 ) 

These equations are due to Carter 8, they assume an 

infinitely deep parallel side slot. Coe and Taylor 9 

show that the error is small if the depth is only ‘slightly 

greater' than the width. Indeed, Carter comments that 

",.. inasmuch as the field hardly penetrates beyond the mouth, 

this (the assumption of infinite slot depth) is of no 

consequence’. Carter further shows that the field between a 

_ smooth surface and a number of such slots is not 

Significantly different from the pattern achieved by repeating 

the single slot analysis the desired number of times'. 

The problem of obtaining and then expressing the flux density 

pattern in the airgap is central to any study of this type. Other than 

by testing, the three major methods of obtaining the distribution are 

a) Graphical b) Mathematical and c) Measurements on an analogue. 

Stevenson and Park *? collected and adapted the work of Rogowski, 

Lehmann and others to present a. theory of field determination by graphical 

means. Weiseman 26 applied these techniques to the synchronous machine 

commenting that the '... mathematical solution' was often 'laborious and 

sometimes impossible! - However, Graphical techniques are by no means easy 

to apply accurately: they require expertise. 

Mathematical methods are undoubtedly the most rigorous. Unfortimately, 

their application is limited by the very great increase in complexity 

caused by seemingly minor additions to the geometry. The problem of one 

slot opposite a smooth surface is comparatively simple because of its 
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1.252 (2) 

symmetry about the slot centreline. The required conformal transformation 

must describe two right angles and leads to a hyperbolic function. Gibbs”! 

has considered this particular problem in detail including the method 

by which the flux density wave may be plotted. Transformations of 

geometries containing more than two right angles will lead to elliptic 

functions which may not be analytic. A technique for solving a Schwarz- 

Christoffel equation with five constants, by iteration and then numerical 
28 

integration, is reported by Binns “~~: this requires considerable computer 

time. 

Analogues for representing fields are many and varied. Some are 

purely descriptive on which accurate measurements are not practicable. 

Liebmann °? has made the following summary of the most useful analogues: 

"Conducting paper 

Advantages - Cheap equipment, easy technique; applicable to complicated 

geometries. 

Disadvantages - Limited accuracy (2 4), scale distortion, 2-dimensional only, 

Electrolytic tank 

‘Advantages - Applicable to complicated geometries. 

Disadvantages - Limited accuracy, difficult measuring technique. 

Resistance network 

Advantages ~- High accuracy, easy technique, applicable to mathematically 

more complicated problems. 

Disadvantages - Cumbersome when applied to complicated geometries. 

RC and LC networks 

Advantages - Applicable to transient conditions. 

Disadvantages - Limited accuracy, specialised applications only, requires 

simple geometries. _ 

Computer 

Advantages - Applicable to complex problems of great variety. 

Disadvantages ~ Expensive cquipment, limited accuracy, requires simple 

geometries.' 

o42 =



1.2.2 (2) (3) 

The airgap flux density distribution may be obtained by which ever 

method suits the particular requirements of cost, time and accuracy. 

Patterns similar to fig. 5 are of direct use in calculating the overall 

airgap flux level and accounting for the effect of fringing into the slot 

sides (Carter's coefficient). More detailed investigations require a 

simple form of equation (1), or expressions for the patterns produced 

by graphical or analogue methods. A suitable form is achieved by fourier 

analysis of the patterns into infinite series. The series may be 

analysed component by component and the desired degree of accuracy simply 

controlled by the number of components that are considered. A further 

advantage lies in the series being a cyclic form: the total effect of 

several repetitions of the pattern is produced by considering the series 

between suitable limits. This is of special benefit when analysing a 

heteropolar field since complete field symmetry is about a field pitch, 

i.e. several rotor slot pitch patterns. 

(3) Generation of e.m.f. 
  

'E.m.f. is generated in each side of an armature coil as the 

_ flux density wave passes. Since the flux is widirectional 

the e.m.f.s in each side of a full pitch coil will be 180° 

out of phase so that when a rotor tooth axis coincides with 

the coil axis each coil side e.m.f. will be equal and opposite. 

Similarly, when a rotor slot axis coincides with the coil 

axis the net e.m.f. around the coil is zero. At all other 

positions one or other coil sides will lie in a greater flux 

density and the net e.m.f. will alternate through a complete 

cycle as the: rotor moves through one rotor slot pitch. The 

frequency of this alternating e.m.f. is given by: 

£ = (munber of rotor slots x rotor velocity (r.p.s.) ) ! 

«13-6



1.2.2(3) (4) 

Fig. 6 is taken directly from ref. 1 showing the open-circuit e.mn.f. 

produced in the manner described. 

  

Fig 6: Waveforms of alternating -flux,= 20, 
and open circuit e.n.f. & 

This process is investigated in Chapter 5 by differentiating the flux- 

linkages with the coil with regard to time. The flux-linkages are 

obtained by integrating the flux density distribution between suitable 

limits, at which point, the inability of a full pitch coil to sense even 

harmonic variations in flux is clearly demonstrated. Hence the 'B' 

referred to by Walker in fig. 6 is the flux density variation sensed by a 

full pitch winding, not the actual flux density existing in the airgap. 
The a4 Cy beset gheeihda nei 

hermormrcs), 

(4) Flux utilisation factors 

'The desired alternating e.m.f. is sinusoidal: factors ey and E> 

are defined to relate the mean unidirectional and alternating 

flux levels together with the effective alternating flux. ' 
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1.2.2 (4) (5) (6) 

Walker's definition of ey is used in this thesis, i.e. 

mean value of alternating flux density 
  € 

. mean value of total unidirectional flux density crossing the gap 2 

However, it has been the writer's practice to use a slightly different 
30 

definition of Eo due to Davies and Pederson i.e. 

<, = mean value of fundamental component of flux density 
2   

steady mean flux density 

This definition replaces Walker's ‘effective value of alternating flux' by 

the 'mean fundamental component'. The resulting advantage is detailed in 

the mext section. 

(5) E.m.f./flux equation 
  

"The equation relating flux and generated e.m.f. is: 

r.m.s. generated e.m.f. = 

4 x frequency x effective turns x effective alternating fiux. ' 

When the above definition for €, is used the peak value of the fundament:. 

component of flux (¢ aa? becomes available. If On replaces the ‘effective 

alternating flux' in the e.m.f. equation the factor changes from 4 to 4.44, 

which brings the theory of the inductor-alternator into line with normai 

machine theory. 

(6) Comparison of umidirectional and bi-directional flux variation 

sys tems 

"For the ideal optimum case where the flux wave over a rotor tooth 

is rectangular and the flux over a rotor slot is zero, the 

mean unidirectional flux density = } x maximum value of Boc: 

M excited rotor alternator (with conventional wound poles) will 

produce a rectangular flux wave with Buc (mean) = Boo (max). 

- 15 -



Te20e (0) C7) 

This shows that for the same maximum density in the gap 

the excited-rotor machine will give double the output of 

an inductor machine. ‘This comparison is made less 

unfavourable on relatively low frequency machines by the 

higher densities that the stator core - not being subjected 

to an alternating flux - can be worked on the inductor- 

alternator. ' 

Chapter 3 shows that, in fact, the core of a Lorenz-type inductor- 

alternator is subject to alternating flux. However, the comparison is 

still not justified unless the inductor-alternator is employed to 

generate frequencies, below 300c/s say, at which the wound-pole alternator 

is more suitable. Even if one considers the currently impractical concept 

of driving a 200 pole machine at 3000 r.p.m. (5000c/s) the limiting . 

_ feature becomes one of heating due to losses. This in tum limits the 

alternating flux density to levels adequately supplied by the inductor 

principle, i.e. the maximum flux of the wound field can not be employed. 

(7) Equipotential m.m.f. circles leading to oe and , 
  

‘Referring to fig. 7, let the flux which takes path 'a' be 

denoted by 4 and that which takes path 'b' by os: 

— = ai i 

  
  

—_—= 

ee: cated       

Fig 7: Flux paths between circles of equipotential m.m.f. 
S - To See ae - 
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The total fluxes carried by the stator teeth under these two conditions 

(maximum and minimum) are the main design parameters for those whose 

approach section 1,1 termed group (a). 

‘Again in fig. 7 'cc' and 'dd' are equipotential circles, 

since the exciting m.m.f. is constant in magnitude round 

the stator core periphery. ' 

Here is the primary assumption upon which this approath rests. Large 

numbers of armature slots per d.c. pole pitch or deep armature slots with 

a shallow core section would produce an m.m.f. equipotential which was not 

circular. However, such comments on the limitations of this theory (not 

necessarily important limitations) will be considered in section 1.3, 

where the type of theory which naturally follows from this choice is 

discussed. (see also 1.2.2 (12) ). 

"The sum of ‘the two fluxes oe and ¢, which passes into the 

rest of the magnetic circuit is the steady flux due to the 

field, 9. ot and $, may be expressed in terms of 9 since 

oe 7 os 

“1 oe * os 
(ref. 1 and 30) 

i.6. $= 4 (1+ €,) 

6, = $(-e) 

For a given total flux the ampere-turns required to drive 

the rotor tooth flux from 'cc' to 'dd' along path 'a' must 

equal the ampere-turns required to drive the rotor slot flux 

from 'cc' to 'dd' along path 'b'. If the stator and rotor 

teeth are infinitely permeable the equations given above for 

oe and ¢, are correct. In practice appreciable m.m.f. is 

absorbed in driving oe through a saturated path 'a' whilst 

in path 'b' the stator teeth will require negligible m.m.f. 

oe
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over the working range of the machine. Thus the m.m.f. 

acting across the gap between stator and rotor surfaces 

is not uniform, being a maximum over a rotor slot and 

a minimum over a rotor tooth. For a given exciting 

mem.f. this will lead to a reduction in >, and an 

increase in bs) with a corresponding reduction in 

effective flux. ' 

Photographs, in Chapter 4 fig. 42, of an integrated rotor tooth-surface 

search-coil signal, i.e. displays which are proportional to airgap flux, 

show a reduction in flux as ot is established, This could in part be 

accounted for by a reduction in the peak value of 4 t described by Walker. 

The increase in ¢ ie however is as a ratio of the unidirectional flux at the 

airgap: while $ remains constant ¢, cannot increase unless new leakage 

fluxes appear. 

(8) Leakage paths 

"Leakage paths (such as e, fig. 7) will exist dependent 

on the slot permeance and armature conductor distribution 

‘within the slot. The level of leakage fluxes across 

armature slots and in core end regions are proportional to 

+ from which they must be subtracted. It follows that 

their calculation is iterative: the corrected value of oe 

must be calculated such that this reduced value plus its 

associated leakage level equals the original calculation 

which neglected leakage. <A modified slot permeance which 

allows for the presence of armature conductors may be used 

to calculate 'linking' leakage fluxes: these are simply 

added to b, and subtracted from ope : 

These corrections to values for 9$_ and 4 are necessary if the process of 
S 

evaluating ey (in terms of 2, -- and $ ) made no provision for the field 

within the stator teeth and slots, and if a high degree of accuracy is 

eo 48
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required, Unpublished derivations of Ee] and eo have used conducting paper 

to represent the airgap region, thus producing general rclationships 

assuming infinite iron permeability. In 3.1,2 a conducting paper analogue 

is described which accomts for the field distribution within stator core 

and teeth. Allowance is made for the variation in overall circuit 

reluctance due to the stator slot openings: accoumting for the fringing 

and armature slot leakage paths would be a possible refinement. It is 

also possible to extend this technique to investigate the effects on Ee} and 

Eo when saturated levels of oe exist. 

(9) Open-circuit characteristic from (9, - es) 
  

"Combining the ampere-turns required to support the fluxes 

in the iron and air of both paths 'a' and 'b' leads to fig. 8(a), 

showing 5 and e+ plotted against total path m.m.f. The 

e.m.f. generated in a pair of adjacent coils (such as A and 

B fig. 7) is the difference of the e.m.f.s generated in the two 

individual coils 74, ‘the maximum flux linking a pair of 

adjacent coils will thus be the difference between the 

‘maximum flux (¢,) which links the first and the minimum flux 
(¢.) which links the second. Hence the maximm e.m.f. is 

proportional to (4, - 5) The. flux to be used in the flux/e.m.f. 

equation is ©2 (¢, - $5), which allows the open-circuit 
rt 

voltage to be plotted against total exciting ampere-turns, 

fig. 8 (b). Amajor characteristic of the inductor principle 

is evident under saturated conditions: for increase in applied 

m.om.£. beyond a certain level the induced voltage decreases. 
This level is fixed by the relative gradients of oe and ¢, 

in fig. 8(a). If the gradient of b+ becomes less than that 

of bs then for further increases in m.m.f. (4, - o,) must 

decrease, ' 

o19 =
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(10) Armature reaction m.m.f. 

'The armature reaction m.m.f. may be considered as the 

product of the turns distribution and the armature current. 

Fig. 9(b) shows the reaction m.m.f. due to the winding 

of fig. 9(a) in a homopolar field. 

stator tooth 
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Fig 9: a) Armature winding 

b) Armature reaction m.m.f. 

Considering only the m.m.f. due to the conductors, the 

zero line of this pattern will be 'aa'. When the end 

windings between cores, fig. 10(a), are axially in line 

each discontinuous ring is equivalent to a continuous ring 

having half the number of effective turns of each armature 

coil, and the zero line will be shifted to 'g8'. 
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(a) in line 

(b) staggered 
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By staggering the coils in the two cores, ‘fig. 10(b), 

this can be avoided without altering the effective 

number of conductors per slot. ‘he fundamental of the 

full pitch distribution in fig. 9(b) about 'aa' is 

expressed by 

(N cos 0. I, cos wt) 

where N — effective turns per armature coil 

I ae peak armature current 
i} 8 = space measurement around airgap 

from an armature coil centreline 

in electrical radians, A = 21° 

This can be written in the form 

NI 
28 { cos (@ - wt) + cos (0 + ut) 3 . 

The first term, cos (6 - wt), rotates synchronously with 

the rotor, demagnetising the rotor tooth and magnetising 

_ the rotor slot if it be assumed that the load power factor 

is zero lagging. This reduces the difference between tooth 

. and slot fluxes. ‘The second term, cos (@ + wt), may be 

considered as backward rotating at twice synchronous speed 

relative to the rotor. This will produce losses and 

require additional exciting current irrespective of load 

power-factor. ' 

Chapter 4 extends this theory by representing both the turns distribution 

and the armature current waveform by infinite series. The general 

.expressions are derived: then the current waveform is restricted to its 

fundamental component and expressed with an arbitrary phase displacement 

from the open-circuit voltage. Thus the field patterns of the forward and 

backward components of armature reaction are expressed for all load power- 

factor values. The manner in which the forward component distorts the 

a OS ae
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open-circuit rotor tooth flux-density distribution is computed: the 

resulting values compare (favourably) with measurements, fig. 50, 4.3.2. 

Chapter 5 shows that both forward and backward components are responsible 

for inducing the 'reactive voltage of armature reaction’. iThis leads to a 

definition of load angle for single phase machines which is directly 

analogous to that existing for polyphase machines, but cannot be expressed 

in exactly similar terns. 
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The end winding effects were described by Walker (as reported earlier in 

this section) by a shift of the armature m.m.f. zero line, fig. 9(b). 

The m.m.£. expression would then require a term to account for this 

displacement. When considering heteropolar designs Walker refers to figs. 

19 and 20 of reference 1, here produced as figs. 11(a) and 11(b), and 

compares the two windings. Walker suggests that the armature reaction 

m.m.f. for the winding of fig. 11(a) requires a displacement term for its 

expression while the m.m.f. due to the winding of fig. 11(b) does not 

suffer this inconvenience. The writer finds these diagrams misleading, and 

the comparison unfounded, for the following reasons. Figs. 1l(a) and 11(b) 

may be derived by the technique of 'summing ampere-conductors' around the 
airgap periphery. The zero line of such a pattern has meaning as the 

average of the m.m.f. variations over a complete cycle or a series of 

identical cycles. ‘The cycle chosen may cither have the pitch of a 'high- 
frequency" pole or of a field pole. Walker chooses the "high-frequency' 

pole pitch for his equations, but in fig. 11(a) takes the zero line over a 
field pole pitch. In fig. 11(b) both cycles happen to have the same zero 

line and this leads to the suggestion that there is some fundamental 
difference between the two windings. In reality this 'difference' solely 

results from the lack of consistency in the choice of cycles. 

Fig, 12 shows the mm.f. patterns of each winding with zero lines 

drawn in as the mean level of variations with 'high-frequency' pole pitch. 
‘The zero lines for poles A and B are drawn in line simply because, in the 

absence of any other m.m.f.s, two isolated symmetrical systems will vary 

about the same mean level. The rotor is dravm in the position relative to 

the stator which. corresponds to maximum armature current flowing in a ZPF 

load. At this instant, assuming the rotor slot reluctance to be very much 

greater than the airgap reluctance, the flux density distribution due solely 
to the armature ampere-turns is as shown in fig. 12. Chapter 3 investigates 

fluxes which link the field windings due to armature reaction flux density 
distributions such as both these windings exhibit. From this analysis 

ait 26
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neither winding scheme offers any advantage: both produce pulsations at 

twice line frequency linking subsequent ficld poles. 

"With the elimination of the cos wt (displacement term) 

and cos (0 + wt) terms the armature reaction mm.f. per 

pole is given by the expression 

(ra'a) 
  per phase 
2P 

a 

for a full pitch winding where P, equals the number of 

"high-frequency' poles ( = 2 x rotor teeth). ' 

Walker presumes that the 'displacement' and "backward rotating' components 

_ Will be damped. The previous analysis has shown the "displacement term! 

concept to be inconsistent in that it accounted for the field pole to pole 

fluxes of armature reaction in the winding of fig. 11(a) but not in the 
winding of fig. 11(b). Chapter 3 shows that, under practical load Pata 

conditions, due to the airgap geometry and what appears to be a distortion 

of the theoretical field pattern, twice line frequency variations in flux 

exist but are very much reduced. It may even be unnecessary to damp them 

with short-circuited turns in the field slots. In Chapters 4 and 5 the 

backward rotating components are fully accounted for in a treatment of 

armature reaction which includes all combinations of 'turns distribution! 

and permeance harmonics which lead to fundamental vadyations in the 
reaction field pattern. 

(11) Damping of undesired pulsations in main flux 

"In the design of homopolar inductor-al ternators all the 

undesired pulsations of main flux due to armature reaction 

m.m.£, may be damped by fitting copper wedges in the rotor 

slots which completely close the slot opening at the gap 

surface, the wedges being short circuited at each end. With 

rotors made of solid steel or iron there will be a degree of 

oF =
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inherent damping. 

With the fully laminated heteropolar design satisfactory 

damping is more difficult. Pulsations of main flux may 

be opposed by short circuited turns carried in the field 

slots. Any form of damping winding carried on the rotor 

will reduce the main field as it passes under consecutive 

poles. If the number of 'high-frequency' poles per 

exciting pole are high (> 6), copper wedges in the rotor 

slots (mot short circuited to form a squirrel cage) will 

reduce pulsations in bs. : 

Chapter 3 investigates the distribution of flux throughout the stator 

together with the factors controlling main and tooth flux pulsations. It 

is here convenient to introduce expressions for main flux, ¢ 1.2.2(7), 

due to Raby 36 
FEIN 

' The m.m.£. between equipotential circles, fig. 7, at any instant, 

is the algebraic sum of the field and the instantaneous armature ampere- 

turns: (F et F gq COS wt). If we assume sinusoidal permeance variations, and 

iron of infinite permeability, we may write for the permeance at the same 

instant: , | 
! 

A, +e) cos (wt + «) } 

where A depends upon the dimensions of the machine and on the unit of flux 

employed, and « is the electrical angle representing the phase interval 

between the instants of peak current and peak permeance. 

Thus ¢ = (Fr + ES cos wt) A {1 + €, cos (wt. + «) } 

= A [ + 2F 4€) cos «) + {Frey cos (wt + «) + uss cos wt} 

+ {2F¢) cos (2wt + x) } | 

i.e. from a combination of fundamental armature reaction m.m.f. and 

fundamental permeance variation both fundamental and second harmonic 

pulsations are produced in the’ pole to pole flux, 9. ' . 

aOR
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Experiments designed to investigate these ‘pulsations produced anomalous 

results, ‘the explanations of which (chapter 3) required the analysis of 

component flux paths. This led naturally to an identification of those flux 

pulsations which can be damped and those which cannot. 

(12) Calculation of field current on load 
  

The calculation of field current on load is an area where the writer offers 

an alternative technique to that presented by Walker. In section 1.2.2(7), 

the 'primary assumption’ of equipotential circles ('cc' and ‘hdd! Sei aer7 3 

was introduced. The comment was made that this assumption governed the 

type of theory, (specifically load theory) available to the designer. As 

previously, the Walker presentation will be summarised; followed by an 

introduction to the alternative process given in this thesis. _ 

  

Fig 13 

In fig. 13 the terminal voltage:.is represented by OB, 

and the load: current by OI. The power factor of the 

load current is cos ¢, and in the case shown the current 

lags on the terminal voltage. The resistance drop BC 

(in phase with OI) and the reactance drop CD (perpendicular 

to OI) added vectorially to the terminal voltage OB, give 

the internal é.m.f., OD. ‘The ampere-turns required to 

29
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produce this e.m.f. on open-circuit, 1.2.2(9), are 

represented by OE (in line with OD). The armature 

reaction ampere-turns, 1.2.2(10), to the same scale as 

OE, are represented by EF (perpendicular to OI). Then 

for a normal alternator, OF (the vector sum of OE and EF) 

would represent the total ampere-turns required on load. 

This is not the case with the inductor-alternator since 

the demagnetising effect of the armature reaction 

decreases the flux entering a rotor tooth and increases 

the flux entering a rotor slot. The demagnetising 

effect of the armature reaction is thus given by 

(OF - OE cos y) = JF 

. Where yp is the angle between OB and OF in fig. 13. This 

constant term is used to modify fig. 8(b) in the manner 

shown in fig. 14, shifting the origins of ¢, and $, to 

indicate their respective reduction and increase. The 

required field current is then obtained from that ampere- 

turn ordinate for which the difference between 4 and 5 

corresponds to the terminal voltage. ' 

This analysis is true for ZPF conditions. For all other values of 

power-factor the fundamentals of open-circuit and armature reaction flux 

density will be out of phase; the field and armature reaction m.m.f.s will 

be acting across different airgap geometries. Walker's technique is to 

resolve OE onto OF, i.e. to consider the effect of both mm.f.s acting 

along the direct axis of the complete field pattern and to modify the oe 
and >, Curves as for ZPF conditions by the direct component of 

demagnetisation. Davies and Pedersen a extended this technique for 

polyphase machines by accounting for both the direct and quadrature 

components of armature reaction. They introduced the concept of direct 

~ 30%
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Fig 14: open-circuit ----------- 

on-load nna 

and quadrature-axis reactances calculated from analysis of the flux 

distribution in the airgap region. In fig. 15, TX. perpendicular to OI 

is added vectorially to OD giving-.OC as the axis of the rotor tooth. This 

agrees with normal two-axis theory and fig. 15 is a modification of the 

classical vector diagram for a salient pole machine. The internal voltage 

OD is resolved into two fictitious voltages OA and AD acting in the d- and 

q- axes, respectively. Now, the m.m.f£. required to produce OA may be 

calculated by shifting the oe and , curves through the distance Fad since 

S 31
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Fig 15: Vector diagram of polyphase inductor generator 
on-load, ee 30 ; 

this m.m.f. is directly demagnetising. The volt-drop AD, which has the 

magni tude TXaq is proportional to Ee - Thus, the total field m.m.f. which 

must be supplied is the sum of Fes and the m.m.f. necessary to induce 

voltage OA. This theory has produced values of field current in good 

agreement with practice. 

Additional problems arise in the treatment of single phase machines, 

however, which require an alternative analysis. As discussed in 1.2.2(10), 

the m.m.f. of armature reaction for a single phase machine has forward 

rotating components that may be represented on a vector diagram similar to 

fig. 15. There are also backward rotating components which cannot be 

included in such an analysis. In Chapter 5 an e.m.f. associated with the 

armature reaction m.m.f. alone is added vectorially to the open-circuit 

voltage induced by the field m.m.f. acting alone. Whereas the components 

of armature reaction m.m.f£. may not appear on the same time vector diagram, 

~ oe
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the e.m.f. induced by-this mm.f. may be represented with the open-circuit 

voltage, their sum being the internal or generated e.m.f. 

The on-load vector diagram is therefore 'built up’ in the reverse 

order to the previous examples. Walker (et al) start with a desired 

terminal voltage and proceed to sum the component m.m.£.s required to 

support that terminal voltage. Due to the nature of single phase armature 

reaction, and as a logical extension of the theory developed in Chapters 

3 and 4, the process introduced in Chapter 5 starts with the open-circuit 

voltage induced by the ficld m.m.f. and proceeds to the terminal voltage 

associated with a current drawn by a load at any arbitrary power-factor. 

The primary assumptions are not concerned with equipotentials but rather 

with superposition of fields and with the relationship of armature coil 

flux linkages to the airgap flux density distribution. This choice of 

assumptions has led to expressions for terminal voltage, not only in terms 

of load and field current as would be expected, but also in terms of the 

load power factor, the airgap geonetry, the load angle and the leakage 

reactances, | 

(13), Losses 

Walker assumes that all pulsations in the main flux can be eliminated and 

concludes that no variation in flux will occur in the stator core section. 

'In the homopolar alternator the iron loss is set up in 

the stator teeth. In the heteropolar alternator additional 

losses exist in the rotor teeth and core due to their 

rotation in the heteropolar exciting field. ‘The figure thus 

obtained must be multiplied by an empirical constant to allow 

for the effect of notching, imperfect insulation between 

laminations etc. This constant will usually be of the order 

of 2 to 3 and may be obtained from test results on similar 

machines’, . 

a 33%
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In the writer's experience, when manufacturing techniques which lead to 

breakdown in the interlamination insulation (such as machining the airgap 

surfaces) are avoided, the factor of '2 to 3' is reduced to one of '1.5 

to 2', ‘The increased understanding of component flux paths (Chapter 3) and 

flux density distribution (Chapter 4) provide some explanations (Chapter 6) 

for the remaining discrepancy between calculated and measured iron losses. 

Further to the volume limitations suggested by Walker the following 

assumptions are made in existing loss calculation procedures: 

1) all tooth fluxes are radial, i.e. any 'circumferential' elements are 

neglected, : 

2) harmonic flux variations are neglected. 

3) rotor flux variations are only considered at 'heteropolar frequencies, 

i.e. higher frequency variations due to armature reaction are neglected. 
Bac 

4) flux densities are calculated for open-circuit conditions, and assumed 

uniform across teeth cross-sections. 

Since J.J. Thomson 32 » a great volume of investigation has been carried 

out into the loss mechanism of iron subjected to varying magnetic fields. 

Recently Wilkins 33 (et al) has shown the degree of distortion within a 

batch of laminations, or even within one lamination, when the overall 

waveform appeared to be pure. Such problems of inhomogeneity complicate 

the loss calculation for simple volumes of iron. It is inevitable that a 

degree of 'expertise' must be applied, improved by feed-back from previous 

designs which have been tested, when the complex volumes of practical 

machines are considered. 

Copper losses may be calculated in the usual manner and are normally 

negligible unless proper attention to armature conductor dimensions (if 

rectangular), and transposing 1 have been neglected. [Excessive radial 

depth of copper or untransposed conductors will induce eddy currents and 

circulating currents respectively, resulting in considerable additional 

losses. 

an BAe



1.2.2 (14) 

The second set of summaries are from "lligh-frequency alternators' 

(ref. 2) and mm from (14) to (22) as follows: 

(14) comparison of salient pole and inductor type alternators 

(15) comparison of homo- and hetcropolar alternators 

(16) single and double pitch coils , 

(17) classification of single and ‘polyphase designs 

(18) harmonic content of output voltage 

(19) airgap length eos 

(20) noise 

(21) armature reaction m.m.f. (additions to 1.2.2(10) ) 

(22) instruments for testing 

Bee J 

(14) Comparison of salient pole and inductor type alterators 

"With a maximum peripheral velocity of 40m/sec and a 

minimum pole pitch of 5cm the maximum frequency that may be 

generated by a salient-pole alternator (without using special 

rotor construction) will be in the region of 400c/s. The 

cylindrical rotor alternator may generate frequencies up to 

1000c/s but compares uneconomically with the inductor alternator 

and is also less efficient. Due mainly to the simplicity of 

the rotor construction, the inductor-alternator has been 

used to the practical exclusion of all other types for 

generating frequencies above 400c/s for many years. With a 

minimum rotor tooth width of O.11cm and a maximum peripheral 

velocity of 100m/sec the corresponding maximum frequency is 

50,000c/s. ' 

In Great Britain the change-over from Lorenz slotting to Guy slotting 

occurs between 2000c/s and 5000c/s. Baffrey 3h reports the change-over in 

hae
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French designs at about 10,000c/s and also quotes maximum peripheral 

velocities of 150n/ sec. 

(15) Comparison of homo- and heteronolar alternators 

‘In general, the homopolar design will be heavier and have 

a higher inertia providing a severe starting duty for its 

driving motor. The field losses may be less than for a 

hetcropolar design due to the simpler field coil arrangement, 

however, this contributes to a much longer field time. 

constant. Due to eddy currents in the solid homopolar yoke 

high transient voltages may persist for long enough to 

damage the insulation of either the alternator or the load 

circuit. ‘The efficiency and output coefficients for similar 

ratings are substantially the same. Since the heteropolar 

design has a much shorter field time constant and is 

therefore the easier to control, and since it is also the 

cheaper to manufacture, this is the design used in most 

industrial applications, ' 

As solid state devices increase their power carrying capacity, oscillatory 

circuits are competing with the inductor-alternator for many industrial 

applications. The general advantages of rotating machinery, extended 

by the homopolar alternator's unique rotor construction, have made this 

type a choice for the extreme environment of spacecraft. The problems 

of high operating temperatures in vacuum, or corrosive metal vapour 

atmospheres, coupled with shock and radiation hazards, form a 

comprehensive design challenge. 

(16) Single and double-pitch armature coils 

"A full single-pitch coil, fig. 16(a), spans half of one 

rotor slot pitch. It will be seen that consecutive armature 

coils which lie within consecutive field coils carry 

ca
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currents of the same sense. Therefore they may be 

replaced by a single coil, fig. 16(b), with.a reduction 

in copper, a gain in space in the field slot and no 

reduction in the induced e.m.f£. for the total winding. 

Such a coil is referred to as 'double-pitch'. ' 

  

  

  

  

  

Fig 16: Armature coils 

(a) single pitch) 

(b) double pitch 

The double-pitch coil is most commonly employed in designs using Guy 

slotting. M. Guy, in his patent : showed coils which are in fact double- | 

pitch. It is not clear, however, that Guy attached any significance to 

this arrangement. The credit for recognising and analysing the 

potential of the double-pitch coil belongs to Dr. Walker who, together with 

E.C. Barwick, was granted a patent on the subject in 1941.
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(17) Classification of single- and poly-phase designs 
  

"This is a classification of heteropolar designs only; the 

\categories depending upon slotting. Types I - III are 

‘single phase; IV - VI are polyphase. 

Type I : Lorenz, one ac slot/dc pole 

Type II : Guy, one ac slot/dc pole, several rotor slot 

pitches/de pole, double-pitch coils 

Type III : (Guy), one ac slot/dc pole, one rotor slot 

pitch = 2/3 stator slot pitch, double-pitch coils 

Type IV : lorenz, one ac slot/dc pole, one armature coil 

pitch = 3 field coil pitches 

Type V : Guy, six ac coils/field coil 

Type VI : (Guy), six ac coils/field coil, rotor slots ~ 

equal stator slots + 1 

Types III and VI are less efficient than their altcrnatives. 

They are not lorenz, nor are they really Guy since the 

| unwound slots peculiar to the stator airgap gcometry of 

Guy machines have been omitted. They have the advantage, 

however, of being designed for frequencies up to 12,000c/s 

without the stator slot pitch falling below 1.27cm. They 

also offer the advantages of requiring simple notching dies 

and the 'open' slots make for ease of winding on small 

frame sizes, ' 

- Diagrams for these types are given in ref. 2. A combination slotting has 

been developed known as Guy-Lorenz. This employs the high-frequency 

generating potential of Guy slotting with the more economic armature coil 

to ficld coil ratios of Lorenz arrangements. An example is given in fig. 17 

aS 58 yd
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stator 

DC DC 
ac ac 
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rotor 

Fig 17: An example of Guy-Lorenz slotting 

(18) Harmonic content of output voltage 

In general the open-circuit e.m.f. waveform will be identical to a 

-Surmation of all the odd harmonic components of the open-circuit airgap 

flux density pattern: the even harmonic components having been 

eliminated by the full pitch armature coil. 
4 

"The most important factor is the ratio of the width of 

rotor tooth to the rotor slot pitch; if this ratio is 

made large, i.e. 0.5, the waveform will be flat topped; 

if too small, i.e. 0.3, it will be peaked, each wave thus 

containing a substantial third harmonic. For a homopolar 

design, the elimination of a particular harmonic ( and the 

incidental reduction of others including the ‘fumdamental) 

can be simply carried out by displacing the two halves of 

the rotor core with respect to each other, by the 

appropriate electrical angle, i.e. 60°E for the third 

harmonic. Skewing the rotor is a similar technique for 

reducing higher harmonics (ripples). ‘The importance 

attached to a pure waveform must be balanced against the 
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extent to which the machine size must be increased to 

compensate for the reduction in fundamental e.m.f. ' 

On load the voltage waveform is modified by the odd harmonic components 

of flux density due to the m.m.f. of armature reaction. Chapter 5 

shows that, while the magnitude of these components is of consequence, 

the most important factor is the load angle at which the altemator 

is operating: this in turn is determined by the relative values of 

field and armature reaction mm.f£.s together with the power-factor 

of the load circuit. If the rotor slot opening to slot pitch ratio is 

chosen carefully, the next most efficient control over voltage waveform on 

load is the correct choice of 'working-point' (i.e. load angle) for the 

rated full-load conditions. ‘This is discussed further in section 6.4. 

(19) Airgap length 

"In order to obtain the maximum output from an inductor- 

alternator the radial airgap should be made as small as is 

consistent with reasonable mechanical clearance between rotor 

_ and stator bore. It is necessary to use ball and roller bearings, 

to observe fine tolerances, and to machine the rotor and stator 

airgap surfaces, ' 

With Guy slotting for the higher ranges of frequencies, the flux utilisatior 

factors fall to 0.2. The unwound slot openings become very small and a 

large percentage of the flux crosses the gap in the slot regions. In an 

attempt to increase e, very short airgaps have been employed with all the 

associated manufacturing costs and problems. The outputs of the higher 

frequency machines, however, are usually limited by losses and not by flux 

density, see section 1.2.2(6). The writer has had some success with 

designs which sacrified airgap length in order to avoid machining the bore 

surfaces. -The reduction in losses due to the full retention of inter- 

lamination insulation more than compensated for the increased field and/or 
A 
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1.2.2 (19) (20) (21 

reduced airgap flux density. This exercise has not been applied to Lorenz — 

designs since the decrease in losses is unlikely to balance the necessary 

increase in field. l[lowever, experience of excessive rotor and stator bore 

temperatures, coupled with the conclusions of Chapter 6 on surface loss 

mechanisms, may well be suitable grounds for investigation. 

(20) Noise 

"Inductor-alternators rated at approximately 1OOKVA at 

3000 r.p.m. or more,. are liable to set up more windage 

noise than other industrial electrical machines of 

comparable physical dimensions. The relatively low mean 

gap densities coupled with stiff stator teeth practically 

eliminate magnetic vibrations as a source of noise. ' 

In small alternators (SKVA 500-1500c/s), magnetic noise has, in one 

instance, caused customers to change to solid state circuitory. The 

excessive vibrations were analysed by considering the stator as a 

dynamically loaded beam 33, the existing deep field slots produced weak 

points which in tum governed the natural frequency of the stator core. 

In practice the machines were redesigned with wider field slots of the 

same depth as the armature slots (thus avoiding the 'weak points') with 

a dramatic reduction in noise level. Hence, although the stator teeth 

may be designed for stiffmess and the densities not excessive, care must 

be taken that the natural frequency of stator, or bhaft and rotor, lies 

well outside the range of frequencies to be generated. 

(21) Armature reaction m.m.f. 

"Further to section 1.2.2(10), the effect on the armature 

reaction of saturation in the magnetic circuit is 

allowed for a) by considering the m.m.f. responsible for 

the positive sequence component and b) by modifying the 

negative sequence component with a factor. Typical values 
“~ 
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for this factor are given in fig. 18 (fig. 19 of ref. 2). ' 
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  Fig 18: ‘Walker saturation. factor 
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In the procedure for calculating terminal on-load voltage presented in 

‘Chapter 5 a similar factor arises. This is applied to all the reactive 

voltages due to leakage and reaction. Points for this factor (k/k') are 

include in fig. 18 for comparison. 
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(22) Instruments -for testing 

‘In testing high-frequency alternators it is most important 

that the voltmeters and anmeters used should have been 

calibrated at the frequency concerned. If the waveform 

deviates appreciably from a sine wave this will also 

introduce errors. ' 

Valve voltmeters are suitable for any frequency an inductor-alternator 

may generate. Anmeters suitable for measuring several hundred amps 

at 10kc/s, however, are not easily manufactured or calibrated. Galvano- 

meters used with thermo-junctions have been successful after calibration 

by the N.P.L. The placing of the thermo-junction on the shunt is an 

empirical operation since the variation of current distribution through 

the shunt is a very complex function of density and frequency. Recent 

experiments with a linear-coupler such as is used for transmission line 

imbalance detection have showed promise. The linear-coupler is an air 

cored toroid wound in such a manner that an e.m.f. appears across its 

terminals in response to changes in field within the ring: it is 

insensitive to external fields. If the current carrying conductor is 

passed through the linear-coupler (similar to the manner of using a 

current transformer) and the output e.m.f. is integrated, the resulting 

Signal very closely follows, and is proportional at all times to, the 

high-frequency current. -The two e.m.f.s, one proportional to current and 

the other derived from the terminal voltage may possibly be multiplied by 

suitable amplifiers (such as form the elements of an analogue computer) to 

give a signal proportional to instantaneous power regardless of power- 

factor. This is under investigation because the conventional watt meter is 

presently capable of handling power at 2000c/s only if specially constructed 

Instrument makers are unwilling to specify accuracies much above this 

frequency. 
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1.2.3 Surveys and discussion of papers by E.A, Erdelyi 

The papers by Erdelyi (et al), referred to in section 1.2.1 as 

"group (b)', are now considered in more detail. [Excerpts from tlic 

introduction to ref, 18 serve to indicate the general concept and 

subsequent problems of this approach. 

"Until recently, hand flux-plotting methods have been 

used to find the magnetic airgap induction of electrical 

machines. About forty years ago such a method was 

explained by Stevenson and Park 25 The classical paper 

by Wieseman 26 using hand flux-plotting for synchronous 

machines, is still a useful tool of many designers. 

However, this method demands great skill, is very time 

consuming and can generally not take care of non-linear 

applications. For many years effort has been exerted 

to replace flux-plotting by hand for rotating machines by 

a computational method. Mamak and Laithwaite 3T have 

developed a method based on the magnetic vector-potential, 

. to find the magnetic induction in the air space of 

heteropolar machines, under the assumption that the magnetic 

materials are infinitely permeable. In a former paper 38 

the same concept has been used for high-speed acrogpace 

synchronous machines, abandoning the assumption of infinite 

or of constant permeabilities. The method given there, a 

first try of this very complicated problem, has used a 

relaxation method that converged only slowly. ' 

In reference 18 Ahamed and Erdelyi changed from Froelich's formula _ 

which had been used to describe the non-linear dependence of the 

permeability on the magnetic field intensity fl, to an alternative 

formulation, which involves reluctivity as a function of the flux density, 
ica '.... suggested among other by King . The quality of this type of 
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aalysis rests upon two questions. Firstly, the degree to which the 

analogue represents the real machine, and secondly, the accuracy of 

which a practical solution to the model is capable. 

The second question is answered in the development of group (b). 

Subsequent papers evolve techniques to speed up the rate of convergence. 

This allows, in the same computer time, either greater accuracy per se 

or the use of a finer mesh. For exanple, from ref 11: 

',... the solutions were checked in regard to boundary 

conditions, These have been satisfied and the maximmm 

error, was well below 8%, ..e.sceesess im Order to save 

computer time, the total number of iterations selected was 

300 per solution. The accuracy would be increased further 

by increasing the number of iterations and the number of 

mesh points. ' 

The first question, which would be answered by correlating measurements, 

has unfortunately received only minimal attention. 

Ref 11: ‘At present it is rather difficult to estimate the 
\ 

accuracy of the solutions’. 

Ref 17': 'An exact comparison (between tests and calculations) 

cannot as yet be made because no accurate experimental 

measurements are available. 

Ref 18 : '‘Oscillograms of flux-distributions on a similar alternator 

show that the computed curves have the same shape as the 

experimental ones'. "The calculated no-load characteristic 

of the alternator (aprecs well with) a statistical average 

no-load characteristic of alternators of the same design...' 

At each stage it has been possible to check the theory developed in 

this thesis by measurements, with the result that parts have been 

justified, and others have required further investigation. If the findings 
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of papers 10 - 19 were substantiated at each step by actual measurement, 

this approach would be proved to be a very powerful design tool. 

Increasing computer speeds coupled with developing mathematical ability 

to produce iterative solutions with high convergence factors, will reduce 

the disadvantages associated with computed analogues even further. ‘The 

designer, however, must also be satisfied that the model, whose solution 

has attracted so much attention, is valid for his purposes. 

Many of the investigations in references 10 - 19, which involve 

airgap flux density distributions, describe for the homopolar alternator 

the same characteristics which are here studied for the heteropolar 

machine. A specific example, with measurements which led to ‘re-thinking’ 

of theory, is given in 3.1.4 during comparisons between fundamental and 

second harmonic main flux pulsations. Whereas measurements substantiated 

the theoretical explanation for fundamental pulsations, the same theory was 

totally inadequate when applied to second harmonic variations. It had been 

assumed that the space distribution of flux density associated with the 

rotor, when moving at uniform speed past the stator, would produce uniform 

time variations in flux density at a point on the stator airgap surface. 

Further investigations showed that due to the stator slot openings, the 

field pattern was locally distorted. This had a negligible effect on 

fundamental, but considerable effect on second harmonic mechanisms. 

In reference 14, Surti and Erdelyi introduce an ‘approxinate 

boundary condition' to represent the slot openings ‘which accelerates the 

rate of convergence of the solution but ..... has to be used judiciously’. 

The authors satisfy the 'second question', referred to earlier, by checking 

that the model solutions with 'exact' and with ‘approximate’ boundary 

conditions are 'very similar'. The final link with practice is missing 

however: it is a matter for conjecture whether tests would justify their 

modifications or indicate a similar theoretical weakness to that 

described in 3.1.4. 
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In general the conclusions of this group are valuable in that they 

jndicate the parameters which are expected to affect the airgap flux 

density distribution; they have been helpful during the work reported in 

this thesis. In this analysis the conditions in practice are dependent on 

a multitude of factors and variables; the greatest progress has been made 

when theory and measurement have interacted, Theory has indicated the 

most suitable measurements and then, often, measurements have led to 

improved theory as assumptions have been recognised as invalid or perhaps 

unnecessary. ' 

Finally, it must be restated that group (b) has potentially the most 

powerful appreach, especially for extremes of magnetic or electric 

loading. The "Sons of Martha' are well advised, however, to satisfy 

themselves that the elegance of the solution does not hide deficiencies 

in the model, 
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1.3 The relationship of this thesis to existing studics 

The two major contributions to inductor-alternator theory considered 

in section 1.2 are wholly unconnected. On the one hand, group (a) papers 

may be described as classical in their treatment of the class of machines 

on a broad front. Comments on construction and application are given a 

similar amount of attention as the analysis of wave shape and leakage 

reactance. On the other hand, group (b) papers concentrate on detailed 

problems of field pattern and their solutions. 

The contributions of both groups are directly dependent on the nature 

of their approach. The ¢lassical papers give a feeling for the machine 

as a type, and lead to a design technique which is somewhat empirical and 

restricted but nevertheless successful. The lack of detail as to flux 

distribution within the iron, the load angle, and the factors governing 

on-load voltage waveform, arise because the theory is expressed in overall 

terms of 'flux per tooth' or 'ampere-turns for gap and tecth'. 

The detail papers of group (b) give no overall feeling for the class 

of machine. No immediate contributions to actual design procedure are 

forthcoming. They supply instead, complete information on the field 

pattern in iron and air, which allows the designer to work with more 

certainty as to the effects of saturation and the higher harmonics of 

field variations. 

This thesis is the result of investigations in the region of theory 

and practice between the concepts of groups (a) and (b). It seemed 

desirable to try. and extend the accepted theory of the classical approach 

to a level where the distribution and on-load problems might be 

investigated: thus avoiding the need for 'models' and iterative solutions 

for linear or near-linear conditions. 
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Similarly, experimental investigation to discover the distribution 

of flux in the airgap and within the iron was desirable on several counts. 

Firstly, it was hoped that the theory would be demonstrated as a useful 

representation of the real conditions. In fact as outlined towards the 

end of section 1.2.3 the interaction of tests and theory was of mutual 

benefit. Secondly, the inductor-alternator's airgap geometry and 

frequency make it inherently an interesting research 'vehicle'. Both 

aspects tend to magify distortions, losses, and-reactances, to a level 

where complicated instrumentation (described in Chapter 2) becomes 

worthwhile. Further, where a distortion or loss is due to several factors, 

it is possible to separate the origins: this is not always feasible in 

other classes of machine, Finally, in the context of an expanding 

machines research progranme, the experience gained in the techniques of 

instrumentation would be valuable. 

Therefore, the 'relationship' to earlier work has been one of 

extending the classical approach to bring its capacity for analysis closer 

to the level of detail offered by the model/solution approach. The 

emphasis has been laid on developing the theory in the form of a design 

procedure; testing the various stages by experiment, and using the 

greater analysis detail to understand the on-load mechanisms. 
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1.4 ‘The main characteristics of theory in this thesis 

The classical approach to analysis of flux distribution has been 

governed by the equation: 

Flux = m.m.f£. X permeance 

This relationship must be applicd to a 'flux path' and involves the cross 

sectional area, thus not iending itself simply to the expression of a 

continuous function such as a distribution. For the distribution which 

is required is one of flux-density across individual tceth and sections 

of the core, not the overall expressions oe and 5° 

Flux density has the property of a vector, having magnitude and 

direction and being expressed at a point. The distribution of flux density 

in the airgap was considered in section 1.2.2(2) together with teclniques 

for deriving it in series forn. 

The basis for the theory is a general expression for the open-circuit 

airgap flux density in series form as a function of angular distance 

around the airgap. (The stator and rotor airgap surfaces are considered 

to have the same radii).. 

The airgap flux density distribution due to armature-reaction m.n.f. 

has been expressed in terms of the open-circuit distribution qualified by 

the ratio of field and armature m.m.f.s. This expressing of the load 

field pattern in terms of the open-circuit conditions was a 

Simplification requiring careful application since it is invalid for the 

slot opening region. However, the corroboration of theory and test in 

Chapter 4 justifies the procedure. 

This ability to describe the complete on-load airgap field pattern 

in’ terms of the open-circuit conditions leads on to a technique for 

calculating the field requirements on-load, which is offered in Chapter 5 

as an altermative to the classical procedure. It is claimed that this 
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approach is applicable to any condition of load, and tests have 

demonstrated its ability to represent non-linear conditions, not heavily 

saturated, but non-linear to the extent expected in an industrial design. 

The strength of the teclnique lies in its dependence on such parameters 

as, load angle, load power-factor, airgap geometry and leakage reactance. 

By attention to these factors the optimm balance between magnetic and 

electric loading for the desired working point may be investigated, 6.3. 

Any process which attempts to describe this many complex factors and the 

manner in which they interact as the machine settles to a working point, 

will be limited by assumptions which may be violated under extreme 

conditions. Within practical working regions this process has shown promise 

although it involves more parameters than the classical approach and still 

remains relatively simple in structure. 

Another area in which this work has been concerned in some detail is 

that of negative sequence components of armature reaction. The demand for 

polyphase inductor-alternators is small and to have concentrated on this 

simpler version would have been to neglect a most important facet of the 

study. Some forward rotating components travel synchronously with the 

rotor distorting the pattern which existed on open-circuit. This pattern 

was computed from theory and measurements made to check the calculations. 

Neither the readings nor the calculations could be made until the negative 

sequence components were analysed and climinated. 

The concept of 'load-angle' for a single phase machine is analogous 

to that in the polyphase system but cannot be defined in identical terms 

because the field due to armature reaction is pulsating rather than 

rotating. Again, understanding of the difference came from the negative 

sequence analysis. 

Therefore, the main characteristics of this theoretical approach are; 

flexibility, stemming from the use of the continuous flux density fimction 

in general terms;, and breadth, in that it involves all the parameters in 

one complete expression. 
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CHAPTER 2 The Experimental Machine 

ol 

02 
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The design. 

Building the experimental machine. 

Reasons for building in the laboratory. 

Preparing and assembling the core laminations. 

Windings. 

Instrumenting’ the experimental machine. 

Supporting apparatus, 

The driving motor. 

The load. 

Signal integrating and measuring circuit. 
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Summary 

This chapter describes the design, building and instrumentation of 
the 3OKW model of a 300KW industrial Lorenz-type inductor-alternator. 

Sixty-six search conductors were located on the stator and a 

further twenty on the rotor airgap surface. (n either member any two 
conductors may be selected to form a search coil: thus the distribution 
of flux in the airgap and throughout the teeth and stator core may be 
investigated. 

The flux waveforms are obtained by integrating the search coil 
Signals. The circuit which both integrates and measures the signals 
is described, together with the design of the load circuit, anda 
report on the driving motor. 
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2.1 The design of the experimental machine 
  

In line with the policy of a Technological University, it was 

desirable that any theoretical advances be in terms applicable to enginecrin: 

design. The smallest standard conmercial generator in regular production 

is 300kW; this is much too big for umniversity-laboratory use. Therefore, a 

30k] model to the industrial unit was designed. 

Dimensionally the model is closely equivalent on a reduced scale 

dictated by the output coefficient, except for the armature slots. The 

leakage reactance was arranged to be identical although the slots differed, 

but the p.u. armature resistance of the model was 0.017, against 0.008p.u. 

for the normal machine. ae 

There follows a comparison of general dimensions and parameters: 

  

dimension or parameter model industrial wit 

frequency , 1000c/s -  1000c/s 

speed 3000r.p.m. 3000r.p.m. 

output é 33kKVA 333kKVA 

voltage 300/150 volts 1200/600 volts 

current . 111/222 amps 278/556 amps 
power-factor limits 0.9 lead/lag 0.9 lead/lag 

Stator o.d. 40.0cm 76.2cm 

Stator i.d. ; 29.85cm 58 .42cm 

airgap (g) © 0.28rmm 0. 76mm 

core length (2) 13.97cn 38.1cm 

rotor slot pitch (A) 4.69cm 9.17cm 

rotor slot depth ; 1.02cm 1.14cm 

rotor tooth width (t) 1.59cm 3.23cm 

slope of tooth sides 20° 20° 
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dimension or parameter 

stator slot opening 

stator slot bridge 

leakage reactance (xy) 

_ 

m2 
ampere-turns/pole @ rated 
0.c. voltage 

model 

0.30cm 

0.10cm 

0.32p.u. 

0.84 

0.83 

288 

Zel 

industrial mit 

0.41cn 

0.20cm 

0.32p.u. 

0.84 
0.83 

600 

Fig. 19 shows the manufacturer's design sheet for the model which includes 

more detailed information on winding sizes and calculated load field 

requirements. No manufacturer's test data exists because the machine 

was delivered unwound, This enabled the machine to be completed in the 

laboratory to an experimental specification described in the next section. 
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2.2 Building the experimental machine 

2.2.1 Reasons for building in the laboratory 

The machine was delivered unwound for two reasons: a) the 

instrumentation would involve search conductors within the iron circuit: 

it was necessary therefore to break down the stator core. b) with the 

intention of studying loss mechanisms during the research it was 

necessary to ensure that the inter-lamination insulation was satisfactory. 

Winding the machine in the laboratory offered the further advantage 

that the layout could be designed for easy dismantling in the event of 

failure or the need for additional instrumentation. 

2.2.2 Preparing and assembling the core laminations 

During manufacture the rotor and stator cores had been built up, 

skimmed, and the whole assembled in order that the airgap dimension might 

be checked. The process of 'skimming', although carefully supervised, 

tended to destroy the inter-lamination insulation at the airgap surface. 

Each punching was individually inspected and all instances of 'burring 

over' carefully removed. As a final precaution all the laminations wore 

then 'burr-rolled' and revarnished. Small changes in dimensions due to 

this process were not sufficient to produce any difficulties in re-assembly, 

or marked deterioration in the airgap surfaces. The stacking factor fell 

from .88 to .875. 

To accommodate the search conductors a special stator-core packet, 

1.27cm long, was fastened together using rivets situated away from the 

20(a) (b), wit 

0.025cm diameter holes. The packet was securely clamped to minimise burrs. 

varying fluxes. This was then drilled as show, fig oe we 

It was not possible to anneal after drilling, because the punchings were 

already varnished. The effect of drilling on the magnetic characteristics 

was discussed with a metallurgist and a physicist who in the absence of 
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Fig 20: Details of search conductors 
, 

(a) Position of search conductors in a test stack punching 
(b) Test stack with search conductors showing common strip 
(c) Search coil for sensing flux passing behind field slot 
(d) Surface search conductors on stator teeth seen from both 

ends of the core 

(e) Surface search conductors on rotor teeth from both ends 
of core 
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published data, felt that the error from this source would be small. 
The laminations on either side of the packet were cut away to alla the 

introduction of the search wires. | 

Early attempts to locate search conductors on the surface of the 

stator and rotor teeth with Araldite, were short lived under operating 

conditions. It was necessary to machine channels 0.025cm wide and 0.02cm 
deep along the surface of the teeth using a slotting saw, fig. 20(d)(e). 
The conductors were then safely set in Araldite so that no part projected 

into the air space. 

2.2.35 Windings 

Three windings were required; for armature, field and damping. 

The a.c. coils were formed from rectangular copper (6.1mm x 2.3mm) 

bent on edge as push-through hairpin coils. To allow the winding to be 
dismantled without difficulty, special links were devised to complete the 

coils at the connection end, fig 21(a). 32 a.c. slots each contained 

four conductors. ‘fwo parallel circuits were wound in alternate pairs of 

poles, i.e. poles 1, 2, 5 and 6 and poles 3, 4, 7 and 8, giving 32 

effective turns in series. The ‘copper content! of the slots is low, 
fig 21(b), in order that slot leakage characteristics might be analysed 

by varying the separation between conductors. 

Each of the eight field coils comprised 270 turns of 0.71nm 
diameter wire. The coils were series connected and wound with consecutive 

coils having opposite directions. The internal connection between coils 
1 and 2 was tapped and brought out to enable measurements to be made on ond 

field coil alone.: ; 

The damping windings were in the form of a cage of copper strips lying 

at the bottom of each field slot. At one end, all the strips were connected 
to a common end ring. From the other ends individual leads, all of the 
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Fig 21: armature winding 

(a) end winding connections for one armature coil 

(b) slot copper content



the same length, were brought out to a special terminal block at which 

any number could be connected together. 
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Fig. 22: Winding diagram for field poles 1 and 2 
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2.3 Instrumenting the experimental machine 
  

To investigate the flux density distributions within the iron, which 
were the subject of the theoretical analysis, required a mesh of search 

coils. The drilling of suitable holes was described in 2e2045° Ene. 

fig 20 shows examples of the different locations and constructions employed. 

Plots using conducting paper (section 3.1.2) had established the 

desirability of at least six coils within a main tooth cross section. 

To avoid removing more’ than 10% of the iron cross section by drilling, 

it was necessary to use drills not greater than .025cm in diameter. If 

each small area was to be covered by a search coil, each hole must carry 

two coil sides, which fixed the preferred wire size at .O76mm. A trial 
winding demonstrated just how delicate an operation producing such a 
system would be, and how limited an operating life must be expected. 

Further, the failure of one coil would mean the no gate loss of any 

measurements from that area. 

Working on the assumption that the inter-lamination planes were field 
equipotentials, i.e. that flux crossing this space was negligible, it 
appeared possible to use a common connection to all wires at one end of 

the'packet' without introducing stray signals. The immediate advantages 
would be 

1) half the number of wires 

2) half the number of external connections 

5) an increase in wire size 

A pilot scheme was wound and not only proved successful but also 
demonstrated the very great potential of the resulting mesh. Any two 
search conductors: might be externally chosen to form a search COLTS ror 
n conductors there were 5(-1) possible search coils. Further, if one 

conductor failed the mesh 'pitch' in that area would increase, but a 
measurement might still be made. . 
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These coils were supplemented by larger coils 

a) around the stator core behind the field coil, 

fig 20(c) 5 : 
b) in the surface of the Stator and rotor teeth, 

fig 20(d) and (e) 

These coils were run the whole length of the machine, thus embracing 

the total flux passing through that section. In-hindsight this was a 

mistake because the stator surface coils and coil (a) above could not then 

be incorporated into the mesh. The decision was taken before it was 
certain that the small 'packet coils' would produce signals suitable for 
amplification and analysis. Since the airgap region was of primary 

importance it was decided to extend the surface coils the complete core 

length and be sure of useful signals. 

Inmediately each side of the instrumented packet the laminations 
were cut out to accommodate the common connection system, and the wires 

being led out radially. The stator surface wires were led, suitably 
twisted, around the batk of the core. Both groups emerged through a 

ventilation port in the frame and were terminated at a double pole 

multi-way selector switch. 

As the programe has developed, considered theoretical analysis has 

been corroborated using the existing search coils, For further study of: 

the circumferential components of flux in the tooth surface regions it 

Will be necessary to rewind the surface coils to include the "packet! 
length only, and then link the surface common connection to the exis ting 

system. 

‘The twenty rotor surface search conductors were led to a connection 
board on the rotor end-plate, from which heavier protected wires were run 
through a channel in the shaft udder the bearing, out across a nylon 
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. Miversal coupling, to the slip ring assembly. 

_ The assembly contained eight slip rings whose terminals were 

carried on an insulated annulus mounted on the shaft. [rom the slip 

ring terminals eight short wander-leads with plugs were connected to any 

eight of twenty sockets, carried on a board also mounted on the annulus, 

which represented the terminals of the rotor surface search coils. The 

brush terminals, mounted on the assembly frame, for any eight socket 

selections made before the machine was run up, represented twenty-cight 

possible search coils. ‘ 

‘Three thermocouples were buried in the windings to monitor the 

working temperatures; two in the armature winding, one in the bottom slot 

and one in the end winding, and the third in the bottom field slot. 
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. 2.4 Supporting apparatus for the experimental machine 

2.4.1 The driving motor 

The driving motor had the following description. 

T.E.F.C. Squirrel, Cage induction motor No. 172863 

Power 45 h.p. 

Full load current 57 amps 

Supply voltage. 400 V. 3 phase 50c/s 

Speed 2,940 r.p.sm 

Rating - Continuous B.S.S. 168-1936 
Manufacturer Electric Construction Co. Ltd. 

The motor output and efficiency were accurately calibrated at the 

Witton Laboratories of the General Electric Co. using a 60 h.p. precision 

dynamometer. | . 
\ 

The motor and the experimental machine were flexibly coupled and 

mounted on a bed plate. .The motor supply circuit is given in 8.2 

2.4.2 The load 

Several methods for dissipating the alternator output were 

investigated. The ideal specification would be a pure resistance, 
infinitely variable from 152 to 0.52 (10 amps to 300 amps). 

Fan cooled load resistors (8.1 item 17 ) were variable but limited 

to 10 amps each. Expanded metal cages were capable of dissipating the 

load but suffered from being bulky’ and difficult to adjust. 

The eventual solution was a nickel helix resistor on a ceramic core. 

This was small (3" diameter x 14" long) 3a maximm, variable by 
adjusting terminal clamps to any point on the helix, and cheap. Susperided 

in water which could be continuously changed, this device was capable of 
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dissipating SOK. Fortunately, the power-factor of this 'load' was 

effectively unity at 1000c/s. Only when the resistance was reduced to a 

low value, say 32, and the reactance of the main leads became comparable 

(although they were kept as short as possible), did the power-factor 

of the load circuit change appreciably. 

2.4.3 Signal integration and measuring circuit 

‘The e.m.f. signals supplied by each search coil were proportional 

to the rate of change of flux (w.r.t. time) linking the coil area., In 

order to display and analyse the linking flux waveform, each signal was 

integrated using an operational amplifier (8.1 item 2 ). The mean level 

of the flux waveform, when displayed on an oscilloscope (8.1 item 1 ), 

may be arranged to lie on a given graticule by. adjusting the oscilloscope 

controls. It may also be moved by injecting a d.c. voltage with the 

Signal. In this manner the trace may be 'biassed', from peak to peak, or 

over any other desired dimension of the waveform. By amplifying the trace, 

and measuring the required bias d.c. input using a digital voltmeter, 

measurements may be repeated with an accuracy of better than 0.5%. The 

diagram of the circuit which was used it given in fig. 23. 

A general list of other supporting instruments ig given in 8.1 
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Summary 

In this chapter the manner in which flux levels vary throughout 

the stator iron is studied. The variations fall into the following 

categories 

(a) variations duc to design; those that are intended and which would 

exist in an ideal machine. 

(b) variations, and modifications to (a), which exist because slots in 

the stator iron dictate the paths and magnitude of the flux components. 

(c) variations under load conditions which are inherent in the design 

but which serve no useful purpose. _ 

The differences between the actual and the ideal geometry of a 

machine are analysed using a conducting paper analogue. The results are 

given in the form of flux distributions within each tooth during a cycle; 

‘these are further analysed in terms of the harmonic content of the resulting 

flux density waves. The search coils are next used to establish the 

magnitude and phase relationship of flux components in various sections of 

the core and teeth, from which it is recognised that the airgap tooth 

widths control the overall pattern. A theory is derived to express the 

affect of armature slot opening dimensions. This suggests an open-circuit 

flux distribution throughout the teeth and core which is corroborated by 

measurements for fundamental variations. Second-harmonic variations are 

adequately described as to distribution and a distortion in the field close 

to the armature slot openings is shown to account for the difference between 

measured and calculated values. 

The theory is extended to describe the flux distribution due to 

armature-reaction. Variations at twice line frequency due to the 

combination of the fundamental reaction m.m.f£. and permeance variation are 

expressed in terms of the armature slot opening and an angle proportional 
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to the load angle. The measured effect of these additional components 

on load was small compared with theoretical values, and difficuit to 

isolate in order to establish an explanation (presumably similar in kind 

to that accounting for the reduced open-circuit second-harmonic components. 

Therefore, the load theory was corroborated from a different approach whic 

is reported in Chapter 4. 

Finally, the greater understanding of flux distribution, and the ~- 

voltages induced in the field coils, shows that damping turns are an 
unnecessary waste of field slot Space in this particular machine. The 

losses will be redistributed ‘rather than reduced and the peak induced 

voltages in the field windings are not excessive. 
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Sel Distribution of stator fluxes under onen-circuit conditions 

5.i.1 Introduction 

According to 'group (a)' theory, 1.2.2(4-9), variations in flux level 

are confined to the teeth and the section of core immediately behind the 

armature slots. (hn open-circuit no variations are expected in the main 

field pole to pole flux. Movement of the rotor past a stator tooth is 

designed to vary the flux carried by that tooth between a maximum of 4 
and a minimum of b¢ The pattern of change fron o, to 4, is presumed to 

bear a linear relationship to the change in permeance of the airgap space 

facing the stator tooth, since the rotor speed is constant. 7 

This theory was based on an element of the airgap geometry covering 
one rotor slot pitch. Two possible causes of variations not accounted 

for by this approach are 

1) the 'half-teeth' 

2) the overall change in circuit permeance 

from a maximum when a rotor tooth faces 

a stator tooth to a minimm when a rotor 

tooth faces a stator slot. 

The conducting paper analogue, 1.2.2(2), offered a comparatively 

Simple technique for a preliminary investigation as to whether the 

"practical geometry' differed from the theoretical 'clement' in its 

response. Not only were the tooth fluxes, as functions of time, found 

to contain substantial harmonic components; but the distribution of flux 

density within the teeth, and the differences between teeth, were indicate 

These findings also suggested the most useful positions for search 

conductors in the experimental machine. From the search coil e.m.f.s, 
values were obtained for flux variations throughout the iron. Analysis 

of the voltages. induced in a single field coil added to the knowledge of 

flux distribution, but also produced some anomalies. 
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As a result it was clearly necessary to investigate the nature of 

each tooth's 'contribution' to the core fluxes. Since the information 

already to hand was not consistent with the concept of equipotential 

mem.f£. circles, 1.2.2(7), a theory based on the airgap flux density 

distributions was employed. If the tooth distributions were to be 

analysed, the theory which lumped teeth and gap together had to be 

abandoned in favour of one which allowed separate, but interdependent, 

treatment of gap and teeth resions. 

This leads to explanations for the anomalies and descriptions of the 

nodifications to the 'ideal' theory required by individual airgap 

geometries. : 

3.1.2 The conducting paper analogue 
  

The theory of conducting paper analogues is well docunented ee aie 

the majority of applications the paper represents the airgap space, with 

the iron boundaries as electrodes between which the voltage (analogous to 

m.m.£.) is applied. : 

(The smallest segment of the stator bounded by radial equipotentials wa 

a full field pole pitch, as shown in fig. 24. Although this area is 

symmetrical about the middle tooth centre-line, the permeance: of each 

"half field pole pitch airgap space' varies; for only two positions of the 

rotor are they equal. It is unlikely that the flux density along the field 

slot centre line will be miforn. However, since the gradient is unknow, 

and its representation complex enough to detract from the essential 

simplicity of the analogue, uniform density distribution is assumed. Any 

inaccuracies are wmlikely to seriously affect the tooth field patterns. 

Therefore, the current is fed in on two electrodes along the field 

slot centre lines and led out across the tooth airgap boumdaries. Each 

tooth boundary is divided into ten tabs.. To the same scale the armature 
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Fig 24: Full d.c. pole pitch conducting paper analogue and circuit 
for details of tab connections, see Fig 25. 

Slot opening is approximately 2 "tabs' width and the rotor ,tooth, 8 'tabs' 

width. 

Leading the current out through the eight central tabs on a stator 

tooth boundary simulates a rotor tooth in line with a stator tooth. 

Similarly leading the current out through the three tabs on either side of 

a slot opening, fig 25, simulates a rotor tooth opposite a stator slot. 
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Fig 25: Detail of airgap surface 'tabs' on conducting paper analogue 
fed by resistors representing the airgap 

(a) position 1, set 1 (bo) position 19, set 2 

(c) position 9, setl . : 
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The circuit is completed through parallel resistors, one for each tab in 

operation, which represent the airgap. Thus for 'rotor tooth opposite 

stator slot' the number of parallel resistors is reduced from eight to six, 

increasing the total resistance of the circuit and therefore representing 

a decrease in permeance, The value of each resistor is calculated so that 
gap _ 

e iron Hes a4 the value for BK = is a function of tooth flux density. 

Hence, by moving two sets of eight connections across the stator 

boundary 'tabs', the field pattern was investigated for several rotor 

positions, fig 26. The equipotential lines were plotted by selecting a 

ratio (with the helical potentiometer) and tracing the locus of points 

which gave no galvanometer deflection. This is a standard technique: the 

field density is proportional to the proximity of the equipotentials. 

Conversely the potentials at two points may be measured. ‘The average 

potential gradient between the two points is proportional to the mean field 

density along a line joining the two points. Hence, by subtracting the 

potentiometer reading at the first point from that at the second point, for 

different 'rotor positions', a cycle of readings proportional to the 

variation of flux density was obtained. The choice of 'points' governed 

the region within the teeth and the direction of the component which was 

investigated. Fig 26 shows the variation in field direction close to the 

airgap boundary. Readings there were taken as 'radial' and 'circumferentia 
"1 

components and used to investigate surface loss mechanisms, 6.1. Through 

the root of the teeth the field direction was close to radial throughout 

a cycle. 
> 

Variations of density in the main and half teeth roots were fourier 

analysed. Fig 27'shows the respective plots and table 1 the harmonic 

content of these variations. 
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Fig 26: Orthogonal sketches from central tooth 
of conducting paper analogue 
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Fig 27: Cycles of variation in B (« V/£) at centre of each 
tooth root from conducting paper analogue, see 
Table 1 for analysis. 
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Table 1: Harmonic content (%) of cyclic. variations in flux 

density at the stator teeth roots from measurements 

on a conducting paper analogue 

  

  

harmonic order half tooth coil tooth central tooth | 

fund. 100 ~ 100 100 

ang se 38 14 14 

3rd 2 2 4 

4th 8 

Sth 2 bt 3           

The conducting paper analogue showed in a qualitative fashion, and a 

relatively short time, the nature of the field pattern within the stator 

teeth. ‘This was invaluable, both for the placing of search conductors, and 

‘in the interpretation of readings subsequently taken on the experimental 

machine. 

3.1.3 Investigation of the flux distribution by measurements 

In the design of the conducting paper analogue it was assumed that 

the flux passing behind the field slots did not vary in time. To 

investigate the conditions in fact, a search coil was wound, fig 20(b), ane 

the field winding was tapped'in order that one coil might be used as a 

large 'field slot to slot' search coil. Fig 28 shows the harmonic analysis 

of the voltage induced in this single field coil under open-circuit 

conditions. Each harmonic was measured with and without the damping circui 

connected. 

When the harmonic fluxes passing behind the field slot were 

measured, for similar conditions, and compared with the fluxes linking 

the field coil, unexpected flux/voltage relationships appeared.



Fig 28: 

100 - 

50 

        

  

  

Harmonic voltage modulations present in a single field 
/ coil on rated open circuit (V_) 

rms 
(a) undamped 

(b) damped 

Note: Sum of all modulations across whole field winding 
<; 1.0 volt



5.1.3 

Table 2: Comparison of harmonic fluxes measured behind the field 

Slot with those calculated from the voltages induced 

in the field coil. 

  

  

  

harmonic damped/ open-circuit flux open-circuit flux 
undaniped measured 4a Wb required to induce 

measured voltage 
» Wb 

1 undamped 191 7.8 
damped. 189 Sel 

4 undamped 15 19 
damped 2.6 pin 

a undamped 20 209 
damped 19 0.3 

4 undamped Lal 4.6 
damped 0.7 0.4 

a undamped 4.6 Lg2 
damped ee Ox2 

6 undanped 4.4 jee 
damped 0.5 Oe2   2     
  

Table 2 shows clearly that 

a) the even-hammonic fluxes agree reasonably with the voltages they induce. 

b) 

They are substantially reduced by damping. 

the odd-harmonic fluxes have much greater magnitudes than are required to 

induce the voltages found in the field coil. 

harmonics are almost unaffected by damping, suggesting that the vector su 

The fundamental and third 

of the two fluxes behind adjacent field slots does not vary within the 

damping winding of that pole. 

It was evident that odd and even harmonic flux components are 

distributed throughout the stator iron in separate and distinct patterns. 

first attempt to learn more about these differences by measurements using th 

"packet' search conductors is tabulated in fig 29. 
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552 473 165 7:7 18 11 
(189) (590? (498) (188) (0-7) (7) (15) 

  

14-9 166 151 142 , 4:6 13 10 
(2-6) (155) (156) (128) . (263) (11) (11) 

12 
(7:5) 

    

Fig 293 Harmonic components of peak flux, in 
teeth at rated open circuit voltage 

(a) Fundamental (b) Second (c)-Third 
(e) Fifth (f) Sixth 

ps in core and 

(a) Fourth 

Bracketed values refer to damped conditions



j The following facts emerged:: 

a) odd-harmonic components. behind the field slots are of the same order 

as components crossing the central tooth centre-line. Even components 

behind the field slots are in general smaller than’ those crossing the 

pole. 

b) odd-harmonic components passing through the half tooth and "half of the 

central tooth' roots, are approximately half the magnitude of components 

passing through the 'coil' tooth root. Even components from the half 

tooth are much greater than from other teeth. 

The second stage measurements concentrated on fundamental and second 

harmonic components in smaller regions; they are tabulated in fig 30(a) (b). 
The values indicate the peak flux variations sensed by each coil. Since 

these variations are not necessarily in phase they do not, in themselves, 
add to the information on overall distribution, Coupled with the readings 
in fig 29, however, they suggest the following: 

c) the fundamental time variations of flux in all'parts of each tooth are 

in phase, The components crossing the pole and passing behind the field 
slot are not in phase with the tooth variations. 

d) the second-harmonic time variations of flux in different parts of th 
*coil' and '"central' teeth are not in phase, whereas in all parts of the 

"half" tooth the flux variations are in phase. 

this led to the recognition that the distribution of a certain 
harmonic component is rélated’ to the ratio of the tooth width to the space 

distribution of that harmonic in the airgap. The fundamental variation 

are uniformly distributed within the 'coil' and 'central' teeth, whose width 
equals half the fundamental space waveleneth. The second-harmonic oo 

variations are wmifornly distributed within the 'half' tooth, whose width 

equals half the second-harmonic space wavelength. 

More evidence was obtained by comparing the waveforms of flux 

variations crossing behind the armature slots, fig 31. 
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Fig 31: Comparison of flux waveforms behind consecutive 
armature slots



These waveforms were predominately composed of fundamental and second- 

harmonic; fig 29 shows the remaining components to be small. The 

numbering of the search conductors is shown in fig 31. 

The previous findings were correlated as follows: 

1) the fundamental components for each half of the coil tooth (20-32) and 

(9-20) are in phase as suggested in (c), Whilst the dissymmetry in these 

waveforms, i.¢c. the second-harmonic, is out of phase. Similarly 

comparison of (1-9) and (9-20) shows the 'hal£' and 'coil' tooth 

variations to be out of phase. 

2) comparison of (9-13) and (32-28) shows the fundamental components to be 

180° out of phase, suggesting that the flux paths from each tooth split,. 

passing behind the armature slots in opposite directions. The 

dissymmetry in (9-13) and (32-28) sugsests that the second-harmonic 

components are shifted 90° from the fundamental but in phase with each 

other. If the fundamental is in terms of 'cos wt' then the second- 

harmonic will be in terms of 'sin 2wt' and, at,any instant, the 

directions of these second-harmonic components behind the armature slots 

Will be the same. 

At this point in. the investigation the pattern of paths taken by 

various components was becoming clearer in a qualitative fashion. . However, 

the complex of odd and even, inphase and out-of-phase, cosine and sine 

components had not indicated a common mechanism which might be responsible 

for their existence. 

3.1.4 Theoretical investigation of the flux distribution 
  

The pattern of the fluxes contributed by each tooth to the core 

indicated a dependence on the relationship between tooth width and the spac 

distribution of the airgap field. The flux variations at the stator airgap 

surface were caused by the modulation of a constant mm.f£. by a variable- 

reluctance pattern. . Fig 32(a) shows the rotor and airgap which produced th« 
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Fig 32: Ideal stator and rotor geometry with open-circuit flux-density 
wave. 
Reference axes showing position of rotor reference relative to 
stator reference at time t = 0 

variable-reluctance. If constant excitation is applied to this airgap, 

and stator slotting is neglected, the flux density pattern shown in 

fig 32(b) results. ‘This can be analysed into a steady flux density on 

which is superimposed a fundamental, of wavelength equal to the rotor slot 

pitch, and its harmonics. ‘The flux density wave shown in fig 32(b) moves 

with the rotor. If the stator slots are negligibly small and the active 

pole width an exact number of rotor pitches, it is seen that the total flux 

entering ‘the pole on open-circuit will be constant, irrespective of rotor 

position. ‘There will be flux density variations in the iron at all the 

frequencies present in the original flux density wave, but there will be 

no change of flux linkages with the field..- 
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3.1.4 

With these 'ideal' conditions, i.e. a continuous stator airgap 

surface between field slots, the open circuit airgap flux density 

distribution relative to the stator reference axis, is given by 

Boe = B cos m (0 = wt — 1/2) ssececscevecsss(2) 

m=0.1.2... 

The total flux linked by a coil having conductors at 8, and 8. 

of active length &% would be 

8 
04 an 2 

0, ae Bed 6 

Integrating between -1 and 3n gives the net flux that will 

link the field winding, ignoring field-slot leakage: 

oO 

31 B St ek a eh tg 3 - -- Cie occ jee 7, (Zo sin m (6 - ot Ce 

- m=0 

2 Ba : os = ) aca { cos m wt(2 sin 2mm cos m 5) 

m=0 
+ sin m wt(2 sin 2mm sin m 5) } 

O for m odd or even 

For m =0, Bec is constant. Therefore no time-varying flux 

linkages with the field coil can exist if 

a) the stator airgap surface betwéen field slots is smooth and continuous 

and b) the field pole: pitch at the airgap is an even multiple of 7 

electrical rad. 

iS, 

In the practical machine, the stator a.c. slotting is a major 

divergence from this ideal. ‘This interrupts the stator surface between 

field slots and forces the fundamental and harmonic pole fluxes to close 

gy Pe



3.1.4 

by different paths from the natural ones. This is especially true of 

the odd harmonics, which would have to take different paths even if 

the a.c. slots were very narrow. It also applies to the even harmonié¢s, 

since normal tooth widths are less than an integral number of harmonic 

pole pitches. Tables 3 and 4 summarise the contributions of individual 

teeth to the core flux at fundamental and second-harmonic frequencies, 

respectively, in terms of the stator-slot opening o (electrical rad). 

The tooth numbering is shown in fig 33(a) and the expressions are 

derived in detail in Appendix §.3.1. These expressions led to 

explanations for the anomalies and to methods for calculating the 

various components of flux which had been measured. 

Table 3: Summary of fundamental frequency contributions to core flux, 

(open-circuit). 
  

  

  

  

Tooth fundamental frequency contribution in units of a 

1 cos o/2 sin wt - (1 - sin o/2) cos wt 

2 -2cos o/2 sin wt 

3 2cos o/2: sin wt 

Road -2cos 6/2 sin wt 

5 cos o/2 sin wt + (1 - sin o/2) cos ut 

6 cos o/2 sin wt - (1 - sin ¢/2) cos ut       

The sum of the terms in 'sin wt' (table 3) over one d.c. pole pitch, 

i.e. teeth 1-5, is zero. The second term, cos wt, for tooth 5 can be 

balanced by contributions from either tooth 1 (passing across the d.c. 

pole) or. tooth 6 (passing behind the field slot), fig 33(b). The 

relative flux levels depend upon path reluctances and will be further 

studied in 3.1.6, but, as there is symmetry in successive poles, the net 

flux entering a pole is zero. This explains how there can be fimdamental 
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flux passing behind the field slot with the machine on open circuit 

without voltages being induced, either in the damping winding or in 

the field coil, by these fluxes. These remarks are true even if o is 

very small; only the complete elimination of slotting will give the 

ideal conditions previously analysed. 

Table 4: Summary of second-harmonic frequency contributions to core 

flux, (open-circuit). 
  

  

Tooth second-harmonic contribution in units of sn 

1 - sin o cos 2wt - (1 + cos ao) Sin 2ut 

2 -2 sin o cos 2wt 

3 -2 sin o cos 2ut 

4 -2 sin o cos 2wt 

5 =*Sin'9 COs Zwt + (1+ cos ‘¢). sin Zut 

6 Sin o cos 2wt + (1 + cos co) Sin 2ut         
\ Table 4 shows that the terms in cos 2wt are additive; their paths 

from pole to pole can only be completed by passing behind the field 

$lot, fig 33(c). ‘This explains the correct relationship noted between 

measured fluxes and voltages and the reduction in this flux due to 

damping (table 2). These terms are critically dependent on the angle oa, 

tending to zero as o itself goes to zero. Table 4 also shows that the 

Sin 2wt terms of teeth 1 and 5 sum to zero, and that those of teeth 5 

and 6 are of the same sign. Hencé, these second-harmonic fluxes are 

closed within a d.c. pole, and do not pass from pole to pole. Further, 

they are not eliminated by making o small; only complete removal of the 

slotting will eliminate them. These fluxes cause losses, but do not 

induce voltages in the field or damper windings. 
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Fig 33: Distribution of open-circuit flux variations 
(even a.c. slots per.d.c. pole) 

(a) numbering system 

(b) paths of fundamental components 

(c) paths of second-harmonic components



3.1.5 Comparison of investigations by theory and measurement 

Table 3 gives the theoretical fundamental contributions from 
B ‘ 

teeth 2, 3 and 4 as having magnitude PAS ng o Ssin-ut. 
1 2 

For the experimental machine the relevant design values are 

By = 0.55 W/m” 

£ = (active core length) x (stacking factor) = 12.22 cn 

A = 4.69 cn 

o = 0.46 electrical rad (26.35 electrical deg) 

If ®xy denotes the peak xth harmonic component of flux contributed to 

the core by tooth y, 

fig ia ad, Bee 

and ¢ = ee { cos o sin wt - (1 - sin gc) cos wt } 
lt oT ¢ 2 

= vector sum of 488 sin wt and 387 cos ut 

= 623 po Wb 

\ ‘ ; . 

Assuming that the cos wt component of 11 is split equally between 

the two possible circuits, fig 33 (b), then 'flux behind field slot! = 

‘flux across pole pitch’ = 193 pK Wb. 

Table 4 gives the theoretical second-harmonic contributions 

from teeth 2, 3 and 4 as having magnitude eee Sinocos2wt 
a 
oT 

bye 0.39B, (see 8.4 Table 17 and note Table 1) 

= 0,21 W/m’ 
then ay) nt (ogee eae: © 84 po Wb 

LAB 
and. “$54 2 { sino cos2wt + (coso + 1) sin2ut } 

T 

vector sum of 42 cos2wt and 180 sin2wt 

185 Wo



Jeded 

The value of By =, 55 Wo /m2 is the design value for rated open 
ha | 

ie 0.55 Wb/m" 

the actual voltage is 151V. [or this field setting the £lux fron 

circuit voltage, 150V. With the field adjusted for B 

teeth 1 and 2 was measured together with the flux crossing the pole 

and passing behind the field slot. Table 5 compares the calculated and 

measured values for these regions. 

Table 5: Core flux ( pro), field set for designed open-circuit 

fundamental flux density. 

  

Fundamental Second-harmonic 
  

Calculated Measured }| Calculated | Measured 
  

            
From: tooth 1 623 645 180 lee 

From tooth 2 977 990 84 4 

Behind field slot 1S 189 168 10 

Across pole pitch 193 189 185 159 
  

‘The fundamental measured and calculated values show good agreement, 

Suggesting that the distributions discussed in 3.1.4 are soundly based. 

Equally, the values of second-harmonic contributions from tooth 1, which 

theory suggests cross the pole pitch to tooth 5, are corroborated. 

liowever, the contribution from tooth 2 is clearly affected by another 

mechanism. Since the flux measured behind the field slot is 

approximately twice that contributed by tooth 2, the path suggested in 

3.1.4 seems correct; it is the magnitude which has to be investigated. 

Fig 34(a) shows measured second-harmonic flux levels in tooth 2. 

and fig 34(b) the’ flux which links an array of search coils along the 

airgap surface of tooth 2, at rated open-circuit voltage. The average 

surface search coil flux is 74 p Wb. Correcting for pitch this 

establishes the presence of 187 Gros Wb of second-harmonic flux in the 

airgap. (This agrees with the theory of 3.1.4, since for o = 1/2, i.e. 

oo. Ste
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Fig 34: Detail of fluxes measured in tooth 2 

(a) Second-harmonic fluxes, in »Wb, in the airgap 
and at various cross-sections 

(b) Lettering system for surface conductors with 
second-harmonic fluxes, in w»Wb, measured by 
coils made up from adjacent pairs



tooth width equal to half a second-harmonic wavelength, 29 = 190m 1b) ‘ 

However, for the experimental machine the theory leads to a value 

of 84 pa lib (Table 5) where only S2yalib is measured. Further, the 

assumption that whatever flux penetrates the tooth surface will be 

contributed to the core without loss is shown to be unacceptable; only 

4 aii is in fact contributed. The theory of 3.1.4 depends upon the 

basic assumption that sinusoidal time variations of flux density in the 

stator teeth are the result of the uniform motion of the rotor with its 

associated sinusoidal space distribution of flux density. Since the 

second-harmonic flux per pole and the pitch of the tooth-surface coils 

are known, measurement of second-harmonic voltage in these coils can be 

compared with calculated values, using the known flux, to show any flux 

distortion that is present. Table 6 shows the actual pitch and the 

expected voltage, together with the measured voltage and the pitch that 

will correspond to those measurements. 

Table 6: Calculated and measured second-harmonic voltages with 

corresponding values of pitch for the tooth-surface search 

coils, tig 34(b)° 

  

2 

ira 
de df jae jaf jag jbh Jah |ai 

cil 
  

Feat | 
Calculated voltage | 0.49) 0.95)1.53)1.61/1.53)1.53) 1.30, 0.95 

Actual pitch 0.1 } 0.2 |0.4 |0.5 10.6 |0.6 10.7 |0.8 

  

Measured voltage | 0.5 | 0.95/1.62)/1.48/1.05|0.95/0.55/0.25 
Corresponding pitch} 0.1 | 0.2°|0.5 |0.63|0.77/0.8 '|0.89'0.95   

| |                   
Since the difference between actual and 'measured' pitch increases 

for coils covering the tooth tip region, distortion is suspected in 

this area. It is presumed that more of the second-harmonic flux 

distribution is able to complete its path within the tooth surface than 

e 01 %=
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is expected, reducing the contribution to the tooth proper from SA pei lo 

to 52p-Wb. ‘The flux not finding a path from one harmonic pole to the 

“next within a tooth width is, by the theory of 3.1.4 proportional to 
the slot opening. The distortion of the flux distribution has 
effectively reduced the slot opening to a quarter its actual dimension 

(coil ai, 0.95 instead of 0.8). 

Fig. S55 

slot 

tooth 
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Postulated distortion of sccond-harmonic flux in tooth 2 

(a) Flux entering tooth surface 
undistorted flux ------ 
distorted flux 
lower curve is spatial second- harmonic component of 

_ airgap flux 

(b) Assumed distribution of flux within ‘tooth 
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Fig 35(a) shows the spatial distortion of the second-harmonic 
component of airgap flux density at the tooth surface, with the 

associated redistribution of time-varying £lux denoted by the vector 
arrows. The constriction of the teeth, due to the slotting, distorts 
the flux pattern at the sides of the teeth even further, fig 35 (b). 
The combination of these postulated distortions at the gap surface and 

in the tooth make the assumed linearity invalid and allow the flux 
within the tooth to complete more of its pole-to-pole path, reducing 
the contribution to the core below that expected from theory. 

3.1.6 Comparison of fundamental fluxes passing behind the ficld 

slot .and across the pole pitch 

In Table 5 measured values of fundamental flux passing behind the 
field slot and across the pole pitch are recorded as 189m. 1b and 

186 P Wb respectively. ‘The permeance coefficients for the two paths are 
very similar and therefore, with the evidence of the measurements, it 
seems valid to divide the'cos wt' component from tooth 1 by two and 
use these values for comparison. — 

llowever, when it is recognised that the path behind the field slot 
carries the field flux while 11 is the only component crossing the pole, 
the equality of the two measurements becomes more of a curiosity than 
something to be expected. 

> 

Fig 36 shows the manner in which the fluxes vary for a range of 
field settings. The flux passing behind the core (57-58) reaches a 
peak for approximately open-circuit rated field conditions. The flux 
passing across the pole (41-39) continues to increase in value as the 
field current is increased. Thése two curves cross at approximately 
rated open-circuit field conditions; this explains the equality of the 
measurements recorded in Table 5, 

ms OG a8
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Since the major component of $44 is in terms of 'sin wt' while 

the split path components are in terms of 'cos wt', the vector 

difference of flux from tooth 1 (1 - 9) and flux passing behind the 
adjacent armature slot (9 - 13) is calculated and included in fig 36. 

‘The fact that these calculated values agree closely with measurements 

of flux passing behind the field slot (57°58) is further demonstration 

that the theoretical distributions » fig 33(b) are correct. 

Because the path behind the field slot carries the d.c. field flux, 
the component of o11 taking this route varies about a high mean level. 

The path across the pole is comparatively lightly loaded magnetically; 

at the pole centre line the 11 component is the only flux present. 
Thus the path behind the field slot experiences a reduction in 
incremental permeance as the overall flux level increases. This accounts 
for the reduction in flux sensed by (57 - 58) and more of 044 (cos wt) 
passing (41 - 39) as the field is increased. Fig 37 shows the good 
agreement between the calculated value of O11 (cos wt) and the sum of 
measurements made by coils (57 - 58) and (39 = 41). 

Fig 38 shows the fimdanental voltage induced in one field coil 
as the field is increased. Similar to the flux recorded in fig 37, the 
voltage induced in an undamped coil. reaches a peak for approximately 
rated open-circuit conditions. When the coil is damped the peak induced 
volts are reduced to a third of their udamped value. Ilowever, due to 
the redistribution of flux at higher overall densities, the undamped 
values of induced volts falls below the damped value for approximately 

rated full-load field conditions. This and other factors influencing 

the decision to use damping coils are discussed in 3.3. The fwdanental 
voltage of fig 38 is not accounted for by the theory. It is due toa 
small flux (calculated in Table 2) possibly arising from assymetrical 
conditions such as are considered in 8.5. 
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o Distribution of flux in the stator due to armature 

  

reaction m.m.£. 

Syed Introduction 

As in other machines, the problem of load behaviour is concerned 

with the interaction of the armature reaction m.m.f. (produced by the 

stator windings) and the airgap permeance, superimposed on existing 

0.c. conditions. In the Lorenz machine the problem is complicated by 

the use of a single phase, 1 slot/pole/phase stator winding, so that 

the armature reaction m.m.£. produced by an ideal winding concentrated 

at discrete points, ignoring slots, will be a square wave fixed in 

space with magnitude varying sinusoidally in time phase with the 

variation of the load current. In a practical machine, the armature 

reaction wave is not square but trapezoidal, because the windings are 

spread over the width of a stator a.c. slot. The mathematical treatment 

using a trapezoidal wave becomes unwieldy; however, the fact that in 

practice the distribution is trapezoidal and not square allows the 

following theory, based on square waves, to be applied across several 

stator slot pitches: This is covered more fully in 3.2.3. 

3.2.2 Theoretical description of the airsan flux density 

distribution due to armature reaction 
  

If @ is measured from the coil axis, fig 32, the distribution of 

armature turns is expressed by 

o 

‘| _4 1. sin nn cosnd per turn 
1 n 2 

n=odd. 

being a unit full-pitch square wave. If the armature current reaches 

its peak value at time t = (6/w), the m.m.£. due to armature reaction 

(F_) is expressed by 
a 

= 101, =



NI 
aia 
TT 

sin 
  

det OSHA COS OUS) wii i eugak s o'Ce bbe Px EO) 
Z ‘ B

l
e
 

n:odd 

where 6 is the time phase angle by which peas open-circuit voltage 

leads the peak armature current. 

When an m.m.f. F, is applied to the airgap of a rotating electrical uF wk t> 

machine, the distribution of the resulting flux density may be expressed 
as By. Both F) and B, may be functions of (0, t). A second mm.f. By 
will produce a flux density wave Boe By and By may have different 

magnitudes and time-dependence but providing they have identical space OF - £ 2 * 

distributions acting on the same permeance: 

ol eee 
Ie 

> r f eT ; # i 4 : Thus, if B oc results fron I ¢ and Bo from Ba then 
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Combining equations (3) and (2) in (4) 

ant, a B 

  

Soe on sin = cosné cos(wt-6) cosm(-1/2-wt) ...(5) a ee / nn 

MO cL. 2 eas 

n=odd 

Equation (S) is analysed in detail in 8.3.2 where it is show oO 

for conditions of (n + m) even, time varying flux components link th 

field winding even though the pole iron is an integral number of rotor 

slot pitches in width. The major components are the result of the 

fundamental space distribution of armature mm.f. (p Oreo at 

fundamental frequency) combining with the fundamental variation in 
permeance (represented by Bi). The analysis Or’ 5.1.4: and. 835.1 35 
repeated in 8.3.2, i.e. the slot opening is described by o (electrical 

rad), with the added complication of 6 affecting the results. 

7 ()



Tables 7 and 8 summarise the expressions for two simple values ofyé. 

Table 7: Summary of tooth contributions to core flux due to 

  

  

armature reaction m.m.f.,6 = .+ 1/2 i.e. ZPF lagging 

CD. 2d 
Tooth Components for n = m= 1 in mits of ate 

“ 

1 4 (sino + o - m)(1 - cos2wt) - (1 + cosc) sin2ut 

Zz (sing + o - 1)( - cos2ut) 

3 (sino + o - m)(1 - cos2wt) 

4- (sing + o - 1)(1 - cos2ut) 

5 4 (sino + o - 1)(1 - cos2wt) - (1 + coso) sin2ut         

Table 8: Summary of tooth contributions to core flux due to 

armature reaction mm.f. 6 = 0 i.e. a leading power factor 

  

  

; : ; F CB, 2A 

Tooth Components for n = m= 1 in units of ae 

1 4 (Sino + o - 1) Sin2wt - (1 + cose) (cos2wt + 1) 

2 (sino + ¢ - mr) Sin2ut 

5 (sino + o - m) Sin2ut 

4 (sino + o - m) Sin2wt 

5 } (sino +o - 7) Sin2wt - (1 + coso) (cos2wt + 1)     
    

The significance of 6 is discussed in more detail in chapters 

4 and 5. Whereas the values 6 = +‘1/2 can only represent ZPF conditions, 

6 = O applies to a leading power factor condition which in turn is 

determined by the balance of field and armature reaction m.m.f.s together 
cee ae NI 

with the leakage reactance. (C = “a‘a). 
ola 
Ah ke. ae 

= 103:—



For n =m=1, Tables 7 and 8 record the twice line frequency 

components from each tooth. This mechanism for the Lorenz machine is 
2 

similar to that reported by Raby ~~’, 1.2.2(11), for the Guy machine. 

ON
 

Since all the components have the same sense under one pole, they must 

link the field coil and induce twice line frequency voltages. 

For ZPF load conditions the flux varies from zero to 
CB. 2d 

8(sing +o - 7) 5 with a period of ( 7 eo Por: 6° 0 the. flux 

  

CB, 2d 
° . - . T 

varies between + 4(sino + o - 7) = with the same period, ( mn ). 
~ 

  

These are the maximum variations that mist be allowed for, since, at load 

conditions when 6 = 1/4 the pole to pole flux alternates between zero and 
: B, 2 

4/2(sino + o - 7) peta 
oe 

conditions, components also pass across the pole from ‘half tooth' to 

» a reduction of 30%. As with the open circuit 

"half tooth'; these do not link the field winding since there is no 

alternative path behind the field slot open to then. 

Combinations of m = O and 2 with n = 1 will produce fundamental 

and third-harmonic time varying components which theoretically may sum 

to zero within any pole similar to the 'sin wt' terms in fig 33(b). 

However, the components from ‘half teeth' either side of a field slot 

are 180° out of phase, i.e. the flux from such a "half tooth' may pass 

behind either the field or the armature slot. This. accomts for 

additional odd harmonic voltages appearing in the analysis of voltages 

induced in a field coil umder short-circuit (6= + 5) conditions, fig 39. 

As with the open circuit analysis, the even harmonic components of the 

combined fluxes are considerably reduced by damping. The odd-harmonic 

components are slightly increased: no clear explanation for this has 

been discovered. Possibly the overall reduction in the major (even) 

variations and the consequent lower peak flux densities ‘is responsible. 
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Fig 39: Harmonic voltage modulations present in a single 
field coil on rated short-circuit Wan? 

(a) undamped (b) damped 

Note = sum of all modulations across whole field 

winding < 1.0 volt 
s 

3.2.5 Justification for applying equation (4) to several 

armature slots 

‘The armature reaction n.m.f. ea is constant at any instant in 

time across an armature coil pitch.. The rectanoular representation of 

the previous section assumes an instantaneous change in the sense of ° 

Bo at slot centre lines, which if applied rigorously; leads to 

incompatible field boundaries for consecutive coil: pitches. Fortunately, 

the actual distribution of BE. at the stator airgap surface more closely 

resembles a trapezoid since the armature slot openings interrupt the field 
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and the coils occupy a finite width. ‘This allows the transition from 

peak values under one coil to the opposite peak values to occupy a 

finite time as distinct from occurring instantancously. A trapezoidal 

distribution of te allows equation (4) to be applicd to several 

armature coil pitches since no boundary incompatibilities exist. 

crt 

the terms providing the ‘instantaneous change of sense' in the 

rectangular series are small and of very high harmonic order. In any 

quantitative work using the series, they would probably be neglected. 

The time field pattern in the slot opening is not completely described 

by the theory, however, due to the low density of this region (itself 

the result of the slot opening permeance) any discrepancies are small.
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55 Darping windings 

oF 

5.36 Introduction 

In the writer's experience it is established practice to use damping 

coils, or to fit damping resistors, in the field circuits of most 

inductor alternators. Walker 1 and Raby 36 have shown the theoretica 

existence of twice line frequency pole-to-pole fluxes when the machine 

is loaded. Designers have also been aware, from measurements, tha 

alternating voltages are induced in individual field coils. Althou 

the vector sum of these voltages as seen at the field terminals is small, 

evidence suggests that across each coil damaging potentials are quite 

possible. 

Therefore short circuited turns are wound in the field slots to 

reduce the voltages by damping the responsible flux linkages. The 

established technique for calculating iron losses presumes that all 

components of flux passing behind the field slots are climinated by these 

coils. ‘The next two sections summarise the limitations of short 

circuited turns wound in the field slots. 

3.3.2 Summary of alternating voltages induced in a field coil and 

the effect of a short circuited damping turn 

: Fed po Orv ded Even harmonic voltages were expected on-load ~*?”. With rated short 

circuit armature current, 80V second harmonic and 9OV sixth harmonic 

were measured, fig 39, These were the major components making up the peak 

value of the composite induced voltage waveform given in fig 40(b). 

Odd harmonic voltages were not expected on load; those measured were 

due to the same fluxes which induced odd harmonic voltages in the field 

coil when the alternator was open circuit. The net linking fluxes 

required to support the odd harmonic voltages were small, Table 2 » and 

presumed to originate from asyrnmetrical yermeance variations of which 

eee



leakage into the field slot, 8.5, is one example. LEven harmonic 

voltages on open circuit were explained theoretically in 3.1.5, 

alth oe the calculated values did not agree with measurements ‘this 

was accounted for in fis 35, 

All voltages induced in a field coil are reduced by a short 

circuited damping turn since the voltages are due to flux linkages, from 
0, 
"116 whatever source, with both the field coil and the damping turn. 

important consideration is to what peak value undamped voltases will 

rise, not considering harmonic by harmonic, but as a composite waveform. 

Fig 40(a) (b) gives these values for open circuit and short circuit 

conditions over a range of field and load currents. Neither maximm 

"peak valuc' is likely to cause an insulation breakdow. With the 

damping turn at the bottom of the slot (away from the airgap) the induced 

volts are reduced to approximately a ‘third of their undamped value. In 

this particular machine the space taken up by the damping turn WOH have 

been more usefully filled with field copper. 
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3.3.5 Summary of alternating fluxes in the stator core and the 

effect of a short circuited field damming tum 

The peak induced voltages give information as to the peak 'linking' 

fluxes. Since the field coil contained 270 turns, only a comparatively 

small £lux was required to induce large voltages, especially if. me 

voltage harmonic order was high. Thus the large second- and sixth- 

harmonic voltages were not the result of the major alternating flux 

components. The twice line frequency fluxes due to armature reaction, 

whose theoretical recognition was the main reason for using damping 

coils, were found to add little to the general pattern of alternating 

core fluxes present on open circuit. Distortion in the armature slot- 

opening-region considerably reduces this potential problem, 3.1.5, and 

Since the slot-openings on the experimental machine are musually wide 

(tooth contribution to core only 5% of the airgap second harmonic level), 

in a normal design the core flux variations from this origin will be 

negligible. 

With a short-circuited turn wound in the field slots the even harmonic 

components were reduced; the odd components were unaffected because those 

passing behind consecutive field slots were 180° out of phase. The odd 

components will be diverted from this path by short-circuited turns wound, 

as search coil (57-58), radially from field slot to the stator outside 

diameter. However these fluxes do not induce large voltages and the 

redistribution across the pole pitch will not reduce the losses. 

If the peak voltages can be reliably calculated a simple decision on 

whether to use damping coils may be made on that basis, since only small 

advantages in core loss are in fact forthcoming. Unfortimately, the peak 

voltages are dependent upon asynmetric pole permeance, incremental 

permeability, and distortion; all impossible to calculate with accuracy; 

all, however, contriving to reduce the peak voltage values. 
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CHAPTER »>4 Rotor surface flux density distribution 

4.1 

4.2 

4.3 

Flux density distribution across a rotor tooth airgap surface 

under open circuit conditions. 

Theory. 

Displaying. the search coil signals. 
Re 
measurements. 

Flux density distribution across a rotor tooth airgap surface 

under loaded conditions. 

. Theory. 

Interpretation of signal display. 

Measurements. 

Comparison of the experimental results with the computed 

theoretical distribution. 

The computer programme. 

Comparison of experimental and theoretical results. 
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Summary 

Tals chapter considers the theoretical distribution of flux 

density in the airgap and compares this with the measured flux density 

across a rotor tooth surface. 

Rotor surface search coil Signals are integrated and displayed 

using a process which allows accurate and consistent measurements. 

These are calibrated against flux meter readings taken with the rotor 

stationary and also compared with calculations based on the sipnais as 

‘e.m.f.s in short pitched coils'. 

Each reading is adjusted to allow for variations in the coil areas 

so that the mean flux density over each coil gives one point on an open 

circuit flux density distribution curve. On-load, the readings require 
careful interpretation since the search coils are also linked by flux 

patterns travelling forward and backward relative to the rotor 

i.¢..at assynchronous speeds. The components which move with the rotor 

are selected from the theoretical expressions and summed using a 

computer, ‘The resulting distributions are corroborated by measurements 

taken in a form suggested by the theoretical analysis. The close 

agreement between tests and calculations gives confidence in the ability 

of the theory to describe the airgap field uder load conditions.



4.151 
4.1.2 

4.1 Flux density distribution across a rotor tooth airgap surface 

under open circuit conditions 
  

4lTel Theory 

This section is not so much a 'derived thcory' as a statement of 

the origins of the theoretical approach cmployed throughout this thesis. 

As discussed in 1.2:2(2) and specified in 3.1.4, the open circuit 

airgap flux density, By ct » is expressed thus 

oO 

Bx 8 ae 1 ba cos m (6 - 1/2 - wt) 

m=O.1 233% 

. This series is relative to the stator reference axis, fig 32, and 

differs from equation (2) only in the introduction of a p.u. 

representation of the coefficients ( by ) based on the fundamental 

coefficient Bi as 1 p.u. 

| When considering this expression relative to the rotor it is 

- convenient, for future theory which involves the armature turns 

distribution, to take as rotor reference axis the location of the stator 

axis projected onto the rotor as time t = 0. 
v0 

i.e. Bik = B, | b,, cos m (8 - 1/2) 

M=Osl Zone 

4.1.2 Displaying the flux density at the rotor tooth surface 

The flux linkages with rotor surface search coils, fig 30(e), change 

as the rotor tooth passes from pole to pole. If a coil is chosen, say 

two adjacent conductors, which is comparable to the armature slot 

opening in width, changes in flux linking the coil also occur as it passes 

from one stator tooth to the next. The e.m.f. signal from such a coil is 

shown in fig.41. With the circuit 6f fig 23 this e.m.f. signal was 
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Fig 41 

integrated, giving a display proportional to the flux linkages 

changing in time as shown in fig 42(a). If the search coil is formed 

from conductors at each side of the rotor tooth surface, the coil is no 

longer so sensitive to armature slot openings and the resulting display 

is proportional to the heteropolar flux-density wave, fig 42(b). 

With adjacent conductors, fig 42(a), the effect of each tooth is 

distinct even to the dip in flux as the coil passes the centre line of 

a stator tooth. ‘This is presumably due to a variation in the overall 

permeance of the complete magnetic circuit; a similar pattern was 

produced by the conducting paper analogue, fig 27. 

Lb.
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Fig 42 
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The gradual, rather than abrupt, changes in flux linkages sensed 

by a small search coil passing across a field slot opening indicate 

leakage paths from field slot sides to rotor teeth. Since rotor 

teeth are not opposite consecutive field slots simultaneously this 

asymmetrical leakage is a source of odd harmonic flux variations in 

the main flux. This is analysed and investigated further in 8.5. 

4.1.3 Measurement of the open circuit airgan flux density 

distribution across a rotor tooth surface 

Taking the rotor tooth surface search conductors in adjacent pairs 

to form seven search coils, each signal was integrated and displayed, 

fig 42(a), and measured from peak-to-peak, for a field current tai 

These measurements, taken with the machine running, were calibrated 

against readings of flux linking the same search coils during a 

stationary test for a reversal of field current from + I ¢ to - I ¢ 

This calibration was linear over the available range of field current. 

Each coil, however, required a correction for area in order that 

the signals might be directly compared. Both rotational and stationary 

tests produced individual ‘open circuit curves' for each coil. 

Assuming the airgap to be uniform and working at flux densities such 

that the distribution across the rotor tooth was uniform, the gradient 

of each 'flux plotted against field current' is proportional to the area 

of that coil. ‘Thus each area could be corrected to one seventh of the 

total tooth surface area, The stationary test was the more 

fundamental of the two since readings were taken using a flux meter. 

However, the peak-to-peak measurements of flux display were more 

Sensitive and consistent. The d.c. voltage required to bias the display 

across the oscilloscope graticule was measured by a digital voltmeter, 

2.4. Using the oscilloscope amplifiers to magnify the display and a 

three decimal place digital voltmeter, enabled considerable consistency 
to be achieved. -Table 9 shows the correction factors obtained from each 

* lifs
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method. The second places of the stationary factors are due to 

readings of parts of a division on the flux meter scale whilst the 

digital voltmeter reading has been rounded to two decimal places. ‘The 

Similarity between these test results is taken as further proof of the 

accurate response of the integrating circuit to the search coil Signals. 

‘Table 9: Area correction factors for rotor surface coils from 

Stationary and Rotating tests. 

  

Search conductors (fig 43)} 5-6] 6-7 | 7-8! 8-9 | 9-10 | 10-11! 11-12 
  

Stationary (flux meter) .88| 1.09] .97| 1.0] .97 |.98 | .89 
Rotating (peak to peak) 688} 1,02): 598 |. 1.00] 1.00 | 498 

  

                  

As a further comparison between stationary and rotating conditions, 

the signal from search coil (8-9), see fig 43, was analysed at 

heteropolar frequency. The r.m.s. signal voltage was divided by the 

search coil pitch factor to give the fimdanental pitch voltage: this led 

to the peak a.c. fundamental flux. This peak value was converted into 

the rectangular wave from which flux per tooth and thus flux per coil ; 
during rotation, was calculated. Table 10 shows the comparison between 

flux measured with a flux meter during the stationary test and the 

calculate value of flux from the coil signal during rotation. 

Table 10: Stationary (flux meter) and Rotating (calculated fron 

coil signal) measurements of a.c. flux = p \b, coil (@9) 

  

  

            

Field current [| 0.2 | 0.4 | 0.61 0.8] 1.0 

Flux meter a 9491990. 1. 288 1 350 
Calculated 73 148 71 2195 285-1, 336   
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Whereas the analysis of the search coil signal is also a more 

fundamental approach to measuring flux than calibrating the intecrated 

sigmal, greater consistent accuracy is possible with the second 

technique. The search coil pitch factor is .0297. Small changes in 

pitch factors of this size greatly affect the value of calculated 

flux. Wave analysers must be calibrated over the expected signal range 

since typical accuracies are not better than + 1 db. 

lience the open circuit flux density distributions for a range of 

field current from 0.2 to 2.0 amps, given in fig 43, are derived from 

calibrated measurements, Coil (8-9) has been analysed at field currents 

from 0.2 to 1.0 amps; these values of flux density are included as a 

check, 

~ £19



 



4.2 Flux density distribution across a rotor tooth airsap 

surface under loaded conditions 

As Z Theory 

The completed airgap flux density distribution on load is expressed 

by 
F 

B = Be Oe cu vE bs 065 Ui dae sca cece OO) 

assuming superposition of the distributions due to field and armature 

reaction m.m.f.s relative to the stator. 

The open circuit distribution relative to the rotor has been 

expressed in 4.1.1. Equation (5), 3.2.2, represented the complete flux 

density pattern due to the armature reaction when the armature current 

is restricted to its fundamental component. ‘The full general expression 

is a 

fc 4N_I B oY 
B.S = men’; Bit > cosne cos (wt - 6) cosm(@ - 7/2 - ut) 

( a £ ee 

To select the terms which describe the density distribution 

relative to the rotor will require two operations, 

( i) select terms in n(@ - wt) only, 

(ii) remove from this expression aIL'wt' components, » 

this refers the expression to the rotor, i.e. giving the space 

distribution relative to the rotor. 

Equation (5), 3.2.2, is expanded in 8.6, expressing the forward 

rotating fundamental component of the flux density distribution across 

the rotor tooth surface due to armature reaction as 

N_I_B 
OPE { 2, cos (@ + 6) - by cos (6 - a} 
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4.2.1 

To obtain the complete loaded distribution this must be 

superimposed on the fundamental of the Boc Wave relative to the rotor: 

By sin 0 

i.e. the complete distribution is expressed by 

N_I $ 
By sin 0 + .—eo { 2, cos (@ + 8) - by cos (6 - »} gice 

a 
mE : 

In section 3.2.2 (6/w) was defined as the time at which the: 

amature current reached its peak value. At time t = O the rotor 

position was chosen such that the voltage induced by doc Was at its 

peak value. Ilence the angle 6 describes the phase shift in tine by 

which the armature current lags or leads the open circuit voltage for 

the chosen field conditions. 

Thus 6 is dependent on the power factor and the load angle 

associated with the load. By reference to fig 44 with the assumption 

that the vector difference between open circuit volts and terminal volts 

jies perpendicular to a vector describing the armature current, a simple 

expression for 6 at any load is obtained 

Vy cos ¢ 
OS 58 a 

: 

where Vy = terminal volts for field Fe 

Ve = open circuit volts for field Fe 

¢ = power factor of load circuit ie 
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4.2.2 Interpretation of the on-load signal displays 

Fig 45 compares the e.m.f. signal from a rotor scarch coil on 

open circuit and on load. On open circuit, the effect of armature slot 

openings is symmetrical, allowing analysis of the heteropolar 

frequency, 4.1.3. On load, the unequal flux density either side of an 

armature slot opening produces a signal whose fundamental is not solely 

due to the heteropolar characteristics. Thus the direct approach to 

measuring flux, using signal e.m.f.s and an harmonic analyser, is 

impracticable, 

It is therefore necessary to examine carefully the actual nature of 

the flux that links a rotor search coil under load conditions and to 

use this lnowledge to approximate to the steady load flux which moves 

with the rotor. There are four main components of the total flux 

linking a rotor search coil, fig 46. 

( i) the 'steady' component caused by field excitation. This is 

constant across a d.c. pole but reverses at cach pole, so that a 
signal of heteropolar frequency appears in the search coil. 

( ii) the 'steady' component caused by the forward synchronous 
component of armature reaction: this also varies at heteropolar 

frequency. 

(i) and (ii) are the required signals. 

(iii) dips in the steady components which occur at the stator a.c. 

Slot openings. These occur regularly at easily recomised 

intervals and can be used as timing marks to define the 

instantaneous position of the search coil. 

( iv) all the non-synchronous components of armature reaction which 

form harmonic poles of various wavelengths moving at different 
speeds with respect to the rotor search coil. These are studied 

in detail in 8.7.1. 
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Fig 45: e.m.f. from 

(a) open circuit 

(b) on load 

  
 
 

 
 

  
  

    
    

        
  

    
 
 

 
 

 
 

  
 



4.2.2 

Fig 46; Integrated signal from LON 
N a 

(on load) 
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The output signal from each rotor search coil is the time rate- 

of-change of the total flux linking the coil from all four sources. 

Thus, from fig 46, components (i) and (ii) must be extracted taking 

account of the existence of components (iii) and (iv). Fig 46(b) is 

an enlargement of fig 46(a) during the time taken to pass from the 

centre line of one armature slot to the next; the instants of passing 

these two centre lines may be arbitrarily defined as t = 0 and 

t = (nf/w). The time at which the search coil links maximm flux, 

having moved across the slot opening and come fully wder the influence 

‘of the stator tooth, is taken as t,, aS shown: the corresponding time 

when the coil leaves the same stator tooth is ( ~ - t, ). Similarly 

points may be defined t, either side of the 'centre line time' at 

(3-+ t, )- 

In section 8.7.2 » it is show that the general term for time 

varying flux through a search coil, when sampled at these four points, 

suns to zero for the 2nd, 6th, 10th etc. time harmonics, which includes 

the most important terms. This is an extension of the identity. 

sin n(@ + a) + sin n(e + 7 = a) + sin n(o +> + a) + sinn(e ++ = a)=0 
a 

forn = 2, 6, 10 etc. 

4.2.3 Measurements of peak flux density across the rotor tooth surface 

‘To eliminate the major terms of type (iv), 4.2.2, in order that the 

readings should be proportional to the flux density distribution moving 

with the rotor, four peak-to-peak measurements of the integrated signal 

were taken at the points shown in fig 46(b) and averaged. As each pole 

flux, indeed each tooth flux, is not identical due to manufacturing and 
material tolerances, the readings were taken consistently on certain 

teeth on certain poles; these were chosen because their measurements were 

\ i ZOue



4.2.3 

found to agree closely with the average of all the peal-to-peak 

readings between all possible combinations, for selected examples. 

As with the presentation of the open circuit flux density 

distribution across a rotor tooth surface, the values of 'steady' flux 

linkages for each corrected coil area were converted into values of 

mean flux density for each coil, thus giving seven points across the 

tooth surface. Fig 47 shows the points measured by using the above © 

methods on test results under two conditions of loading with different 

power factors, and with the alternator short-circuited. It shows clearly 

the distortion of the no-load flux pattern due to armature reaction and 

the direct demagnetization at ZPF lagging. 
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4.3 Comparison of the experimental results with the computed 

theoretical distribution 

4.3.1 The computer programme to calculate Bie + Bt 

Selected components of equations (2) and (S) relative to the rotor, 
of which equation (7) is the fundamental component, are piven in &.8.1 
to the 10th harmonic of 6, The summation of this series for the complete 
airgap flux density distribution on load, as a function of 6 and 6, 
was programmed using Algol, 8.8.2, andmmon an Elliott 503 digital 
computer. The series is in p.u. form‘and the data for a particular 
machine consists of values of 6, rs Fe and b, form=Otome#11. For 
the experimental machine values for ai were obeunied by Fourier analysis 
of the open circuit wave (also tora. using a library prograrme), 
which in turn was derived from flux plots using a conducting paper 
aialosue, 8.4 

The programme was run for a range of values of PF and Fe. For each 
value of 6 the results were printed in the form of a; u. values of flux 
density (b; = 1 p.u.) at twenty points during a complete cycle of 0, 
i.e. every 18 electrical degrees. 

All the components due to B' have a common factor C ( = = ; 
: nF £ 

by arranging the 'print-out' to supply open circuit and armature 
reaction components separately each combination of ry and . need not be 
computed: a standard set of results for several valnes of Py and say 
rated full-load armature and field current may. be scaled «C to describe 
any load condition. 

as : 

If results for the required’ value of 6 have not been computed they 
may be derived in p.u. form from the curves in fig 48. For each 
‘computed point' across the rotor tooth surface the 'standard' value of 

B a has been plotted as a ratio of By against a range of 6, 

=; 129: =
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The curves formed by these points provide intermediate p.u. values of 

the B A distribution, 

With the knowledge of By /I £ from tests or calculations, the computed 

distribution may be plotted directly in Wo /m?: fig 49 shows the 

"standard set’, 

4.3.2 Comparison of experimental and theoretical results 

Table 11 shows the load conditions at which the comparison was made. 
Armature current, voltage and power were measured on a test set accurate 

at 1000c/s. The load, 2.4, was resistive; for high currents » however, 

the load resistor had to be reduced to a level where lead reactance 

affected the impedance presented to the alternator. [Inowing the open 
circuit voltage at each field current, 6 was calculated using the 

expression of section 4.2.1. 6 = 45° and 90° were computed points; for 

§ = 77° fig 48 was required, 

The close agreement between test and calculated flux densities under 

load conditions give confidence both in the assumptions involved in 
superimposing the fields due to Fp and ee and in the method employed to 

measure the flux density distribution which rotates with the rotor of this 

single phase alternator. 

Table 11: Measured values of load current, voltage, power factor and 

field current, together with derived values of 6 GAT: 

Flux density distributions at these loads are compared in 

fig 50 (a) and (b) 

  

  

Load T. V p.f. I. § 

Resistive 104 122°" 40 1.0 45° 
Impedance 165 39 Oh) 10 oe 
Short circuit 100 6 O 0.58 90°                 

er LOL



 



 



 



CHAPTE 

sya 

5 Voltage generation 

The generation of open circuit voltage. 

The theoretical derivation of an expression for open circuit 

voltage, 

Comparison of calculated and measured values of open circuit 

voltage. 

The terminal voltage on load. 

Introduction, 

Theoretical derivation of voltage generated by armature reaction 

mom.f. @.) ; 

Theoretical derivation of internal generated voltage on load (&). 

General expression for terminal voltage on load (V). 
General analysis of terminal voltage expression. 

Application of the terminal voltage expressions to experimental 

and industrial machines. 

Two examples of comparisons between measured and calculated 
voltage characteristics. 

The relationship between field current and terminal voltage. 
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Surmary 

In this chapter the equations for airgap flux density are used to 
express the voltages induced in the armature windings due to the 
yermeance variations combined with the armature reaction effects. I 

After the open circuit expressions have been corroborated by 
measurements and their form related to the normal flux/e.n.£. equation, 
the voltage that would be induced if Bo acted alone is expressed in 
terms of the open circuit voltage. Vector combination leads to 
expressions for the internal generated voltage which in turn is combined 
with a reactive voltage duc to leakage effects to give an expression 
for the terminal voltage. 

During the process of writing the expressions in p.u. form, factors 
are presented to account for the non linear relation between the. 
voltage and field current p.u. systems, and to express the ratio of 
field.and armature reaction m.m.f.s which has appeared previously in 
the theory. These are related but not identical to factors developed 
by previous writers, 

For a particular load the alternator 'scttles' to a working point 
which is a balance between the characteristics of the machine and the 
restrictions of the load. The' characteristics" and the 'restrictions' 
are expressed by two simultaneous equations in terms of the 'non linear! 
factors whose solution presents the ficld requirements on load. 

[Examples are:given which correlate the theoretical expressions with 
measurements on the experimental machine. Finally, the on load field 
requirements of the industrial wit (on which the experimental machine 
was modelled) are accurately 'pre-determined'. The corroborating test 
values were supplied by the manufacturer, which gives confidence in the 
technique being a useful design tool. 
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Ded The generation of open circuit voltage 
  

°§.1.1 The theoretical derivation of an expression for open circuit 

voltage 

The open circuit airgap flux density distribution in series forn 

is given in equation (2), 3.1.4 and 4.1.1, as 
Oo 

ae B cos m(@ - 1/2 = wt) \ 

meOel. Zins 

The integration of this equation with regard to 6 gives an expression for 

the total flux linking the area (between the limits of integration, per 

unit length) as a function of time t. Differentiation of this flux with 

regard to time leads to an expression for the voltage per turn resulting 

from B i which would be induced in a coil situated at the limits of the 

previous integration. 

This assumes that the coil sides are concentrated at points or that 

all the airgap flux theoretically linking these points on the airgap 

surface also links the coil. In Chapter 3, Table 3, the fundamental flux 

contributed by a 'coil tooth' was modified by the term (cos 5). In section 

3.1.5 it was further demonstrated that the slot opening field distortion 

was equivalent to reducing the opening width to a quarter of its actual 

dimension for the purpose of calculating flux entering the tooth. Hence, 

the time varying value of flux linkages will be modified by the term (cos 2) : 

-7/2 O +n/2 

| 

en 
Meio. 2) @|. 2101 

, , 

Fig 51: Basic inductor alternator airgap geometry with 
armature coil sense and rotor positioned for peak 
ZPF armature current condition 
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Typical armature coil side centre lines lic at 6 = + 1/2, fig 51, 

and the total flux linking this coil is 

+n/2 S pa \ 
—_ 2d 1 o = == cos -B_ cos m(@ = 1/2 - wt)de BS.) 2 2m an Zo 

B 
o° 

) — sin m(-wt) + sin m(n + ut) | 
co
ja
 

ci 2h 
a a Cos 

ca
ta
 

= = - cos e sin mut Ayae for TM oo ers 

= 0 for m= 0,2,4 etc. 

Therefore, the open circuit generated voltage Ey o is expressed by 
oF 

BX oO ‘ 

B. cos = Sin m mm Bn 6S 3 mwt) Ye é 
Na ot . 

MeL 535% 4. 

2d 0 r = | —™ cos nr No er) 7 cos 5 cos mut 

M1.3.5.6% 

w
 

from which the fundamental r.m.s. open circuit voltage is expressed as 

3 = ] 5 g: Ba. v2 N @r{B, cos F 

since o = 26,35° (electrical) , cos = .997; this is considered to be a 

negligible modification. 

Comparing the expression above with the standard e.m.f£/peak a.c. 

flux equation 

= i - ate vo mN £ ene 

the flux (2.3, ) is equivalent to Thar Lee. the flux over a coil area 
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(+ By = G6 bac) which shows that the derived expression is in 

terms of the mean of the peak alternating flux. 

It is interesting to compare the designed value of 4, (.00256I%b, 

2.1, fig 19),and the value obtained from this analysis, not solely to 

show that they are identical, but also to establish the group of 

parameters relating the two approaches. 

ti
i Y2 N ert & 

a 
ets from the theory above 

oc 

cv2 N, £ 4, 

where c is Carters coefficient as: used in the design. 

€ 

since bac = 9 = from 1.2.2(4) definition for E> 

en 

E eh WN £5 
oc SE a 

2 ee 
and @ = Ver Mase Ee 1 

( rated fundamental o.c. volts ) l.e. from this analysis 4, = 
ik 

eve Not 

= 00134 Wb 

and » = i   (.00134) = .00253 Wb 

5.1.2 Comparison of calculated and measured values of open 

circuit voltace 

The calculation of open circuit voltage is primarily dependent on 

the calculation of airgap flux density. The designed value of airgap 

flux density, 2.1, is 61.4Klines per in? at 1.1 amps field current for a 
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gap of .0O15", The actual gap dimension of the experimental machine, 

averaged over several readings, was .013'', Thus the 'corrected' 
) 3) 

designed value was 70.8Klines per in” or 1.09 Wb/m*. 

In section 8.4 the Fourier analysis of the analogue flux plot gives 

the ratio of the fundamental coefficient to the maximum level of the 

complete pattern as 1:1.79. Hence the fundamental flux density wave at 

I. = 1.1 amp has a peak value Jb = = .609 Wo/m?. 

For Ie = 1.0 amp the corresponding value is .554 Wb/in . 

% 
The airgap flux density was measured, 4.2.3, as 1.06 Wb/m* for 

I ec 1.0amp. ‘The fundamental equivalent sine distribution of this 
bf + 

‘short pitched' square wave will have a peak value B, = = Bie Sin ( aa 

where = = Oy50 5 
r 

( 2X 1.06 4 
Hence By - = 0.584 Wb /m2 

The favourable comparison between 'designed' and measured values was 

expected, but nevertheless had to be established, before any theoretical 

expression for voltage employing By might be tested against res 

Having shown good agreement the eae value (BL = 584 Wb /r" ) is used 

5 7 = N to calculate li). (#72 NAB, ) 

= (V2 x 32 x 0.14 x 0.047 x 10° x 0.584) - = 174 volts 
Bie was defined as the fundamental r.m.s. component of the open circuit 

voltage. This was analysed and measured at Ip = 1.0 amp to be 175 volts. 

Since the calculated value for voltage is directly proportional to 

flux density, comparison of one value is sufficient to demonstrate the 

claim of the theory to describe open circuit conditions. To calculate 

the open circuit characteristic into the region of non linearity requires 

a knowledge of the flux density under saturated conditions. This 

restriction applies to all expressions for voltage. The open circuit 

“eon
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characteristic (Z, fl ¢) is a source of information as to the non- 

linear characteristics of that particular machine; this will be used to 

express on load field requirements in 5.3.2. There exist successful 

techniques for calculating this characteristic. 
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ie The terminal voltage on load 
  

Dien OL: Introduction 

Section 5.1 has described an expression for the open circuit 

voltage, ties derived from the open circuit airgap flux density pattern. 

Similarly a voltage, Ly may be derived from the airgap flux density 

distribution due to armature reaction. The vector combination, fig 52(a), 

of Bae and cL, will produce E, the internal generated voltage on load, 

assuming superposition. A relationship between E and the terminal voltage, 

dependen ‘upon power factor and leakage reactance, leads to an expression 

for terminal voltage in p.u. terms of load and field currents, the load 

power factor, and the leakage reactance, 

‘The base values chosen for the p.u. systems are: 

Terminal voltage : rated r.m.s. open circuit voltage : ve 

Le e = V CecV mV 4 

Armature current : rated peak full load curren °: I 

  

ao 
Lee Lm 11. 

a ao ‘ V ey. 

/ Impedance : ratio of rated voltage and current ; 
ao 

Field current : that current required to establish V a I fo 

where the subscript 'o' indicates a 'rated' value. 

RYic 5 i He VV At a given excitation Be KV, 

I. *k'I,, 

the combination of the two factors k and k' is a point by point 

representation of the open circuit characteristic and the ratio k/k' is 

the non linear factor relating the two p.u. systems, when calculating 

working points in the region where the iron circuit apere-turns are 

no longer negligible, | 
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5.2.2 Theoretical derivation of Ey (voltage generated by armatur 
  

reaction m.m.f.) 

Equation (5), 3.2.2, for the airgap flux density distribution due 

to armature reaction a be expanded: 

BS = cB, es a sin =" cos { (mn)o - (ml1)wt - 6 - me } 

m=O.1e2ss< + cos { (mm)e - (mtl)wt + 6 - me} 
n=odd ‘ 

+ cos { (m-n)6 - (m-l)wt - 6 - Thy } 

+ cos { (m-n)e - (mtl)wt + 6 - my } 

S cd
 The terms in 6 represent the space distribution: the terms in 

give the frequency at a given point in space. If we restrict the 

solution to effects that are fundamental in time, only terms in wt are 

needed i.e. m = O or 2, giving an expression for the fundamental 

component of B ? 

CB. Y 2 sin Tey a {cos (n@ + wt - 6) + cos (nd - wt + 4) 

+cos (né - wt + 6) + cos (né + wt - 6)} 

3B 
a 

n=odd 
+b, {cos (n + 2.0 = wt -°6 - 7) 

. +cos (2 -n.6 - wt - 6 - m)} 

= CB 4 sin ny 2 cos no{2b, cos (wt-6) - bo cos (26-wt-6) } 

n=odd 

The fundamental frequency flux linking an armature coil due to B, will be 
< 

Similar to that due to By ¢ (but qualified by the ratio of the mean 

armature reaction ampere ae to the field ampere turns), i.e. the 

integration of Ba between limits defined by the positions of the coil sides. 

  

; 
+nf2 Nr ie anb, 

a tates wile) nn Oe eer ce 
n=odd 
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are Z 4 

since Cae) i2\ Cer) = 0, see §.9 
4 é 

n=odd n=odd 

the {undamental armature reaction flux linking the reference coil is 

expressed by 

ChaBy bg cos {wt - 6) sete eee eeceseseeeeee (l) 

— 
n RD With the simplification of B a into Bo» C and bg may be regrouped 

c 

into more meaningful terms with reference to existing inductor-altcmator 

conventions. 

  

  

  

  

E48 Doe Boe ses lps eheresenen oseetees 

  

fund ; 

steady. = 

In fig 53 the Bo : distribution is shown together with its steady and 

fundamental components. Thus 

9D 

eee ade at 2 

fe a Shen eet a i on ap 
0 
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de ea “ - tas); = e » By = COS (wt - 6) 

5 
: 6 : : Raby ~~ defined a design parancter 

tat peak armature reaction ampere turns 

€ X open Circuit rated field anpere turns 

This was specifically for Guy-type designs and was later modified to 
allow for the effects of damping circuits. Chapter 3 has investigated 
he undesired flux variations and their damping in Lorenz-type desims: 

these effects are very small conmared to those experiences with Guy-type 
designs, since the Guy-slotting represents the 'ideal' geometry for 
producing the undesired second harmonic flux linkages with the field 
Winding. 

It is proposed to-use 'a' for Lorenz-type designs such that at any 
operating condition 

  

  

q «= can armature reaction ampere turns 2 2NI. Lee 

e X ficld ampere turns tee Nel, Eo 
; a es hes 

+n/2 

Hence, @ = ab A cos (wt - 68) occ rccccececeeescccceces (9) 

The r.m.s. fundamental e.m.f. due to By is derived by differentiating 
equation (9) with regard to time 

E 
a 

v2 N, a B, 2af sin (wt - 6) 

a Eee cos (wt - 1/2 = 6) 

where -(n/2 + 6) defines the phase angle between Land Doc? see 
fig 54. 
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Fig 54: 

  

  

(a) lagging Defi 

- 146 - 

  
(b) leading p.f.



5.2.5 ‘Theoretical derivation of the internal gencrated voltage 

on_load, I. 

For the field setting which establishes B,, combining Bs and E, 
2 

gives a expression for the internal generated voltage on load, TI. 

Bey Bee E 

Ee Ej. { G- asin 6) cos wt - a cos 6 sin wt } 

= Piast A cos (wt - w) 

where A = vy { (l-asin 6)? + (a.cos 6)° } 

= /( = 2a sin’ +°a*) 

and cos y = (1 -a sin 6)/A 

The time relationship of the peak values of (¢,, 4) and 
a 

Ly ee i a and E), the fluxes linking and the fimdamental r.m.s. voltages 

induced in the stator reference coil, may be represented by the vector 

diagram of fig 52(a). 

For a polyphase machine this diagram would also represent the space 

relationships of rotating field and armature m.m.f.s for one phase, 

leading to a combined on load m.m.£. generating E. The angle between 

on and ¢ fig 52(b),in polyphase synchronous machine theory is.lnown as 

the load angle. If this theory were applied to a polyphase inductor- 

alternator, the load angle would be given by yp. 

liowever, the machine being investigated is single phase. The two 

dominant components of the armature reaction flux are fimdamental in 

space and Contra-rotating at synchronous speed. Only the forward 

rotating component may appear on a synchronously rotating space diagram 
7 

with the field flux which, because it depends on the rotor geometry, is 

itself rotating forward synchronously. More importantly, the combination 

o£ these two fields would lead to a value 6£ load angle given by 'a' in 

fig 52(c) if the polyphase definition for load angle were accepted. This 

LAT
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2 
3 
“ 
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is the angle by which the position of the peak fundamental sinusoida 

m.m.f£. on load moves from the corresponding position on no load: it is 

a combination of real rotor movement and a shift of the resultant m.m.f. 

distribution. Since the concept of 'load angle’ is employed to express 

the relative displacement of 'rotor' and stator field patterns with load, 

it is proposed to consider the angle 'y' as the load angle for this 

machine. It has been sham to be ditectly analogous with polyphase 

theory and is more simply expressed than 'a'. Further, 'w' gives the 

total effect of armature reaction rather than the partial effect 

represented by 'a'’. This is discussed further in 6.3 

5.2.4 The relationship between Ec? E, and V leading to a general 
  

expression for the terminal voltare on-load 
  

The generated voltage (E) supplies the terminal voltage (V) through 

he impedance of the armature windings. This depends upon the slot and 

end-winding leakage paths together with the resistance of the armature 

windings; the latter being usually negligible. The reactive voltage due 

to leakage fluxes (1 2 will therefore depend on the leakage reactance X, 

and have the same direction as Ew 

X, cos (wt - m/2- 6) 

~~
 

HH
 

r
y
 
te

 

Thus the terminal voltage is expressed by the solution of tlie vector 

triangle in fig 54 

: 2 aes es ee a a oe Vo= ¥{ (A* + (= X,)° + 2E. A= X, sin (y-3) } 
oc 5. g oc fo 2 

at an angle (- 6 + 9) to Ec (+ for lagging p.f.) 

or, in terms of the load power factor rather than the load angle. 
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i 5 e 
Re om... 7. tv" + (—X, )” + 2X, sin 9 } (+ve for lagging v.£.) 

‘ Jd Q _ Jz x 

The complexity of these expressions for the terminal voltace are 

due to the separate derivations of co and E 9? with the intermediate 
C 

expression for E. Whereas i, Stems directly from B_, i.c. is resultant 
a 

on the airgap flux distribution, E 118 introduced to account for flux 

distributions on load which are not controlled by the airgap region. 

For the purposes of this analysis the well tried concepts of leakage 
35 

reactance Which were used in the design of the experimental machine 

are employed. 

E, and E may be combined as one reactive voltage due to armature 

reaction in the following manner. 

Be oe at from 5.2.2 

ee a 
a (a, 4 ke va) 

2N_I 
i “ fr ieee io 

oO Eom cl a 

I 
nN ca a ak : r 9 
oy = x AX, of 

1. 
if x, is the p.u. leakage reactance ( = X, —2- ) 

Se 2 £ 7 Vov2 | 

The assumption is made that, similar to Lo I, must be modified by the 
© 

& 9 

factor Khor to allow for non-linear. effects. (Walker “ refers to a 

similar ‘saturation factor’). 

ti
 

+ tr u # 

w
l
 
n
 

iH , 7 lence — (a, + X,) Vo 

ee



Using this combined voltage in the solution of the vector triangle 

in fig 54 leads to a complete expression for V in terms of coct 
x 

tee 2 sD, s : 
(Eide avr’ kee he i,” avi, +E.) sin ¢ 

(OV Jee e+ tis te & &V9°S WY. ik 4) din 9 Kies 0 a ce Gn’. 0 4k 

Sie ee 2 ts ; F : ‘ ‘ 
Dividing by Ve and re-arranging into the quadratic solution form gives 

he p.u. expression, (since V = wi) 

ve if, ae XS) sing + |x? as, (a, + X,) cosy)"| 5.6019) 

In fig 55, equation (10) is represented by 

OA = + AB + OB 

Thus for positive OB, the negative value of AB represents a lagcing 

power factor: condition. With simplifications the p.u. r.m.s. terminal 

voltage on load is given by 

veh tk? - (cos 4)?} ¥ Msing ve: Lagging Dif.) <ceeseas (Clk) 

where M = it, (a, + x) 

Equation (11) has restricted applications as discussed in 5.2.5 since 

the following must be now - 

a) open-circuit characteristic 

b) load and field currents at the operating point 

c) leakage reactance 

d) load power factor 

- 150. ~



  

(a) 

  

  

  

Fig 55: (a) lagging p.f. (b) leading p.f. 

92.9 General analysis of the terminal voltase expression 

mM 
The expression for terminal voltage on load given by equation (11) 

requires a knowledge of the particular relationship of load current to 

field current for the machine being studied. Thus it may be used for 

analysis of existing machines, to indicate the effect of a change in 

design or operating conditions, but not for new design calculations. 
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In 5.3.1 the experimental machine is analysed for two conditions 

of loading to compare the theoretical and actual results. It is fully 

recomised that far reaching assurptions are involved both in the 

series representation of flux density patterns, and in the superposition 

of fields required to establish this theory. The conditions peculiar 

to this machine which allow these assumptions.are, respectively, that 

the b ae by and b, terms included in the theory forn the major cormonents 

of the space distribution and, that where the airgap is small, harmonic 

pole to pole leakase within the sap is nerligible. 
5 2 Pw o Qo a 

Because the theoretical derivation of armature reaction is basdd 

on open circuit conditions the terminal voltage is expressed in terms 

of the factors k and k'. Equation (11) may be re-arramged in the form 

Kiem why -Vi Ens by Xp and k) 

This normalised form may be presented graphically by plotting k' against 

k, Families of curves result; for a range of p.u. current.while 

Vy %» €5 and x, are held constant; for a range of power factors while 

a5 Me E> and Xx, are held constant; etc, as shown in figs 60 and 61. 

Of these parameters, i and v are p.u. values, €, and x, are due 

to the 'geometry' of the design and will have particular values for a 

given machine while cos 4, the load circuit power factor, will have 
cr 

conventional values say mity of + 0.9. Therefore, the five families of 
= 2 

1 

curves represent conditional relationships between k and k' for all 

possible loads and machine geometries (within the assumptions). 

A second relationship between k' and k, peculiar to each machine, 

is obtained from the open circuit characteristic, fig 56. The 

intersection of any one curve from k' = f(i, v, €,, ¢, x, and k) and the 
ws R 

open circuit k'/k relationship represents a simultaneous satisfaction of 

the normalised load conditions and the open circuit non-linearity 

LOS



aS particular to that machine. This technique is possible because the 

@ field pattern duc to load is expressed in terms of open circuit 

parameters. The use of this process to pre-dctermine machine 

characteristics depends upon the ability to pre-determine the open 

ircuit characteristic: this is accepted practice. 

Section 5.3.2 describes this process of building up the load 

characteristic point by point for level regulation. The result is a curve 

wnich accurately pre-determines the necessary field current for practical 

load currents at conventional power factors. 
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Deo ‘Application of the terminal voltase expressions to experimental 

and industrial machines 

5.3.1 Two cxarples of cormarisons between measured and calculated 
  

voltage characteristics 
  

(1) Measurements of terminal voltage are taken when the 

alternator is supplying a constant impedance load; for a range of 

field current values, load current, terminal voltage and open circuit 

voltage are measured. ‘These are given in Table 12 together with 

corresponding values for k, k' and k/k'. 

- Table 12: Test values with corresponding p.u. factors for constant 

impedance load. 

  

  

            

Vo = 150V, Lis = 314A, Ip, = 0.88A 

I. Kk} I. i Be k k/k' V 

veD «284 $254° 4-156 46 eT DBL 27 

6 568 O10. fears. 90 “599 + 1.055 54 

15 852 150,0. | 414-4 T31 go75. ¥.1.025 8 

LO 1.136 168,7- 1°.540° 1° 162;5 1.083 0a. 1 204 

1.252%. *12420 205.1 | .653 | 184 ~ 1.226 “eos 1 229 

Lie 1.704 Ross of a5 74, 4199.5 Lisoo “7 Oh. BAO 

146753: 1..988 Jedd oe Sat. Oho tt BO 1,396 6702 256 

OriQ es geele Site | Bla 1 215 1.433 631 167   
  

The remaining information required to cakculate V 

‘measured points is as follows: 

1) load circuit power factor 

at each point) 

= .973 lag (measured average of readings 

155 - 

at each of the 

 



wn oJek 

  

2). p.u. leakage reactance = 0.32, by desig, section 2.1 

2 Nat ao Natao : : : sf 

3) 6: * aa we ) or (b_ s—=-— ), these are theoretically oO aq NAL "o NEL ? 
2 £ fo nee 

2 es get 
equal, 5.2.2, but oe) = 0.89 compared with the design value for 

Eo of 0.83. The comparison between calculations using both values is 
2 ees 

given in fig 57. 

ao < 

2 

using the 'design' value for c., ay 
a 

using the 'theoretical' for, 

calculations are presented in Table 13 using the 'theoretical' forn 

x 
70 

314 
x 0.88 

1.522 

a 
0 

ices M &= ik (a, + x, ) = 1.258 is, 

= 1.013 

0.938 

/ 

Table 13: Components of equation (11) leading to the calculated valuc 

of V for comparison with Table 12 

  

  

  

te M M@cos*4 —k* (bea) Y(b-a) Msing (c-d) V 
a b c d Vv 

a5 464.5 94032 «0942. 406Ge 240 Ose 208 30G 
s PAbR oh, 198-9 580 Scie shee AR] pee Fee 3967 50.8 
7 SA IO 16 a 1G © 123: 2 eee ab 

1.0 fopnd #62300 50: TIS dag TTA RRO SD (OTe © 1008 
1.25 309 (62,476. : 1.803 41 .027° 7 1015 s5,1644).849.- Tote 
1s TSO S09 P7160 a4 124k 1008 OSE ee 
1375 P7204 SASL: 15985°* 1458") L407." 166 1.041 © 1560 
2.0 603 45S ApsO8S S08 1.264 © 160° 1108 165-6 
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(2) In the second example, measurements of terminal 

haracteristics are taken when the alternator is supplying a varying 

impedance load: the field current is held constant which results in 

k, k' and Khas having constant values. Each point is associated with 

a different value of load power factor which is calculated from Table 14. 

“Table 14: Measurements of r.m.s. terminal load current, voltage and 

power together with calculated values for power factor. 

Field current = 1.0amp. 

  

  

      

Ia/Vv2 V Kw cos ¢ 

O 163 - 1.0 

62.5 143.5 Oe92 3995 

104 : 121 12.46 99 

120 104 Leeda? 985 

155 62.6 OS oL 98 

165 Bo ae 6.08 94 

168 24.5 3.58 ; 87 

Thus. k = 163/150 = 1.087 ‘chs 
k' = 0.957. 

k' = 1,0/0.88 = 1.136 

and equation (11) simplifies to the form 

v = ¥ {1.181 - (1.204 i cos 4)7} - 1.204 i sing 

Table 15 gives the components of this equation leading to the 

calculated values of V using the 'theoretical' derivation of Eas Fig 

58 shows the calculated values of V both from Table 15 and when using 

the 'design' value for En» together with the measured values. Vector 

diagrams representing approximately the 60 amp and 160 amp points of fig 

58 are given in fig 59.
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Table 15: Components of equation (11) leading to the calculated = i &> 

value of V for comparison with Table 14 

  

  

  
  

la/ 2 i M M“cos*$ (k@=a) vb Msing (ced) V 
a b . d Vv 

0 oe “ Tel820¢.J..080 °° = *-51,089 163 
62.5 oad 988. 2113 1.009; 1024 » 0345" 8900: “148 

104 46h 5635 311 BRIG) << 93355079. 854 4.428 
120 540 .650 410. 774i 878 G 112. 4.766.115 
155 .698 .840 .678 AOS 02. 7467-835 8 
165 5743. 806. 62.708 ATS ORS BOS 0 (383 2 57 
168 bbe 910... 627 SGA Gad adds. 295° 48 

\$.3.2 The relationshin between field current and terminal voltage 

For lagging power factor’ equation (11), 5.2.4, may be rearranged 

in terms of M = ik/., (a, te 34 

ao ees Lee 
Mz. 2V sing det Gr. 1K) 0 

7 9 
or M = -v sing +7 (v*sin® 6- (v" - k’)} 

taking the positive square root as previously, 5.2.4, 

CL ik (a, + x) 
Fe os Fes tp edae en seeen) 

  

ie 2 2 3 ¥(k" = v" cos’ 9) = v sing 

Similarly for leading power factor conditions 

ces te Sg X) a, oe CI 
  

Wc" - ycos*4) + Vv sing 

a 161 =



 



 



5.5.2 

Figs 60 and 61 are examples of families of curves for k' plotted 

against k, representing the effect of one parameter varying while the 

rest were held constant. Since k' is directly proportional to i, all the 

curves in fig 60 are in fact the same curve; each level of i sets a 

different scale to the axes. In fig 61 the variable is 4; each curve 

is unique and subject to limits dependent on the constant values 

chosen for the remaining parameters. 

Measurements were made of load and ficld current on the 

experimental machine adjusted for level regulation at each load. Table 

16 presents these readings with p.u. values for the load current and 

calculated values of the load power factor. | 

Table 16: Measurements of field current, load current and power 

‘ together with calculated power factor; each setting adjusted 

for V = 150 volts. 

  

  

  

la/Vv2 i Kw bo DE I, 

62.5 281 9,32 £994 1.03 

Q6.8. +" .400 13,25 995 1.14 

99.4 a7 oo 14.79 £992 ; 1.18 

104.8 472 15.50 986 SS aet 

127.8 0575 18.88 £985 1.32 
138.2 622 20.43 £985 1.49 

202.3 .910 30.00 988 1.78     
Although some significance may be attached to the variation in 

calculated load power factor in that it tends to decrease as the load 

resistance decreases, consistent reading of the watt meter to this 

accuracy is not practical. Therefore the calculations are made for 

cos » = .995 and cos $ = .985, representing the two extreme values. 
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5.3.2 

The procedure for calculating the curve representing I £ against 
, 

I, has two parts as follows, 

(1) k' is plotted against k. The values are taken from a measured 

(or calculated) open circuit characteristic. On the same graph 

‘portions of a family of curves similar to fig 60 are plotted to 

establish the points of intersection. 

(2) Each intersection describes the necessary p.u. field current (k') 

required to support the p.u. armature current associated with that 

particular curve of the family. Hence the values of k' and [, at 

each intersection lead to a curve of I £ against I for a specific voltage 

and power factor. 

Fig 62 represents part (1) above for the experimental machine 

and fig 63 the resulting calculations of the load characteristic 

for both .985 and .995 lag power factors. Measurements are marked 

by crosses for comparison with the theoretical curves, which used 

E, = a . Fig 64 shows the same measurements together with calculated 

curves using the 'design' value of Ey. 

The open circuit characteristic of the industrial machine (on 

which this experimental alternator is modelled), 2.1, is shown in fig 65 

in the form of k' against k. ‘The manufacturer's load measurements were 

made with a load power factor described as being '...... certainly between 

UPF and 0.98 lag and ... probably between 0.99 and unity’. Accordingly 

the variable i families were plotted for cos ¢ = 1.0 and 0.98 lag in 

the region of their intersection with the open circuit characteristic. 

Fig 66 shows these intersections converted into load characteristics 

amd compared with the manufacturer's measurements. ‘The theory suggests 

that the load power factor was 0.995 lag; this corroborates the 

manufacturer's expectations. 
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mn Thus, calculations based on the theory derived in this thesis, 

both for the experimental and for the industrial machine, have agreed 

closely with the experimental measurements and the manufacturer's tests 

respectively. 
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Cs a r oummary 

This thesis presents an analysis of the distribution of flux 
throughout the stator and airgap of a Lorenz-type inductor-alternator. 
It is therefore a basis for investigations into many aspects of this 
class of machine which have not yet been studied in the limited 
literature, 

7 The motive for extending the 'classical' theory has been fully 
discussed in Chapter 1 and subsequent chapters have deronstrated its 
capacity to ae describe conditions in practice. Many of the 
techniques, both theoretical and pract tical, which have evolved during 
the derivation and corroboration of the theory, are by no reais restricted 
to this particular class of machine. 

This chapter discusses two recognised problems, losseg ane self- 
excitation, which have not been solved during the work but which, at 
is hoped, will now be more tractable. During the theoretical and 
experimental analysis two further areas of great interest have developed. 
The first concerns the concept of "load-angle' which arose when 
onsidering the inductor-altemator's similarities to the synchronous 

machine. This leads to am expression, for power output dependent on terms 
cescribing the electrical and magnetic balance of the desig. 

‘The second area which th analysis describes in new detail concems 
the mamer in which the output waveform is produced, Due to the square 
nature of the open circuit wave and the sinusoidal nature of the major 
components of armature reaction, the combination is clearly seen in a 
Series of traces of open circuit and on-load terminal volts.
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6.1... The calculation of iron losses 
  

It has become accepted practice in the calculation of iron loss 

for inductor-alternators, to multiply the calculated value by an 

empirical factor (ranging between 2 and 3) to arrive at the value 

expected from tests. 

The discovery that alternating fluxes exist in regions which 

previously were presumed to carry d.c. flux only, suggests a 

primary source of additional loss. The distribution of flux within 

the tecth, investigated with the conducting paper analopue, sugsests 

a further loss mechanism associated with the harmonic pole to pole 

paths completed in the tooth surface. 

Measuremonts of the flux density distribution along a slot centre 

line radius, fig 67, showed that the majority of the loss occurred close 

to the slots. Calculations of core loss with this distribution gave 

lower values than the existing practice of considering ‘mean tooth flux 

density filling a depth of core equal to half a tooth width. With the 

additional components passing behind the field slot, the total loss comes 

Close to the design value, fig 19. Losses due to second-harmonic fluxes 

are calculated to add 6% to the fundamental frequency losses. On-load, 

the general distribution of cormonents remains very similar to the open 

circuit pattern. The additional second harmonic components appear to be 

reduced below their theoretical value in the same manner that open 

Circuit second harmonic components are affected by distortion. There is 

evidence, however, that the field pole to pole paths suggested by the 

extension of the open circuit theory in Chapter 3, are not the only 

possible paths. Only small values of second harmonic flux appear to 

leave a rotor tooth and complete a field pole to pole path through the 

rotor core. For values of load angle when the rotor tooth is opposite 

an armature slot i.e.opposite parts of two adjacent stator teeth, at the 
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Fie 67: Density of fimdamental flux passing behind 

armature slot, at open circuit rated volts 
ndamped 

instant of peak armature current, the armature reaction flux may pass 

through the rotor tooth surface, fig 68. In tems of the composite on- 

load airgap flux distribution, harmonic pole to pole paths exist in the 

rotor tooth surface. 
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Fig 68: Rotor surface path for armature reaction flux 

The losses resulting from these 'surface paths' are very similar 

pole-shoe tooth-ripple losses which have been considered in sone 

detail for salient pole alternators. Greig and Mukherji ae have 

shown experimental verification of theories presented by Bondi and 

Mukherji hi which show that two different modes of flux penetration 

exist in the surface of laminated pole-shoes. ‘The first is accordance 
+3 with the 'classical' depth of penetration employed by Carter and 

3 hy : : : Gibbs “". The second involves a penetration of much greater depth of 
io the order of a slot pitch. Measurements on the Lorenz experimental 

machine show that even harmonic fluxes complete surface paths within the 

first third of the stator tooth length (i.e. within a depth equal to the 

third harmonic wavelength). Further into: the tooth the flux variations 

lose any 'space' distribution and are varying in time with magnitudes 

dictated by the tooth width at the airgap. 

: . : ‘ ; -% 4 
Following further experi ot Greig and Sathirakul ? 

conclude that the discrepancies between theory and practice for .016" 

laminations were not inconsistent with the phenomenon normally referred 
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to as the ‘loss anomaly'. In this connection it is interesting to note 
1 pede mm bO . 

the findings of Boon and Thompson who show, for polycrystalline 

3% silicon-iron sheet at 50c/s, that the ratio of rotational to 
« 

alternating loss is, approximately, two. 

‘alysis of the conducting paper analogue studies has 

demonstrated the rotational nature of flux densities in the surface 

regions of Lorenz stator teeth. A mathematical treatment (neglecting 

the 'classical' effects of eddy currents) has expressed this density in 

terms of radial and circumferential components of the form 

— -—7TV" TX 
= @ —_ SL. ——aes 

x a3 Bees Ek 

—- = x 
Be cos ——= Ven tte 

and Se eM ERS ee 
a y a 

where x is measured circumferentially along the tooth surface and y, 

radially into the tooth iron. 

h 
‘These equations are very similar to those used a by Freeman 9 

although derived in a different manner. For any penetration y, as x 

takes values from 0 to 2a, B has the magni tudee 2 and direction 

= radians from the y axis; this describes a complete cycle of rotation 

as the source of the harmonic space distribution, i.e. the rotor, moves 

a harmonic wavelength. 

c 

Chapter 3 demonstrated the simultaneous existence of "sin wt' and 

"cos wt' components of flux in the half teeth and core of the stator; 

i.e. their combination may also be considered as a rotational flux. 

Therefore, a future study of loss mechanisms and their calculation 
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1) consider qualifications to the pole-shoe theories to accoumt 

for the effect of slots in the stator and rotor, perhaps by 

investigating in greater depth analogue studics which simulate 

the tooth boundaries. 

2) consider the additional loss present when the flux density 

is rotational, and in which regions of the iron this is 

Significant. 

In the writer's opinion rotational surface losses will account 

for the present discrepancy between calculation and measurement. The 

stator iron is subjected to an extreme form of tooth ripple flux while 

the rotor experiences the negative sequence components of single phase 

armature reaction: both are, at present, neglected in the loss 

calculations and both contain rotational characteristics.



6.2 

6.2  Self-excitation 

Due to the comparatively high p.u. synchronous reactance 

(a + X,) inherent for inductor-alternators, the natural regulation 

haracteristic is poor. Improvement both in regulation and the overall 

magnetic to electrical balance of a design is obtained by supplying 

the load through a series capacitor. This is lnown as compensation; the 
x 

degree of compensation is defined as ( ‘ ) where X, Tepresents the 

Bubs KX 

p oUe capaci tl ve reactance ° 

c 

CX, is made equal to (a + x ? i.e. 100% compensation, a short 

circuit fault in the load circuit ‘ent result in a resonance condition, 

theoretically reducing the load on the machine to the armature 

resistance alone. Naturally this disastrous possibility is avoided. 

If two or more machines are required to be paralleled, synchronous 

operation depends upon the paralleling circuit impedance having an 

inductive component. Thus over-compensation introduces a restriction 

on the design's application. | 

Two types of self excitation occur in under-cormensated systems. 

1) asynchronous self-excitation 

2) self-excitation due to ferro-mametic resonance. 

Both depend upon the 'tuning' of the machine reactance with the 

capacitance of the load circuit. 

1) Asynchronous self-excitation occurs during run up. It is dependent 

upon a frequency (less than rated frequency) at which the load 

capacitance tunes with the synchronous reactance. Characteristic signs 

are a low frequency induced in the field circuit and a mixing of this 

‘and the generated frequency in the output circuit. 
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6.2 

This much is industrial experience. Given a tuned condition, the 

phenomenon would appear to depend on the mutual inductance of the 

armature and field coils. Chapter 3 has evolved techniques for studying 

the components of flux linking both coils expressed in terms of the 

combined field and armature m.m.f.s.. These may well lead to a fuller 

understanding of the mechanism and suggest appropriate winding 

characteristics, or damping circuits, to limit the effects. 

2) Whereas ‘asynchronous self-excitation' is primarily a fault 

phenomenon, transient surge conditions may also stimulate self- . 

excitation. One explanation suggests that momentary saturation of the 

iron circuit may reduce the effective machine reactance to a level at 

which it equals the load capacitance; the resulting resonance may be 

transient or sustained. 

Since the expressions for terminal volts on-load, derived in 

Chapter 5, are dependent on a saturation factor O/h1) the conditions 

controlling a reduction in machine reactance as described above may 

be analysed theoretically. It is the writer's opinion that a 

solution to 'ferro-magetic resonance’ will form one part of a general 

transient analysis. The major application for inductor-alternators 

at present is to supplying coreless induction furnaces; these present a 

highly inductive load. The p.£. may be as low as 0.1, dependent upon 

frequency and lining thickness. By using shunt capacitors to compensate 

for the large wattless current, the necessary alternator size is very 

greatly reduced. Change in load p.f., as seen by the alternator, occurs 

during the melt; hence it is necessary to vary .the value of the 

‘capacitors to limit this power factor variation. 

A full transient analysis of such a system is necessary to 

establish operating criteria, without which present desigs must contain 

substantial overload capacity. 
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6.3 <n output expres sion for studying balanced designs 
  

on ne ok The Lorenz-type inductor-alternator has many of the characteristics 

of salient pole synchronous machines. Because adjacent direct axes have 

dissimilar permeance coefficients and the quadrature axis permeance is 

unsymmetrical, normal two axis theory is inapplicable. If a transform 

fimction with a period of 2m (electrical rad) is discovered a modified 

two-axis theory will follow. Until such a discovery continuous expressions 

for the composite field at any point in the airgap must be used. 

In Chapter 5 it was shown that the fundamental vector diagram 

was very Similar ta that of a synchronous machine and that, for the 

single phase alternator, a parameter analogous to the conventional 

"load-angle' might be expressed. 

i.e. cos » = (1 =- asin 6)/A 

Continuing the analogy, assuming the peak _cnergy stored in the gap to be 

fo ( PA 52 , a fictitious combination of F.- and ie regardless of the 
2 g 

contra-rotating nature of F_, the load angle may be written into an 
a 

expression for power of the form 

  

poMee ge ere Davwar : : . owe Se eee «6 A Sin a Wed 2 2 ac £ A wy 

34 2 . ° + ° ° Ve 

Eliminating y and substituting _T cos » for cos 6 
Ve 

Row, ve 
Power = poles x —- FP <= cos ¢ of T gene sa Ve 

Not surprisingly, the load aes power factor (cos 9), the angular 

velocity (w,, ). and the regulation gs T ) control the output power. The 
Fe 
ve 

oe 

"design for optinum magnetic to electric balance' may be studied by



Gao 

  

< reference to the dimension term - = governing flux densities in the 

iron, and the terms Be and F representing the m.m.f.s resulting from 

the electrical loading. 

1 to
 

co
 

bo
 '



6.4 

Cn
 

. 

s + 

re 44 pen, ofa, 4 
Output wavetorm 
— 

The open circuit voltage waveform will be proportional to all the 

odd harmonic components of the open circuit airgap flux density pattern: 

consequently it is 'flat topped' as shown in fig 69(a). Since the 

major components of reactive voltage due to armature reaction, 5.2.4 and 

8.7, arc at fundamental frequency, the on-load voltage waveform is a 

combination of the open circuit pattern and a sinusoidal pattern due to 

the armature currents. The amplitude of the sine pattern is proportional 

to the load: further, the axis of the sine pattern moves relative to the 

open circuit pattern as the load-angle varies. The resulting change in 

waveform with load is shown in fig 69: this accounts for the industrial 

experience that on-load waveforms are in general closer to being 

sinusoidal than open circuit waveforms. 

Two £actors require further study: 

1) The flux variations at the tooth surface contain substantial 3rd, 5th 

etc. harmonic components, while the flux variations at the tooth root 

are predominantly fundamental. The voltage waveform resembles the tooth 

surface flux pattern rather than a combination of the two extremes. 

Perhaps the waveform may be mich improved, at the expense of increased 

Qo 
leakage paths, by locating the armature conductors further from the 

ct 

airgap. This investigation would include another important study: the 

distribution of current between the conductors in a coil side. 

2) If the airgap distribution controls the output waveform it would seem. 

possible to design the full load conditions for optirmm harmonic content. 

.In Chapter 4 terms from the composite airgap. flux density expression 

were chosen to describe the pattern moving with the rotor. By selecting 

terms linking the reference coil at each harmonic frecuency and 

considering their simultancous minimum values, criteria will appear



4 ON
 

in terms of by iy 
“a 

etc. and 6. Thus correct airgap scometry ‘and % 

electrical to magnetic balance of desipn may remove the necessity to 
7 : pe a enn 7 skew and stagger the rotor core, 1.2.2(18) 
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A se O¢Z : Output waveforms I, Fig 69 
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Output wavefonas I. = O.4A Fig ‘69 
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6.4 

O.6A Fig 69: Output waveforms I £ 
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6.4 

Fig 69: Output waveforms Ie = 0.8A 
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1.0A Fig 69: Output waveforms I £ 
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6.4 

Fig 69: Output waveforms I g 7 1.5A 
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2.0A Fig 69: Output waveforns I £ 
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6.4 

Fig 69: Typical ZPF lag output waveform 

 
 J\ 

bt 
qT 

 
 

fs 
 
 

 
 

be sak ed coal 

i 

TT ren q 

 
 

\ 
ek 
Trrt 2 

 
 

ee: 

+ 
+ 

i233. 

 
 oy 

ti qa We 

\ 
V 

 
   
 
 

ae ers 

 
 

    

\ 

  

ok J 

    wea) AGE oe Vy eh BA 
j 

    
 
 

 
 

= 192 -



GIAPTER 7 References and Acknowledsments 
  

Vid Symbols 195 

Vee Bibliography : 199 

7.3. Equations | 203 

7.4 Acknowledgments 204 

i,- 193 =



Summary of References 
  

General 

Nurerals e.g. 3.1.4, refer to chapter three, section one, 

subsection four. Exceptions occur (a) in 1.2.2 where further divisions 

‘are denoted by 1.2.2(1), 1.2.2(2) etc., and (b) in chapter eight 

section one which deals with instruments; 8.1 item 5 refers to the 

fifth instrument in that list. 

Pare references 

Numerals in the top right hand corner of each page refer to the 

General section that starts or is continued on that page. Lach page is 

also numbered sequentially; these figures appear bottom centre. 

Bibliography 

References to the Bibliography are given as superscript numerals, 
20 @.2. 

Equations 

Bracketed numerals in the right hand margin or in the text refer to 

- equations; these are listed in 7.3. 
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Symbols - in order of introduction 

flux density (\"b /m”) 

width of rotor slot (m) 

width of rotor tooth (m) 

length of airgap over rotor tooth (mn) 

(s/g)* + 2 

> v{( ; 7 + 4) section 1.2 only 

ele 
mo S)° +4) 

[+
 

[+
 

parameter corresponding to values of x . 

space co-ordinate measured along a rotor slot 

pitch from the axis of a slot (0< x « : :   

frequency (c/s) 

rotor slot pitch (= t+s) (m 

flux utilisation coefficients 

peak fundamental component of alternating 

flux (Wb) 

steady flux density (ib /m?) 

flux in stator tooth opposite a rotor tooth (Wb) 

flux in stator tooth opposite rotor slot (Ib) 

flux passing into core (= e.7 4) (Wb) 

depth of rotor slot 

2a x frequency 

effective turns per armature coil 

peak armature current 

a 195: 

section 

152.202) 
122.2(2) 
182522) 
1:2 ote) 
12 -Oh2) 

Lelieiee 

132.4(2) 

1.2.2(2) . 
1.2.2(2) 

22 2(3) 

142.2(3) 

1.2.2(4) 

1.2.2(5) 

1.2.2(6) 

1.2.2(7) 

1.2.2(7) 

1.2.2(7) 

1.2.2(8) 
1.24210) 

1.2.2(10) 

1.2.2(10)



  

I 
wo
 

B/ 
Boc 

cos¢ 

space measurement around airgap in electrical 

radians where i = 2n° 

time (sec) 

number of 'high frequency poles' 

(= 2 x rotor teeth) 

field ampere-turns per pole 

peak armature reaction ampere-turns/pole 

permeance coefficient 

permeability . 

magnetic field intensity 

open circuit airgap flux density distribution 

relative to the stator 

mth coefficient of the By (series (Wb) 

order of space flux density distribution harmonic 

active length of core (m) 

stator-slot opening (electrical rad) 

time phase angle by which the peak o.c. volts 

lead the peak armature current : 

p.u. coefficient of Pre series where base 

By = 1] p.u. 

airgap flux density distribution due to F, 

NI 

mH ¢ 
a2 ~ ratio of armature and field m.m.f.s 

  

open circuit airgap flux density distribution 

relative to the rotor 

load circuit power factor 

terminal voltage for a specific value of 

I. and I a 
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1.2.2(10) 

1;242(10) 
1.2.2(10) 

L.Zeetal) 

4.2.20)) 

Logietle) 

Laden 

we 

3.1.4 

4.1.1. 

4.2.1 

we



  

- 0/2 

open circuit voltage for a specific value of Ip 

complete series expression for open circuit | 

voltage 

fundamental r.m.s. component of Bac 

flux linking ‘reference coil' on open circuit 

£(@, t) 

+n/2 

fundamental peak component of toc / 
=1/2 

Carter's coefficient for airgap fringing 

complete series expression for voltage due to 

armature reaction m.m.f. 

fundamental r.m.s. component of E, 

complete series expression for the internal 

generated voltage on load 

fundamental r.m.s. component of E 

rated full load peak armature current 

p.u. armature current 

rated open circuit r.m.s. voltage 

p.u. terminal voltage 

field current required to establish ue 

p.u. system non-linear factors 

2N I 
oa a0 
me Nel cy 

(i/k') a, 

-fumdamental flux vector due to field m.m.f. 

fundamental flux vector associated with E 
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+n/2 

$ 
a 5/2 

Fa
 

D! 

eho 

angle between ¢ and $,, and/or Doe and E Daeee 

fundamental (in time) component of i 

fundamental (in time) component of flux linking : 

reference coil due to armature reaction m.m.f. 

leakage reactance (Q) web p23 

complete series expression for on-load terminal 7 

voltage 

fundamental r.m.s. component of V " 

fundamental r.m.s. reactive voltage due to ‘ 

leakage fluxes 

phase-shift between forward synchronously rotating " 

open circuit and on-load m.n.f.s 
a/R = a 1 2 "W E/E o. Y(1 - 2asiné + a‘) | 

ifr (a, +x,) " 

reactance (p.u.) due to capacitive compensation 6.2 

airgap radius dimension ; 645 

rotor angular velocity 

  

2B 
2m ‘ Gt35eL 

LAN IB : 
pt | 8.3.2 
2a Fe 
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7.3 

7.3 List of equations 

Reference Description ‘ . Section 

1A 1B Flux density distribution due to Carter 1.262 (2) 

z Open circuit B distribution 3.1.4 

> Armature turns distribution Seles 

4 Armature reaction flux density in terms of a 

the open circuit flux density 

Bie Equation (4). expanded ; . 

6 Combination of equations (2) and (5) to give 4iZa1 

complete on-load flux density expression 

relative to the stator 

Fae . Equation (6) relative to the rotor : 

8 f Expression of flux due to armature reaction 56202 

fundamental conponent 

9 Equation (8) rewritten to include ‘a!’ " 

10 p.u. terminal volts 5.234 

11 Equation (10) rewritten to include 'M" : 

12A 12B Equation (10) rewritten in terms of the non- Si aee 

linear factors k' and k 
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Instruments 

Item 

Oscilloscope 

Operational amplifiers 

Dual trace amplifiers 

Canera 

Wave analyser 

Wave analyser 

Frequency analyser 

Test Set 

Electronic Voltmeter 

Digital voltmeters 

Double element watt meter 

_ Ammeter (d.c.) 

Voltmeter (d.c.) 

Micro ammeter (d.c.) 

D.C. supply 

Starter 

Variable load 

Decade resistors 

Variable resistor 

hanufacturer Type 

Tektronix 533A 

Tektronix 0 

Tektronix ; CA 

Tektronix iz 

Muirhead Parmetrada 

Marconi TF 2330 
Venner TSA 3336/2 

Canbridge 20-2000c/s 

Bruel & Kjoer 2409 

Digital Measurements 2003 

Sil. 

Serial No. 

100677 

003118 

104363 

005207 

D489 GM 

52410/024 

L9519 

L386 768 

135726 

15190 
15654 

AP 63488 
AP 56386 
AP 31660 
641379 
1373 
L608872 

L 397934 
L 397885 

Sangamo Weston 579.1.56 
Sangamo Weston AP.S82 

Sangamo Weston 582 

Sullivan T2010 

Farnell . L30 

Electrical 20Q0DSD 
Apparatus 

Educational Measurements (10 amps max) 

Cambridge 

Bereostat 152 4.7amp 
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8.1 item 16 
Driving motor 
ny 0 
Woo 1 (2063 

LOOV 

34 
50c/s 

 



8.3.1 

SiS Tooth contributions to core flux 

8.3.1 Contributions to Be 
  

In practice, the stator airgap surface between ficld slots is 

interrupted by a.c. slot openings of width o electrical radians. Section 

3.1.4 and fig 33(a) describe the teeth and their airgap peripheral limits 

ass 

Tooth 1 -n + (5 + #) 

BCS te ke eg) 

Bagecy +p) ita ars) 

BAC ts Bie ean. 
5 (38+ $) + 3 

6 an > (g2- $) 

The total net flux contributed to the core by tooth 1 due to By a is ¢ 
ocl 

t 3 as ; Efe Se a <9) ps : Gm 

a 5a Bk RE fe oe boc gR Boe t0 = ae | a sinm(é@ - wt 7) 

7 m=0 -7 

oo ¢ 

= D {sinm(-7 - 5 - wt) - sinn(- = - wt)} 

m=O 

AB 

where D = —— 
_ 2m 
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oo 

QeDet 

3nit 
sinm wt} 

= D {-sinn (5 + wt) cosm 

m=O ae SIT 
+ sin —- cosm wt + cos 7 

oo 

= (D £, (wt) } 

m=O 

Thus for each tooth, by integrating the B oa wave between appropriate limits; 

                    

ft (wt) = {= cosmm sinm( > + wt) + sin an cosm wt + COS as sinn wt } 

£,(wt) = {- sinn( $+ wt) - cosinm sinm( 5 ut)} 

£5 (wt) = {- sinn( 5 - wt) - cosmm sinn( 5 + wt)} 

£, (ut) = {= cos2mm sinn( > + wt) = cosmm sinn( 2 - wt)} , 

f£-(wt) = {- cos2mm sinn( So - wt) + sin Su cosm wt - cos OOM sini wt} 
5 2 2 Pe 

‘£-(wt) = {- cos4mn sinn( Z + wt) - smn aa rot} 
6 ae cae 2 2 

Vhen comparing the directions of these 

to establish the paths followed by the 

made for tooth six lying within a pole 

teeth 1 <:5. 

the correct expressions are 

Therefor, when comparing 

9 

es D (ot) 

m=0 

and 

200 a 

contributions at any instant in time, 

various components, allowance must be 

of opposite sense to that containing 

contributions from teeth 5 and 6, 

co 

- Se .D £, (wt) 

m=0



  

O6oes 

8.3.2 Tooth contributions to core flux due to B. 
  

for the fundamental components of F and Ba 

2N 1 BL 
; {cos(6 + wt - 8) + cos(@ - wt + 8)} cos(6 - wt - 7) 

et 

Hence 9, between limits (1) and (2) 

Nj1B 2A : ‘2 
- al [ - 1 ( sin(ze - 6 - ) + sin(2o - ut + 6 - 2) } 

20 Fe i : (1) 

+ 6 { cos(2wt - 6 +3) + cos(é +>) } 
Cae Ae etO) 

where the limits are taken for each tooth with the same roation as in 8.3.1 

for tooth 1, lying between (-1) and (- 5 - 5) 

oD [- 4 { sin(- 3 -o - 8) - sin(- 9 - 8) 

Sa 5 2wt + 6) } + sin(- 2 - o - 2wt + 6) - sin(- 

#(5-7) { cos(2wt - 6 +5) + cos (6 +5) ] 

N_IB, 24 
where D'. = ee Sate 

2n°F 
ere 

Poe D! E 3 { cos(o + 6) + cosé + cos (o + 2wt - 8) 

+ cos (2ut- 6) +( 5-5) - sin(2ut - 6) - siné | 

= i210.



  

Geek 

For lagging ZPF loads 6 = 3 then 

»[- 
te 

{ -sino + sin(o + 2wt). + sin2ut } N
i
m
 

$1 C2PF) 

N
I
 (x = 0) (cos2ut - »] 

+ { (sino - 7 + o)(1 - cos2ut) - (1 + cosa) sin2ut 

For leading p.f. load 6 = O, then 

D! Ee 

+ 

{ cosc + 1 + coso cos2wt - sino sin2wt + cos2uwt } 

N
i
 $51 (6"0) 

N
i
 epee sin2ut) 

’ : 

~ {(sino - 1 + 0) sin2wt - (1 + coso) (cos2wt + 1) } 

Thus for each tooth, by integrating the Bo wave between appropriate limits; 

£, (2ut) opp = 1 { (sino - + + 0) (1 - cos2ut) - (1 + coso) sin2ut } 

£, (2wt) opp = (sino = 1 + o)(1 - cos2ut) : £,(2wt) opp = £, (2wt) opp 

£, (2wt) opp = 1} { (sino - 1 + o)(1 - cos2wt) + (1 + coso) sin2ut } 

£, (2ut) aoe 1 { (sino - 1 + 9) sin2wt - (1 + cosa) (cos2wt + 1) } 

£5 (2ut) 5-9 = (sino - 7 + 9) sin2wt = £,(2wt) 5_5 = £, (2ut) 55 

Ee (2ii}ce = 1 { (sino - 1 + 0) sin2wt + (1 + coso)(cos2ut + 1) } 

The combination of m= n= 1, therefore, produces twice line frequency 

components of flux. Each tooth contribution within: a field pole has the 

same sign, i.e. these components must link the field winding. 
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wewee 

- Considering the general case (neglecting coefficients) 

f = 
n,m 

+ 

+ 

| + 

31 

ym 
“1 ‘ 

+ 

as 

LZ   

4 cosné cos(wt -5) cosm(e - wt 

cos 

cos 

cos 

Cos 

cos 

cos 

cos 

cos 

cos 

cos 

cos 

60S 

for n #17 ana m 

1,0 per pole 

(n + mje + (1 

(n-met+( 

(n+mje- (1 

(n-mjo- (1 a
 

+ (6n + 5m) 
+
 (6n - 5m) 

(6n + Sm) 

(6n - 5m) - 

o
m
e
 

Ni
a 

vi
a 

f
a
 

Ni
a 

[
a
 

f
a
 

vf
s 

w
a
 

oO 

cos (37 + wt - 6) + 

cos 

cos 

cos 

= 2 {- cos (ut 

+ (30 - wt + 6) + 

(<7 + wt'- 6) - 

&):< fe
 (-7 = wt 

e 

ok
 

m)wt - 

m) wt 

+ mot + 

+
 (1 

+
 (1 

(1 

(-2n - 3m) + (1 

(-2n + 3m) + (1 

(-2n - 3m) - (1 

(-2n + 3m) - (1 

Cos 

cos 

cos 

cos 

m) wt 

m)wt - 6 } 

m)wt + & } 

mwt + 6 } 

+ 

m) wt 

m) wt 

m)wt + 6} 

m)wt + 5} 

(30 

- 1/2) 

6 = mr/2 } 

6 + mn/2 } 

6 = mr/2 } 

m)wt + 6 + mr/2 } 

7 

- 6 } 

6} 

5} 

  4 

+ wt - 6) 

=) Wt 

+ ut - 6) 

WE 

+ 5) 

+
 ) 

~ §) = cos (wt - 8) + cos (wt - 8)'+ cos (wt - 6) } = 

= 212+ 

0



  

Similarly 9, 5 per pole = 
a e, 

+
 cos ( 81 - wt - 6) + cos (-27 + 3wt - 5) 

+ cos ( 81 - 3uwt + 6) + cos (-27 + wt + 6) 

- cps (“St - wt - 6) - cos ( 2m + 3ut - 6) 

- cos (-8n - 3uwt + 6) - cos ( 27 + wt + 8) 

= 2 { cos (wt + 5) + cos (3wt - &) - cos (wt + 6) - cos (Sut - 6)} = O 

Thus, steady and second-harmonic components of the B a distribution 

combining with the fimdamental of armature-reaction do not produce net 

linkages from field pole to pole.. Linkages are produced only if (m + m) 

is even.



8.4 

8.4 Coefficients of Bes from a conducting paper analogue 
  

A model of the airgap over a rotor slot pitch for a smooth stator, 

fig 70, was cut from conducting paper. Although the model was symmetrical 

about a slot centre-line, i.e. all the available information might be 

gained from one half, the advantages of short electrodes dictated that the 

model be of a full slot pitch. 

By passing current from one electrode to the other the potential at 

two points (marked as x x in fig 70) may be measured with a Wheatstone 

bridge. The resistance between these points is proportional to(de). 

Hence the orthogonal analogy between resistance and pereance : 

coefficient per unit core-length, which is also proportional to(de). 

Thus, assuming the resistance of a mit square of the conducting s paper 

is constant as is the pemeability of a unit volume of the airgap, the 

resistance between 'x x' is analogous to the flux (the m.m.f. is 

assumed to be uniform across the rotor slot pitch). By taking a series of 

values of resistance for equal widths across the rotor slot pitch the 

analogy may be extended to equating the relative values of resistance to 

relative levels of flux density. 

Fig 70 shows these relative values of resistance plotted to a scale 

~ such that the flux. density at the rotor tooth centre-line is taken as 
1.0 p.u. Points taken from this graph were Fourier analysed (by computer). 
Table 17 gives the first fifteen harmonic components in terms of a 

fundamental (100%) of rotor slot pitch wavelength. These are the values 

required for the coefficients of equation (2), 3.1.4, in terms of 

B, = 1.0 p.u., i.e. Boab By 
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Table 17: Harmonic content of B wave, fis 70, nlotted from conducting 
> o Oo i 

paper analogue and Fourier analysed 

  

  

              
  

llarmonic component (m)} $% dy Harmonic corponent (m) | % h 

Steady (0) . 7123 71 +66 | 605 

i 100,0°1 1.0 9 6.0:| .06 

2 38.5 coo 10 § 2S: ee 

3 10.5 oak it Zed: ve 

4 24.0 24H 12 Se 

5 10.6 oy 13 6.0 | .06 

6 erat | a? 14 0.8 |O1 

7 128 “15 4.5 | .05 

_Computed open circuit points, Be = 1pius 3Q 

average across tooth surface 1.7906 | 061430 

) | 003959 
1-2-7899 
167569 

128444 
17520 1.7906 
105444 
167569 
127899 

| 063959 
| 06 1430 
| 0+0541 

' 0- 1006 
0.0381 
01021 
00380 
0.1021 
0-0381 

i 01006 

00642 
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8.5 Variations of airgap flux density with time due to field 

slot leakage 

Neglecting the a.c. slots, fig 71(a) shows the position of the 

rotor teeth relative to the d.c. pole at four points during a cycle. 

  

  

  

  

      

Pige7 1 

| wt 

on | 

ile ye. a alee one 
fl | fe c 

el oeee. [a2 ee eee aa 

pe +71 /2 

eater et : rae 

. JN: 

aA ere ern Sebel aay 
' 

(b) 

  

tooth area ame 
7 ~~ 

exposed to ~ ~ 
a“ ne 

leakage le SO 
le i Si 

-1/2 1/2 30/2 wt > 

  

A permeance variation with time exists due to the leakage through the 

field slot opening, first at the leading edge and then at the trailing 

edge of the field pole arc. This appears always as an addition to the 
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8.5 

steady permeance. The area of rotor tooth exposed to leakage fluxes 

varies linearly between zero and maximm, fig 71(b). 

Considering the simple case of circular leakage paths from the field 

slot side to the surface of the approaching tooth fig 72(a), at time t 

the leakage path permeance is expressed by : 

where x = ( 5 - wt) 

i.e. A = 2 TT 

  

  

    

  

(a) 
field pole 

approaching 
rotor tooth 

o> 

No 

(b) 

ail 

=-1/2 n/2 30/2 

Fig 72 
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This leads to the logarithmic pattern of permeance shown in fig 72(b), 

which may be approximately expressed by : 
oo 

Z Tt ) ee 
oe ag. ar = sinrut) 

r=odd 

Consecutive poles of opposite sense experience leakage permeance 

variations 7 radians out of phase. Hence there can be no net linkage with 

the whole field winding although in each individual coil odd-harmonic 

voltages will be induced. These will be reduced by short circuited 

damping turns in the field coil plane. 
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8.6 Expansion and selection of terms from equation (5), section 3.2.2 

  

‘By # NAT By Dn sin na} cos{(n+m)6 - (m-l)wt - 7 - 6 } 

1F ¢ n 2 

m=0.1.2.. +cos{(ntm)@ = (m+1l)wt = - +6 } 

n=odd 

(m-1)wt - - ih} +cos{ (m-n) @ 

(m+1) wt - = rig) +cos{ (m-n) 6 

For m= 0 andn#=l B= Nat { 2by cos (9 = wt + 5) } 
nF 

f£ 

ree uf ~b, cos (6 - wt - 6) } Form=2andn=l1 B 
a 

aE e 

These are the only terms in (6 - wt) which are available, i.e. the forward 

rotating fundamental space components. To relate these stator terms to the 

rotor, the 'wt' components are removed leaving . 

N_I_B 
mee aL ; 

WF { 2by cos (@ +6) = by) cos (@ -6) } 

  

These terms may also be found, relative to the rotor, in section 8.7.1 as 

(BOl + CO1) and (C21) 
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S755, 

8.7 Armature reaction flux density pattern relative to the rotor 

8.7.1 Analysis of major components 

Relative to the rotor, the armature turns distribution is moving 

backwards at synchronous speed and the open circuit flux density pattern 

Be is stationary. Thus, the armature reaction flux density pattern 

relative to the rotor, Bie becomes 

  

, ANT By ? bn sinnt cosm + 3 cos n (6 + wt) cos (wt* 6) 

2 2 : Sah 
WF n . 2 a 

* M=Ovl seve 
i . 

n=odd 
5 = 

. NaI, bn sin nt] cos { (mn)@ + (ntl)wt - mm - 3} A 

TE, n ate ; : 2 

m= 0,1,2-- +COS { (nn) 0 + (n-1)wt - mm + s} B 

nzodd . : ; f 2 

+cos { Gra) = (n-l)wt = tin - 6} G 

2 ; 

| *cos { (mn) 0 - (ntl)ut - inn + sf D 

2 di   

  

Expanding each component gives Table 18 on the next page. 

Terms with no 'wt' component are those describing the constant (in time: 

distribution across the rotor tooth. 

Terms with no '6' component are constant in space across rotor tooth 

but have magnitudes dependent on time. 

All other combinations describe patterns moving relative to the rotor 

tooth either forward or backward. 
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Oolot 

Each term is subject to the factory sin ny}. Each component of 
n 2 

armature reaction flux density in Table18 may be integrated w.r.t. @ to 

provide corresponding expressions for flux (linking the area defined by 

the limits of integration) varying in time. 

\nen integrating w.r.t. 6, the factor qualifying each component of 

Table 18 must be divided by the relevant coefficient of 6. Table12 snows 

the relative magnitudes and specds (on al. p.u. base of synchronous spced) 

of each component for m = 0, 1 and 2 andn =1, 3 and S. 
  

Table19: Relative magnitudes and speeds (synchronous speed = 1. p.u., : 

forward direction positive) for 'm, n' expressions of components 

A B C and D., when integrated w.r.t. 6, i.e. 00 flux. 

  

  

  

m ‘0 T pate 2 

Magnitude Speed Magnitude Speed Magnitude’ Speed 

n K ae ng) K A ne) 3 K (x ng) 

hol OTE -2 ou) -1 15 -2/3 

3 608s -4/3 O08 -1 os 505 =-4/5 

7 OO -6/5 O03 -1 +. OL -6/7 

Bed eh O «50% 0 low Oe: 

3 .08 -2/3 ~  .08 -1/2 .03 -2/5 

Ss 703 4/5 03 -2/3 OL 3 $477 

Ci oF 0 1.0 Os 39 0 

3 _ 08 ~2/3, 16 "> <1 413 -2 
5 O03 Y -4/5 205 ~1 02 4/3 

Decerd hd -2 1.0 OF eo +2 

3 08 -4/3 16 -2 SUS a <4 

5 Ob GJS 505. yn H3fe e025" 2 a2 

. b 
K = magnitude “m for: D~ = 17), 0, 94205 b. =: 439 

TGan) eH . 0 , 1 Z 2 

* component Cll has no space nor. time variation. 

+ component Dll is constant in Space but varies with time. 
= Fae Psat Be ooh



Table1S shows those terms moving synchronously with the rotor to be: BOl, 

Bll, B21, COl and C21. These combine to form the flux distribution 

travelling with the rotor which will lead to the flux density distribution 

across a rotor tooth surface. 

_ Neglecting components with magnitudes < 0.1, Table19 shows the main flux 

distributions moving relative to the rotor to be from: A Ol, All, A 21, C13, 

C 23, D Ol, D 21, D 13 and D 23, as underlined. In detail these are: 

a) backward at 4 x synchronous speed: _ 

0.13 sin (¢ + 4ut - 6) D3 

b) backward at 2 x synchronous speed: 

1.42 sin (6 + 2wt - 6) A Ol and D O1 

0.13 sin (6 + 2ut + 8) C25 

-0.16 cos (20 + 4ut = 6) Ds 

¢) backward at 1 x synchronous speed: , 

-0.5 cos (20 + 2ut = 8) ee AL 
-0.16 cos (26 + 2ut + 6) C13 

d) backward at 2/3 x synchronous speed: 

-0.13 sin (30 + 2ut - 8) A 21 

-e) forward at 2 x synchronous speed: 

-0.39 sin (6 - 2ut.+ 8) D 21 

Thus, the major contribution to the distributions moving relative to the 

rotor come from components A and D for m= 0 andn=1. This contribution is 
fundamental in space moving at twice synchronous speed backward. 

Components B and C for m= O and n = 1 are the major contributions to the 

distribution travelling synchronously with the rotor. These two patterns 

represent the fundamental contra-rotating components of the pulsating 

‘armature reaction flux. 

TT ee eee



8.7.2 Verification of sampling technique used in section 4.2.2 

Integrating the armature reaction flux density distribution provides 

an expression for the flux, as a function of time, linking a generat surface 

coil with sides at 6= a and 6 =8 

7 (t) es ad « . j 

a‘ aB : al” Be ge, 

For component A of the expression for BY, (Section 8.1.1) the flux is: 
eo 

b 
ao 7 > inn) Sin FT ( P sin (n+l)ut + Q cos({ntl)ut}. 

n= O. bel A : 

n = odd 

where P= cos {(mm)a rs - 6} = cos { (mins -3 - 8) 

Q = sin { (tn) a ~ -6}-sin ( me -M - 5} 

Considering the time dependent terms,. | 

at time t = t) : P sin (n+1) wt, + Q' cos (atl)wt, 

T . ; =e 
t = on ~t) P sin (ntl) ut, ~- Q cos (ntl)wt, n=l and 5 ) 

) 

t = Mi + ie -P sin (n+l) ut, - Q res (atl) wt, n=1 and 5 

) 
) 

T 

t i = ty 

Thus the sum of four measurements of oe ae at t= tye i - EE bi + 4} 

-P sin (n+1) wt) = Q cos (n+l) wty 

and fe - 3 Will be zero for component A when n=1, 5, 9 etc. 
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Similarly component Df the expression for B*, leads to flux linking the 

general area between @ =a and 0 = 8: 
oa 
yi b eee 

2 m sin nt : 
> Gur - {R sin (n+l)wt + S cos fneajut { 

BOL ibé 

n=odd 

where R = cos {(m-n) 8 - 5 +6} - cos {(m-n)« - +6} 

S = sin {(mn)e + 6} 5 - sin {(m-n)B - == ~s 2 

Hence the same: conditions apply to flux resulting from component D. For 

n=1, 5, 9 etc., the sum of four measurements at the above times is zero. 
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» 8.8 Solution of equation (6) using a corputer 

8.8.1 Components of the complete space distribution of airgap flux 

density on load relative to the rotor 

  

  

Lach component 4s p.u., where By = 1 and the term pi is 

represented by C. le 

‘term } Bo.) a (S.) a 

Steady bo - C sin& 

Fundamental sind + 2b) cos (9 + 6) - Cb, cos (8 = 4) 

onl “-b, cos 20 +Csin (20+ 6) - Cb; sin (20 = 68) 

3rd | ~b, sin 30 - Co, op (30 # 6) + Co, cos (36 - 6) 

4th = -/ by cos 40 = Cb, sin (40 + 6) + Cb, sin (40 2 5) 

sth be sin 50 + Cd, cos (50+ 6) ~ Cbg cos (50- 6) 

6th “be cos 66 + Cb, sin (66 + 6) = 0, sin (66 - 6) 

7th ~by sin 76 - Coe cos (76 + 6) + Cb, cos (7a - 6) 

8th by cos 80 ~ Cb, sin (80 + 6) + Gg sin (80~ 6) 

9th by sin 90 + Cb, cos (90 + 6) - Gb, cos (99 - 6) 

@ i eo 10th “bio cos 100   9 sin(100 + §&) 
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8.2 8. The commuter prosramne 
  

Gees 

AIR GAP FLUX DENSITY DISTRIBUTION RELATIVE TO ROTOR’ 

=" FOR 

ee BEGIN PRINT 
{ “SAMEL 

| ZEBA 

FOR 

- BEGIN 

LLLA?2DELTA=?, 
INE,Y#57-~ 2956, £DEGS?, 
THETALS102 B THETA?! 

CX4:= COS(X)' 
CX2:= COS(2#X)! - 
CX3:= COS(3X)' 
CX4:= costaek)" 
CX5:= COS(5#X)! 
CX6:= COS(6#x)! 
CX7:= COS(7*#X)! 
CX8:= COS(8«x 
CX9:= COS(9#X)' 

~ CX10:= COS(10#x)' 

SX1s= SIN(X)* 
SX2:= SIN(2*X)' 
SX3:= Baer 
SX4:= SIN(4#X)' 
SX5:= SIN(5S#X)! 
SX6:= SIN(6#X)! 
SX]r= BIN I4X 
SX8:= SIN(8«#X) '! 
SX9:= SIN(Q#X) ! 
Sk10:= SIN(10#X) ' 

CY := cos(y)' 
SY := SIN(Y)' 

B9, * BEG Ly REAL BOQ, B2, B3, B4, 85, B6, BT, B8, B10, Bits 
DO, D1, D2, D3, D4, D5, D6, D7, D8, D9, D410,’ 

DOD, D1D, D2D, D3D, D4D, D5D, D6D, D7D, DED, 
D9D, D10D, DD, DDD, 
KY, ’ 

NI,PI,FF, 
we CX41, CX2, CX3, CX4, CX5, CX6, CX7, CX8, CX9, 

SX4,_SX2, SX3, SX4, SX5, SX6, SX7, SX8, SX9, 
Cree! 

BO: =0e713' B2:=0-385' B3:=-0-105' Bd:="0. og 
B5:=-0.106' B6:=0-074' B]#=0- 428' B8:=0-046' 
B9:=-0.06' B10:=-0.083' 
N1s=17000' Pl:=3+1416' FF:=270- 0' 

Y¥:=-3.01416 STEP 0+3927 UNTIL 2+ 7489 DO 

ALIGNED (4,2), 
LEL2S4? SQLS1372, 

X:=0 STEP 0631416 UNTIL 5.96904 DO 

D, 

CX10, 

SX40,



END! 

END! 

END OF PROGRAM! 

g D1 

ye ee 

DOD: = - sy' 

= Sx! 

D1iD:=2*BO#*(CX1#CY-SX1#SY) 
—B2*(CX1#CY+SX4*#SY)' 

D2 := -B2*CxX2! 
D2D:=(SX2eCY+CX2eSY) 

-B3* + (Sk2eCY-CX2eS1)' 

D3 := -B3*SX3! 
-D3D:= = B2e(CX3*CY-SX3SY) 

Ba Ghare! Sh 3eSb) 

D4 := B4eCx4' 
D4D:= — B3e(SX4#CY+CX4*SY) 

+B5«(SX4eCY-CX4e# SY)! 

D5 := B5#SX5! 
D5D: =B4* (CX5*CY-SX5«#SY) 

—B 6» (CX5*#CY+SX5«SY)! 

D6 := -B6*Cx6' 
D6D: =85« «(SX6#CY+CX6s SY) 

os: eas (SNe koe 5 1 

“D7 ts “57° 8x7! 
D7D:= — B6*#(CX7*CY-SX7# SY) . 

+BG*(CX7*CY+SX7* SY) ' 

D8 := B8*#Cx8! 
D8D:= — B7*(SX8#CY+CX8*#SY) 

+B9«(SX8#CY-CX8eSY)! 

D9 := B9*Sx9' 
D9D: =B8 *(CX9*#CY+SX9# SY ) 

=B10#(CX9#CY+SX9e#SY) !. 

D10:= -B10*Cx10' 
D400: =B9¢ ( Sk10*CY+CX10+SY) 

—B11#(SX10#CY-CX10#SY) ' 

Dee: iit Do+D1+D2+D3+D4+ D5+D6+D]+D8+D9+D10" 

DD 3: Gee naocoa cha MME aT SEF) ne 
D8D+D9D+D10D )*(NI/(Pl*FF)) 

DDD:=D+DD' 

PRINT ALIGNED (4,4), D, SAMELINE , £28822, 
DD, ££S87?, DDD"



  

oo 

8,9 Proof of identity » 
n'-4 

  

  

    

  

i) me 

» n=odd 

To sun ¢ : ) for odd values of n + » is equivalent to summing bose 
Rech , (2n-1)°=4 

for all values of n + ~ 

co : & 

Sc ‘ ({—+—} 
(2n-1)“-4 

n=1_ rs 

1 4 i 1 
but -——>——- an we _ } (2n-1) 2-4 (2n-1)-2 2-1) +2 

ed ‘se 3 a eh 
ie} Ces ee ee 

oo COS 

Therefore S =a { Bt eg co : 2n-3 2nt+1 , 

n=1 n=1 

n=N n=N 
let S; >= a cand: oe seat 

1 2n-3 , 2 2n+1 

n=1 n=1 

where N is a positive integer > 2 

Then SS. = 4 (S =*Re 5 
Lijcco oN co 

i< Sy and S, are expanded; 

ee ed eet 1 
Oa Dah des 005) Boks ee.” Bie 

. = a: ed eee 
phe Bel oy FOP et eet ones Poe heel 

= 230 =



  

Since the ‘central block' of terms are identical, the difference 

3, * 5 1 2 is simply the first two terms of S, less the last two terms of S, 

ae 1 1 1 
ices S)- 5S) = {3 G3)" Ge)” GRD? 
  

Teal las 
(2N-1) * (2N*T) 

As N tends to ~ clearly 5S, - S, tends to zero and therefore S, with 

N= is also zero. 

The writer is grateful to N.R. Tomlinson, Associate Research 

Fellow in the Department of Mathematics, University of Aston in 

_ Bimmingham, for this proof. 
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8.10 

8.10 General test curves for experimental machine 65328 J 

a) . Open circuit characteristic Fig 57 

b) Short circuit characteristic Fig 73 

c) sin y (sine of "load-angle', 5.2.3) “Big 74 
against output f 

d) Efficiency against output Fig 75 

e) Load current (U.P.F.) against field current Fig 76 

£) Total losses against output | ». Fig 77 
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Stator flux distributions in Lorenz-type medium- 
frequency inductor alternators 

E. J. Davies, B.Sc., Ph.D., Sen.Nwm.1E.E.E., C.Eng., M.I.E.E., and R. K. Lay, B.Sc.(Eng.), Mem.1.E.E.E., 
Graduate 1.E.E. 

Synopsis 

This theoretical. and experimental analysis of the magnitudes and distribution of stator-flux harmonic 

components in a Lorenz-type inductor alternator is part of a broad investigation into this class of machine. 
The test alternator is a specially designed 30kW model of the standard 300kW industrial unit. Current 

designs employ field damping to reduce second-harmonic flux modulations expected by analogy with 
the Guy-type inductor alternator on load. The paper shows that no modulation of the field flux could 
exist in an ideal Lorenz-type alternator. However, the practical machine, with a.c.-slot openings interrupting 
the stator surface between field slots, will have harmonic components of flux, both on open circuit and 
on load, whose magnitudes depend on the width of the a.c.-slot opening. Damping is shown to be sucessful 

in reducing second- (and other even-) harmonic components, whilst being totally ineffective against 
fundamental variations in field flux and odd-order-harmonic fluxes. A theory is given that explains these 
effects. Measurements on the experimental model verify this theory. The paper introduces a technique 

for relating fluxes to the geometry of the airgap surfaces, and has shown the distribution for inductor 
alternators to be somewhat more complex than was presumed. It is expected that this analysis will solve 
the problem of accurate loss calculation in these machines. 

List of symbols 
B,. = open-circuit airgap flux-density wave, Wb/m? 
B,, = peak value of mth harmonic component of B,, 

-wave, Wb/m? * 
| = effective core length, m 

A = rotor-pole pitch, m 
A, = Stator-slot pitch, m 
go = a.c.-slot opening, electrical rad. 
t, = rotor-tooth width at the airgap surface, m 

peak kth-harmonic magnetic flux contributed to the 

core by tooth n, Wb 
fundamental angular frequency of B,, wave, rad/s 

time 
voltage induced in field 

number of turns 
frequency, v/s 
magnetic flux, Wb 
rotor tooth width, m 

t 
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It 
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1 Introduction 

: Inductor generators are used at frequencies that are 
physically impossible for conventional wound-pole machines. 

because the rotor-pole pitch would be too small and the 
rotor windings difficult to retain. As the frequency rises to 
1000c/s, say, the rotor windings are omitted and the flux- 
density variation at the stator surface is produced by modula- 
tions of the airgap permeance with rotor teeth. If the machine 
is homopolar,' the stator windings in the polyphase case 
will be similar to the conventional machine, although they 
are usually wound |! slot/pole per phase, single phase in 

practice. The heteropolar' version of this machine is the 
subject of this paper. It was invented by Schmidt,? patented? 
and manufactured, and is described in Section 2.1. Still 
higher frequencies are required for surface-heating appli- 

cations (8-10kc/s at 3000rev/min). The rotor-pole pitch is 
now only about 5mm for a 30cm rotor diameter and the 
1 slot/pole per phase stator winding becomes impracticable. 

At these frequencies, Guy‘ slotting is used with unwound 

teeth to modulate the pole flux on both stator and rotor. 
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This machine has been described in detail by Raby,’ including 
a discussion of the interaction of the armature-reaction m.m.f. 
with the airgap permeance in producing second-harmonic 

effects in the field windings. 
This paper is concerned with stator harmonics in the 

Lorenz machine, as part of a general investigation. It has 
been the practice to fit damping windings in the field slots, 
by analogy with the Guy machine, whereas our calculations 
showed that there would be no second harmonic in the ideal 
Lorenz machine. Tests showed that even-harmonic voltages 
were present both on load and on open circuit, and were 
amenable to damping. Also, substantial odd-order-harmonic 
fluxes were present, again on load and on open-circuit; these 
were not eliminated by a field-damping winding. The paper 
gives experimental and calculated results, and shows that 
these harmonic fluxes and voltages are due to the a.c. slotting 
interrupting the natural flux paths. The redistribution explains 
the inability of the damping windings to reduce the odd- 
order-harmonic fluxes and relates the magnitude of tooth and 
core fluxes to the width of the stator tooth at the airgap 

surface. 

2 Lorenz machine 
24 Description of machine 

The upper limit for salient-pole, wound-field generators 

is set by the minimum practicable pole pitch, say 2-3cm, 
combined with the mechanical difficulties of retaining wind- 
ings at 2-pole synchronous speed. This limit is not precise, 
but falls. in the 400-800c/s region. Melting furnaces are 

usually supplied at 1kc/s. Generators for this frequency use 
the inductor principle; the rotor has unwound teeth, and the 

flux variations at the stator surface.are caused by the 
modulation of a constant m.m.f. with a variable-reluctance 
pattern. Fig. 15 shows the rotor of such a machine. If 

constant excitation is applied to the airgap, and stator slotting 

is neglected, the flux-density pattern shown in Fig. le will 

result; this pattern is found by flux-plotting or analogue 

methods. It can be analysed into a steady flux density on 

which is superimposed a fundamental, of wavelength equal 

to the rotor-slot pitch, and its harmonics. The stator slotting 

can be single phase or polyphase, but a | slot/pole per phase, 

single-phase winding is usual, resulting in two stator slots 

per rotor’slot. A 1kc/s, 3000rev/min generator with 30cm 

; 2023



rotor diameter has 20 rotor slots, 40 stator slots and a stator- 
slot pitch A, of 2:36cm. If the machine were homopolar 

(Fig. 2a), it would be exactly analogous to the normal syn- 
chronous machine, except that the armature reaction will 

act on the slotted rotor instead of an array of poles.® In 

modern practice, the transient behaviour of the homopolar 
machine is too slow, because of the solid iron in the magnetic 
circuit, and the fully laminated heteropolar construction 
(Fig. 2b) is used. This is also cheaper. Figs. 2c and 2d show 
two possible arrangements of pole slotting in a heteropolar 
machine. These will be discussed in detail later. 

  

a stator 4 @ Oo ® Oo 

airgap 

6 rotor ee eee ae \ es 

¢ flux i 

fees a 

Fig. 1 

Basic inductor alternator airgap geometry showing resulting flux- 
density pattern ‘ 

  

    
qd 

Fig. 2 

Alternative field and armature windings 
a Homopolar machine, slotting similar to Fig. 1 
6 Heteropolar slotting 
c Heteropolar Lorenz slotting—odd a.c. slots per d.c. pole 
d Heteropolar Lorenz slotting—even a.c. slots per d.c, pole 

2.2 Operation of machine 

The flux-density wave shown in Fig. le moves with 

the rotor. Motion relative to the stator changes the flux 
linkages with the stator windings; if these have the winding 

2024 

directions shown in Fig. la, the induced voltages will be 
cumulative. The armature-reaction m.m.f. caused by the 
load current flowing in the stator windings will be pulsating, 
not rotating. Fig. 3 shows the B,. wave in more detail to 
define the co-ordinate system and the. position of the rotor 

stator| reference 

  

page Sy 

Boe 

wave | 

| 
. rotor!reference 

Fig.3 , 
; aa Z ' 

Reference axes showing position of rotor reference relative to stator 
reference at time t = O 

_ relative to the stator at any instant. If the stator slots were 
negligibly small and the active pole width an exact number of 
rotor pitches, it will be seen that the total flux entering the — 

pole on open circuit would be constant, irrespective of rotor 
position. There is no change of flux linkages with the field. 
There will be flux-density variations in the iron at all the 
frequencies present in this original flux-density wave. 

3 Experimental machine 
3.4 General 

The work described in this paper is part of a broader 
investigation of this type of machine. The smallest standard 

commercial generator in regular production is 300kW; this 
is much too big for university-laboratory use. Our machine 
is a 30kW, 1000c/s, 0:9 power-factor alternator, and is a 
specially built scaled model of the normal machine. Details 
of the model are as follows: 

Stator o.d. = 40-0cm 
Stator i.d. = 29-85cm 
Airgap = 0:28mm 
Rotor teeth =20 

D.C. poles = 8 
Stator-teeth/pole = (3 + 2 x 4) 
Speed = 3000rev/min 
Core length = 13-97cm 

This model is exactly equivalent to the larger machines of the 

same type, except that its armature resistance is 0-017 p.u., 
against 0:008p.u. for the normal machine. 

3.2 Windings 

3.2.4 A.C. windings 

The a.c. coils are made as push-through hairpin coils. 
Because the machine was to be used for experimental work, 
special links were devised to complete the coils at the con- 
nection end. These allow the machine to be dismantled 
without difficulty. 32 a.c. slots each contain four rectangular 

conductors (6:i1mm x 2:3mm). Two parallel circuits are 
wound in alternate pairs of poles, i.e. poles 1, 2, 5 and 6 

and poles 3, 4, 7 and 8, giving 32 effective turns in series. 

3.2.2 Field windings 

Each of the eight field coils comprises 270 turns of 
0:71mm-diameter wire. The coils are series connected and 
wound with consecutive coils having opposite directions. The 
internal connection between coils 1 and 2 is tapped and 
brought out to enable measurements to be made on one field 

coil alone. 

3.3 Search coils 

Fig. 4a shows the search conductors incorporated into 

the machine. A special stator-core packet, 1:27cm long, was 
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fastened together using rivets situated away from the varying 

fluxes. This was then drilled as shown, with 0:025cm-diameter 
holes. The packet: was securely clamped to minimise burrs. 

¢ seorch 
conductor 

    

search 
conductors 

Fig. 4 

Details of search conductors 
a Position of search conductors in a test stack punching 
6 Test stack with search conductors showing common strip 
c Search coil for sensing flux passing behind field slot 
d Surface search conductors on stator teeth seen from both ends of the core 

. 

It was not possible to anneal after drilling, because the 
punchings were already varnished, but it was felt that the 

error from this source would be small. The laminations on 

either side of the packet were cut away to allow the introduc-' 
tion of the 0-02cm-diameter search wires. These were brought 

in radially (Fig. 46), passed through their respective holes, and 

connected to a common strip at the other end. Thus any two 
search wires may be chosen externally to form a search coil. 
These search coils are supplemented by bigger coils A 

(a) around the stator core behind the field coil (Fig. 4c) 

(6) in the surface of the stator teeth (Fig. 4d). 

These coils run the whole length of the stator and so embrace 
the total machine flux passing through that section. Since the 
airgap was designed to be as short as possible consistent with 
economic manufacture, it was necessary to let the surface 

search wires into the iron. Channels 0:025cm wide and 
0-02cm deep were machined using a slotting saw. The search 
wires were connected to a common strip at one end, set into _ 
their channels with Araldite and led, suitably twisted, from 

the other end of the stator to the selector switches. 
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‘ 
3.4 Damping windings 

These are in the form of a cage of copper strips lying 
at the bottom of each field slot. At one end, all the strips were 

connected to a common endring. From the other ends 

individual leads, all of the same length, were brought out to 
a special terminal block at which any number could be 
connected together. 

4 The machine on open circuit 

4A Preliminary tests 

Tests using the search coils described in Section 3.3 

showed that second-harmonic voltages are induced in the 
field under load conditions. In addition to these, the whole 

spectrum of odd and even harmonics was present (Fig. 5). It 
was also found that all the harmonics were relatively insensi- 

tive to load-current variations. Next, the flux passing behind a 
d.c. slot was measured. This was assumed to be the flux linking 
the field winding, although later this was shown to be incor- 
rect. When the measured flux behind the field slot was checked 
against the measured voltage induced in the field, using 

E = 4-446Nf, the even harmonics.agreed fairly well, but the 
odd harmonics showed no agreement. =. conclusions from 

these preliminary tests were 

(a) odd-harmonic fluxes were present which had been 

assumed not to exist 
(b) these odd harmonics showed a peculiar flux/voltage 

relationship 
(c) even harmonics were present on both no load and load 
(d) both odd and even harmonics appeared to be independent 

of load current. 

To exnlain these facts, it was decided to investigate open- 

circuit conditions fully before continuing the load analysis. 

4.2 Open-circuit tests 

Fig. 5 shows the harmonic analysis of the voltages 
induced in a single field coil. The open-circuit and short- 

circuit measurements were taken at rated voltage and current, 
respectively. The voltages induced on open circuit are little 
changed by loading the machine, suggesting that these har- 
monics are not load phenomena, as is usually claimed, but 

are associated with the open-circuit flux patterns. The 
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Fig. 5 

Harmonic voltage modulations present ina single field pole winding 

(fundamental frequency, 1000 c/s) 
==+-- open circuit 
—-— short circuit © 
a Undam 
6 Damped 
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numerous coils described in Section 3.3 were used to investi- 
gate these, and Fig. 6 shows the flux levels linking the various 
coils for several harmonic frequencies, The damping winding, 
described in Section 3.4, would not previously have been 
expected to be effective under open-circuit conditions, but, 
in view of the flux variations shown in the preliminary tests, 
it was decided to measure all fluxes with and without the 
damping circuit connected. This immediately produced a 
further anomaly; not all the fluxes apparently linking the field 
coil were reduced when the damping coil was connected. 
Table 1 shows the fluxes present behind the field slot for each 
harmonic, damped and undamped, together with the flux 
that would necessarily link the field coil to induce the voltages 
given in Fig. 5. ‘ 

Table 1 shows clearly that: 

(a) The even-harmonic fluxes agree reasonably well with the 
' voltages they induce. They are all substantially reduced 

by damping. 
(b) The odd-harmonic fluxes have much greater magnitudes 

than are required to induce the voltages found in the field 
coil. The fundamental and third harmonics are almost 
unaffected by damping, suggesting that the vector sum of 
the two fluxes behind adjacent field slots does not vary 
in time within the damping winding of that pole. 

191 552 473 165 
(189) (390) (498) = (188) 

  

166 151 142 
(2-6) (155) (156) (128) 

Fig. 6 

Harmonic components of peak flux, in «Wb, in core and teeth at rated open-circuit voltage 

Bracketed values refer to damped conditions 
a Fundamental 6 Second harmonic ¢ Third harmonic 
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Table 1 

COMPARISON OF HARMUNIC FLUXES MEASURED BEHIND 
THE FIELD SLOT WITH THOSE CALCULATED FROM THE 
VOLTAGES INDUCED IN THE FIELD COIL 

  

  

Damped, Open-circuit | Open-circuit flux 
Harmonic eaeeieeed Nie measured pessorereonace 

‘ uWb uWb 

1 undamped 191 7:8 
damped _ 189 3°1 

2 undamped eis 19 
damped 2°6 2:5 

3 undamped 20 2:9 
damped 19 0:3 

4 undamped 77 4-6 
damped 0-7 0-4 

3 undamped 4°6 1-2 
damped 2:3 0:2 

6 undamped 4:4 3:9 
damped 0-3 0-2         

4.3 Open-circuit flux linkages with the field winding 
4.3.1 Effect of slot openings - ; 

For ideal conditions of the stator airgap surface 
(Section 2.2), ie. continuous between field slots; Appendix 8.1 

  
d Fourth harmonic ¢ Fifth harmonic 

1 12 
(15) (75) 

SJ Sixth harmonic 
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establishes that no time-varying flux linkages exist to induce 
a voltage in the field. In the practical machine, the stator 

. ac, slotting is a major divergence from this ideal. This 
interrupts the stator surface between field slots and forces 

the fundamental and harmonic pole fluxes to close by different 
paths from the natural ones. This is especially true of the 

odd harmonics, which would have to take different paths even 

if the a.c. slots were very narrow. It also applies to the even 
harmonics, since normal tooth widths are less than an integral 
number of harmonic pole pitches. Tables 2 and 3 summarize 

the contributions of the individual teeth to the core flux at 
fundamental and second-harmonic frequencies, respectively, 

in terms of the stator-slot opening a (electrical rad). The tooth 
numbering is shown in Fig. 7a and the expressions are derived 
in detail in Appendix 8.2. These Tables lead to explanations 
of the anomalies and to methods for calculating the various 

components of flux that exist. 
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Fig.7 

Distribution of open-circuit flux variations (even a.c. slots per d.c. pole) 

a Numbering system 
6 Paths of fundamental components 
‘c Paths of second-harmonic components 

Table 2 

SUMMARY OF FUNDAMENTAL-FREQUENCY 

CONTRIBUTIONS TO CORE FLUX 
  

Fundamental-frequency contribution in 
‘Ago units of (.B,/27 
  

Tooth | cos o/2 sin wt — (i — sin o/2) cos wt 
2 | —2 cos o/2 sin wt 
3 2 cos o/2 sin wt 
4 —2 cos a/2 sin wt 
5 cos o/2 sin wt + (1 — sin 0/2) cos wt 

6 cos o/2 sin wt — (1 — sin 0/2) cos wt     
Table 3 

SUMMARY OF SECOND-HARMONIC-FREQUENCY 

CONTRIBUTIONS TO CORE FLUX 
  

* Second-harmonic contribution in 
Tooth units of /2.B)/4 

  

1 — sin o cos 2wt — (1 + cos @) sin 2wt 

2 —2 sin o cos 2wt 
3 —2 sin o cos 2mt 
4 —2 sin o cos 2wt 
5 — sin o cos 2wt + (1 + cos a) sin 2wt 

6 sin o cos 2wf + (1 + cos 0) sin 2wt 
/   

4.3.2 Fundamental frequency 

The sum of the terms in sin wf (Table 2) over one 

d.c. pole pitch, i.e. teeth 1-5, is zero. The second term, cos wf, 

for tooth 5 can be balanced by contributions from either 
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tooth | (passing across the d.c. pole) or tooth 6 (passing behind 
the field slot) (Fig. 7b). The relative flux levels depend upon 

path reluctances, but, as there is symmetry in successive poles, 
the net flux entering a pole is zero. This explains how there 

can be fundamental flux passing behind the field slot with the 
machine on open circuit without voltages being induced, ° 
either in the damping winding or in the field coil, by these 

fluxes. These remarks are true even if o is very small; only the 
complete elimination of slotting gives the conditions described 
in Appendix 8.1. : 

4.3.3. Second-harmonic frequency 

Table 3 shows that the terms in cos 2wt are additive; 
their paths from pole to pole can only be completed by passing 
behind the field slot (Fig. 7c). This explains the correct - 
relationships between measured fluxes and voltages and the 
reduction in this flux due to damping (Table 1). These terms 

are critically dependent on the angle o, tending to zero as 7 
itself goes to zero. Table 3 also shows that the sin 2w/ terms of 
teeth 1-5 sum to zero, and that those of teeth 5 and 6 are 

of the same sign. Hence, these second-harmonic fluxes must 
close inside a d.c. pole, and cannot pass from pole to pole. 
They are not eliminated by making o small; only complete 

removal of slotting will eliminate them. These fluxes cause 
core losses, but do not induce voltages in the field or damper 

windings. . 

44 Calculation of tooth-flux contributions to the core 

Table 2 shows the fundamental contributions from 
B 

teeth 2, 3 and 4 to have magnitude pa cos 3 sin wt. 

For the experimental machine 

B, = 0°55Wb/m? 

{= 12:22cm 

A = 4:69cm 

' o = 0°46 electrical rad (26:35 electrical deg). 

Then 

$12 = — $13 = Ps = 977 Wb 

IXB, Ox. bro 
Pi ex: om {cos sin wi — (1 — sin 3) cos wh 

vector sum of 488 sin wf and 387 cos wt 

623 4Wb 

ll 

Assuming that the cos wf component of $4, is split 

equally between the two possible circuits (Fig. 8), then 

flux behind field slot = flux across pole pitch = 193Wb 

maximum. 

The permeances of the two paths ‘behind field slot’ and 

‘across pole pitch’ are not in fact equal, nor does their ratio 

vary linearly with flux. Since the path behind the field slot 

carries the d.c. field flux, the components of ¢,,; modulate 

about a high mean level. The path across the pole pitch is 

comparatively lightly loaded magnetically; at the pole centre 

_line the #,, component is the only flux present. Thus the path 

behind the field slot will experience a reduction in incremental 

permeance as the overall flux level increases. The agreement 

j-——187—=|, 

' 73 84 76 71 72 79 8256    

Fig. 8 

Detail of fluxes measured in tooth 2 

a Second-harmonic fluxes, in 2 Wb, at various tooth cross-sections 

b Lettering system used with second-harmonic fluxes, in uWb, measured by 

surface coils 
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in ‘Table 4 is due to the two $4, Components being approxi- 
mately equal for the rated open-circuit-voltage field. 

Table 3 shows the second-harmonic contributions from 

teeth 2, 3 and 4 to have magnitude 

A 
Ee sin 0 cos 2wf 
20 

B, = 0:368, = 0:2Wb/m? 

and = $22 = — $23 = — $24 = 80nWb 
IAB, .. 

—¢2 = Gq fin o cos 2wt + (cos a + 1) sin wt} . 

i} vector sum of 40 cos 2wf and 171 sin 2wé 

= 176u4Wb 

Table 4 

CORE FLUX: FIELD SET FOR RATED OPEN-CIRCUIT VOLTAGE 
  

  

  

  

Fundamental Second harmonic 

uWb uWb uWb uWwb 

Fromtoothi . .. 623 645 171 152 
Fromtooth2 .. 977 990 80 4 
Behind field slot. —. 193 189 160 10 
Across pole pitch. 193 186 176 159         
  

The comparison of measured and calculated values for the 
fundamental components shows good agreement, suggesting 
that the distributions discussed in Section 4.3.2 are soundly 
based. Equally, the comparison of second-harmonic fluxes 

suggests that Section 4.3.3 is not the complete description. The 
sin 2wt component from tooth | gives calculations of the 
right size (Table 4), but those for tooth 2 are clearly affected 
by another mechanism. Since the flux measured behind the 
field slot is approximately twice that contributed by tooth 2, 

the flux paths suggested in Fig. 7c seem correct; so it is the 
_magnitude of the flux in tooth 2 which must be investigated. 

The measured values of flux in Table 4 and Fig. 6 were 

derived from analysis of the search coil e.m.f.s at fundamental 
and second-harmonic frequencies. These were converted to 

values of peak flux using the standard expression 

$~ (sang) 
45 Second-harmonic flux in tooth 2 

Fig. 8a shows measured flux levels in tooth 2 and 

Fig. 85 the flux which linked an array of search coils along 

the airgap surface of tooth 2, at rated open-circuit voltage. 

The average surface search-coil flux was 74uWb. Correcting 

for pitch this establishes the presence of 187.Wb of second- 

harmonic flux in the airgap. (This agrees with the theory of 

Section 4.3, since for o = 7/2, i.e. a tooth width equal to 

half a second-harmonic wavelength, $22 = 181 Wb.) How- 

ever, for the experimental machine the theory leads to a 

value of 80,.Wb (Table 4) where only 324.Wb (Fig. 8a) is 

Table5 

measured, Further, the assumption that whatever flux pene- © 

trates the tooth surface will be contributed to the core 
without loss is shown to be unacceptable; only 444Wb is in 

fact contributed. The theory of Section 4.3 depends upon the 
basic assumption that sinusoidal time variations of flux 
density in the stator teeth are the result of the uniform motion 
of the rotor with its associated sinusoidal space distribution 
of flux density. Since we know the second-harmonic flux per 
pole and the pitch of the tooth-surface coils, measurement of 

second-harmonic voltage in these coils can be compared with 
calculated values, using the known flux, to show any flux 
distortion that is present. Table 5 shows the actual pitch and 
the expected voltage, together with the measured voltage and 

_the pitch that would correspond to those measurements, This 
shows that there is distortion at the tooth tips causing more 
flux to link those coils than expected. 

Thus more of the second-harmonic flux distribution is able 

to complete its path within the tooth surface than was expected, 
reducing the contribution to the tooth proper from 804.Wb 
to 32u4Wb. The flux not finding a path from one harmonic 
pole to the next within a tooth width is proportional to the 
armature-slot opening (Section 4.3). The distortion of flux 
distribution has effectively reduced the slot opening to a 
quarter its actual dimension (coil ai, 0-95 instead of 0-8). 
Fig. 9a shows the spatial distortion of the second-harmonic 

slot 

¢ 
ma 

tooth 

   
          

h-¥ 
~ 

he    
  

                          

| 
Lf. 
TTI 

region of second 
distortion 

  

region of first 
distortion 

  

=
                                         

Fig. 9 
Postulated distortion of second-harmonic flux in tooth 2 

a Flux entering tooth surface 
---- undistorted flux 

distorted flux 
Lower curve is spatial second-harmonic component of airgap flux 
b Assumed distribution of flux within tooth ) : 

  

CALCULATED AND MEASURED SECOND-HARMONIC VOLTAGES WITH CORRESPONDING VALUES OF PITCH FOR 

: THE TOOTH-SURFACE SEARCH COILS (FIG. 85) 

  

  

de df ae af ag bh ah ai 

Calculated voltage, V . 0:49 0:95 1:53 1°61 1453 1-53 1-30 0:95 

Actual pitch . : 3 0-1 0:2 0-4 0:5 0:6 0-6 0-7 0:8 

Measured voltage, V 0:5 0-95 1:62 1-48 1-05 0:95 0:55 0:25 

Corresponding pitch 0-1 0-2 0:5 0:63 0-77 0:8 0-89 0:95                 
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component of airgap flux density at the tooth surface, with 
the associated redistribution of time-varying flux denoted 
by the vector arrows. The constriction of the teeth, due to 
the slotting, distorts the flux pattern at the sides of the teeth 
even further (Fig. 9b). The combination of the distortions 
at the gap surface and in the tooth makes the assumed 
linearity invalid and allows the flux within the tooth to 

-complete more of its pole-to-pole path, reducing the contri- 
bution to the core below that expected from theory (Table 4). 
Note that the second harmonic in the B,. wave depends upon oc 

t,/A, decreasing as this ratio approaches 0:5. 

4.6' Application of distribution theory to designs 
having odd a.c. slots per d.c. pole 

Since the theory of Section 4.3 was substantiated by | 

the agreement between measured and calculated values in 
Section 4.4, the theory is now extended to describe the dis- 
tributions of flux for the design of Fig. 2c. Designs for odd 

‘a.c. slots per d.c. pole are produced by removing one or more 
stator teeth after the armature slots have been notched around 
the complete periphery. This fixes the field slot opening at 
(nz + a). If n = 2 (corresponding to two teeth removed), 

application of the technique of Appendix 8.2 to discover 
the core-flux contributions leads to Fig. 10a. The fundamental 

  

2sin wt 

Lan PSA Gal: 
a 

  

sin wt 

anal lanal 

Fig. 10 

Distribution of fundamental open-circuit flux variations (odd a.c. 
slots per d.c. pole) 

a rat teiog fundamental components if two stator teeth are removed to forma 
eld slot . 

6 aes oh fundamental components if one stator tooth is removed to forma 
eld slot. 

contributions find satisfactory paths from tooth to tooth, no 
flux being required to pass behind the d.c. slot. The second- 
harmonic contributions, however, are all of the same sign 
within each pole pitch; thus their only path for completion 

is from pole to pole passing behind the field slot. If n = 1, 
the contributions from teeth on either side of a field slot, 

taking the sense of each pole into consideration, are of 
opposite sign. Thus the fluxes from these teeth will divide in 
the ratio of the permeances of the paths, both behind the 
field slot and into the adjacent tooth of their own pole 
(Fig. 106). The second-harmonic distribution for n = 1 is 
identical to that of n = 2; all second-harmonic contributions 

must pass behind the field slot. 

5 Conclusions 

It has been shown both by experiment and from theory 
that the Lorenz machine will have harmonic-flux components 
that link the field winding caused by the presence of the stator 
a.c. slotting. The fundamental components in the teeth can 

be calculated, but the exact route that will be chosen is 
nebulous, and dependent on the relative permeances of the 
paths behind the field slot and across the pole face. In either 

event the damper winding is ineffective. The second-harmonic 
fluxes do link the field coil, but distortion in the airgap 
reduces their effect. Measurements on open circuit and on 

load show that the harmonics are present in roughly the 
same amounts, suggesting that the mechanisms we have 
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discussed apply to both conditions. We hope to deal with 
performance on load and losses in a later paper. 
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8 Appendix 

The net flux linkages with the field winding due to the 
open-circuit airgap flux-density distribution are calculated 
for ideal and practical machines. 

‘8.4 ideal machine 

Assume ideal conditions, i.e. continuous stator airgap’ 
surface between field slots. 

The open-circuit airgap flux-density distribution relative to 
the stator reference axis (Fig. 3) is given by 

Re z B,, cos m(O — wt — 7/2) 
m=0 

The total flux linked by a coil having conductors at 0, 
and 0, of active length / will be 

Integrating between —7 and 37 gives the net flux that will 
link the field winding, ignoring field-slot leakage: 

+3n I +3" © IN (Bm AG +3n 

= = ond os OE —wt—n/2 ere a ca Za = sin m(0 — wt — 7/2) < 

- 3, p a {cos m wt(2 sin 2mm cos mn/2) 

-++ sin mut (2 sin 2mm sin mr/2)} 

= 0 for m odd or even 

For m= 0, B,, is constant. Therefore no time-varying 

flux linkages with the field coil can exist if 

(a) the stator-airgap surface between field slots is smooth and 

continuous 
- (6) the field-pole pitch at the airgap is an even multiple of 

mr electrical rad. 

8.2 Practical machine with slots 

In practice, the stator airgap surface between field slots 
is interrupted by a.c. slot openings of width o electrical rad. 

Section 4.3 and Fig. 7a describe the teeth and their airgap 

peripheral.limits as: 

Toothi —a—> —(n/2 + 0/2) 

2 —(n]2 — of2)—> (n/2 — 2) 

3 (n[2 + of2) > (32/2 — o/2) 
4 (32/2 + 0/2) —> (Sn/2 — o/2) 

5 (52/2 + 0/2) > 37 

6 4n —> (9n]/2 — of2) 
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The total net flux contributed to the core by tooth 1 due 
to B,, is 

—(m/2+0/2) © J (n]2+0/2) 
IR|B,.d0 = >) sf cinm( 0 ~wt =) 

m —K m= 0477 -n 

= 5 Cfsin m( 1 _ 5 = wt) — sin m( — = - at) 

where C = - an 

- Ec{- sin m(5 or wt) COS mr 

_ 3m 3mm 
+ sin oa, cos mwt + cos Cae sin mot 

oO 

=X {Chi(ws)} 
m=0 : 

Thus for each tooth, by integrating the B,. wave between 
appropriate limits: 

o 3m 
S\(wt) = {- COs Mitr sin m(5 4 wt) + sin > COs mut 

3mm, - 
. fii: + cos ze sin mut 

2030 

Co 
— sin m( 5+ mm) — COS mr sin m(5 _ w)} 

— cos 2m sin m (5 + wt) 

‘ o 
— COS mr sin m (5 rot wt) 

S(wt) = ae sin m ( -- 7) — cos mm sin m (5 + wt) 

oC 

Ss(wot) = 4 — cos 2mm sin m (; = wt) 

, Smit Sm | 
+ sin nt oe eee = Cos —z7 Sin mut 

; o _ 3mm 
Sfwt) = {- cos 4mm sin m (5 + wt) — sin 7 cos mwt 

3mm , 
+ cos “> sin rat 

When comparing the directions of these contributions at 
any instant in time, to establish the paths followed by the 
various components, allowance must be made for tooth 6 
lying within a pole of opposite sense to that containing teeth 
1-5. Therefore, when comparing contributions from teeth 5 

oo oo 

and 6, the correct expressions are )) Cf;(w/) and — Y) Cf,(wr). 
m=0 m=0 
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