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SUMMARY: 

The investigation divides into two main parts, the first relating 

to the power loss in the pole face of synchronous machines caused by the 

rotating space harmonics of armature reaction, the second to the surface” 

eemef. distribution across the pole face, 

The mem.f.- harmonic loss, important in modern machines with high 

specific current loadings, is calculated from established eddy-current 

coupling theory derived analytically from the diffusion equation. The 

theory accommodates the demagnetising effects of the surface: currents 

and has been extended in generalised form by the author. 

The theory, contains an analytical substitution for permeability 

and leads to simple formulae to predict the effect of changes in machine 

parameters. A comprehensive series of examples, using a: digital computer, 

emphasises the importance of the slot openings, the gap to wavelength 

ratio, and the pole profile. 

Tests on a range of production machines and an experimental model. 

support the proposed formulae. The model machine, with a: synchronously 

rotating laminated primary carrying a: three-phase winding and a: solid 

unwound secondary supported on a dynamometer frame, is designed to 

accentuate the harmonic losse : 

Difficulties experienced in separating the losses therein include: 

the accurate assessment of primary iron loss and secondary slot ripple 

loss.. The primary iron loss is measured by considering the distribution 

of power supplied from mechanical and electrical sources. The slot ripple 

loss is calculated using sastecns derived from conformal-transformation 

theory together with establimed formulae.



The second part of this investigation, the ds ote eee on of surface: 

eem.ef.s, is limited to the first pair of harmonic terms. It stresses 

the fundamental nature of the m.u.f- fluctuation at any point on the 

surface and the factors controlling its magnitude. Experimental evidence: 

lends: support to the author's mathematical treatment of this periodic 

non-sinusoidal fluctuation superposed on a polarising mmf. wave.
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2. , INTRODUCTION 

2el The Problem 

ithe tealon lation of eddy currents continues to be a subject of great 

_interest to machine desirners, on account of the undesirable losses 

caused by them and the difficulty of accurate predition. Eddy Current 

losses contribute to the total loss which, ina conchvonoucsmachinet 

may be classified as follows : 

(i) Exciting circuit losses. : 

(ii). Fixed loss: no-load core loss, no-load surface losses, 

mechanical losses, including windage aha 

brush friction. 

(iii) Direct load loss: losses in armature circuits (1*R) 

‘and brushes. 

and (iv) Stray load loss. 

With improved methods of cooling, modern machines have a much 

higher unit rating (Fig. 2.1) and specific current loading (Pig. f2-22) 

Any increase in armature current means an increase in the losses associated 

with it, ‘these have now become a significant proportion of the total 

loss in the machine. 

m4 
The stray load loss, also referred to as the load loss*, arises w 

from changes in the flux distribution in various parts of the machine 

between the no-load and full load conditions due to the ampere-turns of 

the armature winding. Stray alternating fields induce eddy currents in 

the armature conductors, teeth, end clamps, pole pieces etc. 

x 
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In the pole surface these eddy currents are caused by harmonics in 

the armature reaction m.m.f. wave. Barello* dori d then stray 

rotating fields because they move at known speeds relative to the 

pole face. 

The problem is to predict and measure this component of stray load 

loss. The proposed method of loss prediction, presented in chapter 3, 

is based on an established theory for eddy current couplings by Davies?’ 

The loss measurements, which are difficult to obtain precisely on 

practical machines for the reasons given below, are taken on a specially 

designed experimental model (chapter 5), built following the encouraging 

results of applying the modified eddy current coupling theory to a range 

of large salient pole synchronous machines and turbo-alternators | 

(Appendix 12.8 na chapter 6.) The work has highlighted a number of 

problems, many of which require further investigation (chapter 10). A 

summary of Davies! method and those of previous authors on pole face 

losses and related problems is given later in this chapter. Concluding 

remarks refer to the writers own theoretical and experimental investigations 

into (a) the magnitude of the loss and (b) the variation in the surface 

e.m.f.s. over the pole surface (chapter 7.) 

2.2. The Importance of the Investigation 

The stray load loss is measured by the short circuit test and 

exists in many parts of the machine. (Chalmers 6), It can be subdivided 

into the following main components ; 

(i) Eddy current losses in the stator conductors due to 

the slot leakage flux, 
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(ii) End region losses in the stator, teeth, shields, clamps, 

end bracing rings (if metallic) and end windings due to 

end-leakage flux. : 

(iii) Increased iron losses in the stator tach and core due to 

slot-leakage and harmonic fluxes. 
Qo 

(iv) Pole face losses due to armature reaction m.m.f. harmonics. 

The wee figure for the stray load loss is usually between 0.1 and 

1% of the rated output power depending on a variety of design favtors 

such as the type of mechanical construction, materials used, speed and MW 

ard voltage ate: Chalners® takes a stray load loss of about 800 kW 

in a 75-MVA 6—pole synchronous machine which is about 13% of the total 

full load loss, or about 0.13% of the rated output power at 0.8 p.f. 

i.e. about: the same order of magnitude as the slot ripple loss caused by 

the armature slot openings, calculated using Gibbs'? method. The pole 

face loss expressed as a percentage of the stray load loss also varies 

considerably with the machine construction. In the example quoted 

Chalmers takes this percentage as approximately 25% making the pole face 

loss about 34 of the total full load loss, or about 0.03% of the output. 

This small percentage is significant financially, because of its large 

capitalised value; and thermally, because of cooling requirenents. 

The capitalised value of all losses in large synchronous machines 

is currently rated at £120 per kW (£200 in parts of Switzerland). 

Therefore the capitalised value of the pole face loss in this example 

£24,000. 

Innovations designed to reduce losses and improve cooling, referred 

to in section 9, become economically viable as the unit rating and 
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electric loading increases; a proportionate increase of stray load loss 

with electric loading, is thereby prevented. 

For example in the 750 MVA 0.9 p.f. turbo-alternator design quoted 

by Anempodistov et aly! the stray load loss is estimated at 0.17% of the 

full load output, i.e. 1168 kW,. Capitalised at £120 per kW over the 

life of the machine, this loss would cost the user £140,000 - a significant 

proportion of the machine cost of about £1 n. 

The measured value of stray load loss is determined by subtracting 

from the shaft input power on short circuit the mechanical and resistance 

losses. The accuracy of measurement will therefore depend on the accurate 

estimation of these other losses involving the measurement of several 

quantities. Particular importance is attached to the mean winding 

temperature and the winding resistance because the copper losses are 

often of comparable magnitude to the stray load losses. Furthermore 

the unavoidable inclusion of the short circuit iron loss tends to make 

the measured value of stray load loss pessimistic. 

The test value of stray load loss so obtained is difficult to 

subdivide without previous experience. Indeed, some firms simply 

estimate the design value of total stray load loss from test data on 

Similar machines. This situation will continue until all the 

components can be predicted theoretically with greater accuracy than at 

present. A better understanding of the factors affecting each component 

therefore should enable these losses to be minimised at the design stage - 

just 10% reduction in the second example quoted would yield a substantial 

saving. 

The object of the writer's investigation was to correlate the 
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measured loss on (i) a svecial laboratory machine and (ii) a range of 

large synchronous machines, with the predicted pole face loss due to 

armature m.m.ef. harmonics using 2a new method of calculation. This 

method accounts for variable permeability but avoids using numerical 

methods to solve the diffusion equation. 

2.3 The Orisin of Pole Face Loss 

Eddy currents are induced in the solid pole faces of synchronous 

machines; at no-load by the modulation of the main flux density patter 

by the stator slot openings,and on load by the combination of this and 

the armature reaction produced harmonic m.m.f.s. which move relative to 

the rotor surface. 

The slot ripple surface losses have peer widely discussed 

elsewhere. ~ They are relevant to the present investication in that 

they constitute a significant portion of the surface losses in th 

experimental load loss dynamometer machine. For this reason the 

relevant literature is reviewed later (section 2.4.5). 

The mn.f. harmonic losses have been discussed in references 

1,2,14,18 and 24 and will be discussed qualitatively here and quantitatively 

in chapter 3. The mmf. waveforms produced by a balanced system of 

sinusoidal currents in a three phase integral slot armature winding 

are now considered. The selection of this particular m.m.f, pattern 

simplifies the initial discussion but does not restrict the application 

, of the work to machines having other winding configurationa and/or 

carrying unbalanced or non-sinusoidal armature currents. 

Tt is well known that the armature reaction m.m.f. of a three phase 
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winding infinitely distributed in discrete phase bands fluctuates between 

two extreme angular forms, Fig. 2.3. 

  

  

  
The m.om.f. waveform relative to the armature of an infinitely 

distributed three-phase 60° spread winding for the two limiting conditions : 

(a) Maximum current in any one phase. 

(b) 3¢/6w seconds later (current in the adjacent phase is zero). 
(c) 9st/3w seconds later than (a). 
Fig. 2.3. The Travelling M.M.F. Waveform 

The memef. wave relative to the pole face is shown in Fig. 2.4 the 

difference in the two waveforms appears to be greatest at the direct axis 

of the mm.f. wave and zero at the quadrature axis.
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Fig. 2.4. Fluctuations in the armature m.m.f. Waveform relative 

to the pole shoe 

$0
 Key : (a) and (b) as per Fig. 2.3. 

c) The difference between (a) and (b). (¢) 2 

Further investigation using a larger scale and more m.m.f. wave- 

forms drawn for equal increments in time, Fig. 2.5, shows that there 

is a fluctuation in m.m.f. on the quadrature axis. Waveforms (1) to 

(13) cover a complete sequence over a time interval of 60°E/21f, 

( = 1/6f, ) seconds for which the fluctuation in impressed m.m.f. varies 

from that of curve (a) at the direct axis (8, =0) to curve (h) at the 

quadrature axis. The inset shows the variation in the ripple 

amplitude over the pole surface. 

It will be noted that Figs. 2.3 to 2.5 apply to an infinitely 

distributed full~pitched winding which does not apply in practice 

to large machines. The result of short pitching (which reduces the 
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fluctuation is discussed in Chapter 7. It has been shown 4. that the 

magnitudes (but not the phase displacements) of the fundamental component 

MMe ts and its harmonies are constant with time. The fundamental 

component travels at synchronous speed producing torque but no surface 

loss. The harmonic m.m.f.s. travel at known speeds relative to the 

pole face and induce eddy currents therein. The significant harmonics 

were divided by Ridenberg “4 into two groups : 

(i) the phase belt harmonics, arising from the grouping 

of the armature conductors into phase Poite. These low 

order harmonics (of order h = 5, 7, 11, 13...) form the 

difference between the fundamental sine wave and the 

o waveforms of Fig. 2.4 (a) and (bd) 

1 
and (ii) the first order slot harmonics, arising from the practical 

windings being contained in discrete slots (Fig. 2.6.) and, 

not infinitely distributed. These two harmonics are of 

order h = 694/, where q = the number of slots/pole/phase; 

they have wavelengths almost equal to the slot pitch and are 

usually large because together they most nearly fit the 

steps in the m.m.f. waveform. 
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Fie. 2.6 shows the result of placing a winding (which would. otherwise 

give a sinusoidal m.m.f. wave) in discrete slots. For the moment the 

slots are assumed filamentary, the effects of the finite slot width 

being considered later (section 2.4.2 and Appendix 12.1.2.). 

The superposed m.m.f. ripple is a distorted amplitude modulated sawtooth 

waveform. The unusual features of this waveform are that the positions 

of the saw teeth remain fixed relative to the stator but their 

amplitudes are fixed relative to the rotor. In contrast to the phase 

belt harmonics , the slot harmonics are seen to produce almost zero ' 

‘fluctuation at the centre line of the mmf. wave (direct axis) and 

maximum fluctuation at 90°F on either side (quadrature axis) when 

feeding a zero power factor load, or operating on short circuit the 

metef. and rotor pole axes will be aligned (Fig. 2.6) giving maximum 

belt harmonic loss but minimum slot harmonic loss. 

In the experimental model, designed to accentuate the m.m.f. 

harmonics, the induced e.m.f.s. due to the phase belt harmonics 

were, in contrast, a minimum on the m.m.f,direct axis and a 

maximum on the quadrature axis. The phenomenon is reconsidered in 

Chapter 7. 

aes Previous Publications 

0 

Id
o 4.1 Historical a 

Contributions to the understanding of the eddy current phenomenon 

date back to Oliver Heaviside!? (1884) and J.J. Thompson°(1892). 

Heaviside considered the develonment of heat by eddy currents flowing 

in the core of a solenoid when excited with alternating current, 

a
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Thompson the power loss in transformer cores. 

It is well known that many other investigators have surveyed this 

field. Their works are eollcted in standard books some of which are 

listed in the bibliography. 21> 24: 

The need to calculate the stray load losses in electrical machines 

was soon recognised, as references to early 20th century papers by more 

recent antRiee 1,2,3,18 Will testify. Rudenberg 23 | perhaps the most 

sienificant of these early writers, published in his paper on eddy 

current brakes and dynamos the basic principles for the analytical 

calculation of stray losses, including the armature current generated 

component of pole face loss (Germany 1906). In his later paper 2411924), 

he divided the armature mem.f. harmonics into the belt and slot terms 

described in Somticn Bede 

At the present time the methods of Kuyper?(U.S.A., 1943), Barello® 

(France, 1955), Bratoljic!® (switzerland 1966) and Postnikov/4(Russia 1958) 

are used to predict these losses. in their analytical solutions of the 

diffusion equation Rudenberg, Kuyper and Barello each make assumptions 

broadly similar to those made in this thesis (Section 3.3),butin their 

analyses the permeability is assumed constant throughout. Bratoljic 

ck
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Qu
 has extended Barello's work to cover the problems of end effec 

grooving. 

The elimination or the constant-xz assumption is achieved by making 

an algebraic or empirical substitution for hat the outset of the 

analysis. This introduces non-linear coefficients into the partial 

differential equations which cannot then es solved by normal analytical 

methods. 
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In recent papers (such as refs, 26, 27 and 28 : U.S.A. 1965, 1967 

and 1966) on eddy currents in solid iron, the non-linear partial 

as 

differential equations are replaced by finite difference equations and 

solved by numerical methods. This technique is now an extremely 

zy he size and speed z 
powerful one because of the current rapid increase in t 

of digital computers, indispensible with numerical solutions. 

f
y
 tackling the problem of variable permeability ethod o 

4 

(U.S.A. 1963, U.K., 1966) is to solve the partial differential equations 
a 

$ for a linear system and then to make a Llogarthmic substitution for 
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@ O once the initial stages of integratio 

renders the treatment inexact but isprobably superior to. one.’ 

which either ticnores saturation altogether, or assumes a rectangula 

: 

magnetisation curve having 100% saturation in both directions 0: FQ
 

S ° > 1.9 

magnetisation (Angst 27 U.S.A. 1962). The authors views on the problem 

of variable permeability are given in section 8.1.7. Davies! 
e 

substitution can only be justified pragmatically by the results it 

gives in practice. j 

The papers directly concerning the calculation of the armature 

current generated component of pole face loss are introduced below , 

summarised in section 3.11, and used in section 6.4. 

2.4,2. Pole Face Loss Theory 

Both Kuyper* and Barello* analyse the electromagnetic field in the 

gap and the pole member of the idealised model produced by a single 

harmonic mmf, Fy, (Fig. 2.7). Fy is represented in the analysis 

by a current sheet, ip, on the stator surface, the density of which 

yes
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Fig. 2.7 The idealised model 

yp =yte- 

ey is the mm.f. wave ox harmonic order h. 

varies sinusoidally in time and space. 

The curvature of the rotor is disregarded, the solution being 

made in terms of rectangular rather than cylindrical coordinates. 

Thid is permissable where the ratios of gap/diameter and penetration 

depth/diameter are small. For large turbo generators where the air 

gap is 3-5% of the rotor diameter the use of Cartesian coordinates 

may lead to some error. cKuyper, Barello and the author consider 

this error small compared to that due to other assumptions. 

ee 1 : ; : 
Anempdistov 7 (who only refers to the work of Postnikov, mentioned 

later) shows that the curvature severely modifies Postnikov's coefficient 

a
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and therefore prefers to use cylindrical coordinates; resistivity 

and permeability are considered constant throughout. 

End effects are neglected; the axial current paths in the 

secondary are considered long compared to the circumferential paths 

between harmonic poles. Limiting the direction of current density 

in this manner to J, affords considerable mathematic simplification, 

reducing the investigation to a two dimensional problem in the plane xy. 

The pole member is assumed to be homogenous, to extend from y = 0 

to y = ec, and to have a smooth surface. Wedges made of metal diff- 

erent to that of the secondary member, and other discontinuities 

are neglected; so are the discontinuities in the primary surface due 

to the slot openings and cooling ducts. Damper windings, not normally 

provided on solid pole machines, are also neglected, 

The choice of a suitable value for permeability is difficult, 

Chalmers® suggests a value of p,equal to several hundred, on the basis 

of surface saturation. The value seems to depend on experience in 

using the uljimate loss equations. Kuyper describes his choice as 

‘pelatively large" but less than 400. Some anomalies arise in his 

calculations which are discussed in section 6. His suggested value 

for surface flux density of 3.0 to 4.5 Wb/m* (200 to 300 Kilolines 

per square inch, about twice the saturation density for common 

steels) is unrealistic. The question of permaability and flux 

penetration is considered in sections 8.1.1 to 3.1.7. 

Barello based his choice of Won test results "carried out on 

similar machines and operating under similar load conditions" (his 

para.l0). The permeability, resistivity and depth of penetration 
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are so inter-related that Barello decided to specify the produst My P 

rather than 2, itself. The surface heating causes the resistivity to 

decrease with depth causing some changes in the values of J, B, and AL.. 

at the surface. Barello found that an overall figure for the product 

Me P = 3 x 1074 ohm-metres gave satisfactory results with his loss 

formula for most of the machines he investigated. Taking the rotor 

resistivity = 25 x 107° ohm=-netres Barello's value of UL, becomes 1200. 

This differs considerably from Kuyper's value but not appreciably 

from the author's recommendation in Section 8.1.7. Since the loss 

is proportional to VAL any error in estim ting the value of mw, will 

produce a smaller (per unit) error in the predicted loss. 

The methods ofboth Kuyper and Barello include the effects of 

circumferential flux leakage in the air gap. These effects are quite 

large in alternators especially for the higher order armature reaction 

memef, harmonics because the air gap is quite large compared to the 

harmonic pole pitch. For the slot harmonic terms in particular it 

is essential to replace the idealised model of Kuyper and Barello 

with one resembling more closely the practical machine (chapter 10). 

These two authors place no limitation on the gap length although 

Kuyper has found that the R, factor departs frmFig. 3.8 at very low 

harmonics (the upper part of the curve) and at very high harmonics 

(below the range of the plot). He therefore chooses to limit the 

ratio to the range 0.06 to 0.35. For the larger g/A ,, ratios 

(i.e. for the slot harmonic terms) the cireumferential flux leakage 

is so high that harmonic losses may become small enough to be 

neglected. Furthermore the influence of the armature slot openings 

-17-
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becomes considerable. ‘These considerations throw doubt on the 

validity of Chalmer's extension of Kuyper's graph to e/r h = 029-6 

The method of solution is outlined in section 3.11. 

The calculations are dore in chapter 6 = Kuyper claims that 

the predominant losses are due to phase-belt harmonics (K = 1,2) and 

concentrates on these tothe exclusion of the higher orders. Barello 

shows torrectly that the slot harmonic terms (K = q(slots/pole/phase) ) 

will often be important because their winding factors are the same as 

the fundamental winding factors. The harmonic mmf. F h however is 

modified further by the armature slot openings. The expressions for 

F -)' assume an abrupt change in gap mem.f. at the centre of the slot 

i.e. the conductors are considered filamentary. The finite width of 

the conductor (and slot) results in a gradual change in m.m.f. across 

the slot opening. Kuyper introduces a factor to account for this 

gradual change in F} (kp, in appendix 12.1.2, of this thesis), but 

omits it from his loss equation. Although this omission by both 

Kuyper and Barello introduces only a slight error for the belt 

harmonic terms, for the slot harmonic terms the harmonic mmf. is 

drastically reduced. 

This reduction in F) must not be confused with the reduction 

in normal d.c. flux density or "ripple" caused by the change in gap 

permeance at the slot openings. The slot ripple is treated separately 

in sections 2.4.5 and Appendix 12.6 

- 18 -
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2.4.3. Eddy Current Coupling Theory 

In 1946 Gibbs > published a paper entitled "The Theory and Design 

of Eddy Current Slip Couplings" which analyses the behaviour of eddy- 

current couplings on load, dealing mainly with the inductor coupling 

although (Davies? claims) his approach is equally valid for all couplings 

since he ignores the saturating effects of the direct flux. He assumes 

constant coefficients and sinusoidal space and time variations of PoEneet 

quantities in the solid iron. He eventually obtains expressions for. 

(i) the total loss,w in terms of EVP ROD 

and (ii) the flux per pole interms ofw, H, and w (p.175 Reference 5). 

The performance characteristics are determined by first assuming the 

main mechanical: parameters for a given load condition, and then calculating 

the quantity HR (and hence ptH): froif. the formulae derived in his 

paper. The maximum surface value of magnetic intensity H is then 

determined from the empirical relationship between wi and H, plotted for 

the particular drum material used. The flux per pole and the total 

excitation are then calculable. 

Davies? observed that for many ferromagnetic materials the graph 

of pi against H when plotted on log-log paper is linear above the knee 

for a considerable ranre of H. This led to the relationship 

wrk = 0.998?" 77 in ‘the saturated region of the iron used. This was 

presumed to apply to the surface layer. He therefore used this 

algebraic substitution for pat the point where Gibbs resorted to 

empiricism, thereby producing relationships between the electromagnetic 

| quantities in the drum which are bobletely analytical, and yielding the 

normalised equations of section 3.6. Davies! method of solution > 

1S co
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follows Gibbs! closely in some of the early stages but he extends the 

theory to include the space distribution of electromagnetic quantities 

in the drum (with the support of experimental results on a model 

coupling) and some comments on conditions pertaining at low frequency. 

Davies! solution is now summarised. 

An mem.f. wave produced by a primary member and simsoidally 

distributed in space at the smooth air gap surface is considered to move 

relative to a ferromagnetic secondary member (the drum) which has constant 

permeability and resistivity. An expression for the consequent 

current density wave, Jz, in terms of an assumed peak surface current 

density J,» is obtained by solving the diffusion equation for J,. 

Maxwell's equations are then used to find the inducing flux density wave, 

the total loss and the magnetic field components everywhere in the drum; 

all these in terms of the assumed J, wave. The elimination of J. 

together with the substitution for KB then gives expressions for the 

fundamental flux per pole and armature reaction mem.f. per pole in 

terms of torque, slip speed, the physical parameters of the coupling 

(poles, diameter, length, and drum resistivity) and the coefficient and 

index of Hs: The combination of gap m.m.f. (F 4 ) and the armature 

reaction mmf. (FR) lead to useful expressions for the peak torque and 

-the slip at which it occurs. These are combined with the torque at a 

given slip to give a normalised torque/speed curve describing the 

behaviour of any eddy current coupling using the same steel, Fig.3.4 

The use of the normalised torque/speed curve is explained in the next 

chapter. The working equations are derived in Section 3.6. They 

use the normalised curve to account for Fp, 

wo 20a
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The methods used by Gibbs and Davies to sum Fg and Fp differ 

fundamentally. Gibbs! addition is purely arithmetic, ignoring any 

space angle between Fy and Fae To (Fg + F.) Gibbs adds the much 

smaller ampere-turns needed to sustain the total (d.c.) flux in the 

primary member. For an inductor coupling , . the ampere turns in the 

unslotted portion of the secondary are also added. Davies’ addition 

is vectorial, F4 and fF, being added at an angle of 135° (=%-¢) to 2 2 R 

give the total excitation. Experimental evidence by Davies 3 and 

James Pas confirms that yecborial addition is essental and that the 

primary ampere turns are small enough to be neglected. ‘Neither 

Davies nor Gibbs include the ampere turns for the harmonic fields , 

considering them of second order importance. 

In eeisttes 3 these ideas were developed in detail and 

verified experimentally by tests performed on a specially built 

Lundell coupling (suitable up to 100 hep.) A critique of Davies's 

substitution for permeability is given in section 8.1.3 

-2l-
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2-4-4 The loss distribution over the pole face 

In a paper presenting methods of calculating the important 

elements of load loss in synchronous machines, Pollard 73 states 

correctly that both the fifth and seventh space harmonics in the 

armature reaction m.m.f. wave produce an m.m.f. at the pole surface 

eh, and which fluctuates at 6 times mains frequency. Unlike Rudenberg 

Richardson§, Pollard does not distinguish between the pole centre of 

the physical pole and the m.m.f. Girect axis i.e. the position of 

peak fundamental armature m.m.f. F,..- In fact he uéters to the 

latter as the ole antes implying alignment of the two centre lines. 

This is only correct when the pole or torque angle is 90°, i.e. for 

zero p.f. loads and for the short circuit test, assuming the 

synchronous reactance >> armature resistance. When the load angle 

has a different value to this, - the loss distribution will change 

because the m.m.f. centre and the physical pole centre are misaligned. 

Pollard then points out (again correctly) that the 5th and 7th 

harmonic m.m.fs. Fs and Fy are ‘in time phase! at the m.m.f. direct 

> -axis and in antiphase at the m.m.f. quadrature axis‘. The 

resultant m.m.f. at any point is therefore the vector sum of Bs and 

Bye This resultant is derived for the general case of the 6K 1 and 

6K + 1 pair of terms,in terms of the fundamental m.m.f. and the 

harmonic winding factors in section 7 and Appendix 12.5. The change 

in phase angle between Fs and Fy along the pole surface is a result of 

the different wavelengths and speeds of the two m.m.f. waves. 

Consequently the surface loss will be a maximum where (F, + Fy) 

has its greatest valueyi.e. at the m.m.f. direct axis and a minimum, 
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but not necessarily zero, at the mm.f. quadrature axis (assuming 

that the winding factors are both positive, Section Teaw) 

Under short circuit test conditions, when the torque angle tends 

to zero the m.m.f. fluctuation caia decrease from pole centre to pole 

tip and the reduction in s/c loss arising from the shaping of the 

pole tips would be minimal. The comments by Spooner and Kinnard ,which 

were quoted by Gibbs?; "that shaping the pole tips does not affect the 

surface loss" apply to the slot ripple loss and not, in general, to 

the m.m.f. loss. 

The summation of the 5th and 7th harmonic m.m.f.s. at the pole 

face is also mentioned by Richardson? in his paper on.stray losses. 

He points to the complexity of the problem but does not suggest any 

alternative method of loss calculation. On the other hand Barello* 

proved, on the assumption of constant permeability, that the loss 

over 180°E of the pole face calculated from the resultant n.m.f. 

(F5 + F7) equals the sun of the losses by the two individual m.m.f.s. 

The theory and results of this investigation are presented in 

Chapter 7. 
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Lee e Other Relevant Publications 

(i) Slot Ripple Loss 

It is well known that the pole face losses resulting from the 

armature current generated m.m.f.s. are not the only losses in the 

pole faces of synchronous machines. Under all load conditions the 

non-uniform air gap permeance resulting from the armature slots 

1 

uperimposes a ripple on the gap flux density. The resulting tooth 

ripple, or slot ripple losses in the pole face are significant in the 

no load test. They are considered insignificant in the short circuit 

test because the gap flux density is quite small. They are significant 

however in the tests on the experimental load loss dynamometer when they 

“are estimated from published data. The small gap of 0.012", designed 

to yield a high m.m.f. loss, results in an unusually large slot/gap 

ratio and consequently a high slot ripple loss. 

The publications on this subject, from that of Carter in 1901 to 

Aston and Raot? in 1953, have been collated by Mukherji ‘in an E.R.A. 

report published in 1955. Since then Laurenson’ has published a 

comprehensive set of computed results of surface flux density for a 

wide range of design pirameters. He shows both experimentally and 

theoretically that the reaction of eddy currents on the inducing field, 

previously considered to be negligible (Gibbs?), can be very large. 

His results, quote : “are not presented as a basis of a quantitative 

test of theory ... nevertheless the measured results can be correlated 

with the theoretical ones by means of @ simple artifice", Because the 

magnitude of this "artifice" for the experimental machine was unknown 

Oh ae



the slot ripple loss therein was caleula ted using Gibbs's? method. 

Further comments on Lavrenson's paper are inchded in Sections &.1 and 

10.15. 

Aston and Rao? used an experimental homopolar machine to verify 

Gibbs! ? method of predicting the slot ripple loss due to eddy currents. 

The slot pitch Xs, slot width s, and air gap g,were varied by having 

different sleeves shrunk on to the rotor, the loss in each being 3 ; 

oO xploited at Kines College, measured by the retardation test, since 

London. The correlation between Gibbs's predictions and Aston's 

test results is between - 4% and + 14% for most sleeves. This fact 

together with the satisfactory prediction of the open circuit losses 

on practical machines both inspire confidence in Gibbs's method and 

explain its tides cece use. It is therefore used in this thesis to 

calculate the slot riopvle loss in the experimental machine. The 

of the experimental machine lies ° extremely low slot/wavelength rati 

outside the range of Gibbs! By and Bo curves. Jt has therefore 

been necessary to calculate the values of f 1 and 6 2 applicable to 

the experimental machine. This calculation necessitates calculating 

the field distribution at the pole surface using the Schwartz-Christoffet 

Transformation and then determining the harmonic components by 

Fourrier Analysis. The requisite loss curves are derived in Appendix 

12.6 where the loss is calculated for a range of frequency; flux 

density and temperature. 

(ii) Hysteresis 

The prediction of losses in a ferromagnetic material is incomplete 

without an estimation of the hysteresis loss. In laminated materials, 

Se.
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it has been found that the hysteresis loss and the eddy current loss 

are of equal importance. In solid materials the eddy current loss 

predominates. Pohi®: (1944) argues theoretically that the 

hysteresis and eddy losses cannot be added arithmetically. The 

presence of hysteresis reduces the eddy current loss such that : 

The combined loss = W eddy (1 + W hysteresis/ W eddy)=. 

His theoretical deduction that the hysteresis loss may be 16% of the 

combined loss is refuted by Gibbs 9(194'7) who states unequivocally 

that in all practical applications the hysteresis loss is negligible - 

Gibbs's computation that the hysteresis loss is of the order of 1% 

of the total (iron) loss would seem a Little optimistic in view of 

the experimental results by Aston and Raol? where the hysteresis loss 

for most sleeves was found to be higher than Gibbs': but much less than 

Pbhl's. Pohl obtained good agreement between the predicted combined 

loss and measurements on an iron toroid), a device not as closely related 

to the real machine as that used by Aston and Rao. The author therefore 

considers the latter more applicable to the pole face loss problem. Tt: 

could be. arguedthat the test value of hysteresis loss (= 2 - 4% of 

the totaliron Lossis not neglisible, but it mst be remembered that the 

error (in watts) in neglecting hysteresis loss is much less than that 

incurred in predicting the slot ripple loss itself (- 4 to + 14%). 

For the purpose of this thesis it would seem reasonable to consider 

secondary hysteresis loss due to surface flux density changes of 

second order importance. 

The question of rotational hysteresis in the pole face loss 

problem is complicated by the presence of the d.c. polarising field. 

= 26%



The investigations by Boon and Thompson2+s 72 on single crystal specimens 

in sheet form revealed that the rotational power loss exceeded the 

alternating power loss by up to 100%. Their paper shows reasonable 

agreement between their experimental work and their theory which was 

based on simple domain considerations. The presence of rotational 

hysteresis would explain why the hysteresis loss measured by Aston and 

Rao 15 exceed the alternating hysteresis loss calculated by Gibbs?. 

Gibbs used the formula presented by Bal134 in 1915 based on a 

comprehensive series of experiments on laminated ring specimens. 

Ball's test results also show that d.c. polarisation increases the 

loss attributable*to hysteresis. 

(iii) Solid Secondary Induction Devices 

The pole face loss due to the armature reaction m.m.f. harmonics 

is analogous to the loss in the secondary member of electromagnetic 

clutches, eddy current brakes, solid rotor induction motors, linear 

induction motors and self starting synchronous motors. lv follows 

that a proven theory for any of these devices could be applied to the 
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Some of these induction theories use the rectangula 

et
. he empirical curve*! and some an analytical 

= (Fig. 8.11), some 

2 ps3 : ee 3 m x 
aporoximation™ to it. The relative merits of.each method of 

with the variable mM are discussed in section 8.1.7. This thesis uses the 
/ 

lastmethod which is°introduced°in the*next secéion, 2.5. 

(iv) Secondary Remanence Torgque 

The secondary remanence torque of the experimental load loss 

dynamometer was particularly troublesom making the measurement of 

gO a
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.pole face loss by torque measurement impossible (section 5.7). The 

work by Rawcliffe and Menon? on induction motor losses was 

particularly helpful in overcoming this major difficulty. The 

technique is detailed in section 5.13 and the experimental measurements 

of remanence power ( = Torque x angular velocity) in section 5.10.5. 

Aide) cane Anvroach Used in this Thesis 

It is convenient to confine this section to the problem of loss 

measurement and prediction and defer the introductory remarks 

concerning the distribution of harmonic m.m.f.s. to section 7.1. 

There is a close analogy between the induction of eddy currents in 

@ Fy the loss drum of an eddy current coupling and in the solid pole face o 
~ oO = 

a synchronous machine (Fig. 3.2), as the papers by Gibbs on eddy-current 

couplings? (U.K. (1946) and tooth-ripple losses? U.K.(1947) serve to 

illustrate. It seems likely therefore that an existing coupling 

1 
theory could be applied to the present problem. 

The eddy current couvling design equations relate torque, speed and 

al 
excitation. The power loss due to currents flowing in the drum of the 

3 1 
coupling can therefore be expressed in terms of the toraue T, and the 

relative speed n. In the pole face loss problem the magnitude and 

relative speed of the harmonic m.m.f. wave is known leaving the . 

harmonic torque to be found. It is proposed to calculate this torque 

. 5 : Ls 2 3 7 - iz 

by modifying the eddy current coupling equations presented by Davies 7. 

The modifications will allow for a different gap permeance and 

magnetisation characteristic. Davies! 3 method is preferred to that 

4 

56)
 

3 Cc %»
 8 oO rs
 oO Pees ok : ies’ 

of Gibbs because it includes a substitution for permeability
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realistic calculation of eddy-current reaction effects (section 2.4.9). 

The theory avoids the actual calculation of the armature reaction 

of drum currents (but accounts for their presence) by using the 

normalised curve and the existing expressions for the peak torque 

and the speed at which the peak torque would occur. 

The total loss for a cylindrical rotor mchine is the arithmetic 

summation of the losses for all harmonics -a clear case for the 

application of a digital computer. The calculation assumes super- 

position and, for salient poles, the resultant loss must be reduced 

to allow for the pole profile (ref. Section 12.2.1). 

The theory is applicable to machines with other winding 

configurations with "short" airgaps, i.e. where the airgap is much 

less than the wavelength of the highest significant harmonic. In 

applying this theory to harmonic terms for which s/h, is not ‘small! 

a reduction factor must be introduced to account for the attenuation 

of the field across the gap. (Appendix 12.2.2). In section 3.6 and 

in reference 4 the theory of reference 3 is extended to consider the 

substitution for permeability in more detail. The coefficient and 

index of H in sec. 2.4.3 are manipulated as true parameters rep- 

resented by algebraic symbols and not numerical constants. Numerical 

substitution in the final equations depends on the mgnetisation 

characteristic of the particular steel used. This generalised theory 

has already been published by Davies 4, It is included in section 3.6 

of this thesis because it was carried out independently by the author 

before the publication of reference 4 providing, incidentally, a 

useful check on secton 2 of that paper. ‘The comparison between the 

predicted loss using these equations and the loss measurements 
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on the experimental machine (section 5.11) is most promising. The 

major source of error is the calculation of the slot ripple loss 

(section 2.4.5. above). 

By deriving the equations in general terns they present a clear 

picture of the relevantmachins parameters and their various indices, 

and are put faward as a reliable method of predictingthe effect of 

parameter changes (sections 3.8.3 and 3.8.4). The changes in the 

stray load loss.figure, measured by the short circuit test on 

practical machines, when one parameter is changed are recorded in 

section 6.3 and compared with the change in predicted loss. 

2.6 The Rxverimntal Load Loss Dynamometer 

The experimental load loss dynamometer machine was designed to 

accentuate the pole face loss due to the rotating m.m.fs. of 

armature reaction. ts primary function was to verify the theory 

derived for a machine with a uniforn gap, leaving the effects of 

surface discontinuities for a second investigation. 

It was decided to assess the loss in the pole face from the 

product (43T) of the measured torque on the pole face and the shaft 

speed. To measure the torque and surface e.n.f.s easily an inverted 

construction was adopted, Fig. 4.1. The armature was driven at 

Syachronous speed and a torque arm attached to the solid secondary 

member. 

The fundamental component of the armature m.m.f. wave was held 

stationary in space thereby producing, in effect, a d.c. field. ‘The 

Secondary hysteresis (or remanence) torque (section 5.10) associated 

with this d.c. field so affected the measured torque (section 5.7) 

OC
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that a method of loss separation had to be used. . The primary iron 

loss was determinad experimentally oer a range of armature current, 

frequency, and secondary surface temperature (sections 5,10 and 5.11). 

The slot ripple loss (due to dips in the flux density pattern at the 

secondary surface opposite the slot openings) was calculated using 

Gibbs'? method, for reasons given in Section 2.4.5. Unfortunately 

the requisite curves of fp 1 and B2 published by Gibbs do not 

accommodate the high slot opening to gap ratio of the experimental 

machine (s/g = 13.3). Consequently the calculation of the slot 

ripple loss in section 12.6 forms a disproportionately large portion of 

this thesis because 6 1, and [Po had to be calculated using the 

Schwartz-Christoffel transformation ~ Appendix 12.6. Suggestions 

for overcoming the slot ripple loss are put forward in chapter 10. 

The variation in induced e.m.f. between the m.m.f. direct and 

quadrature axes of the d.c. field, discussed in section 2.4.4, was 

investigated using search coils set into the secondary surface of 

the experimental machine. 

Lay.
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In this chapter the equations for calculating the 

eddy current loss caused by the armature reaction m.m.f's. 

are derived. The caltulation of the slot ripple loss in 

the experimental machine, which is needed in chapter 5, 

has been deferred to Appendix 12.6. The magnitude of the 

m.m.f. harmonic loss is assumed to be independent of pee 

distribution of the induced harmonic e.m.f's. across the 

pole face. It is therefore more convenient to consider 

the implications of the e.m.f. distribution in a separate 

chapter and concentrate on the modifications to the eddy 

current coupling theory. 

THis theorye includes an» analytical substitution for 

permeability and a method of combining vectorially the 

inducing and reaction m.m.f's. It uses expressions for 

the maximum torque, Ts and the speed n at-which To would 

occur. The loss in an ingot iron pole face is calculated 

by extending the theory of rezerence 3 and compiling a 

digital computer programme. The theory is derived in 

generalised form in section 3.6 and the effect of changes 

in the predominant parameters considered in sections 3.8 

and 3.9. Section 3.7 describes the method of calculation 

and the development of the computer programmes designed 

Boa



to accommodate materials with different magnetisation 

characteristics. A means of accounting for the pole pro-~ 

file is suggested. This is applied to a 60MVA machine in 

chapter 6. Finally, the theoretical work of other authors 

is summarised. 

3.2 The Properties of <the Mi Mei. Wave 

The armature-reaction m.m.f. wave in an ideal machine 

would be sinusoidally distributed in space, and OLefund a— 

mental wave-length (Aj), producing no losses in the rotor. 

Because the normal machine is wound with concentrated 

phase-bands and relatively few slots/pole/phase, harmonics 

are found in the m.m.f. pattern. When fundamental fre- 

quency (f}) balanced currents flow in the practical 3-phase 

integral slot winding with 60° phase-bands carrying sinu- 

sSOtdalseurrents, it 18 well-known® that: 

i) the harmonics are of (6K + L)oorder. (Kisadyt 2 3 

etc.) 

ii) their wavelength is kK + 1) 

iii) the (6K - 1) harmonics move backwards relative to 

the stator at a speed Ps n 5 / (6X - 1) 

EV) the (6K + 1) harmonics move forwards relative to 

the, stator: at a speed..of a n 6K tb) 

v) their peak magnitudes are usuaily taken as 

ae thes
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where the peak fundamental armature reaction m.m.f., 

ry Ete (Ni)a Ci ke) 
a: TT q Dido) 

and (NI) is the r.m.s. ampere-turns of a single 

Gor. 

vi) their speeds, relative to the rotor, are 

6K 
- Boa Paper 

6K aveT, . 

  

i1:) the frequency induced in the rotor by the (6K + 1) 

harmonics is oki, for both harmonics. 

That is to say, the forward and backward rotating harmonic 

waves associated with a given value of K induce currents of 

the same frequency in the pole face, which incidentally 

yields a degree of simplification to the analysis'.«.Barello 

indicates in para. II A.3 of ref. (2) that the winding factor 

has considerable influence on the pole face loss. 

The harmonic m.m.f. is modified further by the effect 

of slot width and will therefore be expressed in this thesis 

as oh. 3s Fe Ko eee derivation ot, k and its variation 
-h h bh bh 

with harmonic order and with some machine parameters is 

discussed in detail in Appendix 12.1.2.



The rotating m.m.f. wave is expressed as; 

24k : " 1 
Ey Mita Nias [K,1¢05 (6, ~ ate tis K5cos (564 +-wt) 

+ e K 9006 (76) r Ut) Finks tk 2 K .cos(h@; + wt) (35 Toocwi 1 Patek 1 sere ot 

where h = 6Ki+. 1 

6; = 2mx/A, the peripheral angular displacement Cig ye 

= 1} 1 

Monet toh srdh 9 Bi 

V2 NI = the peak ampere-turns of a single coil 

q = the number of slots/pole/phase 

r = the number of phases 

3.3. Assumptions 

The mathematical analysis is simplified by the assump- 

tionsadescripéed in section .<2.4.2 and 275.5) these are Summar. 

ised below: 

12) The pole member is composed of a semi-infinite, 

homogeneous block of magnetic material, having a 

smooth surface. 

C2) Rotor curvature is ignored, the solution being 

derived in terms of rectangular rather than cylindri- 

cal coordinates. 

(3) The values of electromagnetic field quantities in 

the pole face vary sinusoidally in timé and space, 

and satisfy the diffusion equation. 

pe ioe



(4) 

(3) 

(6) 

(7) 

(8) 

(9) 

(10) 

ead 

The field is constant in the axial ("z") dirédction, 

and the current density, J, is everywhere axial. 

The permeability of the pole face material is 

considered constant in the ingerel stages of the 

theory only, atter which @ substitutzon, for Wels 

made. 

The resistivity of the pole shoe is constant 

throughout its depth. There is no damper winding... 

The airgap is constant (i.e. has a smooth boundary) 

and in the initial stages of the ¢alculation is 

small compared to the wave length of the harmonic 

term under considerstion. A- correction factor 126 

then avaieed tosaccount-ror7gap fluxsteakages 

The loss due to each harmonic term can be calculated 

independently of that due to other terms, all the 

harmonic losses being added arithmetically to yield 

the total.loss figure. This premiss is discussed 

i SCC. FwON 4 es 

The effect on the gap flux of any harmonic currents 

induced in the stator laminations is negligible, ie. 

= eo = 

Ee SiacO me P stator 

The d.c..field is ignored but is discussed in 

sections 8.1. and 12.6.



    

  
FIG, 3.1. Schematic diagram of an eddy current couplings 
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3.4 Modifications to the Eddy Current Coupling Theory 

One shaft of the eddy current coupling of Fig. 3.1 

carries the field member which rotates inside an unwound 

iron loss drum connected to the second shaft. The field 

member is excited with direct current and the flux pattern 

moves past the loss drum at the airgap surface causing 

losses. The magnitude of these losses depends on the 

relative speed n (also termed the slip speed), the excita- 

tion, and the physical constants of the machine. The eddy 

current coupling theory? is used to calculate the loss caused 

by each harmonic of the armature m.m.f. wave in turn — Fig. 

Se 

Since the harmonic pole pitch is 1/(6K + 1) times the 

fundamental pole pitch, many harmonic poles exist in one 

(fundamental) pole pitch of the machine. The harmonic poles 

face a parallel gap,and the equations for peak torque and 

speed'at peak torque must therefore be modified to accommo- 

date a constant 5 permeance instead of the square wave 

permeance of the salient pole coupling. The axial current 

paths in the pole face are much larger than the circun- 

ferential paths between harmonic poles so that the end 

effect factor derived by Gibbs® tends to unity. 

The use of a different ferromagnetic material affects 

the numerical substitution of the permeability u(suOuL)- 

The substitution, which assumes operation above the knee
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of the magnetisation curve, is derived by plotting u°H 

against H on log-log paper and measuring the slope of the 

linear portion above the knee. For the mild steel used 

far the secondary member of the experimental machine, the 
> 

slope is 0.794 (Fig. 3.3) and the substitution for p is: 

em ee a ebiets 10 te, . PROMS <2) o
e
 

Both the coefficient and the index of H vary with the mater- 

ial used and must therefore be determined in each case. 

@.g. for sthesdnheots iron of ref. 3, 2the substitutionenrs ; 

PE wagons se - - e Ort CODED te
 
aa

a 

The theory is developed in a similar manner to reference 

3 for’ a sinusoidal impressed m.m.f. “wave, Fo: However, 

since the number of poles for the hth harmonic term are h 

times that for the fundamental, 'p' in the eddy current coup- 

ling theory is replaced by Py, (=hp) in the pole face loss 

theory. To simplify the initial equations, the subscript, will 

be omitted. 

A suitable expression for the gap reluctance will be 

developed shortly but first the salient points of the eddy 

current coupling theory, already introduced in gection. 254.4) 

will be presented. Initially this yee follows a similar 

pattern to that of Kuyper and Barello (summarised in section 

3.2L)c. Then atter. the analytical subetitution for, exe 

pressions in terms of the machine parameters are obtained for 

the inducing m.m.f.,;. and the eddy current reaction m.mf. 

oh oe



which act at a space angle to each other. The vector 

combination of the inducing m.m.f. and the eddy current 

reaction m.m.f., acting on the airgap surface, produces 

the resultant flux-density wave that causes the loss. 

A solution of the diffusion equation for the axial 

current denstiy a in the eddy current coupling drum 

(Pigs 3.2)4° prégented “in references 1, 2 and 3,indicate 

that J, decreases exponentially with drum depth, y, and 

varies sinusoidally with time, t, and distance, x, around 

the circumference: 

Je ee Cos.cHte 2nx/i =m yy) se a as C335) 

The substitution of es in the equations: 

3B 
NPE et ot 

2 
and Co : 

WO 

ew 2 WER oe ose dt dy watts/sq. metre 

t=0 ~y=0 

yields the surface magnetic intensity and loss both in 

Ge eS, Orie. os 
m 

Bll eae 2 
ES ae sin (ut =. 2rx/X 7 Vy +b) As 

2a2 

and w Fe 032/48 

m 

where R2e24° = KS



4n2/i2 = 270%., 

By mar Rh Coe es } 

and Vie => Rosin” o > (374) 

ive Rao ce B+ 457 J 

: 2 9D: 
R [ak fae 

&m*/S* fa 

If the depth of penetration (1/a) is small (equation 3.32), 

J/20 >> 2 EX 

/ Rms 20a, y — a, 8 — ea, 6 —+T/4 

H, becomes much greater than e (quoted in section 12.5.1), 

Consequently, the resultant magnetic intensity H — > HL. 

The equations become much simpler and (Davies claims) very 

little accuracy is lost in eddy current coupling design 

since the assumption is true over most of the working range. 

The surface value HL of the magnetic intensity H will there- 

fore, be:s 

HS) G3. 5) 

¥20 

and the loss per unit surface area’ 

  

2 

w= Bea CRef.oS37eq.-9A) C327) 

  

4a 

Elimination of ne from these equations leaves a (and hence 

u ) in the final expression for loss: 

ie



  

1 ; 
y2 Mik eS Units C3°,.8°) 

The flux per pole needed to produce the a wave corresponds 

tovthe usual. definition of flux-per pole used on:a.c.-cener- 

ators: 

g = m pe (mean oo? x (pole area) 

which 1s. shown tobe, 

g kg Pek 
Bee (3.6) 

The equations 3.5. to 3.8 can be combined to give an 

expression for 94 20. tetms of as 
ac m 

ee oe | 
or (3.9) ac w 

5 

Up to this point Davies!’ analysis has run parallel to ‘ 

Gibbs". Since all the quantities on the R.H.S. of equation 

a
 

3.8. are known, ,*H can be calculated. Gibbs then uses a 

h
e
 

curve of  y“H plotted against H to determine i which is 

substituted in equation 3.9. The a.c. flux required to 

produce a given loss can now be calculated. 

The substitution by Davies of equation 3.24 into 

equation 3.8 eliminated the permeability and, eventually, 

led to expressions for torque and speed (section 2.5). 

Such expressions are therefore applicable only to a magnetic 

material satisfying equation 3.2A.



3.5 Working Equations for the Experimental Machine 

The next step in the author's work therefore was to 

derive the expressions for the maximum torque (and for the 

corresponding speed}for the experimental machine using 

the magnetic constants applicable to its mild steel second- 

ary. 

It became obvious at any early stage that some indices 

in the final equations for T. and n_, were independent of 

the material used. Following this observation, generalised 

expressions were derived and recorded ix the next section. 

It is therefore unnecessary to record the derivation of 

the expressions for mild steel in particular and these will 

just be quoted against those for ingot iron:- 

  

  

  

  

(i) fild Steel (ii) Ingot Iron 
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Although the coefficient and indices in the two equations 

for 9., are very different, those for To are both identical 

and whole numbers. In the equations for n the integral 

indices are also identical, the remainder depending on the 

magnetisation curve of the material. 

3.6 The Generalised Theory 

Sool tne. kitux ‘per “Powe 

The indices and coefficients in equations 3.10 to 3.12 

depend on the index and coefficient of H in equations 3.2 

and 3.2A which may be written in a generalised form: 

- m HOM ke (S513) 

The theory was developed from this equation on the lines of 

Davies'? earlier paper but in terms of k, and m. Because, 

the work has since been published in section 2 of reference 

4, only the main steps will be given here. The nomenclature 

of reference 4 is used. 

The subscript "h" is now introduced to indicate the 

number of harmonic pole pairs: 

Pi ae 

The angular frequency of the hth harmonic is: 

ore 270 PP, 

and the loss per unit surface area is: 

Zan, Ty 

TDL 

hh



These expressions are substituted into equation 3.9 to 

give the harmonic flux per pole required to produce a 

tonque Tt at thespole surface. 

: eid Th 
(%..0) Rese ores D 

Py ean 

The substitution for yw is made by combining equations 3.8 

and 32i3..t0 ‘gives 

-1/m (evi 

OW 
  

Hs can now be eliminated from the expression for the flux 

per pole to give: 

    

  

ae Re? ean fetve ,i/2n ee 

: x ST ’ (ac) h 191/ ji-i/4m pi-t/2m * {I-1/4n 
n h 

or 
2n-l ae 

2m 4m 

aie wou (1, ) (2,,) 3 (3.14) 

7. 1/nm 

where ky = 1.8nt/4m(—) G35) 

2 

he 1/ met {om sed 

and M oe ete (3.16) 
pi7i/2n 1-1/4m 

Ph 
Thea flux eee is established by an impressed m.mn.f., Fie 

containing two components ~- an armature reaction component, 

Fon and a flux component Fy,. to is obtained by multiplying 

CP ody by a reluctatice:S, defined below. 

a gfe



3.6.2 The Gap Reluctance S$, 
  

The torque, Th has been expressed in terms of Fu 

the peak m.m.f. of the hth harmonic. The flux Coach 

associated with a component of Fe is equal to the harmonic 

pole area times the average flux density. It is therefore 

convenient to define the reluctance as the ratio 

are the ampere turns across the gap for the hth harmonic, Fa 

h fhe .total harmonie’ flux. percpole., (O24) 
i 

Sy will now be derived for a cylindrical rotor machine 

with a uniform air gap. The average flux density in the. 

: Mee ooh 
alr gap = “DL72p, 

y = F ey . : 
.. The peak value of gap m.m.f. F oh peak xX*gap lengtn 

= a x ave lwp 

(bach 7 Ph <8 

PDA Ho? 

‘ ; eh phg 
iit hOrea un TeoOrmscap So ~ RES =i ear. e (3 .ty) 

Pacth ae) 

The "Flux Component" of the total excitation for the same 

machine is therefore 

Bima ery 

i.e. f 
a See lel y2ut * ~i./4m Ampere turns 

“oh 1*h h (3.18) 

where C, = K2MS, M.K.S. units)



S63 Armature, Reaction 

The combined effect of single frequency sinusoidal 

£ 

currents flowing throughout the depth of the pole face is 

s — 

to produce a sinusoidally distributed armature reaction 

m.m.f. which Davies? calculated by integrating oo through- 

out the depth of the pole-face and integrating the result 

Wreh respect =to.x% 

Jy 
Flo - 

A 
R. a ae Gos <:(® t= Qnx/r - Oaact a 12) 

On substituting for Jos Davies obtained an expression 

for the peak armature reaction ampere-turns: 

A Lw 

Fon -~ = x 4v2 x as - 

z, ’ h*ac’h 

This expression can be checked by applying the circuital 

  

law to a section of the secondary bounded by y = 0, 

vy. BS. Xe Ky ands xk ask jo + 6x. 

On substitutione for Wy» Wy» and Ans Pon becomes: 

av Th 
Poe x 
Rh T 2) 

Ph Pach 

oa
 @ ct
 

Using equations 3.14 to substitute for (¢. 0)» we 
a 

pi/2n i 1/4m 

et Bt ae gow m 
Rh TK 2 2 Pi M 

™ 

which can bes wrEtten? 

5



1/2m . 1/4m ie n m mpe - E Rh C ty - Ampere-turns 

C329) 

where Cy = Dig ot \ 
kop iM M.K.S units ) 

In the eddy current coupling theory, an armature reaction. 

modifying factor f is used. When a uniform gap is considered, 

f equals 1 and is therefore omitted from the above equations. 

326.4) The total HxertatroD 

The peak m.m.f. provided by the stator winding for the 

hth harmonic PL is the vector sum of foe and Fou whose 

. 2 O 
mutual phase displacement, w/2—¢ » tends £0.) 13 bawhene 

{ i 

the depth of penetration is small (Y¥2:R >>2n/, ), Fig. 12.5.1. 

Using the cosine rule the total excitation is given by: 

  

Rees Se 2 Pane!’ F one 
Fa Ean a Ra ee ten tet 

2m=-1 

a2 5 U/mee b/2n 
or F,2 = Cth + C2 T n eSCre. Cor (3.20) 

his ———— Been h degen Sth 
1/2m 

n, 
h 

where C,; = -2 cos (7/2 -$) 

3.675... Eauationsyfor-Caiculation 

The maximum torque, Toh? and speed at maximum torque, 

n may be obtained? by differentiating 3.20 with respect 
mh? 

to speed, keeping PL constant and equating tc zero to give, 

= 50.4



at the peak torque point: 

Cy 

— =T pale 
C mh mh 

2 

Substituting equation 3.21 into 3.20 gives an expression 

For the-peak torque: 

a 
- 

It might be mentioned in passing that 

2 = = 
F oh Oot ah ea RB 

i.e. at the peak torque: point the two components of Py are 

numerically equal. 

The equations which follow involve both the product 

and quotient of C, and C, , defined in equations 3.18 and 3.19. 

It is interesting to note that the product is independent of 

the magnetisation characteristic: 

0.95 
h 

yee re 
P 

m
h
 

Their quotient may be written as: 

2 C,/Cy = 1.11 kp M@ p2 Ss. 

By rewriting equation 3.22, the peak torque is expressed as 

a function of k,, m and the machine parameters: 

ps 
F 

Be Sa 
Gi Cat2 4.04) * ah 

Subst ututing. for C,C, (above) an) det Ox Sy (equation: 3.17) ,° we 

2 51.



u F2P, DL 
Bhi dd a 

af = x Nn 63. 23)   

where 

ae Konkan *pn/® (see appendix 12.1.2 equation 12.1.1) 

hy
 | 

Eliminating te from equations 3.21 and 3.23 yields an 

expression for non in terms of the machine paramete:s; 

  

    

2m 
es 2Tie 2 

n = Sa Soe 
mh mh 

Co 

im, 4m 4m (2m ceues .4me 4s 2Ms en 22S 2m 2 
_ ke MP, os ome F, : D L 

0.92” 0.97m72 (2 + C 2m 2 es 

Su 2 ce ‘ee (2 + G2, m Sat otyen 1 

ne he oe - x a = Yep'..8'< (3°22) 
mh (0.9)¢2 2 vi bones 4 

where 

kA Sh O OC 8). nie 

and Pear. Pe een 

For mild steel having m = 0.794 and k, = 0.769, the above 

equations become:3.11(i) and Sal 2a eke section, 3.5. 

When calculating a number of harmonic terms for one particular 

machine, it is convenient to rewrite equation 3.23 and 3.24 

Ln. they form: 

by
 

n
h
 E = CG oa h Nn (3.5234) 

_



i A 

    

< 4m-1l_ 4m-4 epiem « C3 724A) 

NG 

where Gj = = x Ree M.KiS. “units 

BO 16 = 

a bASE 
. 4m-1 2 

P Pg 

eos 4 4m, 4m 2-2: x 
Gos e 6e x10 *x 25a Ky 63°..474) pin 

p is in p-em, g and D in metres 

The coefficients Go» G,; and Gp, being the same for each 

harmonic term, are determined in the Inibias..s tages .0 5 

G6alculations 

By using these expressions for the peak torque, x 

"S
 

mh?’ 

and the speed at which the peak torque would .uoccurs nh? 

the theory accounts for the armature reaction of surface 

currents but avoids the actual calculation of then. Leer s 

@ mo QA
 

fo
 

ct
 

dd
 om f: pa
t 

c Oo b OQ G @o
 

evident that the'peak torque and the sp 

depend only on the machine parameters and the inducing 

memef. (At. the peak torque point, the inducing m.m.f. is 

equally divided between the gap and the armature reaction 

ampere turns). : 

Tah is independent of the index m and coefficient k,, 
ah. 

i.e. it can be calculated with confidence irrespective of 

any inaccuracy in the magnetisation curve. In contrast, 

Noh is rather sensitive to changes in m. Furthermore



ov 0. 5 

rE is independent off, whilst N is directiy proportion= 
mh mh 

al top, as in the induction motor where the magnitude of 

the peak torque is independent of rotor resistance whilst 

the slip at which it occurs is directly proportional to 

TOtOr resistance. 

3.6.6 The: Normalised Gurve 

The normalised curve relates the normalised torque, 

TT / Toye to the normalised speed, n/Doh’ With Ry known, 

/n and T . are calculated from the equations 3.23A and 
he semh mh 2 

B23 55 Ty is then read off the normalised curve derived 

n 

as follows. Subscripts are omitted but it is to be under- 

stood that all the equations refer to the term of harmonic 

order-“th', The peak -torque “is expressed in. terms of Fo in 

eduation 3.22... This £s-nowxsubstituted into thevequation for, 

Co Z= A hfe 2. 
(2.03) Te Cy ites a he GT ; ey w+ C3T 

2 - & 

Ci and Co are now eliminated using equation 3.21: 

mel = m 1 LE a Lia I7Z fr /m /2m 
aE 

ota ‘ : i ie re 
Fi x 2m fs o 1/m = 1/2m qi/m “4 /2m To 

m m m m 

    

This implicit equation can be rearranged in terms of Q, 

  

l-n L 

Q — }— | 
' i 

Lad Ln.
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to give the normalised torque; 

Bee es (3.26) 
1 + €C3Q + Q? 

Thifable «3.2, “a few typical. values, of T/T. and n/n are 

calculated for assumed values of Q, for the experimental 

machine. A few normalised curves are plotted in Fig. 3.4 

for selected values of m , Note that they are all 

independent of k, and applicable to any other solid 

secondary device having the same value of m. For all 

these curves the angle ¢ is taken as 45° , in accordance 

with the theory that the depth of penetration is small. 

Until further experimental evidence is available, it is 

difficult to select a suitable alternative value of }¢. 

The Slope of the Normalised Curve 

The equation of a tangent at any point P on the 

normalised. curve of Fig..3.4,.plotted on Log-log paper 

could be written: 

Log a Log (const) + (slope) Log = 

m™ m™m 

slope 
Log { (const)(—) 

m 
slope 

« T n 
ee ——— cj— 

Tr (=) 
m m 

a es



Table 3,1. fhe Normalised -Curve for 

Mild Steel 
  

  

The three sample calculations are based on equation 3.26. 

The complete curve is tabulated in appendix 12.3 programme 

MS-16 and FS-4. 

m = 0.794 go ys? ak Cs tame V2 

; 4 0.260 0.630 
ose OX = (T/T) (n/n) 

1/0630 1.587 

3 

{ Z ae 0-260 
mT m™m 

where F = (CTA) es 

    
    

            

1 

Q Qi cap aed Q Denominator, D Tre T/T. F ; Fass 

eel 6+, BO ue. OF = 3.414 Q/D ct 

| | 
0.01 L074 0.00987, 0.0337 0.414] 0.02315} 0.0026 

0.1 1.151 0.087 0.297 0.729|0.1372 | 0.0425 
4 

1.0 3.414 : 1 1 1 ie 
j 

10 115 0.087 0.297 On729) 13572" 1.108     

ae



3.6.6 

The slope is determined in the simplest way by drawing 

tangents. The value of the slope for a particular 

normalised speed, Fig. 3.5, will determine the way the 

predicted loss varies with the machine parameters, section 

3.8. 

  

    
  

} t t 1 { t { 1 

0:of/ o°02 d.04 oO: O-2 0.4 1-0 2.0 4.0 

1/2 m 

Pigs. 8.50 The Slope: of the 

Normalised Curve for Experimental Machine having m = OSI e 
  

3.7 Method of Calculation 

3.:/ oh - CyliLogrecer Rotors 

Having determined k,; and m for the material being 

used, the normalised curve is calculated in the manner 

described above. 

The order and magnitude of the harmonic m.m.f's. are 

then determined from the winding geometry, and the. 

Cale ape



coefficients, Go> Gi, and Go, calculated. ine loes«for 

each harmonic present is then determined by carrying out 

the following computations paying particular attention to 

the gap/wavelength ratio of the slot harmonic terms, see 

Se @teronme 2 <2:< 

Noy using equation 3.24A R.P.M. 

7s using equation 3.23A Newton-metres 

Ni /N oh 

Th/T ah by reading off the normalised curve at the 

above value of NL /N oh 

Th = (T,/T WD x Ton Newton-metres 

The pole face loss for the hth harmonic is: 

27 kW Couns) ei eo a4 We a Nee eee 

In order to allow for peripheral flux leakage (appendix 12.2) 

W, must be multiplied by a reduction factor such as Ron 

(Fig. 12.2) to. obtain the harmonic loss figure. The total 

loss for.a Cylindrical, rotomet si.) WikKene 

The calculation of the normalised curve and f Wektn 

can be done using a digital computer. The data sheet and 

print-yp of a typical computation, Tables 3.2 and 3.3, 

illustrate the above procedure using computer programme 

-~ 9 =



  

  

  

  

  

  

  

  

      
    

Table 3.2 Data Sheet used for Computer Programme No. 4 

Pole Face Loss Due to M.M.F. 

Harmonics 

PABELO Ge Crs Sl fc cCria (Opa a ie Cla alts Cr ot REE. CEGB/K 

80 92 es bbe Bas DATE] 2801,6604 FF / 
{ 

Ay Ogi ye Po. Pole pairs 1 

At NS Synchronous speed Tepem. 3000 | 
i 

A 2 Z Conductors/slot 2 

A=3 Y. Parallel paths/coil side 1 

ALG G Parallel paths/phase 2 

As5 I Total phase current amp 3670 

A 6 s/P/P Slots/pole/phase 10 

A 7 PITCH Per unit pitch Pes 0.83333347-0% 

A 8 SPREAD Spread deg. 60 60 

A 9 D Rotor diameter Me 0.94 

Alo G Effective air gap m. 0.0381 

All > L Rotor length Me 4.44 

Al2 RHO Rotor iron resistivity Q - cm Zils D 

Al3 Al3 Parameter * 1 1 

Al4 K Highest term required Chet 10 Lt 

FOOTNOTES * Put Al3 = positive integer to print 

Ky By kins Kays 

Put Al3 = negative integer to 

t+ lat and 2nd ‘columns = symbols 

and print-out respectively 

T/T, T, KW, KW TOT, only 

print complete data 

used in programme   
 



TABLE 3,3 TYPICAL COMPUTER PRINT~UP USING: PROGRAMME NO.4. 

Note: (i) The parameters kyand m refer to the Ingot iron of Ref.'3, 

(44) ‘the KW coloumn gives the loss for a oylindrical rotor 

neglecting peripheral flux leakage. 

(444) The magnitude of the slot harmonic terms is large. 

(iv) Columy FH9= F veeeo. ref, equation 3.12 (ii). 

TABUEG, SAS PROBLEM NO CEGB/K 

  

      

  

  

    

                

  

  

      

DATE 28/1/64 
LOSS.DUE TO HARMONICS IN MME Picecine 

PPRS NS Zz xy I PROG 

4.0000 3000.0 2.0000 1.0000 220000 3670.0 4 

3/P/P a PITCH SPREAD D 2 L RHO 

10.000 |] «83333 606000 -+94000 -+03810 44400 , 27-500 

CF Cr CN 

-649545/ 05 + +44694/-04 + .42311/ 05 
K H KPH KOH T/T r 

420° 500 <> 0258822 1.19919: 996" 54 7/. 02 

vieos +2]0 00 = 025082" me 3952 - 2654 *0134/ O25 

2.0 11.0 96593 -.09130 0557 +1648 77. 02 

2.0 1300 © 506592607945. ety too Ce 

300 1700 225881 - 06434 +2059 ~+106/ 00 

3.0 1940 025883 —205962 +2037 +509/-01 

4.0 Zan =.96593 205356 - .066 °848/ 00 

4.0 25-0 96592 - 605176 2047 2520/ 00 

500 «629.0 = 25880 + 205007 +-010 + +660/-02 

5.0. 312-0 °.25883 =.05007 ©-008 | «473/-02 

6.0 3540 6 96593 -.05176 - «020 0157/ 00 

6-0 37-0 -.96592 - * 605356 Pe OV: e447 00 

7.0 4160 25880 -+05962- --004 -+272/-02 
700 4360 7025884 206434 +2004 + 268/-02 
8.0 4760 296593 ~207945 --012 °*«171/ 00 

8.0 49-0 96592 » 209180 sOt2 o2t2/ 00 - 20651 44.64 

9.0 530 «25879 -.13952. 2004 +e116/-01 --0037 44.64 

"s 55-0 a v9 aS «005 met ate Be 5 ser 

O 59.0 [ff -90593+ ~ed 237 |i+953. : od 8-01 f TD 

ies =a 94592 == ee ees 2049 57507 02 } 3 ! 95-83 

11 6500 . 025879 Ss -.003 +0133/-01 ~+0042- 95.84 

44 6762p -conb85 * § 6139529 5002 | add /o02. 500d 5.84 

H FH FH9 TM N NIH _N/NM 

5-00 » eA495/ 03 OG 03 + 2549/ 02. - 2360/ 04 0392/ 04 6919 

7-00 * 6256/ 03 Sinem ys 03 -.204/ 02x e251 04 -9145/ 05 ety 

411.0 + 2399/ 03 <2 5er 03 +4784/ G22 ee Fe 04 eodo/ 05 © “33 

43.0. + 0292/ 03. + 2189/.03° + 0497/02: +6277/ 04-8 6465/7 05-4 *--1)50 

4700 +0485/ 02: --360/ 02: -e179/ 01 0318/04 +2426/ 06 = =-007 

19.0 *.402/ 02: 6.3037. 02, Ned 39/7 01 °2.284/ 04 0639/ 06 004 

93.0 6441703 (8775/7 02> 61204 02 29137: 08 3579/7; 066008 

250 -0991/ 02 - 696/ ia: “6110/7, O2e: °288/ 04 -2492/ 06 2006 

2040. 221% OF 08 247:.02.° 4 0G95400 E5707 04: a2b7/2 On. s00t 

31-0 eee Ts O22 eth 47) O25 *2594/ 00 °290/ 04 Ces 07 e001 

35.0 +s708/ 02 -+510/ 02 + +784/ 01 309/004. tal Soe Omie. ©00e. 

37.0 -+693/ 02 -500/ 02: --794/ 01 + +292/ 04 2155/ Q7. = -002 

A460 4 186702 3 1A97 08. eG T/ 00 3907704 664370). 000 

ASLO 21927 02" «153/02 9708/00. -+'e293/404 -692/ 07 «000 

A7e0 + +809/ 02: -577/ 02 *0137/ 02 -.306/ 04 + .220/ 07 -~-001 

49:0 +2897/' 02 +.634/ 02: »-176/ 02  +294/ 04 0219/07. =+-001 

B360'. 74 938/,.02 1 «257/02! F2290/. 01 =: «306/04. .6694/ 07.3000 

55-0. :+450/ 02 wanes 02 A aaee oh 01 ce ag ye o7 2004 

59.0 _ -775/_03__: +464 wey 2305/7 0 . Fa 

tio shat = 2 450/ $3 See 7.2957 04. +486/ 06 ~ 

6860. 2 2017002; 6208/02. (3 Ages OF wE305/7.04" ©486:7/ 07) 2000 

67.0 1+2267/ 02. 6207/02 .:4214/ 01 -.296/ 04 ‘0128/7 08 — .000 

=. O1\=



Nos So tor ingot aron. 

Note that despite the ratio N/N being as low as 0.007 for 

the slot harmonic tern, T is very high, thereby yielding 

a high loss figure. This is modified by KL in, section 6.2.1). 

TABLE 3,4 THES MoM... HARMONIC LOSSES FOR A 1,5 MVA, MACHINE = AS PRINUED UP 

BY THE COMPUTER, 

Note: (i) The parameters k,and m refer to the experimental load loss . 

dynamometer, , 

(ai) N/N., is now printed by punch 1. 

(444) Version 1M prints the significant terms Gialy, 

Version iML prints all terms. 

(iv) Colum FH9 = F, 0-824 oon the mila steel used, ref. equation 

No. 3.12(i). 

TARLE 2.4 LOSS. DUE. 70 HARHONICS IN MMF WAVEFORM PROG MS@ 1ML 

PROGRAMME ACCOUNTS FOR SLOT WIDTH AND PRINTS ACS TERt 

  

  

PPRS NS eZ Y Cc I A13. KMAX REF 

2.000 1800 2.000 1.000 4.000 2460 Ay 960. 1 ag e5e 

S./P7P PITCH SPREAD Daas G L RHO SLOT 

9.0000 .81481 60-000 686.00 7.49500 490.00 . ~ 27,000. 10.50 

GO GL GA fie) Atal loss foro 

2149450405 + 3.45020-04 ~631330+04 ee 

i, H Kee KDH KBH T/TN = -N/NM- KW KW TO 

4, Oe OO. fs 6 A91G09 5-199 71. 399826 «BSD 5 eee? 1495 145 3 

4,0 «9.00.5, «44001 014026 2.3. 09279 ee 199, eee 74949 6444 

2-0 etd 0.) 699834; 6409303 , 99205": 480.7 89 F291 57 1.220 

oO. 1920. 80211 = 608096 «97490 . 240: 4034. ses 1.322 

3G. < 1700 1 « 2900ALy, 00049 © 95 1a4 008 005. 0014s ante) 28 

BO 14010" 67279 ee 0G 7 90701. OFF O0B 2) 40402 -<-14933 

4.6% 223.0. 397820 *s oeol se gecg2 0057 «005 =. 0088 Taj Ae 

4o0 6 B00 © 454948 | SO5099 2 90993 y) 54039 6003.4. 30014 + 3.344 

BLO 0000, 354954 = 8 0RR9) OIG i Tee 6088 ,.002 .0008 1.344 

5.0. °3100 91823... «05709, -86267 O26 - F002, 7 40024 |... e34 ye 

b/0-et. 3500. 2 312734. es Cee dl eeueie o016- 2001 6 00408". 14548 

HO 4900 "ip 9983 ke 09908 |. 18670: pe ONS, e001... $0022. 23-14-51 

BO Cree oes 44879 14026 5 0199... «008 «G04. 2.0008. e938 

BO abs0s pe 4010.. e19ST I eeperese 00). ps COD 7) Bae 1.352 

O60 55.0.) 699791... epg -60b01. 6036 6003.7 042045." 25009



TABLE 3.5. COMPUTED HARMONIC LOSSES FOR THE BXPexIMENY 

DYNAMONETER, 

Note: (i) Programme Version 1L uses inch units. 

(ii) Parameter A 13 is made negative to call punch 2. 

1421065 A 38 
PROG MS-4L 

[ARLE 3,9 “ : ; ‘ LOSS DUE TO HARMONICS IN MMF WAVEFORM 

  

PROGRAMME ACCOUNTS FOR SLOT WIDTH AND PRINTS ALL TERMS 

S63 

PPRS NS Zz Y Cc I A13. KMAX REF 
2-000 1500 8-000 1-000 ~» 46000 29-80. °=41.0 § 8.0..+ 402.000 

S/P/P PITCH SPREAD D G i RHO SLOT 
120000 160000 60-000 116420. .01200 968500 20-000 1570 

CF OT CN 
$321848+03 = 194298-03 =. 136038+03 : 

K H KPH DH KBH T/T -N/NM KW KW TOT 
Bee 26 OD “16 0000 ss F000 999667" oh8 7 1203 der eae 
Ve 0* 1200. 420000, A 0000s 2 99986 9 68 7503 649 0396 8 A 
240) 14004 160000 ** 1-0000! 7290489 6999 9 4804. 6 908% 2.415 064 
260: 1360, .:160000 . . 160000 497893 . 3 6950 +5508 2043. 14285 
JO 17 +O 6450000: 1e0000" S64IS 2 * 68O0y.. e269 49405 16432 
JeO. 19008) Te0Q00 © 160000; «95532 <9 1671 o49T = 20965. 4.528 
4eO © 2300. <3 .1e0000 "160000 > «93493 «6820-2104. 0682. 46594 
MeO 2560. 9100000 © 480000 692340. ABT. 0074 on 0452 246.99 
200". 2340-0) 100000: 4460000 > 689777 4.53332. 050. «0303; = 1.609 
DeO.-- <3 Te Dies 160000 460000... * «88374-°3 0269 1 6 O98: 50208 | 46650 
pO). 9540" 1.0000 400000... 685323 4 8208 “S027. SOiAde. Teron 
60. 3768 10000 71-0000 83686 °175 2021 0102 1-714 
1*Q 41-0... 1-0000 ~ 420000 80203) =. 6139. 016 60070. 714721 
POS AD 0Q 81-0000 «+ 4eQ000 is 7896 2. 8996) 2 O13 SO05T 407 26 
8-0 47-0 160000. 120000 74498 .091 2010 .0035 1.730 
8-0 49-0 10000 160000 +72482 +078 008 .0026 1.732 

102-000 
H FH FHY TM N NM Ti 
5°00 6420402 .3089+02  .4000+01 1800 © 1466403 = 6 2358+01 7200 4570+02 .2330+02 .2840+04 1286 °403€+03 =. 249E+01 
1160 62686+02 .1598+02 .177€+01 1636 °©157C+04 .1770+01 
1300 = 2426402 = 1380402 =o 1488401 =. 1385 02619+04 .1413+07 
1700. «1836+02 + .1099+02 2110¢+01 ©1588 05910+04 .8810+00 
1960 1629402 .9910+04 °9679+00 1421 08326404 .6498+90 
2300 = 1319402 = 68320401 = 7658400 ~3=—- 1565 °1508+05  .398C+00 
2500 6119¢+02 .7698+01 <6868+00 1440 °©1958+05 .3006+00 
29-0 69962401 6658401 .5590+00 1552 ©311G+05 =» 6 186 O+ 00 
3160 = 9178401 = 66240401 =e 507+00 = 1452 °3656+05 .1376+00 
3520 867858401 = 65460401 8=90.4198+00 = 1543 0571405 = «8 71-01 
37e0 =e 7289401 = 05 138401 = 6 38 1000) = 1459 *6856+05 «607-01 
41¢0 =66308+01 = 4550+01 89316800 = 1537 ©965S+05 =e 4386-01 
43¢0 65878401 64300401 -2870+G0. 1465 °©1136+06 =e 3308-01 
47¢0 5100+01 .3830+01 .2388+00 1532 ©155€+06 =e 217 8-01 
49-0 64760+01 63620+01 «2760400 1469 01798+05 = 6. 166 0-04



Bey elk 

In Table 3.4, Gz is calculated using the values of 

k, and m obtained from the linear portion above the knee 

aCeouiE curve for mild steel in Fig. 3.3 These are DL fhe 

m = 0.794 and k, .= 0.769. .It was decided at this initial 

stage to use the same values of k,; and m for all calculations 

on steel rotors. The last column gives a progressive sum- 

mation based on a cylindrical rotor design. This figure 

must therefore be modified to account for the peripheral 

flux leakage and the pole profile in practical machines. 

Modification is not needed in the experimental machine. 

8S WAD. Salvent Pole: Rotors 
  

Tapered or chamfered pole faces may be accounted for 

by repeating the above calculation for different air gaps 

and obtaining a loss figure by a graphical method. This 

procedure was adapted for machines E, F, and G Table 6.13. 

Alternatively a simple approximate formula, derived in 

Appendix 12.2.1, can be used for machines having asparnallel 

air gap and chamfered pole tips. The loss for chamfered 

poles 

81 

ke KWaor ou + Bo) kW 

Z. 

Applying this formula to Table 3.4 gives the results in 

Table. O «Ll Codumn Bs 

The graphical and algebraic methods compare favourably in 

Sectron 6.5 01. 

Bios



3.8 Predominant Parameters 

It is useful for the design engineer to know how the 

loss depends on various parameters. The loss has already 

been shown to be the product of T/T on? ae and n+ These 

quantities have been defined, but the way in which T 

changes with the machine parameters is very dependent on 

the operating point on the generalised torque-slip curve. 

Since this point varies with the harmonic order over a 

wide range, it is impossible to be-precise. - However, two 

broadly defined regions are considered. The subscript "h" 

is again omitted for clarity with the exception of Py which 

is written=ds' px H*to6 avoid masking the influence of the 

harmonic order on the operating point. 

3.8.1 At Low Values of Normalised Slip 

(this applies mainly to the slot harmonic terms ) 

For any harmonic, when n/n 1s.“smaill-, 

T/T. ie albovrsmall, iso “that: 0.50641 

from equation 3.26 c ) « Q 

m 

ae Ty Tay G/s Jalen x CTL 2.) it’ 

1’ 

(n/n) 4m-2 

Bs 2



toe 

Therefore for mild steel having m = 0.794, 

y eoLoes: W.. « (n/n) ere eo 
aa 

Usitig équations 3.11(1) and*'3.12(4). for*mild steel, we 

  

get. 

3.18 0.824 9°89 
2 er F oo go EARS. 

Re Apa) a 

: ptt gel ogee arts 
WOLhSe ee es 

0 g P A 

for all values of n/n_< Owl 

3.8.2 At Higher Values of Normalised Slip 

(This applies mainly to the phase belt harmonics.) 

When n/a exceeds 0.1, the slope of the generalised 

(log-log) curve varies from 0.85 at stall to zero at the 

peake torque point, Fig... 3.5. An’ upper. Timit of n/n = 0.4 

covers most practical machines so far examined. The slope 

is;then*about 40.25 so. that the harmonre loss,



(3, 82) 

  

1/4 

a D5 pee eee = ot ae RM a 
og? (ph) g 

: pi+8 p2-2 pon’? 0°45 nie3 ee 

0.25 15 . 
0 g 

3.9. Effect of Parameter Changes 

The designer is interested in reducing the losses 

by altering the machine parameters. This section gives 

examples of the change in measured and computed loss 

obtained by altering one or more of these parameters in 

a practical machine. Equations 3.28 and 3.29 which form 

a useful guide in making design decisions are first 

summarised with the indices rounded off. In the initial 

computations on practical machines, the normalised slip 

was found to exceed 0.1 for the first two harmonic terms 

but to be very much lower for the slot harmonic terms. 

Since any given machine produces the whole range of 

harmonic m.m.f's. both equations 3.28 and 3.29 must be 

considered. The effects of parameter changes on the belt 

harmonic loss is governed mainly by equation 3.29 and on 

the slot harmontes toss: by equation 3.28% 

369.2 Changes: in Main Dimenszons 

As:-the: slot “harmonre order, increases the loss=insthe 

as Oe



pole face due to armature reaction m.m.f. harmonics 

increases as; 

D2 to D4 

a 

\ 

L 

F2 s/h ‘to Fe /h2 

n to n2 

and decreases as: 

00.3 to 00.9 

ye eb g° 

i} 
= z. 

Dare ae 

These relationships form the basis of a design study of 

the experimental machine in section 4.1. Their relevance 

to practical machines is discussed below and in section 

6.3.0) The; change in Ee. with ithe width ofthe» armature slot 
h 

opening is discussed in appendix 12.1.2. 

3.9.2 Changes in Winding Geometry 
  

Since the harmonic m.m.f. F, decreases linearly with 
h 

harmonicuordér, we must. Consider both FL and h simultaneous= 

tye Subs trtutine ror Fy in @quation- 3.729-by,using’ equation 

124 lakjeAppendix, 2.1.25 the loss: die to “the. Lowes tsharmomauc 

orders (high normalised slip) is proportional to 

(k k > yore Lf, 
Whi bh ph 

=~ 68 =



Je 2 

As the harmonic order increases (and normalised 

slip lessens), the loss becomes proportional to 

Ck ce pee at? 

The loss is greatest when large harmonic winding 

factors occur with comparatively low harmonic orders, 

hence the established practice of short pitching to re- 

duce the belt harmonic winding factors. When the number 

of slots/pole/phase, q, is reduced there is a notable 

increase in the contribution of the slot harmonic terms 

which: have: the fundamental. winding factor: but, Power slot 

width and flux leakage factors. 

For example, take the 3.4MVA machine, reference C 

rac Table-6.11,.. s8etione 6.3.2, “and vary q by." 3048, 1ne 

relevant data is summarised in Table 3.6, columns C4 to 

C8, and Fig. 3.6 curves; (Ca)i-and (c)s.> The calculations 

are not corrected to account for flux leakage. This is 

small for the belt harmonics for which the pole face loss 

increases by 40% over the range of q.from 8 to 4. The 

flux leakage increases with q (Fig. L224) $280 that the 

corrected loss curve will be below curve (a) and have a 

greater slope. The corrected loss for the slot harmonic 

terms which is the difference between (a) and (c) will 

therefore increase by more than 13 times over the same 

range of q. * 

Variation of loss with pole resistivity, p, is not 

ye
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éo larce = columns Cl and C2, and Fig y.3+6 (b) aod. Gd). 

The full pitched winding of column C3, 

harmonic Voss’ has*inereased about /) times, 

the. ‘influence: of short pitching. 
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LiLustraces 

  

a 

Pt 68 4.5 7 . ' : \ rl i 

*2 40 20 BO kD 
Paive43.. 6 

Variation of predicted Lossswith..q ando 

Table 3.6 

The peripheral, flux leakage factor 

tn vorder: tovnighliche the eprect of 

punly the slot width to slateprteh ratio 

Is not anc luded 

One. “Da bame CC i, 

(B/A,) and the 

specific electric loading have been:retained throughout 

sometimes at the expense of generated e.m.f. 

a 

and. s Low



uEvIESatton. 

GC 4A and C5: 645544, “and 5S s/pyp)., cwhich have fo
 

lo
 

Designs C3, 

ht ace loss, will also have excessive o.c. 

Fh
 

the highest pole @ 

core Loge betatcenot the high b/g ratio. ; The LOOK piten 

of C3, needed to maintain the rated value:of e.m.f. demon- 

strates the utility of Table 3.6 in revealing a bad machine 

in the early design stages. Designs C/ and G8 C7 gand.<6 

s/p/p) look promising if the higher generated e.m.f. can 

be tolerated and if the ratio of copper to slot area can 

be improved. 

The influence of the slot width on the loss is evident 

from Tables 6.3 and 6.7 which give the results of two com- 

puter runs on the same machine. Table 6.7 includes the 

Slot wate factor, ki. 3 Table 6.3 does not. - The omission 

of Ken from the expression; 

Fi = enegh ph. 
kiikgikp ih 

can lead to error of 2-10% in the calculated value of Fe 

for the belt harmonics and of 20-40% for the slot harmonic 

terms of machines with open slots (Figs. 12.1.3 and 12. aes 

Since the loss has been shown to be proportional to kine 

for belteharmonics sand ee slots. harmonics, the loss 

will be considerably overestimated if kon Me no0.t tne bud ede 

pr ie



Bick 

Im cappendrxr b2l 2 Ken is discussed at length, and al= 

though the method of determination is an approximate one, 

the author believes its Importance justifies its inelusion 

in-adt calculations.:.. incidentalty,. the: unfavourable ain- 

fluence of an increase in slot width on the 66 ch pulsation 

is partly compensated by the decrease in magnitude of the 

anmaturesreactron m.ms rf. hanrmonzes:. 

3-10 Peripheral Flux Leakage 

The problem of flux leakage between poles of the eddy 

current coupling with its very small gap is very different 

from that between the harmonic poles of a synchronous 

machine where the larger gap/wavelength ratio results in 

flux leakage between harmonic poles. This peripheral flux 

leakage is small for the phase-belt harmonics but consider- 

able for the.slot harmonics in most practical machines. 

The loss predicted by the 'modified' eddy current coupling 

theory°assumes all the «flux crosses the gap. This loss is 

reduced by’ a flux leakage factor KL derived in Appendix 

12.2 from the work of Alger?® on the leakage reactance of 

induction motors.- The derivation assumes infinite permea- 

bility of both rotor and stator iron and neglects the 

réaction of tthe pole face’ currents on wthe*inducing field.-T¢ 

should: therefore give a pessimistic estimate of the loss. 

ao /3 =



3.10 

The omission of eddy current reaction effects renders 

the treatment inexact, but it should not seriously affect 

the loss reduction for the predominant harmonics: for the 

belt harmonics the flux leakage itself is comparatively 

small, while for the slot harmonics the flux linkage is 

small and consequently the eddy current reaction will also 

be#small. 

Sulla Previous Publveat@ons 

This section summarises the work of Kuyper and Barello 

who solved Maxwell's equations by assuming u and p constant. 

At the frequencies considered, the electric intensity in 

the solid secondary member, Fig. 2.7, satisfies the diffusion 

equation: 

a te
 

v2eE = = 
0 

| 
@
 

ct
 

Assuming that the direction of E is purely axial and its 

time rate of change is sinusoidal, 

Bae Bo wey ye weos wh. = 2nx/ A) (3303 
a 

the diffusion equations becomes: 

925 
2 T 2 Zz ‘ 1 - (=) but ee oe E. (3.31) 

oy 

  

which can be rewritten: 

a°Es 
  moka (= O 
dy? my 

ive



where k? = 472/\2 - j202 

“and a =vYuw/2p9 = 1/(depth of penetration) (34329 

The ‘known sSolutironsof “this equation is: 

ry a7 Re Eimer e oD Boe , (3.33) 

In the solid secondary member the indices are complex; 

the boundary conditions are E, = 0 when y = 

and Hea En = ej. when y = O 

Hences equation 3.32. becomes: 

Ky. 

Bs gak .e cos(wt - 27x/A) (3.34) 

Remembering that E son the loss/unit surface area is 

obtained by integrating ps2 over the drum depth (see 

section i324): 

The treatment so far is the same as Davies'?. It now 

ait gereeee the way E. is related to Fo via the gap flux. 

In the airgap ES satisfies the Laplacian equation, y), 

replaces y, the indices in (3.33) are real and @ disappears 

from the auxiliary equation: 

mos et a1 2.0 

which leads to the solution 

f(y) Ey ett /A + B,e 27¥y/A 
C3555) 

The constants E, and Eg are fixed by the boundary conditions. 

They are expressed in terms of y,; a, g andA. They are 

complex, and indicate the manner in which the electric field



See: 

intensity, E,, is attenuated by the length of the alrgap 

and the demagnetising effects of the eddy currents. 

From now on, the two treatments by Kuyper and. Bareltlo 

differ. Barello ‘derives expressions for Ey and Eo by Fh
 

Fh
 

applying the boundary conditions at the two iron/gap 

interfaces, remembering that eS is solenoidal and that HE 

is: continuous. she quantities E. and ie can then be 

expressed in terms of the machine parameters, giving the 

loss per unit surface area as the arithmetic sum of all 

the harmonic losses present. The loss associated with 

each harmonic, 

Ee é 
Bese Ow ee (see equation 3.7) 

LS ssnown? to:-be 

  

3 2 a S “es eg 
IN bee NOT ke eto Kbhe eX 70 
Bes : pa 

or @ [sinh 27gA “h re a ~ocosh an l* + et mt Cosh: zsh" 

ai A} t My airh 

C3 23768) 

Watts/unlt area =" MiSs. -unitsethrougnout 

where N = number of ,conductors in series per pole per 

phase 

I = the current per phase in amps. 

Koh = the winding factor for the harmonic of order h. 

f, = the frequency of the armature current 

A, = the fundamental wavelength = DLL 

= Tore



  / 6KE1u T/p (3.37) p 2)
 fa
 

R I Ns 
a ea o
m
 

5 H ‘ N
r
 

b a
 

o i 

~—— derived from 3.32 when 

Qs 20 (6K S72 ac loath, teh) 

Kuyper's approach is to derive an equivalent impedance, 

Z, offered to the assumed armature current sheet. The 

resistive component, R,, of. this impedance is determined 

e 
for each harmonic in terms of the machine parameters. The 

subscript h is omitted for clarity: 

> : q,(1 - tanh? (27g/d ) ) (3.38) 
is 2 

(tanh* ( 27g/A)+ 4 5 Fig e 

where 

  Ge el sediges oo - ((2tT AR 5268 : (3°39) 

(3.40)   ete eu eT ee Gent os ae 

x in terms of eddy 

current coupling quantities (section 3.4). 

Note that the gap/wavelength ratio is a dominant feature 

in both Barello's and Kuyper's loss equations; it will be 

discussed later. By using the identity: 

loss = (current)? x Ry 

Kuyper shows that the pole face loss may be expressed: 

_s Aika se ae 
Pe pea gene 7 x Ria X10 C34) 

4 
& 

  

Pe LY ele



Silt 

where Aj tl, (peak value of the fundamental armature m.m.f.) 

= is F, (ampere-turns) 

te = the frequency of currents generated in the rotor 

for the harmonic of order h (c/s) 

p = pole pairs 

and L = rotor length (inches) 

Note the introduction of £f£.p.s. units 

For an integral slot winding fe 6kEy (sections 2 

Kuyper claims that "under most conditions encountered in 

"W 
the: determination of pole face losses ... 3)... Too ed 

i: 

in equation 3.39. This implies that the depth of penetration 

is small, @r.e, that V2a >> 27/d (section 3.4.) giving 

la | in equation 3.40. 

    

i] Ui [8]. Y 

For these conditions a family of R,-curves for discrete 

g/, ratios can be plotted against a factor proportional to 

adh 

hae tee Yio5, Bah ao ee ext - 
. 

£ > »/ 10 upp (Oyo. senate). 

Kuyper shows this family in his Fig. 2 for which he assumes 

an unspecified but “relatively large value of ,". The 

curves have maxima within the region piotted and are re- 

produced pin. Nig. 3 7% 

The resistance factor R, is a function of g/d (shg/dq), 

fos Lando. Because of inadequate knowledge of suitable 

values of pp. and:p, a. pessismistic value of the loss can be 
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obtained by reading the maximum value of R, from Kuyper's 

Pig.#2. In. fact, Kuyper found thac in many @f his cat 

culations the parameters were so related that the factor 

Rj, was a maximum or nearly so. Kuyper's Fig. 3, in which 

the values of these maxima are plotted against g/d, iS 

reproduced in Fig. 3.8 and discussed in section 6.4.2. 

Postknikov!4 solves Maxwell's equations for a uniform 

gap and expresses the surface flux density as: 

\ Cac) f2 Kh See Pan C3742) 
  

Ors 2hgk /D_ 

where A gap permeance 

(ac) = specific electric loading 

ki1-2 = reduction factor to represent the attenuation 

of the hth harmonic across the gap 

kon = eddy current reaction coefficient for the hth 

ide Mst.. harmonic 

. airgap coefficient 

D. = mean gap diameter 

The other symbols are the same as for this thesis, listed 

in section:-t. 

The harmonic loss is obtained by first calculating 

Bio (using published curves!4 to obtain the various 

coefficients) and then substituting this value of B,, 

in his expression 38: 

~- Sl =



  

ee a2 OID COR) 
h watts/cm* 

h2 Yup 

These formulae have not been used in this thesis 

since Postnikov writes, "the method gives too small a 

value for the losses." 

The hyperbolic functions contained in the above 

equations are the inevitable result of solving the 

Laplacian equation in the airgap. An analytical sub- 

stitution for permeability is not made here as readily as 

in the eddy current coupling theory? because the latter 

assumes a "short" airgap thereby excluding awkward tri- 

gonometric functions. 

~ &22—
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4, THE EXPERIMENTAL MACHINE 

4,1 Factors Influencing the Design 

The problem of separating the pole face loss from the other components 

of the measured stray load loss in a practical machine has been mentioned 

in Section e2.e. To overcome this problem an experimental load loss 

dynamometer machine was designed to produce a pole face loss which greatly 

exceeded the other components of stray load loss. The functions of the 

experimental machine were (i) to verify the modified eddy current coupling 

method of loss prediction for a machine with a uniform air gap, (ii) to 

examine the e.m.f. distribution across the pole surface and (iii) to investigat 

the effects of surface discontinuities such as slotting and grooving. 

Item (iii) has been deferred for the moment. 

In order to measure the torque and the e.m.f.s easily the inverted 

construction of Fig. 4.1 was adopted. The wound primary member was driven 

at synchronous speed inside the secondary so that the fundamental component 

of the primary m.m.f. wave remained stationary in space (ref. section 2.6). 

The secondary member was unwound and made in the form of a thick mild steel 

cylinder mounted in trunnion bearings. fhe torque arm attached to the 

secondary Fig. 4.6 section 4.3.1, was arranged to exert a downward pull on 

the scale pan of the Avery balance seen in Fig. 4.1. The design details are 

summarised in section 4.2. Three secondary members were made. Copper end 

rings, to minimise end - effects, were brazed onto two of them. 

Se RSS



Fig. 4.1(a) 

  

The Experimental Synchronous 
Load _ Loss Dynamometer,. 
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4.1 

The design of the primary member was influenced by’ sections 3.7 and 

3.8, D and L were made as large as could be accommodated in the University 

Electrical Machines Research Laboratory and Workshop. The effect of 

changing the main parameters was predicted using the computer programme. 

From these computed results, -Fig. 4.2, a design specification was made 
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FOR HORIZONTAL SCALE SFE TABLE 

Key: (a) Loss/Ampere turns per coil; for D = 11" andl = 14" 

(b) Loss/Resistivity,P; for D = 11" and L = 14" 

(c) Loss/gap length,g; for D = 11" and L = 14" 

(ad) lLoss/slots per pole per phase, q ; for D = 8", g = 0.010" 

(e) Loss/core length, L; for D = 11", g = 0.012" 

(f) Loss/core diameter, D; for L = 14", g = 0.012% 

Fig. 4.2 Variation in Predicted Loss with Main Parameters 

out. Curves (c) and (ad) illustrate the importance of choosing a small 

gap and a small number of slots/pole/phase. The gap was limited by 

mechanical considerations to 0.012", q was made equal to one. The core 

dimensions L and D, curves (e) and (f), were approximately 10" and 11" 

respectively. The armature current was determined by limiting the flux 

density in the teeth at the 1/3 point to about 100 K1/in@(1.55 Wb/m@) « 
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The copper section was unusually small since it only carried sufficient 

current to provide the mgnetising ampere-turns and primary iron loss 

(ref, Appendix 12.7). The winding was underrated by 50% to allow for any 

unforseen increase in primary current and for a progressive increase in gap 

length at a later stage. With L = 10", D= 11" am g = 0.012" the 

predicted pole face loss => 2} kW and the calculated primary iron loss 

= 0.8kW (Appendix 12.4). A 6-kW drive motor was therefore specified to 

ensure ample reserve power. Semi-closed slots were used to reduce the 

slot ripple loss, Fig. 4.3. 

  

Fig. 4.3 The Primary and Secondary Members of the Experimental Machine 

4e2 The Design Details | 

The final electrical and mechanical design details were carried out by 

the manufacturers in co-operation with the author. The design 

specification describes the main features of the machine and is inddded 

verbatim. At a later stage an array of search coils was set in fine 

axial grooves in the pole face. These are detailed in section 7. The 

rotor terminal block is shown in Fig. 4.4 and the trunnion bearing 

arrangement in Fig. 4.5. 88 =
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4.2.1 

(i) 

4.2.1 

The Specification 

Stator 
(1) A solid mild steel core,flame cut from the solid. 

Maximum carbon content 0.25%. 

(2) The resistivity of the core material over the range 

20-100°C to be quoted by the manufacturers. 

(3) One ring sample of the core material to be supplied for 

magnetic measurements, cut from one end of the secondary core 

and subjected to the same heat treatment as the core. 

(4) The stators to be complete with copper end rings, each 

copper and ring to be 10mm. axial length by 2Omm. radial thickness, 

flush with the bore, with a low resistance brazed joint between it and 

the core. 

(5) A machined facing on each side of the side of the stator 

frame, to which the customer's torque arm will be attached. 

The facings to be centrally disposed with respect to the core. 

Expected maximum torque = 40 Newton metres (6 kW at 1500 r.p.m.) 

(6) The stator frame to be free to rotate on pedestal bearings. 

The free movements between removable stops to be + 1". 

(7) The core to be annealed (1% hours at 900°C) before final 

machining of the internal diameter. Very gradual cooling is 

most important. 

(8) Air gap to be 0.012", by machining the stator core. 

Great care is requested to ensure concentricity. 

(9) The bearing brackets to be spigotted for easy exchange of 

stator shells. 
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Rotor 
(1) Laminated core of 0.016" electrical sheet steel grade 

Losil 25, to be 29 cm. diameter, 25 cm. axle length. 

Rotor winding to be single layer lap winding having 100% 

pitch,4 poles, 1 slot per pole per phase (i.e. 12 slots), 8 

conductors per slot each made of six strands of 14% swg copper 

wire (cross section 17.52 mm) . The calculated magnetising 

current=29.8 amps (giving a current density = 1.6A/mm* the slot). 

The six outgoing leads to be brought out to the slip ring sub- 

assembly. 100 amp polychloroprene cables to be used giving a 

continuous embedded rating of 70A. The banding to be non-magnetic. 

(2) Slip rings to be rated at 70A and situated at the 0.D.E. 

(3) Slots to be semi closed, slot opening to have minimum width 

lmm. depth. 

(4) The peak value of flux density in the teeth (1/3 point ) 

to be 1.55 Wb/me (100 K1/in*). This should produce approximately 

210V, (star connected) 34.2 mWb per pole and Brean of 0.6 Wo/m@. 

(5) One single turn 14/.0076 P.V.C. (250V) full pitched search 

coil situated in slots 1 and 4 to be taped to the appropriate 

armature coil with the ends brought out through the shaft and slip 

ring sub-assembly. The free ends to be 12" long, for connected 

to the silver slip rings. Agreed with manufacturers that the 

shaft bore will be 15/16"' diameter. 

(6) 3 pairs of search coil outgoing leads from a terminal block at 

0.D.E. end of the rotor winding to be brought alongside 5 above. 

These leads, supplied by the customer, to be given a 500V



4.2.1 

insultation test but not a 2000V flash test. 

(7) The detailed drawing of slip ring assembly to be supplied to 

the customer so that the rotor sub-shaft and terminal block can be 

designed and made by the customer. Assembly and testing of same to 

be undertaken by the manufacturer. 

(iii) The Assembly 

The fabricated steel bedplate is to be designed and built by 

G.E.C. The 7.5 hep. drive, a synchronous induction motor 

(Syncage) and metalastic flexible coupling to be supplied by 

and sent direct from Messrs. Mawdsleys Ltd. to G.E.C. Ltd. 

Witton Works. Coupling and lining up to be undertaken by 

the latter. 

(av) Ancillary Equipment. 

The torque arm,stator locking gear, degree scale, and silver 

slip rings to be the entire responsibility of the customer. 

4.2.2 The Actual Dimensions of the Manufactured Machine 

Rotor curvature makes the measurement of gap length with feeler 

gauges imprecise. It was therefore decided to determine the gap length 

by carefully measuring the stator borvand rotor diameter in several 

places. The rotor diameter was measured in three places along its 

length: at the DE, ODE, and centre using a Vernier height gauge. 

Each reading was taken between the centres of two diametrically opposite 

teeth and recorded in Table 4.1. Reading ad 3, refers to the tooth in 

axial alignment with the rotor terminal Dl. The table shows that the 

rotor has negligible ovality but a taper of 0.0008 inches, the diameter 

being smaller at the 0O.D.E. 
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Table 4.1 Rotor Diameter 

  

  

  

    

Tooth O.D.E. Centre D.E. 
No. inches inches inches 

a 11.3390 11.3395 11.3400 

2 11.3395 11.3395 11.3400 

3 11.3395 11.3395 | 11.3400 

4 11.3390 11.3400 11.3400 

5 11.5395 11.3395 11.3400 

6 11.3395 11.3395 11.3400 

Ave. 11.3393 11.3396 11.3400 

Overall ave. 11.3397 

Tolerance on the measurement = + 0.00025" 

Reading accuracy = + 0.00025" 

Overall accuracy = + 0.0005!!   
  

ae Oh van



L2 

The stator bore, measured at each end of the core, %" inside 

the active length at two radial positions using an internal micrometer, 

is recorded in Table 4.2. 

The tolerance on the measurement = + 0.005 mn. 

Reading accuracy = * + 0.005 mm. 

: Overall accuracy = + 0.01 mm. 

= m 0.0004 inches. 

Table 4.2. Stator Bore Dimensions 

  

  

  

  

  

Staror i. Stator II Stator III 

mm mm mm 

ODE Vert 293.60 293.62 293.57 

Horz 293.60 293.62 293.58 

Ave. 293.60 293.62 293.58 

DE Vert 293.63 293.67 293.62 

Horz 293.64 293.66 293.62 

Ave. 293.64 293.67 293.62 

Overall Ave. 

293.62 293.64 293.60 

Ovality nil nil nil 

Taper 0.O04mm.0.0016" 0.05mm,0.002" 0.04mm,0.0016"! 

Increase in bore +0.02(+0.0008'') , -0.02(-0.0008'"') 
Were te Staton I 

      irgap = Bore - 11.3397" 0.012" 
  

It is observed that each stator has taper of 0.001 to 0.002 inches the 

diameter being smaller at the ODE in each case. i.e. both rotor and stator 

taper towards the same end. 
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Stators I and II have brazed copper and rings but stator III has note 

Stator II is chosen for the uniform gap tests because (of the two stators 

having end rings) this one had the better concentricity. 

403 Ancillary Equipment 

4e3e1 The Torque Arn 

  

The mild steel torque arm,shown in Fig. 4.6,was arranged to be 

sufficiently flexible to facilitate the use of a 4-arm strain gauge 

bridge, should this be required, The loss power indicated by the 

torque armmis QT watts. 

Where wu = the shaft speed in rad/s 

and T = the indicated torque in Nn. 

LE # = the pull in Kg at 0.500m. radius 

then WT S 2mNg x 9.81F 
60 2 

att = 514 x 107° x NF Nm. (401) 

i.er wT = O,771E Nn. at 1500 TePeMe (402) 

  

  

- hedee The Stator locking gear 

A simple £"W boltbearing on the ODE end bracket and screwed into 

the bedplate is used to lock the secondary member, A rack and pinion 

arrangement is fitted at the driving end. This facilitates a controlled 

angular movement of the secondary over a range of about 30M, Fige 47. 

By fitting the peg into a succession of evenly spaced holes in the DE 

end bracket (visible in Fig.4.7) a controlled 360° angular displacement of 

a $6 =



40302 

  

Fig.4.6 THE SECONDARY TORQUE 
ARM 

Close-up showing the flexible 
coupling and the scale pan. 

= = = 
< 

aed 

4 
3 

Fig.4.7 STATOR LOCKING GEAR 
Rotation of the screw using 
the ‘Woolf! ratchet spanner 
will turn the secondary 
through 30° Mech.   

= OF



the secondary is achieved 

4,3.3 The Ring Sample 

  

          

X 4 

fe ae oe 

Ez ee 
A é B Y C 

WD 

The dimensions were taken by micrometer at 4 equally spaced points are 

given in Table 4.3. 

The axial length being taken at both inner and outer! diameters. 

Table 4.3 Dimensions of the Ring Sample 

  

Circumferential 

Position : A B Cc D mean 
  

(i) Axial length(mm) 

at outer dia 23.80 28.84 28.89 28.82 28.79 mn. 

at inner dia 28.70 28.73 28.77 28.71 
  

(ii) Radial Thickness (inches) 

  

  

302502" 56850, 3-231 | S229 3.230" 

= 82.0 mn. 

(444) Internal Diameter ~ (inches) 

at XX 413.067... 12,065 11.066" 

t. YY 17/0652" 23..065 = 282 mn. 

* Cross sectional area = 28.79 x 82.0 = 2360 mm@ 
Cw 

282 + 82 = 364 mm 

.", Length of the magnetic path at the mean diameter 

= 3640 mm = 1.14 m. 

Mean diameter 

    
a OB ws 

 



Os Oe 

Because the B/H curve was not available for this particular steel the 

magnetising force necessary to saturate this sample to the extent of 

aoe Wo/m@ had to be estimated. Published data on ordinary mild steel 

suggested about 100,000 A. 595 turns of 162/0.007 gauge T.R.S. 

flexible cable were wound by hand. At its continuously rated current 

of 31 Amp. this coil would only give 18, 500 A. As the 595 turns filled 

a large proportion of the winding space it was decided to obtain a B/H 

curve and then decide whether to wind on ta turns. 

By considerably overloading the magnetising winding for short periods 

(section 5.1) a flux density of 2.03 Wo /m2 was achieved (40,000A) and 

considered sufficiently high for the initial stages of the investigation. 

4.3.4 The Degree Scale 

The position of the standing flux pattern relative to the secondary 

changes with the load angle of the drive motor and with the movement 

of the scale pan. For some tests it is essential to know the position 

of the standing flux relative to the secondary. The degree scale, is 

therefore attached to the secondary eae ast to the bedplate. A pointer 

on the coupling, illuminated by a stroboflash at synchronous frequency , 

indicates any change in alignment of the standing flux with a secondary 

datum. The scale is calibrated so that the angle increases positively 

when the secondary is moved in the direction of shaft rotation. 

-~ 9 -



5el 

502 

53 

D4 

55 

5.6 

De7 

58 

D9 

5.10 

5e1l 

5012 

5.13 

5. __ EXPERIMENTAL RESULTS 

Introduction 

The Magnetic Characteristics of the Pole Steel 

The Influence of Temperature 

Primary Current Balance 

The Magnetisation Curve of the Experimental Load 
Loss Dynamometer 

Callibration of the Drive Motor 

Torque Measurements on the Experimental Machine 

The Separation of Losses in the Experimental Machine © 

Asynchronous Operation 

Fundamental Secondary Hysteresis 

Pole Face Loss Measurements and Calculations 

Limits of Error 

Induction Motor Loss/Slip Curves 

- 100 - 

101 

103 

105 

108 

108 

2hs 

114 

119 

126 

133 

155 

159



bel 

5.0 EXPERIMENTAL RESULTS 

5el Introduction 

The overall purpose ofthe tests on the experimental load loss 

dynamometer was to verify the theory given in section 3. The 

original intention was to measure the pole face loss by measuring the 

mechanical power associated with the loss, i.e. the product of the 

synchronous angular speed and the measured secondary torque, WT. It 

is shown in Appendix 12.7 that the loss is effectively supplied by a 

mechanical power source. 

Preliminary tests showed that the measured value of torque varied 

when the loss was maintained constant. Whilst the torque arm 

provided a very convenient and useful means of calibrating the 'Syncage' 

driving motor it was unsuitable for measuring the pole face loss. 

The method of loss summation was therefore used. This entailed 

calibrating the driving motor and assessing all the mechanical and 

electrical losses. The method used to measure the iron losses in the 

rotating primary was quite simple. It is carefully considered in 5.9.3 

5.10.5 and 5.13. 

The results are presented in chronological order with two principal 

exceptions: the Syncage calibration which is grouped with other 

preliminary test data towards the beginning of the chapter, and the 

induction motor loss/slip test programme which is deferred until the 

end, in order to preserve the continuity of the major part of the 

worke 
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DG 

SUPPLY 

a | 

< S FARCH COIL 
PRIMAR T, TURNS FLLUX-METER 

Toroid Details ; 

Primary Winding = 595 Turns ( 2: x 100 yds.) of 162/.0076 

Rubber covered copper cable. 

Secondary Search Coils; Tp = 1, 1, 4, 10 Turns of 20 SWG 

enamelled copper wire. 

Mean diameter, D, = 0.364 m 

Mean Gross sectional area = 2.36 x 1073” 

Mean length = 0.082 m 

Mean Flux Density B = 103 x XFlwmeter deflection) /2. 36T5 
2 

AG/4.72 T *107> Wo/'m 

Magnetic Intensity at the mean diameter, Dy, 

H op 222- 3) = 52) T; i/o 
0.3647F 

Fig 5.1 Test Circuit for Maenetic Measurements 
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Before taking loss measurements, samples of the secondary iron were 

tested to determine its magnetisation characteristics and its temperature 

coefficient of resistivity. 

The measured and derived values of the various losses are presented 

only in craphical form, but a typical set of calculations is includéd to 

illustrate the method of loss separation detailed in section 5.5.4. The 

magnitudes of the torque produced by remanence in the secondary member 

and the power associated with this torque were found to be considerable. 

(section 5,10). The power is akin to the stand still secondary hysteresis 

loss in induction machines but will be referred to as "the remanence power" 

to avoid any confusion with hysteresis loss. It is shown in section 5.13 

that althonch there is no fundamental hysteresis loss in the secondary 

at synchronism thors is a transference of power dne to the hysteresis 

property of the secondary iron. 

The slot ripple loss, discussed in sections 2.4.5 and 2.6 is 

calculated in appendix 12.6 and used in section 5.11. 

5.2 The Macnetic Cheracteristics of the Pole Steel 

5.2.1 Test Procedure 

The ring sample detailed in section 4.4, closely wound with a large 

number of turns, was used to determine the B/! curve and one B/H loop of 

the pole steel. Details of the test equipment are given in Fig 5.1. 

The Fluxmeter was calibrated against a Hibbert Standard. 

The sample was demagnetised when necessary, by the usual procedure 

of reversing a progressively smaller current. Demagnetisation was 

considered complete when flux changes indicated by Fig. 5.2. were equal : 
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De PERE 

  

AB = DCO $ P 

and. CA = BD 

J. 
Fig. 5.2 

  

  a   

All flux measurements were taken with the flux meter switch set to 

both normal (P) and reversed (Q) posi tions to compensate for any meter 

adrift. 

Gare was taken to ensure that the magnetic characteristics of the 

sample represented as closely as possible those of the parent material 

by cutting the ring sample from one end of the load loss dynamometer 

secondary} and giving it to the same heat treatment. By doing so the 

sample had a high ratio of radial thickness to outside diameter causing 

a drop in circumferential flux density with increasing radius. The 

testing of such samples has been investigated by Eughes!+ and his 

correction factor is used here. The required flux density at the mean 

diameter, D,, is slightly less than the measured mean flux density. The 

magnetic intensity, H, at diameter D,, is calculated from the geometry of 

the sample and the value of flux density, B at the same diameter is 

obtained by using the correction factor K5 Fig. 5.3, based on Hughes's 

paper and applicable to this particular ring sample. 

ere 

W/m? 

  4 all >. r 4 i i 

° O-2 Or” OG Bp Wo/me to 2 
  

Fig. 5.3 Flux Density Correction Factor for the Ring Sample Tested 

10s a



D°2eL 

0.707 Wb/n* For example, if the measured B 
0.0065 Wo/m then from Fig. 5.3 x! 2 Wo

u 

giving the value of B at 
diameter D_ 0.707 - 0.0065 = 0.7 W/m 

5.2.2 The B/H Curve 

This is the curve joining the extremities of a large number of 

B/H loops, Fig. 5.4. In order to reduce errors due to meter drift, 

the mean of four flwmeter deflections was taken. For example in the 

determination of the flux change DA, Figs. 5.2. the current was switched 

- from Ij to I, and -I, to I for both positions of the fluxmeter changeover 

switch, PQ. I, was increased in steps from zero to 76.5 Amps (40,000 A/m) 

and reversed several times at each step to produce the "cyclic state" 

of magnetisation. 

5e2.3 The B/H Loop 

One B/H loop for a-high value of peak flux density of 1.44 Wo/m® 

was obtained by completing the loop between 4.26 and -4.26 Amp, Fig. 5.5. 

Compensation for meter drift was afforded by taking the mean of two 

curves. 

5.3 The Influence of Temperature 

Sao Sacnnente Resistivity 

The resistivity of the secondary iron was determined by the 

manufacturers of the dynamometer , and is shown in Fig 5.6, Over 

the temperature range 25°6 to 150°C the resistance between potential 

electrodes (spaced 13.95cm.) was expressed as 

R = 0.000142 (| + 0.0053t + 0.00001t2) 

The dimensions of the sample were 10.0" x 0.501" x 0.501” 
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Si. Pole Face Loss 

The measured input power to the experimental load loss dynamometer 

was found to very considerably with temperature, Fig.5.7. For this 

reason investigations into the effects of other parameters were under 

taken after the secondary had reached a steady temperature. 

  

    

Pole 

Face. Fh 
Loss 
kW 2r Bers 

LE (HiL- tn) 

16.5 18.9 eles 2h. 26.8 30,0: Resistivity 
0 Zo 50 15 100 125% 

° Temperature (T3) C 

Fig. 5.7 Variation of Pole Face Loss with surface temperature 
for a primary current of 25 Amp. 
  

Experimental procedure for this test was in accordance with 

Section 5.8.4 

5.4 Primary Current Balance 
  

During the initial tests the three primary currents were found 

to be uneaual, partly due to the three phase variac producing a slicht 

voltage asymmetry. The degree of unbalance was not unduly high, I, 

and Ig being within 2% of Ipgthe reference current. The importance 

of phase sequence losses caused by the current unbalance was ascertained 

by controlling the three’ currents with three series rheostats. When the 

primary currents were equalised the change in loss was negligible. It 

is therefore concluded that a current unbalance of 2% will not adverséky 

affect the experimental results. 

IY: The Magnetisation Curve of the Experimental Load Loss Dynamometer 

The magnetisation curve for the experimental machine was obtained by 
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recording the emf. induced in the single turn full pitched primary 

search coil over a range of primary current. Before taking measurements 

the secondary was demacnetised by slowly reducing the primary mmf. 

at a very low slip speed. A low (but variable) slip speed was obtained 

without alteration to the circuit or supply system by reducing the 

syncage terminal voltage until pole Slipping occurred. Zero search 

coil e.m.f. indicated completes demagnetisation. Fig 5.8(e) shows that 

(i) for this machine there is considerable hysteresis if the stator 

is held stationary throughout the test. 

(ii) the curve is linear over $ of the normal working range (0 - 30 A) 

(iii) Rotation of the stator reduced hysteresis to negligible proportions 

curves (a) to (a). 

  

The Primary Search Coil 
  

  

= ri E.M.F. when 

“2 f Ig = 29 amp 
  

a1 Ce ayy ily Goil pitch = 190°E 

Leshan tole iRise fe pbb bry re ob ee eh 
a \ 

} Rikacnioed 

i = 

  

  
      
  

  

                        
These results were taken durins the secondary hysteresis investigation 

The experimental procedure is detailed in Section 5.10.4. 
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5.6 Calibration of the Drive Motor 

The complete analysis of the losses in the dynamometer, discussed in 

section 5.11, required an accurate assessment of the mechanical shaft 

input. The Syncage was therefore calibrated against a swinging frame 

d.c. dynamometer feeding a resistance load, Fig. 509(a). 

ee 
3ePhase 240 ve 3g 

50 c/s Eee 

a 
S 

G 
tr 

  y é 
Ca 

< 3 

€ A} 
“ 

          
  

  

      
      

Current jacks and t ato ©? * 
Mm To o; 

voltage sockets. | rs 

P3 = 3 phase Wattmeter, previously calibrated. 

S},Sq = Salter spring balances, calibrated in place; radius of each 

Torque arm = 1.00f%. 

Fig. 5,9(a) The Circuit Arrancement Used for the Syncage Calibration 

The Syncage stator temperature was maintained close to its normal 

working value, temperature measurements being made by the resistance 

method for the copper primary winding and by thermometer for the primary 

coree The flow diagram, Fig. 5. 9(b), charts the subdivision of the 

various losses in the machine set. The Syncage output, Py,equals the 

d.c. dynamometer windage loss plus the power indicated by the torque arm. 

Because the accuracy in measuring the windage and friction losses in 

the d.c. dynamometer was poorer than desired, errors were minimised by 

taking the mean of two different measurements : — 
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L INDUT TO duc. DYNAMOMETER WHEN 

OPERATED AS AN ONCODVPLED 

d.c, MoToR 

Fig. 5.9(b) Separation of Losses in the Syncage Calibration Test. 

ole =



(a) With the d.c. dynamometer unexcited and open circuited, the 

syneage input was measured with the machines (i) coupled and (ii) 

uncoupled. On the assumption that the syncage losses do not alter 

significantly between (i) and (ii) the difference in input power gives 

the windage and friction losses in the dynamometer (= C + D, Fig.5.9(b) ) 

By measurement : © + D= 0.08 kW 

(b) With the machines uncoupled the light load loss curve of the 

dynamometer, operating as a shunt motor, was obtained (Fig. 5.10, overleaf). 

br] Extrapolation to zero gave E + F = 0.066 kW. 

The mean Windage and friction loss 

ea (C + Dy tte es) ) 

= 0.07 KW 

The friction torque (including viscous drag) was obtained with 

the d.c. dynamometer unexcited on open circuit : 

At 1500 r.p.m. the d.c. dynamometer friction loss, 

F = 0.04 kW 

b-i9 B= 0.0bS FP 

= 0.03 kW 

“.The syncage output P, = eae 0.746 + 0.03 kW 

P, = 0.213 (S] - So) + 0.03 kW at 1500 r.p.m. 

The family of calibration curves is shown in Fig. 5.11@.The power 

input includes the power loss in the instruments. The calibration at 240v 

(drawn through about 20 carefully measured values over the range zero to 

B45 full load) differs markedly from the manufacturers calibration of this 

particular machine which was subsequently disregarded. The difference 
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may be due to changes in bearing friction with age, and in working 

temperature. Tests on the experimental synchronous load loss dynamometer 

become meaningful with the new syncage calibration (e.¢. Fig.5.12), 

thereby confirming its accuracy, The limits of accuracy are estimated 

in section 5.12. 

Loss kW 

  

  

  

  0 50 100 150 300 ¥ dec. 

Hig. 5.10 Light Load Loss Curve of the D.C. Dyvnamometer 

5.7 Torque Measurements on the Experimental Machine 

The torque on the secondary member was measured at 0.5m radius by 

a weighing scale reading O-lke in l0-gm divisions. A flexible link 

from the torque arm exerted a downward pull on one pan, kilogram weights 

being added to the other pan, as required, Figs..2.6 

At the outset of this investication it was Considered that the power 

losses would be generated in the secondary member of the load loss. 

dynamometer by a mechanical /electrical energy conversion process. The 

requisite mechanical power, being the product of the torque, T, on the 

secondary member and the synchronous speed & of the machine,should be 

independent of the measuring equipment. Initial tests revealed that 

‘for a constant primary current, and constant total input power T varied £ WE > z Ps 

considerably with 

(i) The position of the pointer of the Avery balance, 

(total angular movement of dynamometer secondary = 1.6°Mech. for full 

a1 Se
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Fig. 5.12. Variation of Power Input to the Experimental Machine ‘with 
  

Motor Line Voltage. 

Primary current, = Ty = 20 Amp. 
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seale deflection of the balance). 

(ii) The synceage terminal voltage, i.e. with a change in the 

syneage load angle or torque angle, Fig. 4.12. 

(iii) Pole Face temperature. 

(iv) The electromagnetic history of the load loss dymamometer (Fig. 5.1: 

The reason for the change of T with the various parameters (&) #0 (iv) 

f
s
 3 discussed later (sections 5.10). 

These fluctuations prompted deeper investigations into the method of 

measurement. In consequence a method of "loss separation" was used, 

despite the intrinsic inaccuracy of a "difference" method of calculation. 

The use of trunnion bearings caused ‘the dynamometer bearing friction 

torque and viscous drag torques to be included in the measured torque. 

Since the pruehee are mounted on the bedplate the brush friction torque 

is not included. The power wr" therefore equals the difference 

between Py and the load loss dynamometer windage and brush friction 

losses. This relationship between wT and Py is confirmed by the 

‘variable voltage test, Fig 5.12 and the loss/slip test, section 5.9.2. 

Using the loss figures of section 5.3.1. we can write 

wT = Py - 0-12 Watts Ab LopOs Ts Dele >: (5.3) 

At 1500 r.p.m. P) is determined from the calibration curve (Fig 5.11) 

put under any other non-calibrated condition Py, can be ascertained simply | 

wrlate windage and = = 

3 

by measuring the torque and assessing the appro 

friction losses. Ifw<25 fd/scc.(MSont tia friction losses are reduced 

in proportion to the speed. and the windage loss to some power of the 

speed (e.g. speed”), the precise value of the index being ‘ynimportant 

‘because of the small magnitudes involved. 
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“The torque arm has been used in this test to determine the. 

mechanical losses of the dynamometer av low voltage mddintests at 

other speeds, reported later, to calibrate the syncage drive in situ. 

5.8 The Separation of Losses in the experimental machine 

The losses in the machine set were subdivided under the various 

headings indicated in Fig. Sete This section describes how all these 

losses were determined experimentally. Before each test the 

dynamometer was allowed to reach viniiae temperature at rated speed 

with a primary current of about 15 Amps., and then demagnetised in the 

manner described in section 5.5 

5.8.1 Windace and Friction Losses 

The shaft input to the unexcited dynamometer in Table 5.1 is the 

sum of the windage loss and friction loss. With the brushes raised the 

shaft input fell by 0.10 kW. 

From the measured torque and the calibrated syncage output power 

the friction loss was calculated directly, the windage loss by 

subtraction,as follows : 

Table 5.1 Dyvnamometer Mechanical Losses 

Primary current = 0 
  

Syneage Terminal Voltage Vy2 (v) BEDS 2307 2220 

Syncage Input Power P3. (kW) | 0.85 0.75 0.69 

Syncage output power a (iW) | 0.20 0.20 0.20 

Spring Balance Pull F (kg) | 0.100 0.100 0.105     
  

Py can be read from the calibration curve to within + 0. OL kW 

The Windage + Brush Friction + Bearing Friction = Py = 0.20 kW 

p19 >
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The Mean Bearing Friction (including viscous drag, equation 402) 

  

630) - 

= wT =0.771F = 0.771 xe = 0.078 Kil 

Brush Friction (by test) | 0,10 kW 

.”, Windage (by subtraction) = 0.02 kW 

5.8.2 Primary Circuit Losses 

The copper loss in the orimary winding and the brush loss were 

rings being grossly over-rated (section a
 quite small, the winding and slit 

2 (ii)(1)). The winding resistance of each phase,indicated by the 

"Ducter" ohmmeter,was recorded at ambient tenperature and after the secondary 

had reached a steady surface temperature of 100°C; the brush loss is 

calculated from manufacturer's data. The total primary circuLt loss is 

Qs piven in Table 5.2 and plotted in Fie.5.11(c) 

3 Ice The Average Windine Resistaz 

It Cold R= 0.0183 ohms/phase at 20.0°C. 

Hot R= 0.0210: ohms/phase at a secondary temperature of 100° 

*, The primary copper loss when star connected is 

= 3x12, x 0.0210 x 1077 &t 

= 6:3 I*, x 107° ki (hot) 

the} Brush Volt-Drop 

; 
The manufacturers curves relate the volt drop between brush and 

slip ring to current density. - Hach brush is 16 mm. x 20 mm. in section, 

  

9 
,. Total brush area per slip ring = 2x io x 20 wie - 1.0 sq.in 

CO ae eal 

Ma + 7 = Total brush loss ax I, (volt drop) x 10 -3 ay 
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Table 5.2 Primeory Cirenit Losses 

Line current Amp. 10 20 LO 60 

Gurrent density A/so.in 10 20 40 60 SO 100 

Volt drop volts 02260:..0,305 0.325 20% 340" 0,350. 0-360 

Brush loss kW 0.008 0.018 0.039 0.061 

Copper loss kW 5006 “.0,025-.2 6, 100 Oeea7 

Total kW 0.014 0.043 0.139 0.288 

5.8.3 Iron Losses 

a
 These camprise 

(a)The loss in the pole face due to (i) the m.m.f. harmonics Pr, 

(ii) The slot ripple, Pg, and(dshe orimery iron loss, Pye 

The primary iron loss was assessed experimentally by testing asynchronously 

- ref, sections 5.9.1. and 5.9.2. The slot ripple loss in the solid 

secondary was calculated in Appendix 12.6 using Cibbs” method. The 

only remaining loss is the armature current senerated component of the 

Ph 
decondary surface loss.. This is obt ained by subtracting the above losses 

1 the total power supplied to the dynamometer. 

5.8.4. Experimental Procedure 

After checking the appropria aX
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on reduced voltage and on no-load. - Judicious increase of syncage voltage 

240V ensured the correct positioning of the dynamometer standing flux 

relative to the:secondary, the synedge pulling into synchronism at a 

predetermined rotor position. 

The dynamometer current was then adjusted to a suitable value to allow so
 

@ the temperatures to stabilise Oscillograms of the primary search coil” 
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5.8.4 

  

  

  

  

  

    
  

Fig. 5,16. PRIMARY CURRENT WAVEFORMS 

I, = 30.0 Amp. 

SO) ee



sey 

gem.ef.(Section 4.5) and the three line currents (Fig.5.16) were takéns 

The primary current balance was checked. 7 

For the initial tadta a surface temperature of 55 to 60° 

(outer shell == 45°C) was considered suitable, since this temperature 

could be approached fairly quickly and easily from either cooler or hoster 

conditions. c 

For the later te ee the machine was overloaded, it was con= 

sidered more suitable to stabilise the air sap surface temperature 

at 100°G. All other measurements were recorded with the surface 

temperature as near as vossible to 100°G and in no case outside the 

range 95-105°C. Instrument readings are recorded section 5.11. and 

the losses separated by the method outlined below. The nomenclature 

is given Fig. 5.15 

(1) P, Py measured. 

Py
 

34
 

(2) Po =P, - Primary cireuit and meter losses Re hits Se Ls 
1 

(c). 

3 P, read from syneage calibration Fig.5.11.(a 
L “ > C 

(>) and 

(4) Ps = P, - Mechanical losses (0.2.kW at 1500 r.p.m.) 

(5) ° Pp, read from Fig. 5.25 at 50 c/s, 100°. 

At other frequencies and temperatures Ppe is determined by slowly 

rotating the secondary core as described in section 5.10.4 

(6) 6 read from Fig.5.28 at 50¢/s. 

At other frequencies Pg is calculated by the method given in 

Appendix 12.6 

(7) The net dynamometer input is then Po #& Poe 

(8) The unwanted iron losses are Pg + Pre 
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5.8 Aye 

(9) The Required Pole Face loss due to the m.m.f. harmonics 

is therefore on
 

Py airs + Ps) ~ (P¢ + Pro) 

Alternatine method using the Torque Arm 

Applying the arcument of paragraph 5.7 and realising that T includes. 

bearing drag only, at any speed N the gross shaft input power to the 

dynamometer is : 

Py = (indicated torque x) + brush friction loss + windage loss. 

i.e. Py =wr+0.1.N. + 0.02 - N ;° : (5.2) 

1500 1500 

The net shaft input power (which supplies the electrical loss s) 

  

iss 

P. = Pp ~. brush friction loss - windage loss - bearing friction loss 

= (indicated torque xwW) — bearing friction loss 

ive. P, = P,-0.18 N_ = 0.02 ( y ’ 
? : 1500 1500 ] 

(5-3) 
= wt - 0.08 _N i 

5.9 Asynchronous Overation 

The aim of this test series, in which the standing flux was allowed 

to rotate very slowly at a known speed, was (i) to investigate the changes 

in torque mentioned in section 5.7 and (ii) to assess the primary core 
4 

loss. 

S90 Loss/sliv curves at constant primary current 

The additional nomenclature is Bilton in Figs. 5.14 and 5.15. 

Under asynchronous conditions the load loss dynamometer behaves as a 

solid secondary induction motor, in either the motoring or generating 
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5.9 1 

> 

mode, depending on whether the slip (s = (f, -f /f,) is puntage’ 

positive or negative. The test series was varformed with the 

dynamometer sunplied from the a.c. mains and the syneage from a variable 

speed d.c. motor - alternator set. This arrangement made it possible 

to transmit power in either direction through the system. in passing» 

‘through synchronism (s becomine positive) the net dynamometer input 

power increased and the shaft input decreased by an equal amount, 

Fig. 5.17. Both the slip speed and the change in syncare load angle 

at zero slip we measured by the stroboscope boigccted chon the 

dynamometer supply. When the syneage output had been reduced to point 

B, the secondary fundamental remanence torque had reached its 

maximum value. Further reduction of Py (by increase of the dc. 

motor excitation) resulted in a fall in shaft speed causing the standing 

flux to rotate very slowly past the dynamometer secondary. Slip 

frequency currents induced by the rotating fundamental flux produced 

a fundamental shaft torque restoring the mechanical power approximately 

to its former level at a new rotor speed. 

Under these conditions the slip was positive, the fundamental torque 

acting on the secondary in the direction of the slip speed (i.e. in the 

same direction as the fundamental primary rotating m.m.f.) thereby 

reducing the measured torque, Fig. 5.17. The reaction torque acts on 

the primary cagainst ths direction of the fundamental rotating m.m.f. 

i.e. in the direction of rotation and therefore supplements the shaft 

torque. Further increase in slip will eventually cause the syncage 

to regenerate. 

Conversely, on reducing the d.c. motor excitation synchronism is 

lost at point C and the dynamometer behaves as an induction generator 
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having negative slip, the “undamental primary torque reverses and the 
we Wada 

f the ° 

shaft torque increases. The results are similar to those 

Winke Test" discussed by Rawcliffe and Menon?“on a slip rine induction 

motor with an open-circuited secondary. In such tests (which are 

considered in more detail in section 5.13) the primary a.c. input power 

Py> and the shaft input power, Pro suddenly change by twice the mammitids 

of the fundamental hysteresis power associated with the secondary 

remanence torque. The value of shaft input power at the mid point of its 

iigtep" was confirmed by Rawcliffe and Menon to be the sum of the friction 

and harmonic frequency losses. It is important to hote however that 

they considered the space harmonics in the primary field nesligible, 

Their results cannot be applied to our experimental machine tests 

here without considerine the nature of loss caused by the space 

harmonics. Furthermore their sV* test is also inapplicable here since 

the load loss dynamometer secondary cannot be open circuited. 

The results of the loss/slip tests on the experimental machine 

should only differ from those of reference 12 by virtue of the 

exaggerated harmonic mmf. losses in the experimental machine. These 

are shown in section 12.7 to have the nature of a mechanical loss. 

From tests conducted by the author on a slip ring induction motor it was 

concluded that the primary iron loss is supplied via the primary winding 

-notyia the shaft. The evidence available at this stage therefore, in 

the load loss investigation, indicated that 

(i) the step BC (= Bl ct) is twice the fundamental hysteresis power. 

(ii) the mid point pt of Bt cl on the a.c. input curve P, is the sum of 

the primary iron loss and the primary circuit losses. Further evidence 

~ 129 -



549.1 

  

  

  

—— ee eee me ae eee fe Og 

  

   p, 
a Py 

ee 2 SLIP Ren 

  

  

  
  

      
    

son
 
a
i
n
 
A
O
 
h
e
a
r
 

  

  

The variation of mechanical input power, P, ,and the electrical input 

power, P) ,as the shaft speed passed through synchronous value (slip = 0). 

Fiz. 5.18 The Asynchronous Test Series on the Experimental Machine 
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in support of this theory can be found in sections 5.10.3. 

(iii) The mid point D of BC equals the losses supplied by mechanical 

shaft power i.e. friction, windage, m.m.f. harmonic, and slot ripple 

losses. 

5902+ Primary Current Variation 

The above test was repeated for a range of constant values of primary 

current from 5 to 30 Amp. Fig, 5.18 (a) to (f). The advantage of 

keeping the current constant for each test was that the mm.f. losses 

could then be assumed constant. The primary standing flux (and 

primary search coil e.m.f.) consequently changed slightly with slip 

as the dynamometer power input and power factor chanced, Fig.5.17, 

thereby altering the vrimary core loss slightly. However the curves 

of power and e.m.f. were reasonably linear and were therefore extrapolated 

to the zero slip axis to enable the values of B,BL,C ee. etc. to be de- 

termined for each current value. Care was taken to ensure a reasonably 

constant temperature ah the secondary surface (between 50 and 70°C). 

Both wattmeters were read simultaneously and their average readings over 

the time interval reauired for slip measurement recorded. (Points B, Bo, 

Cc, Cl were eventually retaken at 100°C) 

The fundamental secondary hysteresis power Pro and the primary 

iron loss Pe? were then estimated from these results : 

Pj» = average of 2 BC and + Blol 

  

  

es Pp» = + (BC + Bloly 

AND Ping = (oct + opt) minus the primary circuit losses. 

5.9.3 Comments 

In each of the above slip tests (Ficg.5.18) the dynamometer input PS 
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passed through or close to the origin (oct = zero), indicating a 

primary core loss equal to the fundamental secondary hysteresis power. 

This unusual result was treated with considerable suspicion. The 

Primary iron loss was therefore examined more closely (see 5.10 and 5211) 

pefore the above method of calculation was adopted. When operating 

synchronously, the syncage load angle increased with dynamometer 

excitation,Fig.1ll d, thereby causing a small but noticable remanence 

torque to exist. The operating point A moved from the mid point of RO 

to an indeterminate position just above A, the measured torque giving no 

direct indication of the surface loss. The variation of torque with 

relative momement of secondary and vrimary mains field is now considered 

in more detail in the next section. 
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5.10 Fundamental Secondary Hysteresis 

Further investigation was made into the hysteresis phenomena of 

the standing (fundamental) flux in order to explore 

(i) The fluctuations in measured torque, and 

(ii) The apparent equality between the primary core loss and the 

fundamental hysteresis power. Tests on the experimental machine with 

torque arm removed were made (i) over a range of primary current at 

rated frequency, and (ii) over a range of freauency at constant current. 

Loss/slip curves, also taken on a standard slip ring induction motor were 

12 
used to verify that work by previous authors on stator fed induction 

machines was equally valid when the machines were rotor fed at non-rated 

frequencies with the stator short circuited. 

5.10.1 Rated Frequency and Constant Current. 

For a constant primary current of 12 amp the power inputs P, and Py 

were determined as the angular position of the secondary was gradually 

changed w.r.t. the standing field. All readings were taken with the 

drum locked in its new position and with standing flux stationary. This 

entailed waitinc a few seconds while the flux moved to its new position. 

Special care was taken to avoid recoil loop effects. 

The angular position of the sedondary. 05 was considered positive 

when the secondary was rotated in the same direction as the shaft 

rotation, (equivalent to a positive slip). os was measured relative 

to the frame of the set. The syncage load angle was thereby 

compensated for and did not enter into the measurement of F 2° 

As Go decreased at constant current Po fell gradually from its 

Snitial value at Al(Fig. 5.19) to a lower value at gt and remainéd 
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constant until the rotation was reversed. Py then increased along 

ct Fl to a maximum value Fi pl, mis maximum value OB+ was maintained 

until the direction of rotation was reversed. When this happened Po 

decreased along such a curve as Bich, 

F1G 5.149 ect dai: Pe ae 

FIYSTERESIS TEST BR bes ee 

  

        

& B’ 
f=50 <f/S oe =~ 

L=20 A. {- Lk t p>   
  

  

  

  
  

        

  

  
ae 520 Ae oaks oF 

a $0 e/s ae 
TEE EE 

  

               

  ae “3 Zoo ae 

She: shaft input Py, followed a similar curve, AECFBG. Changing 6, 

only altered the distribution of loss between Po and Pj, the total 

dynamometer iron loss, rect Py being unaffected. 

The ordinates oBh, CC cl, OB and OC were equal to those ordinates 

so labelled on the Power/Slip curves of Fig. 5.17. Obtaining the 

‘ordinates this way is much simpler than by the asynchronous test. This 

method therefore became part of the standard procedure. The repeatability 

of the results was checked and found to be re asonably satisfactory over a 

TAs wide range of U5 - Fig. 5.20. Fluctuations in the graph were probably 

. caused by mechanical movement of the secondary clamping equipment (which 

has since been reconstructed) and by mains voltage fluctuations. 

The variation in secondary remanence power over a wide range of primary 
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5.10.2: 

current is shown in the log-log graph of Fig. 5.27, plotted from the 

results tabulated in section 5.11.1. Analysis is beyond the scope of 

this thesis. 

5.10.2. Variation with Freauency 

The asynchronous tests of section 5.9 indicated that the remanence 

power Pio equalled the primary iron losses ai 50 c/s. A change in 

synchronous frequency, fy , micht be expected to alter this parity since’: 

The secondary remanence power, Pro kt fy 

The primary hysteresis loss, Pj}, fy 

The primary eddy current loss, P.1€ fr 

The secondary fundamental eddy current loss, Peo = zero since 

synchronous operation was maintained at all freauencies. 

The pole face losses are proportional to none tower of frequency. 

Assuming. that the primary eddy current and Hestatesia losses are of 

the same order, any reduction in frequency would therefore be expected 

to cause a greater drop in primary iron loss than in the secondary 

remanence power. Should this be the case OC! would become negative between 

f\= zero and 56 c/s. The converse would apply on increasing the 

synchronous frequency. 

Experimental investigation followed the procedure outlined in the 

previous section except that only the points. B, B', C and 0’ were 

recorded. The supply frequency. to both. machines increased in 

steps from 10 to 60 c/s. Ps imax Pain 2? 3max?* amin are tabulated in 

sections 5.11.2. 

4 hysteresis loop was taken at 40 c/s as a spot check on the validity 

of this approach (Fic. 5.21.) 
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5.10 .2 

The toroue arm was then attached and used to ealibrate the motor for 

, : 

the particular values of speed and P3 previously noted. 
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Pe was then calculated from eqn. 5-3, ‘fhe measurements so obtained 

contain sufficient information for the calculation of the. pole face loss. 

Graphs of derived results germane to this section are plotted overleaf 

in Figs. 5.22 and 5.23. Note that the intercept 00! (= Pian) did now 

become negative. The slopes of the log-log graphs reveal that : 

1.07 
(a) Pra X fy 

1.06 
LL (b) Peg ty 

Proportionality (a) confirms that P,,, © f; and proportionality (b 
h2 dL. 

indicates that the primary hysteresis loss is much geater than the 

eddy current loss. This may be due to the flux density being well below 

saturation (B_.o, = 0-4 Wb/m*) « The proportionality (b) would also 

indicate why OC' did not become negative. Direct comparison with the 

asynchronous test is not possible because these testswere performed at a 

higher surface temperature using a refined method of measurenent. 
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5.10,3 

5.10.3. Hysteresis with a Stationary Secondary 

It is now possible to comment on the preliminary tests where the 

power ‘wT! obtained from the torque measurement was plotted against — 

primary current, Fig. 5.13. The higher torques obtained on reducing 

the primary current, I, compared to those on increasing I, are due to 

29 conventional ferromagnetic hysteresis, whereby a higher value 

of standing flux exists when the current is reduced. This is indicated 

oy the rotor search coil e.mele, 

and (ii) the change in the division of remanence power Pho between Py 

and P», dependent on both the magnetic and mechanical history of the 

machine. Whilst the required loss power, the mean of OB and OC, 

cannot. beCmeasured: directly, OB and OC can be-measured and hence their 

average is easily found. 

5.10.4 Hysteresis with. the secondary rotated 

After demagnetising the machine, the primary current I, was increased 

to set value carefully avoiding recoil loops. Pg max. and P) min 

were obtained in the manner described in section 5.10.2, the rotation of 

the secondary being performed very slowly to avoid fluctuations in I, : 

The test was repeated over the current range O to 130% of rated value 

for both increasing and decreasing values of current. 

The complete test was then repeated with the reverse secondary rotation 

to obtain Po,.4 and Pomax?’ The results are plotted in Figs. 5.22 and 5.23. 

5.10.5 Conclusion 

The remanence power Ph2 is only important in its bearing upon the 

calculation of primary core loss. Ppa itself does not constitute any 
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5.10.5 

additional loss at synchronism (see section 5.13). The validity of the 

slip test in predicting P,,5 and P,, is ‘reconsidered. 

In experimental machine the primary iron is being driven through 

a static magnetic field. The question arises as to whether the 

primary iron loss of the rotating mass is supplied by mechanical 

shaft power (as for an excited d.c. generator on open-circuit) or by 

electrical power (as for a transformer). If by the former both the 

remanence power and the primary iron loss calculations would be 

considerably modified. However, previous experiments = with rotor 

fed induction motors indicate otherwise. These induction motors had 

open-circnited stator windings whereas the model machine has effectively 

a short-circuited stator. Although a short-circuited secondary was 

not expected to affect the losses under synchronous conditions it was 

considered important to obtain experimental confirmation. The experimental 

evidence given in section 5.13, confirms Rawcliffe and Menon's work at the 

rated frequency of 50 c/s and demonstrates its validity at other 

freauencies, and with the secondary windings shorted. The primary core 

loss in the experimental machine will therefore be determined by 

rotating the secondary core in each direction and calculating the mean 

slip ring input less the primary circuit losses : 

Eee 3( Pama - Pomin) 

The design value of core loss =& 7% of the experimental value 

calculated in appendix 12.4. Better correlation between desien and test 

‘was not expected, The desipn value was calculated from the 

dynamometer manufacturer's own established design data for the 

practical desien of synchronous machines manufactured in the same 

works as the model machine , but in view ofthe assumptions made 
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510.5 

in Appendix 12.4 the experimental value ofprimary iron loss is more 

reliable than the design value. The former will therefore be used in 

the pole face loss calculations, by referring to the graph of primary 

iyon loss against B.,.,, Figse 5-25 or 5.260. The apparent equality 

between the primary iron loss and secondary hysteresis power in the 

slip test is attributed to experimental.error in extrapolating 

the various curves. 
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5.11. Pole Face Loss Measurements and Calculations 

5.11.1 Rated Frecuency, Constant Temperature 

The appropriate maximum and minimum values of power input were 

obtained by the method of section 5.10.4 with a supply frequency of 

50 c/s and surface temperature of 100°C. The test divides into 4 

sections according to the direction of movement of the stator, and the 

electromagnetic history of the dynamometer :=— 

(a) Current increasing from the demagnetised state. 

Secondary adjusted until Pj = max. 

(b) Current decreasing from 45 dupe 

Secondary adjusted until PL = max”, 

(c) Current increasing from the demagnetised state, 

Secondary adjusted until Py = min”, 

(d) Current decreasing from 45 amp. 

Secondary adjusted until P, = min”, 

The measured values of current and power are plotted in Figs. 5.8(a 

to d) and 5.24. 

The determination of the surface loss caused by the rotating space 

harmonics in the primary m.m.f. waveform, performed in accordance with 

section 5.8.4., is illustrated by the following typical calculation for 

& Bnean OF 0.5 Who/m2 (I, increasing from zero). Measurement errors 

were minimised by using where possible data extracted from the 

appropriate graphs and not directly from tables of instrument readings. 

Typical Calculation 

Bnean =. 0.5 W/m, Ty 25 ‘Ang. 

(i) The determination of the primary iron loss 

From Fig. 3.25, 
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Belrae 

Poa = 0.96 kW f= measured P, minus primary 

Pomin = 0.122 kW t circuit loss and meter loss, Fig. 5.1l(c) ) 

ne (Ponax * Pomin’ (= 0+54-kil 

This point is now potted on Figs. 5.25 and 5.26 

(ii) Determination of the-remanence power 

From Fig. 5.24 (full lines) 

P, max = 3.66 kW cs 

Py min = 3.00 kW 

’ - + 
“Ph ae (Ponax - Ponin * Pama < P ymin) = 0.375 kW 

This point is now plotted on Tig. 5.27 

(iii) From Pir. 5.28 the slot ripple loss is 

Pe = 1.58 kW 

Using the curves of Po,9% and Pymin the net shaft input power is 

‘ 

.“.The net dynamometer input oto the = 3.76 kW 

The unwanted iron losses ~ ire oe 2 = e122 kW B 
6 

2012 .-= 1.64 kW + 

I ww ° I
 

Or
 

1 ’,rhe memef. harmonic loss 

Fron Fig. 5.8(a), In = 27.5 Amps. 

This point is now plotted on Fire. 5.30 

ry It is evident from Fig. 5.30 that the experimental value of the 

surface loss caused by armature reaction m.m.f. harmonics is independent 

of the electromagnetic history of the dynamometer. 

5.11.2 Variation of Frequency at constant tanoerature and constant current 

Measured values of P; and P, were recorded in a similar manner to the 

previous section for a surface temperature of 70°C and a primary current 

at of 20 amps. The mexsured and derived results were obtained in the manner 

described in section 5.10.2. The dynamometer input powers Po and Ps



5.112 

were then calculated and plotted on pyg, 5.22. Toese tests were actually 

performed on stator No. 1 to whilst search coils were being fitted in the 

surface of stator No. 2, chanczins the stator made neslipible difference 

to the dynamometer input vover. 

For snecific values of frecuency new values of Py and Po were 

obtained from the graphy (thereby reducing measurement and error) and 

then Pre and Pho cxleulated as before. 

The slot ripple loss was calculated for each frequency eH appéddis 

12.6 over a ranpe of Broane To reduce experimental error Bmean was taken as 

the: average of two valuss Tread from Fie. 5,22. 

The sum of Pongy and Pomin ,» the net dynamometer input, is 

considered to be slightly more accurate than Pomin + P5max (section 

5,12 (vi) and therefore the former is used in.colunn 10, rether than 

an averase of both. The ultimate value of mm.f. loss is plotted in 

LOSS Oe dt 

5.11.3. Variation with Temperature 

Measured values of minimum and maximum input power were again recorded 

in the manner described above with a supply frequency of 50c/s and a 

primary current of 2A. A time interval of at léast one hour was 

allowed between all ‘madines for the surface temperature to stabilise. 

Derived results are plotted additively in Fig. 5.32. 

The slot ripple loss obtained from Fig. 5.28 is also shown. 

The mem.f, harmonic loss, obtained by sraphical subtraction, is 

plotted to a base of surface resistivity in Figs. 5.33 and 5.34 (log- 

log scale) 
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Errors occuring in electrical measurements have been broadly divided 

into random errors and systematic errors.?/ 

Random errors in the measurements taken on the experimental synchronous 

load loss dynamometer have been minimised by taking ‘the 

precautions outlined below for each test, by repeating readings and by 

drawing the best curve through several plotted points. Random errors 

are difficult to calculate since they depend on such factors as 

irregular fluctuations in supply voltage and frequency, temperature 

variation of the pole face during readings, changes in ambient 

temperature and personal errors of judgement. 

usually Ig and Vj9, were set on particular scale divisions. The pole 

face temperature was maintained within the limits prescribed in the 

relevant results sections above. It was considered unnecessary to 

compensate the measured values for variations in mains frequency at 

this stage. The deviation from 50 c/s was usually much less than 1%; 

since the pole face loss is propor tional to frequency (Fig.5.31) the 

error introduced will also be less than 1%. 

Systematic errors have also been minimised by careful cslibration. 

of the various measuring devides and using indicating instruments 

of substandard grade provided with mirrors and knife edge pointers. 

/ For the connections to the various search coils, the resistance of leads 

was minimised by usinc gold plated plugs and sockets, silverplated 

switch contacts, and silver slip rings. The leads were so placed as-to 

minimise errors due to stray magnetic fields. The limits of error in the 

final loss figure are calculated below for the centre of the armature 
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eervent range sf section 5.11.1. 

(i) The shaft power P) 

It. is estimated that the error in obtaining Py from the calibration 

curve for the syncage driving motor is + 3% at the mid range (Pi 3c) 

and better at hisher loads. The otherwise large percentage error at 

very low values of Py is reduced considerably by the hich accuracy of 

measurine the motor input P3 with the shaft uncoupled. For this condition 

the error in P, is zero and in P3 is + 0.013 kW (about + 2% of the 

indication) - which is only slightly worse than the reading error in 

using the calibration curve itself 

(ii) The. Electrical Powers, Py and Po 

Py is ‘read on the three phase wattmeter for which the reading error 

is + watt times the scale factor ani the calibration error is + 3%. 

During the rated frequency tests of section 5.11.1 the wattmeter P, read 

193 Watts x 5 for an armature current I, of 25.0 amps. From this value 

of P, must be subtracted the meter losses and the primary circuit losses 

i.e. with a wattmeter scale factor. of 5/1000 kW 

Pl = (193 * 0,5 2 (0.5 x 193) ae iW 
100 

From Fig. 5.11(b) = 0.965 + 0.0075 
the meter losses 

= 0.073 + 0.006 
From Fig. 5.11(c) 

The circuit losses = 0.066 + 0.002 

Total losses = 0-139 + 0.008 

Po = 0.826 + 0.016 kW or + 1.9%, 

sayt 2% 

The limits stated above for :. the meter losses are calculated by a 

similar process to that for P).Thoga’ forthe circuit losses are estimated 

by taking limits of error for the specified brush voltage drop as + 5%, 
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the current as + 44,and the armature resistance as + 1% 

(iii) Primary Iron loss 

_ Since the primary circuit losses are approximately constant for 

and Ponjyn it is more convenient to express the errors in both Pp iy 

watts than to convert to percentages. For the typical calculation 

suppose the limits on P2 to be + 0.016 Watts (as above). To this must 

be added an error of + 0.001 in the reading of Fig. 5.25. 

Now the primary iron loss PRe = 2(P2amax * Pomin) 

“. Pee 

= (1.082 + 0.034) 

= 0.541 + 0.034 or + 6.3% (mid range) 

(iv) The remanence Power 

The reading error on Fis. 5.24 is + 0.005 kW. 

The measurement error on P, at mid-range is + 3% 

*, In the typical calculation section 5.11.1(ii) ee OY t 

bape a
 

I+
 #(0.96 + 0.017 -(. 0.017)* 3.66 + 0.11 _d
 

0 

Ul 

* 0,005 ~(3.00 + 0.09 + 0.005) ) I+
 

= +(1.498 + 0.244) 
+ = 0.375 +0.061 or + 16¢ 

(v) The dynamometer mechanical losses 

At the zero end of the syncage calibration curve the error in — 

Py is taken as * 0.015 (ref. sub-section (i) above). ‘When the 

dynamometer is demagnetised the windage and friction losses equal Py 

and are therefore measured to within + 0.015 kW. 

Therefore in the typical example above 

eB irass . Py ~ (0.2 + 0,015) 
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i wo
 

oO
» 

Oo
» 66 + 0.115 - 0.2 + 0.015 = 3.46 

or 

el3 
3.8% l

+
1
+
 

Similarly P 3. G00e' Dell or + 3.9% 
Smin 

(vi) The total secondary power input P . 

Taking the percentage errors in Pre, Po and Ps respectively to 

be + 6%, + 2% and + 4% at mid-range, and using the expression below 

37 
auoted from p.174 of Buckingham and Price the percentage error in 

i (= Zz £ & 

the secondary power input, P, is now calculated 

  

Pee o Pott Pa Peg 

= 0.96 + 2.80 -0.54 = 3.22 kW 

From ref. 37 
dP Pr, dP Py dP Pe dP 
2 = —=.__Fe + ae u Z + Ee are 

ere. 4) ee as ers 

Be O5u ehh sy 0,96.) Beg B80 ae 
¥es0:. 4004. Ae o0 WOO 4490. 4. 100 

Sainephat / 100 

i.e. the error in P is about + 5% at mid range. 

(vii) The armature current generated component of pole face loss, Fo 

Subtracting the slot ripple loss Pg from P above leaves Py. 

The method of calculating Pe gives reliable results on practical synchronous 

machines. However the validity of extending this method to the 

exceedingly small gap/slot pitch ratio of the experimental machine has 

not been proven. Errors much larger than those arising in the various 

steps in the calculation above may occur and it is the refore considered 

i peepeient tho quote any limit of error on Pg. Since Pg and Py are of 

the same order, an error of + 20% eay, on Pg would increase condiderably 

the limits of error on P, by#0.3 kW to + 25% 

‘ 
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5.13 

5.13 Induction Motor toss/Slip Curves. 

Because the secondary remanence torque of the experimental load 

loss dynamometer has a disturbing influence on the measured torque, the 

pole face loss is determined experimentally by the separation of the. 

losses. | This necessitated the accurate measurement of the primary iron 

loss. A paper published by Rawcliffe and Menon suggested that a 

variable speed test would provide a suitable method of determination. In 

Suchaia test the rotor speed is varied over a wide range by means of a 

variable speed motor whilst the stator frecuency and flux per pole are 

kept constant. The experimental machine differs from the open circuited 

slip ring induction motors of reference 12 in that (i) its secondary is 

solid, and therefore short circuited, and (ii) its primary iron Loss 

almost equals its standstill secondary hysteresis loss. In order to 

e applied to the 0 

establish that the results of reference 12 could 

experimental machine it was considered expedient to perform some slip 

tests on a standard rotor-fed slip-ring induction motor at various 

synchronous frequencies with the secondary member both shorted and 

open circuited. 

Since this test programme departs distinctly from the main 

investigation and does not directly involve the load loss dynamometer, 

the experimental details of these slip tests are omitted, attention 

being concentrated on the nature of the phenomenon under examina tion 

and on the ultimate conclusions. 
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Stator hysteresis loss at all speeds when stator fed. Let Phy 

Rotor hysteresis loss at all speeds when rotor fed. 
e
e
 

tw 

ui 

Pei = Stator eddy current loss at all speeds when stator fed. 

and P,o Rotor eddy current loss at all speeds when rotor fed. 

The above are also the respective losses at standstill when the 

power is fed to the other member, assuming constant flux per pole. 

Let Ty, »Bho = Hysteresis or remanence torques in Nm. 

and J, = Synchronous speed in r.p.s. 

It has been shown that the losses in an open circuited rotor 

of a stator fed induction motor are SPL + 8°P.o and furthermore that 

: = e . ‘the mechanical power produced = i1-s x losses = (l-s)(Py2 poe) 
s 

= Pio just before the machine looses 
synchronism. 

It therefore follows that the hysteresis torque 

Mechanical power + the relative angular 
: velocity 

ra sP. bia 
Th2 See ecg. Rigs OES 

s Ws 

There is no rotor iron loss at synchronism but there is a transference 

of power due to the hysteresis or remanence effects. The above 

expression shows that for a given flux per pole the hysteresis torque is 

constant at all speeds with the exception of synchronous speed where it 

changes from + Tho to - Th2.as the spedd passes positively through the 

synchronous value. When the machine is rotor-fed with the stator on 

open circuit this change in hysteresis torque at synchronism is reflected 

in a reduced primary (. rotor) - power input and an increased mechanical 

pover input, the losses being unaffected, Fig. 5.35. 
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At the mid point 'D' of this change Biot Fig. 5035 there is no 

secondary remanence torque and therefore no remanence power and no 

secondary eddy current loss. The electrical power supplied neglecting 

stray losses should therefore be the total primary loss 

= Phy + Poy + Copper loss. 

At standstill the rotor loss is a maximum and equals the electrical 

input minus OD', i.e. Pho t+ Pyo- When rotor fed, suffices 1 and 2 are 

interchanged and the electrical brush loss included in the measured 

electrical input. 

From the aforenentioned tests performed on a 16 h.p. slip ring 

induction motor it is concluded that in a 3-phase induction machine 

excited via its rotating primary winding : 

(i) that, in confirmation of previous work 12. the loss/slip 

test is a valid means of assessing the stator hysteresis power. 

(ii) that the primary iron losses (excluding surface and eat on 

losses) are supplied electrically by electrical-electrical. energy 

conversion. 

(iii) that the above two clauses are valid(a) at non etd frequences, 

and (b) when the secondary is shorted. 

and (iv) that the electrical power input/slip curve does not necessarily 

pass through the origin. 
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‘oe . 

oe COMPARISON OF MEASURED AND PREDICTED LOSSES 

6.1 Introduction 
4 

The losses measured on the experimental load loss dynamometer recorded 

in the previous chapter for a range of armature current, synchronous 

frequency, and secondary resistivity are compared with the losses computed 

from the modified eddy current coupling theory of chapter 3 in section 

6.2 

In section 6.3 the loss measured on the short circuit test on each of 

several large synchronous machines is also compared with that predicted by 

the same theory, Tables 6.11 and 6.13, and also Appendix 12.8. 

In the absence of a computer programme the comparisons with the 

methods of Kuyper= and Barello* are more onerous and are therefore 

restricted to two cases,(section 6.4.) An estimate of Sotgeniee is 

necessary before proceding with these calculations. Section S.1 suggests 

that Mey varies between 500 and 1500. Chalners® states that a value 

of Mey equal to several hundred is most appropriate. For reasons 

given in section 8.1 jee is taken as 1000. ‘These calculations account 

for peripheral flux leakage, negligible in the experimental machine 

because of the unusually short air gaps, but not negligible in 

production machines where the gap approaches half a slot pitch. For 

these machines the voredicted loss computed by the modified eddy current 

coupling theory, which isnores peripheral flux leakage, must be reduced —- 

especially for the slot harmonic terms. The reduction factor Ky, used 

in section 6.3.1 (iii) is derived in Appendix 12.2.3. 

The three methods of calculation are compared in Section a5 
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6.2 
6.2 The Experimental Machine 

The variation of the pole face loss due to m.m.f. harmonics with 

few selected pzrameters is shown in Figs. 5.31 to 5.34 on.each case the 

predicted loss is computed by the modified eddy current coupling 

theory of section 3.7.1. using the constants Ky and m in equation 3.13 

applicable to the seconcary iron. The validity of the theory in predicting 

changes in surface loss has been tented for three variables only on the 

experimental machine :- 

(i) Armature (primary) current from 5 to 50 A, Fig. 5.30. 

(ii) Freauency from 10 to 60 c/s , Fig. 5.31 and 

(iii ) resistivity from 18 to 30 Me - OM, Fig. 5.33 
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 The effects of other variables (on production machines) 

in section 6.3 

The comparison between the measured and predicted m.m.f. harmonic 

> 

losses, Pr, is summarised in Table 6.1. 

Golumns 2 and 3 tabulate the slopetat of the various 

log = log graphs. 

  

  

  

  

Test/fig. | Variable Comparison bet.theory and test. 

Slope ta! Magnitude of Loss. 

Theory|Test. 

1/5. 30 Primary 
Current Ty 2.05 2525 within 20% 

2/531 Primary 
Frequency f 1306» 40.9% within 15% at 60 e/s 

60% at-10 c/s 
3/532. Secondar* ; 

Re esistivity 2 -0.036}-0.75 within 20% 
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6.2 

The "theory" is that of chapter 3, and the corresponding indices were 

found from successive computer runs. From Test 1 the empirical 

relationship, 

P 20a5 
pir oes Mk 

Pag 

is in fairly cood agreement with chapter 3 (& 72-05) and with both 

Kuyper and Barello (& F, section 2.4.2). 

From Test 2 

Pride poe9h 

also agrees fairly well with chapter 3 (& 1-06) with Kuyper (& el. 0y 

and with Barello (© f+ (a function ofa) ) 

From Test 3, 

Pr of pr7e75 

It is difficult to assess by inspection of Kuyper's equation any relationship 

between loss and secondary resistivity. Barello's indicates that the loss 

is proportional to An” which is approaching the test result. 

The modified eddy current coupling theory in section 3.8. predicts an 

index between -0.3 and-ogfor practical machines depending upon the value of 

normalised speed for ths predominant harmonics, which is well below the 

maximum torque point (n/ng = 1). For the experimental machine n/t is 

about unity for the predominant harmonics,and above unity for the fifth. 

At the peak torque point, the loss Tne n, since T.= 1 

ise. W, o@ DF¢Lphn/g (6.1) 

Above the peak torque point, the index of n/nm varies between zero 

and ~0.5, Fig. 3.5. For an index of -0.2, corresponding to n/n, moe 

typical for the lowest harmonic orders of the experimental machine we get ; 
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Wen 

Wy cS ae eee yna4 x F<pbDL xn 

P& (ph) 2.18 g 

or Wyo: p036pl BA, pr nerers 19 :8.-0.6 (6.2) 

i.e. the loss is predicted to increase with resistivity. 

In the seeemnenital machine for which n/n, varies from 0.1 to 10 

the modified eddy current coupling theory therefore suggests that 

Wop varies as p 0.35 t pes depending upon the n/nm value 

of the predominant harmonics. The measured value of -0.75 suggests that 

the fekine is not operating near to the peak torque point and that the 

theoretical value of n, has been underestimated. 

6.3 Production wicked 

Before designing the experimental machine a oreliminary investisation 

was undertaken with a wide range of large salient pole synchronous 

machines and turbo alternators. The stray load loss of each was 

compared with the loss predicted using the modified eddy current coupling 

theory with ingot iron parameters which underestimates by-about 15% the 

predictions using mild steel parameters. The work is summarised in 

Tabular form in appendix 12.8. It is presented not as conclusive 

evidence but as an indication that the theoretical predictions are of the 

right order. 

A more detailed investigation has been undertaken with selected 

machines to illustrate where possible the effects of parameter changes 

and a means of accounting for the pole shoe profile in salient pole 

synchronous machines. 

Computer "print ups " illustrate salient steps in the evolution 

of the computer programme. In most computations insignificant 
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harmonic orders are not required on the rint-w in which case a note 
q ? 

appears to that effect. 

6.301  60-MVA Synchronous Compensator 

@) Computations 

The machine data is given on a typical computer data sheet in Table 

6.2. The gap quoted ia constant for 10°M on either side of the pole 

centreline. From this point to the pole tip, the pole shoe is chamfered 

in a straight line,where the gap = g9 (Fig. 12.2.1). Several computer- 

runs were carried out for this machine in order to determine the pole face 

loss and the effect of (i) increasing the number of slots per pole per 

phase, (ii) including the slot width factor (iii) increasing the slot 

width and (iv) changing the pole shoe material : 

Table 6.3 Uniform gap equal to gj); ingot iron parameters 

Table 6.4 u a it 223 u ui nt 

Table 6.5 as per 6.3 but s/p/p increased from 5 to 6. 
Table 6.6 tt w i " tt R 5 to: 76 

Table 6.7 " # with slot width factor included 

Table 6.8 as per 6.7 with slot opening increased to + slot pitch 

Table 6.9 as per 6.7 but using mild steel parameters. 

(ii) The Pole Profile 

The first method of accounting for the pole profile is the 

mathematical one developed in appendix 12.2 and the second the graphical 

one described below. 

For the above machine the peripheral flux leakage factor is calculated 

in Zable 6.10. using equation 12.2.5. The pole face loss is s 

Py. = Prk (221 g1 - B 2) 

82 

where 2B, = 22°%/60° 0.367 

2 2 20° /60°M =, 05935 

peas Ahe5 (06367 0-748 + 0.333) 
rege 

= 4405 (0.247 + 0.333) 

2504 kW 
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6.3.1 

  

  

  

  

  

  

  

  

      

Table 6.2. Computer Data Input Sheet 

POs bee FA CE Orono 

LABEL: 45 
= one 1f5-ePi < Op. REF. DATE, CS e aes aes bil. REF. tE 

DATE: 6/k/ & 

L @ P Pole pairs 
3 

ASL NS Synchronous Speed r.p.m 4000 

ep Z Conductors /slot 
| 9 

oS Y Parallel paths/coil side 
4 

BOM C Parallel paths /phase 
| 2 

AS I Total phase current AMPS. | 2670 

A= 6 S/P/P Slots/pole/phase (@) 5 

A PITCH Per unit pitch Pets 0.8 

A 8 SPREAD Spread deg. | 66 

hee9 D Rotor diameter ins. 61.5 

£10 G Effective air gap ins. | 0.74.8 

‘A it L Rotor Length ins. 406.2 

Aye RHO Rotor iron resistivity pcr 30 

£3 f13 Parameter : el: 

AL KMAX Highest term required (nh + 1)6 15 

A15 SLOT Slot width (b) ins. 0,866 

A216 REF. Cross reference number 405 

  

Pods 

 



TABLE 63. M/c. REF:1E 6/4/64 

TOSS DUE TO HARMONICS IN MMF WAVEFORM ~   

PPRS NS Z Y eg l A113. KMAX 

3.000 1000 DOU © 16000. | 16000 5 2670 400 45 

s/P/P PITCH SPREAD D G iE KHO 

5.0000 80000 60-000 614500 -74800 106-20 30-U0 

CF. CT | CN PROG 

«300457 05 - 82 7146/-03. 6023599705 " 

H KPH KDH T/TM  N/NM KW KW TOT 

5. 3600 C0000 -20uu0 +000 -000 OVv0U ~—-e U0 

-O0 7-00 58779 «14945 2» 659 »~ 179 22-98 22298 

Oo 1420 8951060 109K § G68 ODD < 14660. 97-00 
Or Tact wh O7 Io 1 Tada s 140 0c) Ae 38.98 

0 17-0 58779 *« 10223 ©082 0014 ©6831 39-66 

BLS 0 SROS106 (ee 10945.) SORT. 3012: Tega Areas 

SO< BAG 0.2 GOT TS a <1 A9GS 90490 0006 + OOM Bee) 

(D2 2930 27895706. «T5668-  oP7e 026i: 10d88 7 23360 

OO 94s ae Ob1aS. 095068 144 c 020, © Tere 368.8 

0 Bp de sh 1b 6 95008 e020 008s tae Ta 382.9 

0 6700 3951067). «95668. -029,° -003 > 11240" F9AeD 
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PROGRANME PRINTS IF. KW GREATER THAN 0-O1KWTOT 

  

  

          

6/4/64 

TABLE 6-4 LOSS DUE TO HARMONICS IN MMF WAVEFORM 

“BPRS NS Zis8 Y g I A113. KMAX 

3-000 4000 2-000 4.000. 420002 = 2610 1.0 455 

s/P/P PITCH SPREAD D fee i RHO 

50000 80000 60-000 60-800 11-1000!) 106-20 30-00 

CF OT CN PROG 

»36045/ 05 ~-18249/-03 + 52866/ 05 7 

K H KPH KDH T/T  N/NM KW KW TOT 

7-0 5-00 e00000 e 20000 e000 * e000 eQ000 ©0000 

460° 27+ 0G « 58779 014945 413 (O80. 90 694." Jab oae 

9.0 (110. #95706 «610946 «199 003221 56319 45-01 

2-0 13-0 058779. --» 10223... 073. -009. +4652 15-48 

3804 17-0) = SED 40225... 40d0 005 3582290 ~ Tow 

3602 19.0 °95106 10946 +042 2005 «5664 1626 

2s0.. 2 oe «58779 014945 024 A103: > 2055 16°47 

5.0 29.0. 395100 “so g000: + 8008.) « «O12 64-33 80.80 

BO. SOx 6 9506: . 9 5668 2). 4.070 -e009 44-79 125-6. 

40 59.0 95106 +¥95668 -012 +001 4.318 430-06 

10 61:0 695106 095660 2-097 = 20015, e025 133-5 

PROGRAMME PRINTS IF KW GREATER THAN O«GiKWTOT 
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PROGRAMME PRINTS IF 
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TABLE 6.5 G7en 
oh ae ee 4/4/¢ 

LOSS DUE TO HARMONICS IN MMF Tver ork ae 

PPRS NS a Y C I A13. KMAX 
3-000 1000 26000" = 42000 «4-000 727790 420 9 

s/P/P PITCH SPREAD D °C L RHO 
6.0000 ]} -83333 60-000 614-500 74800 106-20 30-00 

CF ; oT CN PROG 
«F51bA/O5:. 32 F146/-03" = 929999 4.05 7 

K H KPH KDH T/ Ths N/NM KY, KW Te 
10. 5200. 62508276 19/46" 6 096 AUG. 19-66 19-66 
4.0.3 ypeQO $2 5082 14529 e413. 3080.0 25513. we te 
OL. = 4160 96593-10173 ° 348 O64 =. T6933) 
PO 4360." Ibo oas U9 18 oes oe 194" 25030 > Bee aed 
GeO). 23002" «9659S F eUO TIS e049 0006 667902" 30636 
AsO % S500) 096892 50173 5099. 005. 1 Site 5G ay 
6-0 35-0 © 96593 °95614 e107 § O15" Yaede 133-3 
GeO 37750.) . 696592: | 895674) 2088.) 012° 69040 2027 
42 TsO 696694 45 BOO dt 5075 002. 5 66 6ee. Cbde|D 
Te 7360 496592 695614 6014 = 6002 50605-21541 

PROGRAMME PRINTS’ IF. KW GREATER THAN 0+OQ7KWTOT 

OPA LE be C/3A 
ee 14/4/64 

LOSS DUE TO HARMONICS IN MMF WAVEFORM 

EPRS NS 2 Y C I A13.° KMAX 

3.000 1000 2 <000 : 16000. 1-000" 4990 4 Ox. 15 

Isfp/p|| PITCH © SPREAD D tnG L RHO 
7000] -80952 60-000 61-500 74800 106-20 30-000 

oo Che GT CN PROG 

357205 +27146/-03_— «23599/ 05 7 

H KPH KDH T/TM  N/NM KW KW TOT 

SyO0i oOo... «19554 0551 69915. -1-024-"% 120247 

5.000 %s 50000 = <14286 22 567 86147, 13231. 14633 
11:0 -98883 - 009744 0347 063 11-58 25-91 

4300, 4739305. 08645 - +153. <022'. 12506" 2fe 4 

e949. 0.% $s 82624.5-20/224 e055 © 3007 x 63520 2759e 
Ais 0 #595550 #6 95582 0071 0009. «53-62 = 82616 

43-0 95558 95582 .-060 +008 41-17 12363 

83.0 95557 95582 °.010 --001 3-580 12669 

85-0 6 95558 = 95582. 009 = e007 30104 = 1300 

KW GREATER THAN O-Q7KWTOT



TABLE 6.7 C/A/1E 22/7/65 

  

LOSS DUE TO HARMONICS IN MMF WAVEFORM 

PROGRAMME ACCOUNTS FOR SLOT WIDTH AND PRINTS IF KW EXCEEDS QO 

  

  

  

          

  

RPRS NS Ze x: GC I A43 KMAX. IPR 

3000 1000 2°000 1¢000 1°000 2670 pee eed Oo 40 

S/P/P PITCH SPREAD D c ie RHO SLOT 

50000 «80000 60-000 61504 +74800 106*20 30000 * 86600 

CF CT CN 

©36045@+05  +271480-03 + 2359.49+05 

H KPH KDH KBH T/TH = -N/NM KW KW TOT 

5-00 = -°-00000*. .- 20000 = + 99293... *s000 -000.. +0000" +0000 
70075 @5 0779 4 «14945 9 996.47 8 654 8 177) 8 22818 1226.10 

1190-.+95 106 © 109.46 * 96606 0359906 Fe 26192379 35+ 49 

U
I
U
T
A
U
I
W
W
A
D
D
O
 
A
R
 

. 

O
O
D
 

0
 
O
C
O
D
 
0
 
3
 

: 13-0 «58779 +1022 C95 OFS 0149-24: 9020 ate 226 22 36877 
ra 65 8779 ce Wet swe DRO0S <9 OT Fe e010 415 3726 

20-1960. 695406. «10946. «= 90078 «= 080-010. 12293 38-55 
. 23-0 3=— 58779 Se 14945 = + 85667 = 04 2005 8 A116 = 3386 

. $9.0 %295106. 95660. He7 701d 2 «446.0%. 027. 9602950 13582 
° 94-0%5'954106 . = 95668 «74903. +112 +015 ..59* 9b Aabe4 

H FH ; FH TM N NM di 

5.00 670-04. #397804 3810-42 1200. + 1729411 2308518 
7°00 © 4469403 © 2790+03 «3780+03 857614 « 4840+04 02479403 

1400 = 330+03.) = + 2119403 + 3249403. =~ 1091 1640405 = + 116 +03 

4900. 04590403. 01070403. «8890402 923015. 6456°t05 6 127 F02 

17+0 old Fauee 684204902 °6349+02 1059 #1059406 = + 48624014 

1960. «1780403 «= + 119903 + 1639403 947-4 °903%+05 +130 +02 
23-0 «=. 1189 +03. B170t02 «= HESS4+Q2 =: 1043 196° 0B say 0.4 
29.20 - 8890+03 05228403 ©6109+04 1034 © 4988405 © 338493 

3160. «7920403 4740403. «5280104 «= 967-7) 96308405 «= +591 403 

~ 172 -



TABLE 6.8. 

PROGRAMME ACCOUNTS FOR: SLOT WIDTH A 

  

C/A/ 19 27/7/65 
LOSS DUE TO HARMONICS IN MMF WAVEFORM 

ND PRINTS IF KW EXCEEDS 0+Q1KWTOT 

  

  

          

PPRS NS z Y co I A413. KMAX = PROG 8 

3-000 1000 2-000 1°000 - 19000 2670 120.10 

S/P/P PITCH SPREAD ae G L rHo.~=— [stot 

5-0000 80000 .60+000 61+504 *74800 106+20 30-000 || 1:0996 

CF ae ON 

0360450405 = 271480-03 = 235949405" 

eos H KPH KDH KBH  T/TM. , N/NM KW «KW TOT - 

420 5°00 -00000 20000 -98562 +000 +000 *0000 0000 

400°. 9500. #59779. tages eeTe Te 694. 81105 2170 21+70 

950 ©1100 95106. wA0946 #, $9456e% 8554 2065.) 12656 Bae] 
200 1300 ~~ «58779 «= 10223. * 92454 +139 = «020 ETO] ee 

3°0 sie 2589779 *10223. «87307. 074 ~. -010 © +4679 35°96 

300 1960 +95106 +10946 + 84301 sO76. +010. -. 12075, © 36°94 

520 2900S #95106 = 95668 -. 65765. +128 «018 “60°23 97-48 

D* O29 $40 ©95106 «95668 «261521 «8095 = 2013, 94094 431-8 

TABLE 6-9 C/B/1E Zai10 (65 
LOSS DUE TO HARMONICS IN MMF WAVEFORM [PROG MS~L J 

PROGRAMME ACCOUNTS FOR SLOT WIDTH AND PRINTS ALL TERMS 

PPRS NS z ¥ Cc I A113 KMAX REF 

32000 = 1000 20000 10000 16000 2670 “1-0 10 4105-000 

s/P/P PITCH SPREAD DeG G iE RHO SLOT 

5e0000 80000 6060000 616504 — +74800 10620 30¢000 +-86600 

CF CT CN 
0360450+05 6 271480-03 = + 911869404 

K H KPH KDH KBH T/TM  N/NM KW KW TOT 

400 5000 00000 --20000. --99293 +000 - +000 20000 ~ 0000 

400 7000 058779. 214945 «= * 9861 0723. 3208 © 24055" “2deo5 

2.0 4%00 95106 ~+10946 ~— +9660 0446-0077 «916051 41206 

9e0 1300. 58779 0 10223 «+ 295278 +195 «025 40679 42074 

eve ye 228113 01022 092008 -0114 °0012 +7782 83-38 

SO 19s0 e245 9570 01094 90078 - ett 6012. W777 4530 

4v0 ar 058779 + 014945 -- «85667 - +063 2006 °25998 45-90 

400 2500. 200000 -e20000 --83204 2000 -+000 ~ -0000 45-90 

50 = 2900. 0 95106 295668 =« #77817 0167 +0020 11033 156-2 

BeO 3 34e0 «95106 095668 - #74903 0130-0015 69e40 225-6 

6x0 he -.00000 - «20000 - 68722 -+000 --000 ~- 0600 225-6 

650° 37-0.“ 8719 014945 06 a3 0015-2004 -e0A74 22566 

Je0 4ieO ® 51 01094 2 j 0012 - 2001 09414 22567 

0 aa 25 He ©1022 055242. -2006 °-000 -+0055. 225-7 

gO 4100 = e587 /9° 71022 248151 +2004 -2000 +0029 | 225+] 

BeO «4900-6 95106 0 109AG = 44565 «2005-000 ©0085 = 2257 

900 5300 = 0 58779 + 014945 + 37379 | 2003 2000 +-20025 22567 

9x0 5500 + 000000 +: 220000 -033/98 «000 e000 «00000 225-7 

10 59s0 95106 1095668 026745 +2012 +004 24708 226-2 

10 6400 695106 95668 423294 - 0010 ~2001 ~e2 09 22664
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Table 6.10 T The Effect of Peripheral Flux Leakage. 

Machine Ref: 105 Table 6.9 

6S35L 
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P = Computed Loss in kW, Ky; = Reduction Factor From Fig.12.2.4 

h hp g = 0.748" g = 0.84" g = 0.925": e = 158" 

=3h | g/D,= 0.012 2/D5= 9.013 g/Do= 0-015 g/D5= 0.017 
(Table 6.9) | 

Bye er oP Be Po. Kr Pult. Br Ky PERS LP a te 

7 21 24655 
0.78 19.1 | 19.68 0.74 14.6/16.0 0.67 10.7 11.15 0.62 6.90 

it 53 | 16.5% : 
; 0557 9.4 12.8 Oso. 6.5 9.87 0.42 Ae BD 6.23 05:35 2.18 

9 ate 39 1.68 0.47 0.8 | 1.26 0.41 0.5/0.96 0.32 0.3 0.58 0.26 0.15 

Leek 0.78 0631 062 | 0.56 0626 0.1/0.43 0.16 0.07 | 0.26 0.14 0.04 

19 SF 1.78 0.25 0.4 | 1-28 0.21 0.3/0.97 0.114 0.11 0.61 0.08 0.05 

123°. 69 0.60 0.16 0.1 | 0.44 0613 0.2/0.35 0.065 0.02 | 0.23 0.05 0.01 

29 87 110.3 0.08 8.8 | 80.0 0.06 4.8}60.5 .025 1.51 36.9 0.09 0.67 

31° 93 _ 0904 0.077 409° | 4007 #0605) 25913729 0.012 0.45 | 23-4 0.01 0.23 

59 177 OS4/. hes? - 0.33 es — Os 2h. are me O14 ~— teres 

61 183 0226 oa his 0.18 baz, ~ O14 oa bas 0.08 a bad 

Totals: 226 bbe5 | 166. 29.04] 127 17.3. 79.7 = 1042 
Sub-Totals 
Belt : 46 29.81 36 a2eL} 19 1503. 191 93 

Slot : [180 13.7} 130 763} 108 2.0 | 60.6 0.9  



65351 

The second method uses a graph of loss per unit surface area against 

pole. periphery. The loss is caleulated for discrete increments in gap 

length over the shaped portion of the pole. The computer programme does 

not include the peripheral flux leakage factor Ky. Therefore each harmonic 

loss figure in the computer print-up must be multiplied by the 

or four F
y
 

corresponding value of Ky, as in Table 6.10. Computations 

values of g between gj and gp (inclusive) yield four points on a graph 

of Wop against pole angle, Fig. 6.1. The loss in all 6 poles, taken as 

the mean height of the curve multiplied by the pole arc/pole pitch ratio 

of 0.7, is 22.6 ki - about 11% lower than method one. 

(iii) The Flux Leakage Factor Ky, 

current losses’vary as the square of the flux,(i.e. Wy ( ac)*,) 

Fig. 12.2.4. The modified eddy current coupling equations surszest 

another relationship between loss and flux : 

i 

Po 
Warr 

Furthermore, i x w, lt 

hence ; ¢g Le Cie ee 

hen m= 0.794 wpb Bo! 

  

In using the index 2.7 instead of 2,Kyj, would be reduced by 

(2, 7, Z, )2-7/2.0 

However in view of the widely accepted index of 2 , more recent 

aS 

work by James3S on eddy current couplings in which an index nearer to 
y ne g 

a6 =



ove 

2(namely 2.4) was measured, and the assumptions upon which Ky is based 

it was decided in the first instance to take 

K, = (i. 
: : 2 ; Le 

and evaluate Ky for any particular machine from the family of curves 

plotted in Appendix 12.2.2 Fie. 12.2.4 

6.3.2 Changes in Main Machine Dimensio 

D Because of the hich indices involved, as th frame size increases 

ae 4 ‘ 
the loss increases at a greater rate than the DL product and the 

effect of a relatively large gap in reducing the loss may be swamped, so 

that the harmonic m.m.f. loss becomes an increasing proportion of the 

thi ; evi 4 is bette } 
total load loss. Fron this point of viewa long machine is better than a 

effect of changing one mac 

rating usually entails a change in several parameters. Occasionally 

a second machine which differs in only one major aspect from its 

predecessor is tested. The data on three such machines;maae aval able by 

Le 

industry, is tablated below. Machines reference C and D differ only 

ean increased. This also applies to E and F in Table 6.13. Both A and 

E originally had a particularly high stray load loss wi 

by turning a few mit. off the vole shoes. 

In many other cases the rotor is also grooved thereby making it 

impossible to assess the effect of an increase in gap alone. 
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Table 6.1}, 

Comparison of Moasyred and Caleulated Losses 

  

  

  

  
  

1. Machine Reference é B c D 
Cross Reference 1.2330 1.4025 3330/1 20033), 

2  MVA Rating 1.5 364 2.15 

3. Pole pairs Pp: 2 2 2 

4. Synchronous speed Ng Pepelie 1800 1500 = 1500 

5. Effective Conductors 
per slot 2 10 16 

6. Parallel paths per 
phase 4 1 - 

7. Total phase current I amp 2460 1799 113 

8.  Slots/pole/phase q 9 6 

9. Pitch pee 0.815 0.778 

10. Spread deg. 6 & 
i eT 

11. Rotor diameter Dm 682 686 865 

l2a. Actual air gap gm 9.0 7.0 165 

12b. Effective air gap g)mm 9.9 7.95 8.9 

13. Slot width bm 10.5 18 

14. Slot pitch >, nm eh 38.5 

15. Active rotor length L m 490 1020 649 
‘ ————_—” 

16. Rotor iron resistivity 
P Na-cm al 254 

17. Chamfered Periphery/ 
pole pitch Pr 0.13 ° 

18. Parallel-gap periphery/ 
pole pitch fo 0.35 0.7 

19.  Ampere-conductors/am 65 47.6 
reo. 

20. g/(D+ 2g) 0.0f2 0.0%0 0.0085 

Computed Loss (mmf harmonics only) my 

21. Belt harmonic terns kW 0043 0.70 3.6 202 

22 Ki 3 0.1 0.2 Os? 0.3 

23. Slot harmonic termé<W5154 " 0.16 0.34 hed 2.8 

he EtWsjof | 0602 0.03 Led.) Med 

25. Total KW OW 0.45 0.73 49 3.0 

26.  GHANGE (Reduction in Loss) 0.3.kW £0% 

27 Total stray load loss measured 
on short circuit test kw 10.5 11.5 28.3 19.4 

28 CHANGE 1.0 ky 2% 

Calculated tooth pulsation Change in 

loss (Gibbs) kW 1.2 1.9 |jlength = 40% 

Change 0.8 kW 

Measured iron loss on 
open circuit test kW 10 1a 

CHANGE kW kW         

    For all machines the rotor surface was ungrooved. 

The peripheral flux leakage factor for the first pair 
of belt haruonics (=%0.94) has not been included. 
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In Table 6.11 machines A'and B are identical apart from phere 

respective air gaps of 9 and 7 mm. The values of gap tabulated 

account for the effects of armature slotting in the usual Wey by Carter 

coefficients. This was suggested by Laurenson’ in his recent paper on tooth 

pulsation loss. 

Increasing the gap reduced the measured load loss on the short cireuit 

test by 1 kw (or 10%) which is of the same order as the change in 

omputed loss (0.3 ki). These results together with Fig.12 0 

Richardson's paper (which shows that the 'short circuit loss minus the rw
 

end winding loss! to be proportionnl to ge) give support to the © 

theoret tical prediction of the change in loss wicth ¢. The change in 

calculated tooth pulsation loss (using Gibbs! formla) of 0.8 kW, which 

compares favourably with the change in measured val is also included. 

Incidentally the calculated surface losses due to these two different 

phenomena are roughly the same order of magnitude. 
4 

Machines © and D have the same endwinding construction and differ 

only in that the length of machine C({and therefore its computed Loss,) 

has been decreased by about 40%. The measured loss on short circuit 

has also decreased in the same proportion, but is greater in magnitude 

than the computed figure since it includes all the stator supplementary 

losses which are difficult to separate with any degree of confidence. 

For Machines E & F, Table 6.13, the components of stray loss have 

been estimated by. the manufacturers. 

The calculated m.m.f. harmonic loss is compared with the measured 

loss in Table 6.13, Ky, is not included. The machine details appear in 

Table 6.12. 
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6.362 

The slot harmonic terms are expected to or rocuce little loss in view 

of the large (slot pitch / gay ratio of 3.3. They are excluded from the 

analysis but are included in the Table 6.13 for interest. 

Table 6.13 Breakdown of Losses for Two 50 MVA machines 

  

    

Machine Reference No. Ez F Ratio 

Gross References 
260646/1 260646/1| E/E 

Air pape: | 0.60 0.85" L/l.& 

Galeulated m.m.f. loss (a) Belt & slot 120 60 2.0 

(b) Belt 38 25 Teo 

  

  

  

Measured s/c Loss 314 259 

Estimated losses ¢ 

Stator winding d.c. Cu loss 132 UK 

Gore end loss + tooth loss + total cone visite 68 

eddy loss + circulating loss, by ealc® ami 
207 200 
  
  

tr
 Q a WN
 0 t
—
 o 

Total pole face, by subtraction         
  

a4 y 

The mem.f. harmonic losses computed by the modified eddy current 

coupling theory (excluding peripheral flux leakage) are of the right order 

of macnitude. Multiplication by Ky,,which is not worthwhile until all 

the other stray losses can be assessed accurately, will reduce the slot 

terms by about 90% (see Fig.1e. 2,3). The ratio of E/F will then be nearer 

the value on the bottom row determined by the summation of losses. 

Although the whole ‘analysis is dependent upon the validity of the methods 

used to calculate the other short circuit losses, which are based on the 

industrial experience of the particular manu facturer,it serves to 

illustrate the practical difficulties in verifying any theoretical loss 

formulae. The last row also ineludes any short circuit slot ripple loss. 

Sap]



6.3.2 

In table 6.13 the computed cylindrical rotor loss has been 

multiplied by the fractional pole pitch. Pole contour has been 

accounted for graphically (ref. section 12.2) but no account has 

been taken of the variation in the summated harmonic magnitude from 

pole centre to pole tip (see chapter 7). The E/F ratios in the top 

and bottom rows satisfy the proportionality : Won 4 ; 
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6.4 Other methods of Calculation 

The predicted m.om.ef. harmonic loss in the poles faces of two machines 

using the methods of Kuypert and Barello® are compared with that obtained using 

the eddy current coupling theory (Table 6.17). 

The two machines are i= 

i, The 60 MVA, 6 pole synchronous compensator ref. 1E Tables 6.7 and 6.9. 

and 

ji, The experimental load loss dynamometer. In the first, the 

predictions are compared with the stray load loss measured on the short 

circuit test and in the second with the pole face loss measured in the 

laboratory. 

Some further comments are also made on the methods of Kuyper and 

Barello. The solutions of Maxwell's field equations by these two authors 

is outlined in section 3.11. Their solutions apply to the idealised 

mathematical model of Fig. 2.7 used for the modified eddy current coupling 

theory,They differ from the latter inthe attention paid to peripheral flux 

leakage but not paid to the variation in permeability. 

6.401 Barello 

The formula for the m.m.f. harmonic loss per unit area of pole face 

. Gerived by Barello is quoted in section 3.11 (equation 3.3 Sand evaluated 

below using an assumed value of mM. 

The substitution of an analytical expression for permeability in the 

early stages of Barello's derivation (just after the integration of the 

field equations - Davies” solution). is, unlike Davies! solution,



6e4eL. 

unhelpful, For example : 

The constants of integration By and E> are found by solving the two 

simultaneous equations 6.3 and 6.4 (geita when (2Q>> 290/d). Their 

final form is more cumbersome if a substitution for is attempted : 

Eye* gfx + Boe" Bx = P In . (6.3) 

2rce/x _ Boe gree 3-0 Tim oe ae Cal) (6a) 
Zic 
a3C 

  

and Eye 

Davies? shows (his ee that when ee dominates 290] 

the magnetic intensity, H tends to Hy ; where 

Hx = (es iv Js 

2] « 

= «(1+4) 5 when (Zk >> 2U/X (section 3.4) 

. Dike vd 
Hence s = (1 Wd) Hes 

m 

Let us take an analytical substitution for ~r of the form s 

peta = &, BO 

Putting t* = ww/Zp 

ee °6.3 to 6.4 we get : 

atte Vey. Go 2 pyetaol ~279/s aR lpiwtk, HW,” +fferk, Hn” eau, dH, /niz} Je 
The different indices of H, make this expression less manageable 

than one in terms of bas 

=> PS fy - ta eee /) Je 

which is used to obtain the loss equation 3,3 6, 

-2 779] 

When the gap is comparatively large, for example when a/9Z <7 5 

some terms in Barello's equations become negligible. This 

inequality usually applies to terms of order 6q + 1 (slot harmonics), 

and for these the gap permeance is most important, any such nathematical 

simplification must be confined to a model which makes a realistic 

appraisal of the gap profile and not applied to the idealised model 
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used by Barello. The calculations made in this section will therefore be 

limited to a direct application of Barello's loss equation - equation 3.3 6 

section 2.4.2. For convenience in hand calculations, where the values of 

Fy, are available from the computer print— up, aa appropriate substitution 

43 made in the numerator of equation 3,3 6 as follows 

Using the nomenclature of equation 12.1.1, appendix 12.1, 

Fy, = 2.70 qa. 
Wane 2Y0 

-where Conductors per slot 

= Total phase current in amps. 

Z 

- 

, XY = parallel paths per phase. 

CG * Parallel paths per coil side. 
. 

Then, in equation 3.36, 

N = 2/¥ 

and Fy = 2.70 (a) ur (6.5) 

multiplying by the pole surface area of a cylindrical rotor, wz DL, equation 

3-36pecomes : ne gates 

e oes p> (6K4) x 

: VP [sinh Aw BeoshA] + + fBeoshA]”} 

Loe; % 
(6.6) 

where A = 271 QGh/d; 

ly and B 

The loss Pp is now calculated first for a 60 MVA synchronous 

compensator, and second for the experimental load loss dynamometer. The 

numerator of the first machine,which has salient poles, is also multiplied 

by the pole arc/pole pitch ratio. 

Example _1 

Machine ref LE. The main dimensions and Fy are tabulated in Tables 

1B



607 and 6.9, pole arc/pole pitch ratio = 0e7. 

Taking Barello's suggested value of Mw é = 3x10 and 

noting that R= Dxl 

) Mp = 1000 

and Vike f 0.0173 

3. Die ke Sy de 

Oo 
Oo 

0 Jt, = we get 

i
c
 Vi 

  

  

f- 
hence OS ENTE X10 4 <a 

t lo? 36 ve * 5 
= 1130VK 

pe eae, a OTL OIS # ede. oe 
= B Oo2s4 = aa SE pares = 1.64 m 

g/d) = Ooms /LES = 0.0116 

A = 2rh yxo.oisb = 0,.0723h 
a < : oa 

Boa aes ee = 06516 (K/n 
| eet OWE Xb): oa IDG asgr eee DOG! Fae Be Ke * 

nh = fe eS 
oa O.o172d S{smh4 + Beoesk Al + Breash A é 

om Ppp = Oe BP K"S xo7/fetuh bt Beash Al +82 eoch? a? 

The loss is now calculated in Table 6.14. 

Exinplo 2. The Fxperinental Machines 

The principal dimensions and tubulated values of 3), ae given in Table 

3e5e Keoping MM, at 1000 and putting 2 = 27x107°2m. {at 100°C) 

wo got MyP = 27% 107% 

and VU, P= 0.0164 7 | 
hence K = Vir p.bK4 /p 

ar : Kx SO 
= TT xs 10> Ue Kh XS Oe: S Ss, Jie ~é % Ee OK oe ore A S45 OUR om 

4 /X,@  0.000305/06456 = 0.00067 

= Lithe/d, =  0,0042h 
AYN 2u20/K ¥ 0.456 my 

= = - =— 3 OO iL 

: Jv May ¥ 2th 1066. ¥ 2 i7. 176 ¥6 /h 

Subst. in equation 6.6 to give : 
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TABLE 6,14. 

Barello's method of calculation for machine rof, 45 - 60 MVA, 

  

  

  

  

  

    

  

  

  

toe EOP ae A Bo A aha” Bonk.” (Ase (Ase)% Oe BFS eee 

.0728h 0.516/K Pan} 
—— 

Boe 

h 
mn 

a b c a 6 = 6 2 mu 

x 10° KW 

4-5 0. 4 One - - - - - ~ ~ ~ = Oo 

7 Eb 4 26 0.508 0.07% 1617 0.560 0.086 0.646 0.448 0,007 0.425 59 

2-44 330 2.83 38.1 0.801 0.067 1.34 0.888 0.090 0,978 0.960 0,008 0.968 44 

aD... Oo 2.83 . 8.82 0.945 0.056 1649 1.10 0,083 1.183 1.40 0,007 1.407 6.3 

347 147° e919 ° PUB 1.24 0.053. 1.89. 1558 0800: 1.069 2686 0.010 ° 2.87 2.6 

AD: 078 5.19 2064 1,38. 0,078 2244. 1876) 0,100 81286: 5.46 0.010 #5647 5.9 

ips 23. 148 8.43084 1.67 0d0S «2275-12055 < O5t2h, 2567 7015) 00015. (oll 1.9 

25 Oo 8 0 4.82 a sy s is o - & : 0 

5 29 880 14.2 1080 2.21 0.040 4.22 4.55 0.169 4.72 22,3 0.029 22,33 49 

$4. 79234462." 870, 2.36 OUST: Sue Gat O93 “OP 2852. 09037 «28.2 34 

TOTAL 796.7 

ee were Bw? = 0.124 F,” K 

TABIE 6.15, Kuyper's method of calulation for machine ref. 45 

Using Fig. 3,8 Using Fig. 3.7. 
e ete ‘\ ¢ 

a 

K oh hep R EkhEtR, Loss tip) fy, © (PREM. Loss 
D : ny. 9:88 6 : ‘a Be Ph s10" 1 kW 

‘= 0,0365h x (0) x 10” a)x(1 
(o 

(a) () (0) (4) (e) () (g) (2) (m) 

45501 04185 0.52 0 O 250 0.06 0.207 0.5 0 

iT - - - - 250 0.08 0.148 0.33 28 

Tikes 05256 0.34 29.5 29 4000: 0,08 0,074 0:22 49 

2 11 0.402 0.18 26 26 4000 043 0,067° 0.066 9.5 

13:6) OATS 05735 55 bee 4000 0.15 0.057 0.02.5 1.7 

3°17 ~~ ~0.621 0.08 3.2 532 4000 0,20 0.053 0.018 0.7 

149 0.694 0.054 5.9 5.8 4000 0,22 Oz2047.2-= 0.012 1.3 

be 23° 0.840 0.03 2.3 oe 4000 0.27 0.045 0.007 0.5 

25 0.914 0.022 0 0 4000 0.29 0.044 “ * 

5 29. 1.06 0.012 81 80 4000 0.34 0.040 SF * 

30.1643 0.009 53 52 4000 0.36 0.037 * * 

TOTAL = 204.2 for pps 1000, TOTAL =32 

5 29 10. 0.3% 0.4 0,012 80 

30 40 0.36 0.37 0.008 46 

  

Multiplying by the ratio: pole aro / pole pitch of0.7, we get: 

Total Loss = 0.7.%9.85x10° = (nF,) 26K R, /b 
= 0679485 x 107 x 204.2 x 107. 
= 444 ki (using Fig,3.0.), 

Belt harmonio loss = 67 x 0.7 ‘ 

= &7 kW (using Fig. 3.8.) 

or 32 x 0.7 = 22 kW (using Fige3e7-) 

indicates that R, is near a maxinun, 

* indicates that R, is outside the plotted range. 
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or
 

hel 

0:00215 pS Kk. * 
Pan ad 

[shA + BechA]"+ Beha 

The results of this calculation, performed in like manner to example 

1. above are tabulated in Table 6.17. 

Seie2e . KAYper 

" (4) Loss Prediction 

Kuyper's Formula for pole face loss due to primary m.m.f. harmonics, 

ae 3-41 section 3.11 is modified to include Kun 3 

Kk 
  

p k, t K a! | 

Bea 
oo a 6h sn en y} ie 

i = (a x10" *Lp)( = Rea ee ye OR 

4, = . Fi fyr and Fy are defined in section 3.2 (v)and (vii) resp. 

subg for Ai» fi, and Fy we get 

Ky 
eee Kova Nba at, 

= Fe SNL ky bur x/O eh» : cr Bai Ri . kW (6.8) 

Br 

For convenience in hand calculations, dans Fy, is available from the 

computer print-out, the substitution : 

Az (fee Kb 2 Lupe pee |e oe 

Ai lee, Kp = af set Co ) 

gives 

Py hp f x/0 Tel. 23.5; x 6KA x R, (6.9) 

Kel 

In view of the difficulty in selecting suitable values for ft,, 

and (to a lesser extent) P » Kuyper proposes a pessimistic estimation of the 

loss (iee. a high value of Rj) oGcuring with the worst combination of factors. 

The maximum value of R1, plotted by Kuyper against a quantity which is 

independent of P and (ip; is redrawn in Fig. 3,7 section 3,11 

Further work (section 10.1. .) will presumbly bring about a revision of this 

pessimistic philosophy as the state of the art advances. 

The loss calculations of the previous section are now repeated using 

equation 69. 
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6.402 

os
 

Y 9 9 3 Example 1. Machine Ref 1%, Tables 6.7 and 

The expression for the pole face loss caused by the armature m.n.f. 

o harmonics stated as equation 6.9 is : 
W 

  

a yh ” h= Lr 4 eee 

Sees. 9 /TtV ae & Voices ie 
Px = Lpf; x 10 x(= ) 2, (hf \x cet a Ry L is in inches 

fe od | - 
tol o. 

In the following calculations the resistance factor R, is “sen irom 

Figs. 3e7 and 3.8 in turn. 

Lyf, ¥ 107? «(st/4)~ 106.2x3x50x107% x W*/lb 

= 9.85 x 107° 

For Fig. 3-8 ¢ 

  

hgp/D = 0.748 x 3b/61.5 

= 0.0365h 

For Fig. 3-73 

P =, 30°% 40-5 

5 = a x 2.54 = 164 cm 

g/d; 

The loss is now calculated in Table 6.15 

0.0116 and e/A,, = 0.0116h. 

Example 2. The Exoerimental Machine 

The main dimensions and "Fy," of the experimental machine are taken 

from Table 3.5. 
& 

Lpf, x 10-9 x (7/4) 9.85x2x50xIO% IT*/16 
? 

i -D : Ba! 
0.607.x 10 inch-sec units. 

For the method using Fig. 3.8 : 

hep/D* ==. 0012"x 2h/1] Ae =  0,0021h 

NBL If h<47, hgp/D lies outside Kuyper's range and is not calculable . 

The logs for the 47th and 49th harmonics is quoted below Table 6.16. 

The calculation using Fig.3.7, Table 6.16, requires the following data : 

Cb = 180.



TABLE 6, 16, 

4 
R, is determined from Fig. 3.7 

Kuvper's method of calculation for the experimental 
7 a ey ™ dhe ome 

load loss dynamometei 

  

  

I, = 29.8 A, 50 of 5 

p = 2% - em (100°C) 

as aod f 
Ke h are fn 10 3/Ay Ry. Loss 

up kW 

= 0,00067h 

1s 0.030 86,0034 8% 0.66 

7 0.027 0.00L.7 Luo 0.4.8 
22°94 0.020 0.0074. 45 0.34 

413 0.016 0.0087 3.1 0.20 

a Ae 0.0155 0.014 2e4 0.15 
49 0.014. 0.013 1.7 0.102 

lL 23 0.013 0,015 165 0.08 
25 0.012 0.017 0.95 0.054 

5 29 0.0115 0,019 0.7 0.04.0 
34 0.011 0.021 0.55 0.028 

6 35 0.0105 0.023 0.5 0,025 
37 0.010 0.025 0.45 0,024 

Teoh 0.010 0.027 0.4 0.019 
43 0.009 0.029 0.3. 0,012 

8 47 0,009 0.034 0.28 0,010 
19 0.009 0.053 0.25 0,008 

  

Total for ist 16 terms 2,204 
    Using Fig. 3.8. 0,04 kW th eke 

Dp - 

*K (h = 49) ~ 

- * estimated by extrapolation 

  

 



6.402 

= 1107S pe Sur om ab 100°C 
From Fig. 5.6 P = OT ex LU jet t 

No 297 /2 = 45-6. om 

@/X, = 0.0305/45.6 = 0.000 67 
eed 

g xy = 0,.00067h 

eis 5 eet WA ¢ S& 

The haruonics, for which e/ An lies within the range plotted in Fig. 3055 

are h>S 1, whence 

a/Ap, = «00074 

(ii.) Permeability 

  

Using Kuypers graphs of the resistance factor R, fora particular 

machine,a value of permeability can be found. The examples below show 

that this value is unrealistic and inconsistent. 

Example 3. 

Consider the 7th harmonic of a turbo alternator (e.g. machine reference 

cecB/«K). The relevant data is ; 

= 1.5": 

D: =. 37% 

p “=> b:pair 

27.5 fe - Cn ie 

For the 7th harmonic, 

g[X> = 1.5 i oO
 

e ee
 

sO
 

and f7 = 6kf, = 300 c/s 

From Fig. 3e7 when a = 0.09_R 

[£X* jo7! 
a 

—_ ay Mae P 0.35 

TO 
wats SL a Oe



6.Gre 

Solving this equation for M,, . 

ets 
ays uto &x 01/225 

(cm units) 

y= 300(-« 2:54)" x 

300 x 1780x 10/338 

= 160 
This value is considered impractical for the reasons given in Section Sele 

Example 4. 

Consider the example given by Kuyper in line 3 of his Table 3, In the test des- 

wibed a machine was operated at its rated speed of 3600 rpm with direct current 

applied to the armature winding connected in open delta. 

The relevant machine details are ¢ 

f = 20 Mya -cH 

D = 20" 

g = 0.375" 

Nj =. 209¢ 

g/s, = ax asq = 0.006 

For the first triplen harmonic, which Kuyper tabulates in line 3, 

h e = 33% 2 x 1/20 = 0.056 

The corresponding value of Rj lies outside the range published by both 

Kuyper and Chalmers(Fig. 308 ) but is quoted by Kuyper as : 

RL So 1.0% 

"With Ry = 1.6, and g/3 2 0.02 the value of j* implied is obtained by 

reading from Fig. 2¢7: 
Sey A 78, 

FN LO" 80.08 
V Hy 2. 

Thence i My = Fe , 3 40 ?/9.00 64/2 

= 4000



This value of 44, , obtained by using Ry, from Fig. 308, . is obviously too 

high, supporting Kuyper's recommendation that Fig. 3.7 gives a more reaiistic 

estimate of the measured loss. Kuyper repeats th 

2 using Fig. 3-7 giving Ri values of 0.75 and l.i. He assumes values of 

Ba = 100 and 400 respectively, which the author considers too low. 

Nevertheless using these values offl,, values of Ry fall below and to the right 

of the maxima. 

6.5 Comparison of Methods 

Table 6.17 summarises the calculations made in this chapter using the 

Thi ¢ 

methods of Kuyper and Barello together with the proposed theory. Whilst it is 

unrealistic to dvaw any general conclusion from two sample caleulations (which 

are not necessarily typical) it-is evident that all the methods of calculation 

highlight the partioularly lossy harmonic terms, and predict a pole face loss 

of the right order. Kuyper's short method using Fig.3.8 overestimates the 

loss in both above ‘examples, his long method with at» = 1000 under- 

estimates it. 

The peripheral flux leakage factor used with the modified eddy current coup- 

ling theory seems to overestimate the reduction of surface loss due to the 

peripheral leakage of the harmonic fluxes in the air gap. 
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TABLE 6.47. Comparison of methods. 

  

The harmonic loss in KW is caloulated using 

of finding Ry), Barello's formula and the modified eddy current coupling theory. 
(1) Kuyper's formula (two methods 

  

Experimental load 

loss dynamometer, 

60 MVA machine ref. iE 
Cross ref. 105 

  

  

  

                
    

K h| Kuyper Barello #.C.C, Kuyper " Barello - #.6.0, 
Figs 3.7. ref, Aly Bigesde7 Wigs. 3.8 By Including 

\164) computer| leakage 

Ue 4000 p= 1000 H, = 1000 tao 1600 

¥, Py Pr, Px Py Py Py, Kr tte 
5 0.66 0.20 0 ott. 0 0 0 0 0 

mee 0.4.8 0.13 0.53 ao 29 5g 206 19.1 

est t 0.34 0.04 0.30 9.5 26 41 16.6 9.4. 
45. 0.20 0.06 0,20 4:7. Bee 6.3 4.68 0.8 

5 7, 0.15 0.05 0.14 O57 pes 6 0.78 0.2 

Ag 0.10 0.03 0.09 4335 5.8 Sed 11478 0.4 

dee 25 0.08 0.02 0.06 0.5 2.5 oo 0.6 0.1 
2D 0.05 0,02 0,04 0 0 0 0 0 

5254) 20.0 ve 0,01. 0.03 % 80 49 | 110.3 8.8 
34 0.03 0.04 0.02 * 52 31 69.4, eS 

6 36) 0,03 -. 0.01 0.01 
37 0.02 0.01 0.04 

1 at 0,02 0.00 0.01 
Le; 0:04. 0.00 0.01 

Belt - - - 117 46 30 

Slot - - - 80 | 180 4 

Total 262 0.65 4.69 32 204.2 197 226 42, 

Total x Pole arc/Polepitch - 22 14,3 1375..4:158 31 6 

Measured value 1.92 - 
Stray load loss on S/C 24.6 
Stray load loss minus the estimated 

supplimentary copper loss 44.6 
  

* outside the range of plotted data f = 25 kW when 
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7, THE DISTRIBUTION OF HARMONIC E.M.F.S AT THE POLE SURFACE 

7.1 Introduction 

In section 2.3 the fluctuations in the predicted armature m.n.f. 

eacicen were shown to be much greater on the direct axis of the a.m.f. 

wave ( 0, = ©) than on the quadrature axis ( O,=+ 90°E). The induced 

electric intensity (E).in the pole member, the current density (J),and the 

loss Caf p 3°) will therefore very in magnitude between these two axes. 

This chapter details the measurement of the induced e.m.f.s. (2 [OE dz ) 

at the secondary surface (i.e. the pole surface) of the experimental machine 

by means of search coils. In section 7.4 the results are snadeeed in 

conjunction with the theory presented in sections 7.2 and 12.5. The 

analysis takes into account the troughs in the polarising field opposite 

marked effect on the time $0
 the armature slot openings. These have 

variation of the search coil voltages, increasing the magnitude and 

quantity of high order harmonics, Oscillograms Al to FD, section 7.4.1. 

The first pair of m.m.f. harmonics (for which K = 1) and the first 

slot ripple harmonic all induce 300 c/s e.m.f.s. in the secondary and 

cannot therefore be separated empirically. They were isolated from the 

other harmonics by using a narrow band pass filter and from each other by 

applying the theory given in Appendix le.5. 

The analysis in practical machines is complicated further by the 

varying displacement between the m.m.f. waves and the pole shoe (section 2.3). 

This is avoided here by using an experimental model having magnetic 

symmetry and a uniform air gap. 
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9.2. The Search Coil Array 

Two groups of search coils were laid in fine axial grooves cut 

approximately 0.005" deep with a 0.005" circular saw blade, Fig. 7.1 (a). 

The first group contained six 0.0025" diameter resin insulated wires spaced Oo to
 

1/5th of a fundamental pole pitch apart, the second group contained eight 

wires spaced 1/7th, i.e. the groups spanned a fundamental pole pitch and 

were full-pitched to either the 5th or 7th m.m.f. harmonic. These wires 

were formed into search coils by soldering a common bus rail at one end of 

the secondary core and a screened multicore cable at the other, care being 

taken to avoid pick-up from stray fluxes, Fig. 7.1 (b). The e.m.f.s induced 

in a selected search coil could be investigated by the switching arrangement 

OL Nig, 7.2. Gold plated plugs and sockets and a silver plated sulebear 

switch were used to minimise contact resistance. The 5 coils piicnea 

A} /ro(or tm /5°) were labelled 51 to 55 and those pitched 1/7, 71 to 

77. Coils 53 and 74 were used for most tests as they had the same axis. 

ee LOeCOLy: 

An expression for the e.m.f. induced in a very short pitched search 

coil on the secondary surface is now derived in terms of its angular position 

relative to the iignelg MeMet. wave by considering the rate of change of 

flux-linkages. 

MM oD 
| 7.3L General Expression for the Primary M.M.F. 

E.M.F.s are induced in the secondary of the experimental machine due to 

(i) the changes in the air gap flux density caused by the primary slot 

openings and (ii) the rotating primary m.m.f. harmonics. The variation in 

flux density due to the slot openings, already referred to in section 5, is 

analysed in Appendix 12.6 into a slowly decaying Fourier series. Both 
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the frequency and the wavelength, of the first pair of slot ripple harmonics 

are shown to equal that of the qth pair of mom.f. harmonic terms (q = S/P/P) 

A resultant e.m.f. can therefore be obtained by vector addition. 

The problem is analysed initially by considering these 300 c/s e.m.f.'s 

to the exclusion of all higher orders, even though the higher order terms 

may in practice alter the effective permeability. A smooth cylindrical 

secondary is also assumed, such as an unslotted turbo-alternator rotor or 

the secondary of the experimental machine, i.e. we assume that the air-gap 

is uniform and the pole arc is 180°=. When balanced sinusoidal currents 

flow in the practical 3-phase integral slot winding (having 60° phase 

bands and represented by AA', BB' and cc’, (Fig. 23) the rotating m.m.f. 

waves are established. These may be expressed mathematically in terms of 

the primary space angle , by equation 3.1, section 3, viz : 

F= 672 (NIpys) a (K,, cos (Q-W,5) + oe. + 

dr ‘4 

Ft Ky, . 008 CH Sw) t) 4 2 3) 

The fundamental wave rotates at synchronous speed, its direct axis 

being coincident with the axis of that phase coil carrying maximum 

current (Fig. 7-3). The velocity of these rotating m.m.f. waves with 

respect to the secondary is obtained by subtracting from the speed of 

each the relative speed of the secondary. Therefore by making the 

substitution, 0 am o, - Wt in equation 3.1 we get the Fourier series 

for the m.m.fs. appearing at the secondary surface ; 

F =F, cos 6 > + Fs cos (5 G2 + Sat) + oe Fy cos (h 9+(he1)w,%) 

  

(752) 

where h = 6K +1 

and Fo a hy Lan = ove Nias Ewh 

h Kya Kw7



  
  

        

      

\ | 

Sy 7   
-T/2 

Curves @b&¢: Posiio of Fundemontal, & 50! and 77 Harmaies 

Respectively, when wk =O 
deat: Ditts , when me oe | 

Ad Curves ane. Shown sc/alwe & Ye prauary and apply 

te the Experimental Machine whid has a Fath ifekod 

es ieee urith a Pin 

Fig 7.3 THE HARMONIC. i$ 
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-PROBLEM NOe Ai 

DATE: . 28/1/64 
HARMONICS .IN MMF WAVEFORM 

Kae? H hed Ke KDH 

120 5-00 41.0000 41-0000 | 
400: fyQO..° =160Q00 47-0000 
200 tteO sets O0080 41-0000 
200) 221380 41-0000 72-0000 
360°. 354 Fe 10000 41-0000 
360 19.0 “-41.0000 | 74.0000 
4-0 23.035 =1-000G 47-0000 
4.0 2560: 17-0000 41-0000 
50 29-0 12-0000 420000 
5e0 8 ==3140..-1-0000 47-0000 
S30 3520 -1-0000 4.20000 

520 37-0 47.0000 41-0000 
700 41-0 71-0000 41-0000 

ee Oe A350 -7.0000 +-0000 t 

8.0 47e0 1.0000 42-0000 | 

8.0 49-0 420000 41-0000 

5.0 53-0 420000 42000 
9.0 55-0. .-1-0000 41-0000 
10 59-0 120000 72-0000 |} 

10 6760. 44000 4.0000 | 
14 65-0 4.0000 47-0000 |; 
4 67-0 .-1-0000 47-0000 i 
12 : 71-0 -1-0000 7.0000} 
12 : 7320 41-0000 120000 |}   
  

Table 7.1. Change in sign of k for the Experimental machine 
pis + 

having a full-pitched winding with 1 S/P/P 
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069.1 

At the direct axis 6) = O and therefore ; 
2 

rs = Fy Zs - Po) cos 603,t + 00. + (Foy 3 + Fox 3) 008 Skwt (7. 

At the quadrature axis © =T1/2 , hence: 

ee = 0 + Focos (6, t+T7/2) + Py cos (6, t -1/2) + 

+ Fy cos (124% -7/2) + ¥),008 (12 w,t+0/2 ) 

2 -LFs-Fy) sin 60,t + (-1)°(F,)-F,;) sin l2wt +... 

: K ¢ a 

i.e. at the direct axis all the harmonic m.m.fs. are added algebraically 

whereas at the quadrature axis they are subtracted. it must be remembered 

that the harmonic m.m.f. Fy, may be positive or negative depending on the 

signs of its component winding factors. This point is now illustrated by 

considering the harmonic winding factors of the experimental machine, Table 7.. 

Jedee The Experimental Machine - Harmonics 

In contrast to the full pitched infinitely distributed winding of 

Fig. 2.5, which produces a maximum m.m.f. fluctuation at the direct axis, 

the full pitched integral winding of the experimental machine produces a 

minimum fluctuation. This is found by changing the signs of the 

coefficients in equation 7.3. in accordance with Table 7.1. The sum of 

each 6K - 1 term and the corresponding 6K + 1 term will be a maximum 

at the direct axis and a minimum at the quadrature axisi— 

Kee oe ee 
se 5) w7 - - n w/3\ et, pen. flee > = ) Sin bw, ater + Si r 

k Kee Biss 
co Ga ee ie aa. es ) Sin Kw tf 
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where ky, = the modulus of the winding factor 

and h 6K — 1, not 6K * 1. 

In appendix 12.5.1 equations describing the e.u.f.s induced in 

the secondary search coils are derived in terms of the alternating 

flux densities caused by the m.m.f. harmonics. These equations show 

that at the direct axis the induced e.m.f.s ey and ey 4 are 180° 

out of phase and that this phase difference is reduced by (285 at 

any point displaced Oo°E from the direct axis. The quadrature axis 

@emef.s are therefore in phase. 

x 

143.3 Experimental Machine — M.M.F. Waveform 

The analysis of Appendix 12.5 shows that the m.m.f. fluctuation is 

wo
 

not necessarily a mximum at the direct axis as implied in section 2. 

The position of maximum fluctuation depends upon the magnitude and 

sign of each harmonic winding factor, or, fundamentally, upon the actual 

shape of the m.m.f. waveform and the way this waveform changes in time 

relative to the pole surface. 

This change in the m.m.f. waveform was illustrated for a full pitched 

infinitely distributed winding in Fig. 2.5., section 2.3. tit is epeated 

here for a practical winding having l s/p/pe The m.m.f. wave relative to 

the primary is plotted for three instants in time in Fig. 7.4. It is 

evident that a small fluctuation occurs at the direct axis but not evident 

at the quadrature axis. By taking 12 equal increments in time, curves 1 

to 13 Fig. 7.5, the time variation of the direct axis and quadrature 

axis mem.f.S can be plotted, The mm.f. fluctuation at the direct 

axis, curve (a) Fig. 7.5., is much smaller than at the quadrature 
3 o 3 
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T2303 

axis, curve (b), and confirms the conclusion drawn from the harmonic 

synthesis in section 7.3.2, that the direct axis mm. 

than the quadrature axis men.f. 

that of Fig. 2.5., i.e. the low number of armature conductors has 

little influence on the d.a.. fluctuation. On the other hand the 

qeae fluctuation is very different to that of Fig. 2.5., the influence 

of the small number of armature conductors situated below the narrow 

slot openings being considerable. 
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7.4 

7.4 Experimental Results 

The variation in search coil e.m.f. over a pole pitch was 

found by swinging the secondary in its trunnion bearings. All Yreadings 

for a given search coil pitch were thereby obtained using one 

sot) eliminating any error due to differences in coil construction. 

Coils numbered 53 and 74 were selected because they were coaxial 

(Fes 752) 

7.4.1 The Waveforms of the Induced E.M.Fas. 

Oscillograms of the induced e.m.f.s in coil 74 are shown 

below ( A 1-5, C 1-5, E1-5 ). The point on the polarising 

wave and the pear? current is indicated. Oscillograms B 1-5, 

D1-5, F 1-5 show the corresponding flux-linkage waveforms 

obtained using an integrating amplifier. 

The most striking feature is the influence of the primary 

slot openings causing sharp peaks of e.m.f.. Unfortunately this 

distortion together with an unknown degree of armature reaction 

foils any serious attempt to correlate the oscillograms with the 

memef. waveform fluctuations of Fig.7.5. The waveform obtained 

with the primary unexcited is explained below. 

The slight change in the waveform of successive cycles is due 

to rotor deformations mainly at the slot openings. Repetition 

occurs every 12 cycles after one complete revolution of the 

LOLOL. 
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Te4.1 

The change in amplitude and shape of the oscillograms in 

each set with primary current is attributed to magnetic saturation. 

724.2 The Calibration of Waveforms. 

For the e.m.f., the vertical sensitivity = 0.5 v/cm. 

For the flux densities, the vertical sensitivity. = 2 v/cm. 

From the Tektronix Type - O amplifier Manual p 4 - 4; 

the output voltage of the integrator is 

Bok ae ee C5 Ss CiRp of @gd% = - Cif 

i.e. the flux linking the search coil, 

  

g=- CiRp eo 

and the average flux density, 

av ; 
Aj/h1 

where Aj = fundamental pole pitch x length 

= DL/2 p = 0.057 m@ 

and hy = the harmonic order for which the search 

coil is full-pitched. 

e . ° Bay = Ly, ° 5 Ci Ree of] 

With Ry = 0.2: MN, Cf t= 0.001MF, and hj) = 7 

Bay = al) sDaxuOee me OLOOL ix: ('e5 

= = 0.0235 eg Wb/me 

e's The Vertical sensitivity = 0.047Wb/m* per om deflection 
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7To4.3 The Influence of the Slot Openings. 

Oscillogram Gl taken with the machine unexcited but not 

demagnetised is now considered. Fig. 7.6 shows two positions 

of a secondary search coil relative to a primary slot opening. 

The flux linkage, which depends on the remanent magnetism 

  
  

  
  

  

Th: 
Rete CoIL Tk | 0.006" 
fate ieemnceeetaet se ore) 

| 

iy bar [Pe Sa Tae eae 
eres b0°E — k- S3°E SLOT 

(a) minimum flux linkage (b) maximum flux linkage 

Pigs 726 SLOT RIPPLE FLUX LINKAGES. 

varies between g, in (a) and & » in (b),a discrete change 

occuring each time a slot opening enters or leaves the region 

beneath the coil, i.e. at intervals of 26° and (60 - 26)°, Fig. 7.7. 

  

  

  

A 
(0) Flux p * | 

LINKAGE | Pio ker icc. et; 
| #e Pe | ‘oe be Ko 

| | wt 

(EMF Ss | ! ) 
OB A | 
at | V | Ny leh ae 

WEe@er ie ( @ and e, for coil 74 with machine unexcited. 

The corresponding predicted e.m.f. waveform (b) confirms oscillogram 

Gil. It may be distorted slightly by the axial groove housing the 

search coil. If the flux density is not uniform between the two 

coil sides the horizontal lines of Fig. 7.7 will also be distorted. 
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Lothow 

7.4.4 The measurement of the 300 c/s e.m.f.s. 

In view of the substantial harmonic content of those waveforms, 

typified by Fig. 7.8,it was decided to limit the present work to 

the 300 c/s component of the search coil e.m.f.s. i.e., the 

component attributed to the 5th and 7th m.m.f.harmonics and the ist 

slot ripple harmonic. 

100 

%, r 
50 

    

Oo 
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O 0-6 FREQUENCY 1:8 Ke/s 
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Yo re Gut 

50 - 

= 
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O Ob FREQUENCY Ke/S 3 2h 3.0 

Primary current I, = 25A 

90 °F (qea.) Coil 71 is positioned at Oo 

Coil 74 is positioned at 9, 13 9 

Fig. 7.8 Harmonic Analysis of Coils 71 and 74. 

The search coil emf. es, was passed through a narrow band-pass 

filter having unit gain ( Fig. 7.9.) and recorded on a valve voltmeter. 

Random fluctuations in secondary remanence torque were avoided by 

adopting the following procedure for each reading: 
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(i) The temperature was set by adjusting the primary 

current, I,, and allowing time to stabilise. 

(ii) With the secondary clamped, I,_ was reduced to zero 

and then increased to the required setting without 

overshooting. 

(iii) Readings of ©, eg, I, and surface temperature were 

were recorded as quickly as possible. 

To avoid errors due to mains frequency @rift, the filter gain was 
4 v 3 

a signal obtained adjusted to unity before each set of readings,using a 

from the harmonic analyser (Fig. 7e2)o The results are plotted in 

Fig. 7.10. 
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Two other tests showed that (i) the search coil e.m.f., es, was 

independent of temperature over a wide range - Fig. Weil; end. (ih) 

the remanence torque has a small effect on eg and = Hiei Pelee 

Fige 7.12 was obtained by modifying the above procedure and selecting a 

value of primary current which would maintain the enohdary guprace 

temperature constant at a reasonable value. The secondary was then 

rotated in one direction and (with the secondary clamped and conditions 

steady) eg recorded for small increments in o\,
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7.405 The Analysis of the 300 c/s e.m.f.s. 

It is shown in Appendices 12.5 and 12.6 that the e.m.f. induced 

in the search coils of the experimental machine at 300 c/s contains 

4, components; two produced by the m.m.f. wave and two by the slot 

openings. fhis-section develops a method of separating these components. 

Corresponding components in each pair have the same wavelength, 

either Aj/5 or Ai/7. (equation 12.5.12 © and D ) and therefore the 

sane pitch factors. The two m.m.f. harmonics are in antiphase at the 

direct axis but in-phase at the quadrature axis. Conversely the two 

slot ripple harmonics are in-phase at the direct axis but in anti- 

phase at the quadrature axis. The 5th harmonic e.m.f.s of each 

wa Deh: =



pair are phase displaced by a small angle S- de . These four 

components are difficult to separate with any degree of confidence 

because sO many assumptions are introduced to simplify the arithmetic 

in the initial analysis. 3 

For the m.m.f. harmonics it is assumed that the harmonic flux 

density, By, is proportional to the harmonic m.m.f., K,, ise. that » Dh + ? : 

ot
 he demagnetising ampare-turns at the common rotor frequency are 

proportional to FR,. With these assumptions the proportion contributed 

by the 5th and 7th harmonics is estimated in Appendix L265 i.e sand. 

summarised in Table 7.2 below. 

TABLE 7.2 
eta enn etn mae 

  

Point on the polarising wave. 
  

    
  

Coil pitch - electrical radians |} 1/5 ‘1/7 Ch oa /l 

- m., | 46 3 46 35 

component attributed to 5th m.m.f. 100 90 100 90 
harmonic (arbitrary units) 

component attributed to 7th m.m.f. Al Bi: Al Bi: 

harmonic 

component attributed to 5th & 7th 59 5908 fe Ad A, 

m.mef. harmonics 

Ratio : dea. value/ qea. value (=2)} 0°42 028       
  

Let b = the ratio of the 300 c/s dea. component of the 

slot ripple e.m.f. to the 300 c/s q.a. component. 
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From Appendix 12.6.6: 

Db @ 3.7.. forithe 1/5 = pitched,coil 

and: bi ae 8.6 for the 7/7 - pitched coil. 

Notation In separating the components of the search coil e.m.f. 

a double subscript notation is introduced whereby the first number 

refers to the harmonic order for which the coil is full pitched and 

the second to the harmonic order of the inducing field. A single 

subscript will indicate the measured value, d or q the appropriate 

axis, and R.the slot ripple component. 

Using the above ratio the unknown components can be expressed 

in terms of two parameters U and V which are evaluated from the test 

results. Solution of the resulting simultaneous equations will give 

some indication of the harmonic e.m.<. and flux density levels. 

Let U = the total e.m.f. at the quadrature axis due to 
the harmonic m.m.f.s. 

and V = the total e.m.f. at the quadrature axis due to 
the slot ripple flux density 

Then, at the quadrature axis, for the coils pitched 7/5: 

€55 + &57 = U 

and e5R = V i 

At the direct axis: 

Coe Oe 
and esp a OV, 

The summation of these two equations gives the measured values 

of the e.m.f.s, e54 and esq respectively. If 6- SR is 

negligibly small the summation is arithmetic: 

at: 223 =



To4ed 

aU + DN ae e5q 

U + Vic e5q 

from which 

U, a ( Goa bes, )/( a-bd) 

Vi= ( aes, - e5a)/( a-b) 

and e565 = (a-1) V/2 

Le e 5 = 1 ar 
eee oo a tee ar oe ( €5q ee bes, ) (7.5) 

and ¢57 = 42 (esq - be5q) CAD 

substituting for (a) and (b) quoted above for the coil pitched 

9/5 gives: 

€55 = = 0,22 ( e54 - Sel &59 ) (Tet) 

For the coils pitched 7/7: 

e755 77 =e.0G and e795 = 77 = aU etc. 

Putting a=0.28 and b = 8.6, 

equation 7.6 becomes: 

= 0.72 : 
°71 NNER ES (eva - 8.6 eq, ) 

0.0433 ( 8.6 faa ee ) (7.8) 

The peak 5th and 7th harmonic flux densities, Bs and Bo, are calculated 

from equations 12.5.6 and 7. They are plotted in Fig. 7.13 against the 

primary current. The theory assumes Bh oC FR, , iee. that Cs in the 

equation: B7 = Cy, B, (12.5.4) 

is constant and equals F7 / Bs = 5/7. Clearly once Bs has been 

calculated from the measured results By is found. In order to test 

eek e
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this assumption By was calculated twice using the results of two 

coils having unequal pitch, curves (b) and (c) Fig. 7.13. The close 

proximity of these two curves verifies this part of the theory. 

7.4.6 Calculation of The Harmonic Flux Densities. 

This example typifies the calculation of B5 and B7 

from Fig. 7.10 when Ty = OA 

0.64: Ve RiM.Ss “54 

Q5g = 0776. Ve marks. 

substituting in equation 7.7 gives: 

@55 = 0-22 G33 tix: .0.64 10.16). e1. 994 Vw 

The peak value of the e.m.f. in a full pitched coil is related 

to the peak flux density by equation 12.5.6, Appendix 12.58 

LD eh OO ese Bh volts R.M.S. 

where h = harmonic order 

and W/h, = coil pitch 

For the experimental machine, the R.M.S8. value of ep) is measured, 

vo 6nion 2 eh} ° 2 Ee eee a8 Bonn 
2° 5h Ox BH SO % 0s a0. RE OTS 0.0206 hy enl 

Using the double subscript notation: 

when hj = 5, Bs OF105 55 fOr COS. 5LE66555 

and when hj = 7, B7 0.144 e77 for Goibs [1260.0 fy. 

0.103 x 0.354 = 0.036 Wb/m* (max) ‘es When I= 530A, Bs 
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7.4.6 

It is interesting to compare Bs with the value of normal d.c. 

flux density. 

When T, = 30 A, | Brean = 05535 . Wo/m* 

oe ee = 00535J2 = 00756 Wo/me 

i.e. Bs is about 1/20th of 5). 

Now the mmf. Fy is 5 times Fy (equation 3.1). Also the 

normalised slip Ws5/{m5 is much greater than 1 (Table 3.5), 

indicating that the harmonic armature reaction is much greater 

than half of F5 (Reference 4 section 2.7) Therefore the flux 

component of 5 is less than half 5 i.e. less than 1/10th of 

Fi indicating that B5 and e5 are of the right order but perhaps 

smaller than expected. 

7.4.7. Calculation of slot ripple e.m.f. 

The slot ripple flux densities and e.m.f.s. are not plotted 

put the above example is extended to facilitate a comparison 

between the slot ripple e.m.f. obtained by the analysis of the 

experimental results using section 76405 and the wae opveined 

theoretically using appendix 12.6.6. 

From Section 7.4.5. 

At the quadrature axis the total slot ripple e.m.f. induced in 

the 9/5 pitched coil is 

( a e5g - e5g) / (a-d) 

-( 0642 x 0664 = 0076) ( = 3428 ) 

e5R et 
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and in the 9/7 

©7R 

Ul 

Te4e7 

0-15 Volts. 

pitched coil is 

( 0028 x 0660 - 0074 ) / ( 0-28 = 86 ) 

0-069 Volts. 

From Appendix 12.6.6, at the Quadrature Axis: 

oR 

and e€7R 

From Table 12.6. 2, 

by 

61 LDb 1B, x 0-0212 /pv2 Volts R.M.S. 

6w4 LDb;B, x 0°0094 /p 2 Volts R.M.S. 

77*9/960°9 = 02081 

From section 74.6, When I, = 30 amp. 

By 

6 wi Ld and ‘ jp 

oS ©oR 

and e7R 

0+756 Wb/m2 

a’ 
0.0206 

0.081 x 0.756 x 0.0212 / 0.0206 0.063 volts 

0.063 x 0.0094 / 0.0212 = 0,028 volts 

Whilst it is encouraging that the experimental and theoretical 

values are the same order of magnitude, the large difference between 

them suggests that the analysis of this complex problem has been 

oversimplified. 

es
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Teo Summary. 

This chapter has demonstrated the importance of examining the 

fundamental nature of the armature reaction mem.f. waveform. The 

point on the pole face where the fluctuation in this waveform is a 

maximum may be ascertained by studying a progression of such waves. 

Alternatively a method of harmonic synthesis may be used provided 

all the important harmonics are included, together with the sign of 

their winding factors. 

The technique used to separate the harmonic components of the 

search coil e.m.f.se is believed to be sound in principle but is 

complitcated by the presence of the slot openings. In view of this 

complication and some rather sweeping assumptions the degree of 

corroboration between theory and experiment for the 300 c/s induced 

e.m.f.s. is encouraging. No attempt has been made to correlate the 

search coil waveforms with the m.m.f. fluctuations of Fig. 7.5 since 

the reaction of eddy currents and the influence of the slot openings 

will cause the actual flux linkage pattern to be very different to 

one obtained by integrating the appropriate mem.ef. waveform. The 

quantity of harmonics present is considerable and these vary In 

magnitude across the pole face, Fige 7.8. The effect of magnetic 

saturation in reducing the 300 o/s component is evident from the 

waveforms and also from Fig. Tel3 and 7.14. ‘The flux waveforms also 

become less peaky above a primary current of oo tampa due to saturation. 

The shape of Fig. 7.13 would appear to follow that of the 
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magnetisation curve. For example below a flux density of 0.7 Wo/in@ 

the Log-log graph of Fig. 7.14 shows that Be changes with I, in an 

orderly manner: 

1.4 

over the same range of primary current the B - H curve for the 

secondary iron has the form: 

B yie6 

The similarity between these two relationships suggests that a 

substitution for ad based on the unsaturated part of the magnetisation 

curve might be more applicable to this problem. 
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8.1.1. 

8 DISCUSSION 

8.1. Some Comments on the’ substitution for permeability 

Selec "Saturation 

As 2 ae predicting surface loss The three methods 

discussed in this work all assume that the high frequency 

of induced surface currents (equal to integer multiples 

of 300 c/s) results in a low depth of penetration of 

flux. An assumed exponential decay of the electro- 

magnetic quantities with distance, y, into the secondary 

(pole) member forces the surface flux density well into 

the region of magnetic saturation. In the eddy current 

coupling theory the surface flux density is therefore 

considered to be high enough for the power-law relation- 

ship between B and H to apply. The simplification of 

the mathematical expressions derived from Maxwell's field 

equations by this substitution for pu has led to 

comparatively simple formulae involving only the machine 

parameters. These formulae account for the reaction of 

the pole face current density on the inducing field, a 

requirement which has been stressed by previous authors 

(6.04: POle7 >. The substitution avoids using either a 

numerical method (expensive in terms of computer-time) or 

a single value of M . Since 4 varies in space and time, 

the substitution of a single numerical value has doubtful 

validity, whereas an:analytical substitution is more 

realistic, especially if it is made before solving 

Maxwell's equations and when there is no superposed d.c. 

flux. The pole face loss problem where the eddy currents 

are produced by an alternating m.m.f. superposed on a 

direct m.m.f. is discussed later. First, consider the 

validity of the substitution expressed by equation 3.135 
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8.1.1. 

applied to an eddy current coupling or a solid rotor 

induction motor: 

pen = k, H™ (3423) 

This expression for mM allows direct substitution 

in equation 3.8. The use of this substitution in our 

problem is claimed to be justifiable on the grounds that 

(a) the graph of log HH against log H is linear 

over a larger range of H than that of log B against log H. 

(b) the drum flux density lies within this saturated 

region. 

(c) eddy current coupling performance characteristics 

based on equation 3.13 can be predicted with reasonable 

accuracy. 

The logarithmic graph of Fig. 3.3. indicates that the 

above substitution could be used to represent the mild 

steel of the experimental machine over the range H = 600 

to 30,000 A/m (B=0.95 to 2.0Wb/m?). In this case the 
values of ky and m (which have been used in the computer 

programme for pole face loss) substituted in equation 

S10 21Ve CGs Ove.- 

wed = 0.769 HO*794 (5:2) 

Equations 3.13 and 3.2 may be. expressed in terms of B 

and H alone by making the usual substitution B = MH: 

G35 Hee ae ee ees (Be) 

ene Re MRE AGS Sd es ORCS 2.) 
B 

OY sb 

Mathematically, 3.2 and 8.1 are identical. Equation 8.1 

suggests that the slope of the log B/log H graph should 

be 0.176 at high flux densities. This is untrue. The 

measured slope over the linear range of Fig. 3.3 is 

actually 0.124 and is valid over a much smaller range of 
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H. (1,600 to 30,000) A more accurate relationship 

for the saturated region is obtained by measuring the 

slope over this range, giving: 

Wier ss Hoe a oS Se See tee) 

Fig. 8.1 shows the graphs of equation 8.1 and. 8.3 

plotted on the same linear paper as the B/H magnetisation 

curve and a B/H loop. The considerable difference 

between the index of H in equations 8.1 and 8.3 is due to 

the drawing of straight lines through points which 

actually have a slight curvature. The effect of curvature 

is masked by plotting Log yn against Log H because: 

(a) the curvature is very slight 

(b) As H falls, ps increases thus extending the 

apparent linear range. 

(c) The cramped scale of the logarithmic paper at 

higher flux densities minimises the gap between 

plotted points and the assumed straight line, 

giving a false sense of accuracy. 

The index of H in eqn. 8.1, obtained by taking the small 

difference between two larger numbers (4m-3), is very 

sensitive to errors in the measurement of m. This 

extension of the linear range is to be expected: any 

graph of MH against H will always be more linear than B 

against Hif O<t<21. As dis reduced, the graph 

changes from a B/H curve when ¢ = 1,to a straight line 

when 2=0. This point is illustrated by taking the 

particular case of the experimental machine by measuring 

q 

Ky and m using equations 8.2 and 8.3: 

Ki = 470.558 = 0.864 (cf. k, = 0.769) 

and: af (= sat Ueles 69.981 (cfm =. 0.794) 
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8.1.1. 

This calculation indicates that m is too sensitive 

for engineering applications. Equations 3.2 and 8.3 

describe two quite distinct magnetisation curves for 

which the magnitudes of m differ by only 1.6%. This 

produces a difference in the magnitudes of index (4m-3) 

of 30% i.e. a very small error in the calculation of m 

makes a considerable difference to the calculated 

quantities in the eddy current coupling theory, the 

indices of which are also obtained by taking the 

difference of two large quantities involving multiples 

of m. A particular example is equation 3.24. In 

Fig. 8.1., the difference between the calculated B/H 

curve (curve 3) and the measured magnetisation curve 

(curve 1) indicates the degree of approximation 

introduced by Davies' substitution form . Such 

approximation is masked by the deceptive juggling of 

the indices of m and H. As far as the iron is concerned 

it is the actual relationship between mp and H that is 

important, the suitability of the substitution therefore 

depends on the proximity of curves 1 and 3. 

8.1.2. The complete range of Flux Density 

Under alternating conditions equation 3.13 will be 

valid only for that limited part of the cycle for which 

the medium is saturated. Furthermore because of the 

influence of eddy currents the maximum flux density in 

some regions will not even reach the knee of. the 

magnetisation curve (see B. James' Thesis ref. 38). 

It would appear then that a different substitution for 

pas may be necessary for some parts of the cycle and in 

some regions of the iron.’ 

The hysteresis loop has been plotted on Fig. 8.1 

(corrected for flux meter drift and calibration errors) 
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8.1.2. 

for a fairly high value of Balen AS Wb/m”) . The 

shape of this loop is not expected to alter greatly 

for other cyclic variations having greater peak 

flux densities. Now the proposed substitution for 

p> eqn. 3.13, is not intended to follow the cyclic 

variations of B and H around the loop, as an 

elliptical substitution might, but to follow some 

mean curve. In doing so considerable errors are 

bound to be introduced, see Fig. 8.2. 

Returning to Fig. 8.1, curve 4 (described by 

equation 8.3) follows the B/H loop very closely over 

the whole range of decreasing values of | H] , pac 

not when |H| is increasing between O and 2000 A/m. 

Neither curve 3 nor curve 4 describes precisely the 

variation of B with H over the complete range 

(-2,230<H<2,230) and in this respect there is little 

to choose between them. The empirical magnetisation 

curve({ curve 1) is exact,but curve 3 is mathematically 

superior. 

Another substitution for permeability can be 

expressed in terms of the well known Frohlich's 

equation: 

ie 8.4 Be abe a 
iecin = (a+bH) 7+ 

This substitution, which has been used in Maxwell's 

equationsto give a numerical solution to the eddy 

current loss problem is now considered. A qualitative 

assessment of the suitability of Frohlich's equation 

has been carried out by finding the two values of a 

and b which satisfy equation 8.4 at two given points 

— 238 =
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8.1.2. 

on the Bf curve. 

The resulting equation for B is: 

B = H (543+0.452 H) 

This is plotted in Fig. 8.1 (curve 5). By selecting 

two other points on the B-H curve the equation of 

curve 6 is obtained: 

B = H (337+0.504 H) 

Both curves indicate that Frohlich's substitution is 

unsuitable at high flux densities (B>1.6 Wb /m? approx. 

H> 4,000 A/m approx.) because they depart farther 

from the measured curve than do curves calculated by 

Davies' method. When H+, Frohlich's substitution 

gives a~>O and B— constant: B-= 2.21 for curve 5 

and B-* 1.99. for curve:6. 

At the lower flux densities both calculated 

Frohlich curves lie closer to the empirical curve but 

the associated permeability is very different from the 

empirical value (Fig. 8.2). 

Frohlich's substitution assumes (incorrectly) for 

mild steel that the permeability is a maximum (=4) when 

H=0. 

i.e. for curve 55H ino)" t Shue 10-7. he, MM, = 1,470 

for curve 64:20) m2 07 X toe, Lee, fas = 2,360 

whereas for the empirical curve, M (1.6) = 0.4 x 10 & 

1s Ge ae 318, indicating an error in m of the order of 

400 to 700%. The importance of this error, which is 

much less than that involved in using the substitution 

defined by equation 3.2, is assessed in terms of the 

results of the theory taken as a whole. Other factors 

have yet to be considered. 

eee
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To summarise, it is possible to choose a and b such 

that the calculated value of B is close to the measured 

value over a limited range. 

If, for example, a and b are chosen to give good 

correlation over the knee of the curve, Frohlich's 

substitution is much less accurate at higher flux 

densities than is Davies’. 

Since it is impossible to find a single simple 

mathematical function relating permeability,m,to a 

high alternating magnetic intensity, H, for material 

exhibiting hysteresis a best compromise solution must 

be found. The graphs indicate that Frolich's equation 

is a reasonable compromise applicable to unsaturated 

regions (around knee of the curve) but to cover a wide 

range of H an equation of the form B= (Const) py (const) 

could well be preferable. A more accurate substitution 

could probably be obtained by putting Bec He™ for 

O<H<5S00 (O<B<0.9) (ref. section 7.5) and 

oc H'™-3 for 500€H< 30,000 (0.9< B< 2.0) 

If this is done, a discontinuity. is introduced and the 

beauty of Davies' substitution is lost. 

8.1.34 9 Variagion: of B with ¥ 

Variation of permeability throughout the depth of the 

drum presents another problem. The permeability will 

increase with y,as B decreases above the knee. The 

flux will therefore tend to penetrate deeper into regions 

of higher permeance. 

In section 3.4 the solution of the diffusion equation 

assuming constant pat yields the expression for Hy 

Multiplying by# gives: 

B M Sn e~ 8s 

. 2 ae 

S 

  

sin (wk - Znr[X-T'y + $) (real part) 

OU) ie



8.1.3. 

of cen: 1.€. as sy increases) B max 

~%y 
& iM e (if /2K >7aF | 

ey ne 
H 

.'. if@and/ are constant, 
~const/u. 

mh eee ee 
Assuming that the surface flux density is above the 

knee of the magnetisation curve, & at the surface 

will be low and By. will decrease slowly from A,Fig. 

SeSe As. B.. decays & increases, increasing the rate 

of ‘decay, 1.é:. By decays at a rate which. gets 

progressively greater until the point P is reached, 

where # is a maximum. Beyond point P, By decays less 

rapidly to give the resultant curve APQ. Such a path 

could be obtained by drawing an infinite number of 

decay curves such as AA', BB' etc. in Fig. 8.3 each for 

a value of permeability appropriate to the thin layers 

AB, BG eke. This procedure is illustrated later in 

Table 8.1, it is a very crude approximation to the 

method of finite differences, but is included for its 

simplicity. The selection of an "appropriate value of 

permeability" presents a difficult problem. 

Similar flux density distributions to Fig. 8.3 have 

been achieved at the University of Aston both by final 

year under-graduates using a solid iron toroid’ under 

the author's supervision (1966) and by other research 

workers in the Electrical Machines Research Centre. 
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As a further illustration of this theory Fig. 23 of Davies” 

paper on eddy current couplings (below) has been redrawn. 

The points plotted in ref. 3. were originally obtained by 

measuring the e.m.f.s induced in search coils of equal 

area embedded in the iron. Each e.m.f. will therefore 

be a measure of the total flux linking the search coil. 

A horizontal line drawn through each point would indicate 

either the total flux or:average value of peak flux 

density over the area enclosed by that particular search 

coil, Fig. 8.4(a) The graph should therefore be plotted 

as a hystogram. A smooth curve may now be drawn across 

this hystogram taking care to ensure that the fBdy for 

each section of the curve is as nearly as possible the 

same as that for corresponding section of the hystogran, 

Fig. 8.4{a) Note that the shaded areas abc and def are not 

equal on log-linear paper. 

The family of curves in Fig. 23 of reference 3 has been 

redrawn in Fig. 8.5. using the equal area criterion. Some 

similarity of shape in the member curves of such a family 

might be expected. On this supposition the irregularities in 

the family are attributed to experimental error.and it is 

redrawn in Fig. 8.6 as the best family of curves making the 

least discrepancy with Fig. 8.5. The middle curve 

(400 r.p.m.) is redrawn on Fig. 8.7 and compared with a 

calculated curve derived in section 8.1.5. The two outer 

curves have been plotted on linear paper in Fig. 8.8. 

Whilst*illustrating the difficulty of drawing. the BL/y 

curves on linear paper with so few points, they bring into 

true perspective the trivial increasesin B, at the back of 

the drum, which are probably due to currents flowing at the 

outer drum periphery. 
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An alternative explanation of the variation Bs ax 

with depth in terms of the instantaneous power and 

instantaneous value of stored energy is suggested in 

chapter 10. 

The conclusion of this analysis (albeit over- 

simplified) is that the maximum flux density neither 

decays exponentially with depth, nor reaches the high 

surface values that previous authors such as Kuyper? 

and Davies” have supposed. The resultant flux path is 

governed by two opposing influences: that of minimum 

reluctance - which tends to draw flux away from the 

surface, and that of the eddy current m.m.f. - which 

has the opposite effect. 

8:1 .425 The Variation of: h: with depri 

It is interesting to consider the distribution of the 

Magnetic intensity fe throughout the drum depth, which 

should be different to the B, distribution in view of the 

changing permeability. The following exercise refers to 

the curves previously analysed, Figs. 8.4 to 8.6. The 

values of H, are read off the empirical magnetisation curve 

of ref. 3. which is reproduced is Fig. 8.9. 

The resulting Hy distribution, shown in Fig. 8.7, approaches 

more closely the theoretical exponential curve, (which 

would be a straight line on the log/linear paper used.) 

= 29 |



CURVES RELATING FLUX DENSITY (B) AND 
MAGNETIC FIELD STRENGTH (H) WITH - 

Full Line = Ingot Iron 

Broken line = Mild Steel 

M.K.S. Units 

H (AMPERE TURNS/ METRE) 
io 2 3 4 56789 

“2789 2 3:4 3.6789 2 3.704. 8 67.6.9 

10 

10 

(B/H) 

10” 

  -5 
: Ole 0.3 05 1.0 2.0.2 

    

B (WEBERS/M*) 

FIG. 8.9. 

~- 250 -



S42, 

The assumptions made in plotting this Hy distribution 

from that of B, must be noted. It is assumed that the 

d.c. magnetisation curve also relates alternating magnetic 

quantities, that the effects of other harmonics on the 

degree of saturation (and the value of A) is negligible. 

The value of #@ used in converting Be to Hy is that 

corresponding the peak value of Bye Some other value of 

es corresponding to the average or T.m.s. BY might be 

more applicable. This could be achieved by transforming 

Be into Hee say, and then multiplying by 7/2. 

With the limited amount of experimental data available 

from reference 3. (5 points over a depth of 3"), further 

analysis of this particular family of curves could be 

misleading. The validity of the new curves is confirmed 

by work on other iron specimens at University of Aston. 

Soi. 5.:bnesGarculLated B. distribution 

In section 8.1.3. an iterative method of predicting 

the Boy distribution was suggested. This method is now 

explored using the results presented in reference 3. Fig. 

23, (reproduced in:sec. 8.1.3, Fig. 8.4.6.) in terms of 

peak fundamental flux density. 

Let Bo = the peak flux density at any depth y, 

Boel = " WwW mW W W a depth y + dy, 

and n = o when y = o. 

Then, using the expressions in section 8.1.3. and assuming 

& is constant over the thin layer "dy" we can write: 

-% dy 

B ite © 
n+l 

where « =(mw0/2 p )3 
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Assuming some surface value,B,, uw is read off the 

empirical magnetisation curve for ingot iron, Fig. 8.9, and By 

calculated. The new value of By is then used to calculate 

B, in the same way, and so on. A few steps in. the 

calculation, using the assumed surface value of B at 

400 r.p.m. are shown in Table 8.1. The calculated By 

distribution is shown by the dotted line in Fig. 8.7. The 

calculated curve bears no resemblance to the empirical 

one, the reason being that the permeability is almost 

constant over this range of BL. It is therefore concluded 

that either the experimental values of search coil e.m.f.s. 

are erroneous, and should be much greater, bringing Bo 

above the knee of the curve, or other factors are involved. 

When the diffusion of By. into the iron is not 

exponential, the classical depth of penetration "d", 

becomes meaningless. For example consider the average 

value of permeability over the depth '"d'' for the 1400 

Yepem. condition, Fig. 8.6. 

At the surface Py = B a7 S K1/m?, 
: (1.1Wb/m*) 

“At the depth d , B, = 0.368 B, =27K1/in; 
(0.42Wb/m*) 

From Fig. 8.6, when By = 0.368 Bo the measured depth 

of penetration is 
0.084 

Zo 5 MM 

d 

Using x? = fY/2p# t/a we can now obtain a value for 

pe = fp aa 

the average permeability: 

or 
Mee ee 

Pafto eae 
= 252



  

Table 8.1 The Calculated Be distribution 
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S.1.5. 

since “f u ae
. 

" N/10, (the eddy current coupling having 12 poles) 

and cE = Laer eh (at about 30°C) we get, 

  

LO 

Me™ Nd Ho 

oie 615 10 
a [© RrIA00ck Tele x 2. 1o xX 10s ok LOL 

r= 63 

a -5 
or Mi M m7 9 Xt LO 

over the range of eh considered,the value of mp, read 

from Fig. 8.9 is mostly greater than 4 x L078 

i.e. the value of M calculated from the measured depth 

of penetration is quite erroneous, by the order of 50. 

Conversely the depth of penetration calculated from the 

known value of M (from Fig. 8.9) is much less than the 

measured depth, d 

e.g. for the 1400 r.p.m. condition: 

  

mqMP4x 107° 
1 

anda i= (2 PIP) S metres 

j cS -8 10 ‘era: 
age. Chili UR ke wae Ka Kea Th mm 

= “0.327 im. 

which is about 1/7th of the measured value. 

It is interesting to note that the alternative concept of 

considering all the flux to be enclosed within the depth 

of penetration (see section 10.1.2) gives much better 
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correlation with the empirical value of ‘d' measured from 

Figs. 8.6 or 8.8. In Fig. 8.8, for instance, the shaded 

areas each side of a vertical line drawn at oe 0.368 By 

are almost equal, indicating that the total flux equals 

that contained approximately in a surface layer oie a. 

having a flux density equal to the r.m.s. value of Bo 

er Oe = 378 xb x.d af. 707B,Ldy. 

It would appear therefore that an empirical value of d 

forms a reasonable basis for analysis, providing the 

insertion of the requisite search coils does not severely 

alter the disposition of the electro-magnetic quantities 

in the.2f0n; This idea has also been suggested by 

B. James°® (M.Sc. Thesis, University of Aston, to be 

submitted in 1968,). James also points out that the 

penetration depth at the point for which B = 0.3683, does 

not vary with frequency according to the classical formula, 

a= (plpnf)? 
For example, in Fig. 8.6 the depth is halved when the 

frequency is increased 14 times (100 to 1400" 35 Demi). 

Closer examination indicates that an orderly relationship 

between d and f may exist (de Sie Sf). Further work with 

more readings per unit depth is necessary before any such 

relationship could be claimed. 

8.1.6. The Value of Permeability in. the Pole Face Loss Proble 

For a smooth pole surface the problem of selecting a 

suitable substitution for permeability is complicated by 

(i) the existence of the normal d.c. field, not present 

in the interdigitated eddy current coupling. 

(ii) The superposition of harmonic m.m.f£.s whose space 

phase angle varies (in pairs) over 360° between one 

fundamental m.m.f. centre line and the next one. 

(iii) the harmonics introduced by the armature slot openings 
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and (iv) Variation in magnetic properties due to rolling, 

cold working, and imperfect annealing. 

The question of rotational hysteresis is not easily solved 

since the sinusoidal rotating harmonic waves, normally 

associated with rotational hysteresis, cannot be 

considered in isolation either from each other for from 

the normal d.c. 

density 

and not 

effects 

Suppose 

maximum 

Pon Fig. 8.10. 

field. The synthesised surface flux 

fluctuation is basically an alternating function 

a rotating one (Fig. 2.5). Consider first the 

of the normal d.c. field on one harmonic term. 

the alternator excitation is decreased from its 

value to produce the d.c. flux density (Boe at 

    

   

  

The peak to peak value of the harmonic 
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The recoil loop produced by CD would be quite small 

providing the harmonic and the d.c. fields share the same 

flux path. PRLS ..4S NOtssSo. The normal d.c. flux 

passes through the pole body, the harmonic flux through 

a thin. surface layer. The depth of this layer in practice 

has been shown above (in section 8.1.3) to vary with the 

flux contained therein, the flux density remaining "around 

the knee" of the magnetisation characteristic of the pole 

Spec. s 

The flux should penetrate deeper into the pole during 

the rise in the instantaneous value of the m.m.f. from A 

to C; and less deep during the fall from C to D. 

The change in flux density would then be smaller on 

the positive swing of the harmonic ripple than on the 

negative swing. It is hazardous to try and estimate - 

without further experimental evidence whether the magnitude 

of this change in flux density follows the small recoil 

loop PQ)RS1> or the large loop PQ,R,S, which goes further 

into saturation. 

The inclusion of all the harmonic terms complicates the 

problem still further since the fluctuations in penetration 

depth will also depend on the peaky nature of the m.m.f. 

ripple’ (C.f. Figs .2. Sand 7. 5)% 

The actual depth of penetration decreases as the rate 

of change of flux increases, though not necessarily 

according to the classical formula - Section Baa. Se tt 

follows that the alternating component of flux produced by 

the m.m.f. ripple wave should penetrate less deeply into 

the pole steel on the "peaky" half cycle than on the other 

half. cycle. The depth of penetration will then vary in time. 

and, since the ripple waveform changes with distance from 

Wawel rect axus (Fig.--7+59sWwitp space. The problem 

is therefore very complex. 
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On the subject of hysteresis loss, the conclusion 

drawn in section 2.4.5 from previous work (in particular 

that by Aston and Rao*”) was that alternating hysteresis 

loss is a negligible proportion (a few %) of the eddy 

current loss. Rotational hysteresis is considered 

negligible (see above). 

8.1.7. Recommended Substitution for Permeability 

The above discussion leads to the follow conclusions: 

(1) 

(2) 

(3) 

(4) 

B. does not decay exponentially, nor is it 

expected to do so; He CBL/m ) very nearly does. 

The surface flux density is not as high as 

some authors have suggested. It is commonly 

near the knee of the magnetisation curve. 

The complexity of the B-H relationship prohibits 

precise mathematical treatment. A realistic 

substitution for 1% should approximate fairly 

closely to the real value of jf as it changes 

in both time and space, but above all give 

meaningful results. 

In view of (3) a substitution for M such as that 

proposed by Frolich, would appear to be more 

appropriate than one obtained by plotting pe H/H 

above the knee. Nevertheless, where loss 

calculations are not required to a high degree of 

accuracy, the excessive use.of computer time is 

uneconomic and the best compromise between the 

simplicity of the ultimate formula and mathematical 

precision may indeed be to adapt a substitution of 

the form B = aH? (i.e. w“H = k,H™), justified by 
the results it gives in practice. 
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An analytical or empirical substitution could be made in 

Maxwell's equations which would then be solved by numerical 

methods. Even so the effects which alternating hysteresis 

and the d.c. field have on the value of may have to be 

excluded from the analysis at present. In); this’ thesis 

such numerical methods have been avoided in order to 

justify pragmatically the modified eddy current coupling 

thoery, in which an analytical substitution eer. is 

made after integration of the field equations. 

B| 
For curve 1 B=constant — 

if H #0 
- . 

For curve 2 ptH=0.769H°*/°* 
     

FIG. 8:11 | 

The rectangular B/H curve of Fig. 8.11, curve l, 

adopted by previous authors such as Angst*> is considered 

a poorer approximation than the logarithmic curve, C2) 

for three reasons. Curve 2 is a better overall shape, 

there are no discontinuities, and complete saturation in 

each direction is unrealistic. 

The effect of the main field will cause the harmonic 

flux density to change along some recoil loop. If. the 

recoil loop was small,then a single-valued substitution 

for “x would be possible. Section 8.1.6. suggests: that 

large recoil loops are probable because the flux penetration 

varies to permit the resultant flux density to remain near 

the knee of the magnetisation characteristic on both 

positive and negative half cycles. In which case either 

a logarithmic substitution or Frohlich's substitution might 
ie OD i



be permissible. In either case the values of B and H 

will be correct at two points in the first quadrant, 

where the analytical and empirical curves intersect. 

(Fig. 8.1.) 

These curves have been discussed in section 8.1.2. 

For the secondary steel of the experimental machine the 

analytical curve obtained from a logB/log H graph 

(curve. 4; Fig. 8.1)liesS closer to the empirical curve 

for decreasing values of H than does the analytical curve 

obtained from the logp*H/log H graph (curve 3). On 

the other hand curve 3 lies nearer the centre of the 

loop and could be considered a better compromise. 

Between curves 3 and 4 the change in index m, is only 2% 

whereas the change in the plotted characteristic is 

considerable. This not only illustrates the sensitivity 

of m, but also the fact that considerable change in the 

slope of the graph of log B against log H above the knee 

may not affect m very much, although it may affect the 

Ky considerably. The main object of the theory is 

to forecast the effects of changes in machine parameters. 

For this reason an error in kj is less important than an 

error in m since k, only affects directly the coefficient 

in the normalised speed equation and not the indices of 

the machine parameters. 

For this reason the computations using indices obtained 

from the equation no = KHe is considered to yield a 

permissible approach to the problem at the present state of 

the art. Since the pole material is not expected to 

saturate heavily it might be better to determine the 

relationship between “/*H and H over the working region. 

Bratoljic takes the function: mH = 4000 arsinh(H) (H in 

A/cm) to define the permeability in “the relevant region 
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of moderate saturation and uses this function to 

evaluate his test results. 

He also correctly points out that in the short 

circuit test, (when the losses are usually measured) 

the normal d.c. field is of minor importance. In his 

thoery the losses are shown to depend only on the 

square root of Ve and moreover to increase with for 

low order harmonics and to decrease for high order 

harmonics so that there is a degree of compensation if 

w is wrongly chosen.. The normal d.c. field which 

changes with load conditions presents such a complex 

problem that a practical analysis would presumably have 

to depend on test results to a considerable extent. 
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8.2 The Experimental Load Loss dynamometer 

In view of the difficulties encountered in separating 

the losses in the model machine the correlation between 

theory and experiment is most encouraging. 

The ability to swing the secondary frame on trunnion 

bearings proved invaluable in measuring the limits of 

remanence torque, and subsequently the primary iron loss. 

The latter agreed closely (within 6%) with the value 

calculated from the sheet steel manufacturer's curves in 

Appendix 12.4. The technique used in separating the 

measured values is based on the conversion of mechanical 

and electrical source power into the loss power. It. has 

been shown elsewhere? that for a conventional (wound 

stator) induction motor with an open circuited secondary 

the energy dissipated in primary iron loss at synchronism 

comes from an electrical power source. Experiments on a 

rotor fed induction motor have indicated that the same is 

true for the experimental load loss dynamometer which has 

a shorted secondary. 

Regarding the m.m.f. harmonic loss, it is argued in 

appendix 12.7 that the ratio 

electrical source energy = 1 
mechanical source energy h 

for any harmonic order h(=6K#+1). Further, that the 

direction of electrical power flow is away from the source 

for the 6K - 1 harmonics and towards the source for the 

6K + 1 harmonics. Consequently the power dissipated as 

m.m.f. harmonic loss comes almost entirely from the 

mechanical power source. The.error in assuming the net 

electrical power to be zero is shown to be quite small, 

and has been neglected. The power source: appropriate to 

each of the remaining losses (shown in Fig. 5.15) is 
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unquestionable. So is the magnitude of each, with the 

exception of the slot ripple loss. The error in 

calculating this loss by the accepted method” may be 

unusually large because of the unusually large slot dentine 

gap ratio. On practical machines the prediction is 

probably within e108 The results of experimental work 

being conducted elsewhere in a model machine having a 

large slot opening/gap ratio should facilitate reassessment 

of the surface losses. The error in measuring the total 

surface loss (i.e. m.m.f. harmonics and slot ripple 

harmonics) is estimated at Sh The other errors mentioned 

above could easily account for the difference between 

measured and predicted m.m.f. harmonic losses. This 

difference is withing 20% at 50 c/s, the predicted value 

being the lower value. 

Of greater importance to the machine designer however is 

the ability of the theory to predict the effects of 

changes. The variations in measured and predicted losses 

with a few easily varied parameters are compared in section 

6.2, Here agreement is within 10% for two of the three 

parameters only (Table 6.1) namely current and frequency. 

Whilst it is encouraging that the measured value of the loss 

is within “20% of the predicted value over the working range 

of temperature (for which , = 18 to 30 Msz-cm). The 

wide discrepancy in the loss variation with resistivity, 

suggests a shortcoming in the theory. The cause of the 

discrepency which is not normally present in practical 

machines, is the high value of normalised speed, n/n. 

For the predominant harmonics, n/n, is above unity and this 

is the major factor in the inability of the theory to 

predict reasonably accurately the variation of loss with 

secondary resistivity. i.e. the predicted na is too low. 

A higher value would reduce n/n, giving a more realistic 
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prediction of the change in loss with frequency. An 

increase in the value of maximum torque Te would then be 

necessary to produce the same loss. An investigation 

into the satisfactory prediction of the effect of 

changes in pole resistivity of practical machines has 

not yet been done. The ability of the theory to predict 

the effect of changes in armature (primary) current and 

frequency is assessed by comparing the indices of the 

logarithmic graphs in Table 6.1. Correlation is 

considered good in each case since the indices agree 

respectively to within 10% and 15%. Over the primary 

current range the measured loss was within 20% of the 

predicted value. Poorer correlation was obtained when 

the synchronous frequency was varied - over the , 

frequency range from 20 to 60 c/s. the measured loss was 

within 30 to 15% of that predicted. 

Although better correlation is obviously desired it 

is concluded that this theory would highlight a bad machine 

at an early design stage. The m.m.f. harmonic losses 

calculated using other methods are also of the right order. 

Kuyper's "long" method (using Fig. 2.8) is more accurate 

than Barello's. The predicted value using either method 

is very dependent on the selected value of #. This 

puts the onus on the designer, who will presumably select 

a value based on his experience. 

Section 6.2 shows that for the limited number of 

variables the methods of Kuyper and Barello will predict 

the effects of changes as accurately as the eddy current 

coupling theory. For the loss to decrease as increases 

Kuyper's factor Ry should lie to the left of the peaks of 

the curves in Fig. 2.8; This was so for the two machines in 

Table 6.17 but not for Kuyper's own Table III. Therefore 

a predicted change in loss with pole resistivity in Kuyper's 
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Table III would be misleading. 

8.3 Production Machines 

(i) The Flux Leakage Factor 

The g/W, ratio of practical synchronous machines is 

much greater than that of the experimental machine. 

Consequently the peripheral flux leakage (negligible on 

the latter) is important. Although the flux leakage 

factor K,yused in the modified eddy current coupling 

theory, theoretically underestimates the leakage and 

produces a pessimistic loss figure, comparison with 

Kuyper and Barello shows that an-optimistic loss figure 

is obtained (Table 6.17). It is therefore concluded 

that either K, or the predicted loss is too low, further 

that the assumption that eddy current reaction has a 

small effect on the derivation of Ky for the predominant 

harmonics is true, otherwise Ky would be even lower. 

(ii) The 60-MVA Synchronous Compensator 

The stray load loss of this machine measured by the 

short circuit test is 246 kW. 100. kW. Of. this is 

estimated supplementary copper loss leaving 146 kW On: orher 

losses" to be divided between clamp plates, end guards, 

fingers, duct spacers, the pole face loss of 23 - 25 kW due 

to stator m.m.f. harmonics alone is not an unreasonable 

proportion and gives rise to confidence in the modified 

eddy current coupling theory. This figure accounts for the 

shape of the pole shoe by an analytical and (2) a graphical 

technique, quite good agreement being obtained between the 

two. | 

Both Kuyper's (short) and Barello's methods give a 

loss figure roughly equal to the ‘other losses’ and are there- 

fore considered too pessimistic to be realistic. Neverthe- 

less, in common with the e.c.c. theory these methods do 
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highlight lossy harmonic terms. The selection of a 

larger value of reduces the calculated loss of both 

to a more realistic value. 

It is impossible mathematically to obtain manageable 

expressions for the electromagnetic quantities which 

account for both peripheral flux leakage and a variable 

permeability without resorting to numerical solutions. 

It is also impracticable physically to define analytically 

to account for its variation with depth, time, 
magnetic intensity and normal d.c. flux density. 

(iii) Changes in Main Dimensions 

The change in loss with two machine parameters is 

indicated in Tables 6.11 and 6.13. The ‘short: circuit 

test data on two "lossy" machines A and E before and after 

increasing the gap, reveal a measure of correlation between 

theory and practice. The same conclusion is drawn from the 

comparison of the two machines C & D of different length, 

Table 6.11. 

It has not been possible to demonstrate practically 

the effects of changing all the design parameters but a 

theoretical design study on machine C, a 3.4-MVA 4-pole 

machine, showed a considerable reduction in pole face loss 

with increase in the slots/pole/phase and with the pole 

steel resistivity, Fig. 3.6. 

These and other methods of reducing the pole face loss 

are well known. The influence of the winding factor is 

discussed in the next section, but before leaving machine C, 

Table 3.4,it should be noted that the magnitude of the 

predicted belt harmonic loss with full-pitched.coils is 

about 7 times that when they are pitched.78%. Short pitching 

has a less noticeable efrect on the slot harmonic terms since 

they always have the fundamental winding factors. 
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8.4 The Surface E.M.F. Distribution 

The importance of harmonic synthesis in dealing with 

the surface e.m.f.s. is demonstrated in chapter 7. 

Basically the inducing m.m.f. is a non-sinusoidal time- 

varying pulsation stationary relative to the pole face 

but varying in magnitude across it. Any treatment of 

this synthesized m.m.f. variation, onerous in itself, is. 

made more difficult by the presence of surface 

discontinuities, a non-linear magnetic medium, and the 

normal: dic. field, 

The expression for the surface e.m.f., ¢,, of order 

h in terms of the harmonic flux density, Bu has been 

derived in Appendix 12.5. The algebraic signs of the 

harmonic winding factors are most important when adding 

e, terms. The sign and magnitude of these factors depend 

of course on the winding layout. For example, the full- 

pitched uniformly distributed winding of Figs. 2.4 and 2.5 

has a maximum m.m.f. fluctuation at the direct axis. 

Richardson® draws attention to this phenomenon as well as 

to the established practice of short pitching to reduce 

the harmonic m.m.f. losses. The equations of Appendix 

12.5 show that the direct axis m.m.f. fluctuation is 

reduced if the pitch factor lies between 4/5 and 6/7, i.e. 

if the 5th and 7th harmonic winding factors have opposite 

Signs. Other significant harmonics should also be 

considered for in a complete synthesis. 

The even non-triplen harmonics introduced by fractional 

slot pitching further increase the number of loss components; 

the lowest order terms (h = 2,4) may be particularly 

troublesome because of their high pitch factors. The d.a. 

fluctuation affects the measured stray load loss more than 

the actual loss on load. This is because the m.m.f. direct 

axis and the pole axis are aligned:in the s/c test, but not 
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usually aligned on load. As the rotor torque angle approaches 

unity the quadrature axis m.m.f. fluctuation becomes 

SVONLPicants ilere the synthesised slot harmonic component 

is yreater (see Figs. 2.6 and:7:.5) > put. thtse2s 

~sunteracted by the larger attenuating affect of the g/Ay, 
~~ 

wor 
ave go

 

Whilst the above comments emphasise the fundamental 

nature of the m.m.f. harmonic loss problem they point to 

flaws in the treatment of pole profile (section 3.7.2.) or of 

axial slotting, which ignores the change in Mem. fi 

fluctuation across the pole face. The rather unusual 

variation in the search coil e.m.f.s. of the experimental 

machine is due to the combined effect of the rotating m.m.f. 

harmonics, the slot ripple harmonics, and the polarising 

Wont. The magnitude of the first harmonic term, measured 

using a sharply tuned filter, will depend to some unassessed 

extent on the presence of higher harmonic orders. 

Assuming that these 300c/s harmonic e.m.f.s. are proportional 

to the armature (primary) current, Ty, and the slot ripple 

e.m.f.s. ‘are proportional to Paees the latter might be 

expected to predominate below the knee of the magnetisation 

curve but not above it. The measured values of the 300c/s 

e.m.£. components support these expectations. Although 

these values:are not quoted categorically because of the 

many assumptions made in separating them, they are ofsthe 

right order of magnitude. 

The curves of B, and By plotted in Figs. 7.13 and 7.14 

compare reasonably well with the corresponding values of 

Be aan The values obtained for By from two separate search 

coils are corroborative thereby justifying the assumptions 

made in obtaining them (7.4.5). It is unrealistic to draw 

comparisons between the oscil_ograms and the impressed m.m.f. 

fluctuation plotted in Fig. 7.5 because the impressed Wome. 

is modified by the effects of eddy current reaction. 

BBs



 



9. CONCLUSIONS 

It is well known that the armature m.m.f. wave varies periodically 

between two limits spaced at 30 electrical degrees. Hitherto the resultant 

wave has been considered as a Fourier series of space harmonics of 

order 6K + 1, the frequency of each pair of harmonic e.m.f.s induced 

fh the poleface being Kf, - Richardson® has pointed out that the 

amplitude of the resultant SKf} wave varies over the pole surface. 

This thesis extends the theoretical work of Richardson and is supported 

by measurements of secondary surface e.m.f.s. on the experimental load 

loss dynamometer. The measurements are summarised in section 7.5 and 

discussed in section 8.4. 

Basically, the change in the armature reaction m.n.f. relative to 

the pole face is a non-sinusoidal time varying pulsation superposed on 

a stationary, sinusoidally distributed, d.c. field. The magnitude of 

the peak pulsation and its displacement:from the m.m.f. direct axis depend 

on the winding design. The peak pulsation will not occur at the 

armature memef. direct axis if the 6K-1 and 6K+l harmonics tend to 

cancel there. For example, when the pitch factor is about 0.83 the 

5th and 7th harmonics are in antiphase at the direct axis and in-phase 

at the quadrature axis. They will therefore cause high surface losses 

when the m.m.f. quadrature axis and the pole axis are aligned. This 

occurs under normal operating conditions when the power factor is 

about unity and not-under short circuit test conditions. The value of 

pole face loss obtained from the short-circuit test would then be less 
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than the actual value on load. In Hiphardsen' words :"there is no 

direct relationship between the value of stray load loss measured on 

short circuit and that on load.! 

The surface e.m.f.s on secondary of the experimental machine were 

constant over a wide temperature range whereas the measured loss 

decreased as p79, ft is therefore deduced that the surface loss is 

dependent on the induced E, wave not the * wave, i.e. it requires a 

mechanical power source in confirmation of the theory given in Appendix 

L2s7 

The predicted loss is calculated from the modified eddy current 

coupling theory using the computer programmes presented in Appendix 

12.3, . Th® theory uses the relationship hee = k)H" discussed at length. 

in section 6.1.7. It is adopted, not for its close approximation to 

the empirical B/H curve at working flux densities, but for the simplicity 

of its substitution in equation 3.13 and its pragmatic validity in the 

_ practical design of eddy current couplings. 

The theory does not account for the non uniformity of stator and 

rotor surfaces due to slotting and grooving except that Carter's 

coefficients have been used to caloulate the effective gap. The effects 

of pole shoe bolts, wedges and damper windings are not included. The 

work is parallel to that of Kuyper+ and Barello* in that the electro-— 

magnetic field quantities in the pole face are assumed sinusoidal and 

have small depth of penetration. All current paths are assumed axial 

since the wavelengths of the harmonic terms are small compared to the 

rotor length. Kuyper and Barello are not limited to the short air 

gaps used in eddy current couplings, although Kuyper's simplifying 

assumps...:. regarding the graph of his factor Ri (Fig.3.8) imposes a 
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tshort gap! limitation in that Fig. 3.8 is claimed invalid for gap to 

wavelength ratios er x, greater than 0.3. This will often exclude 

calculations on the slot harmonic terms of large machines, Appendix. 12.8. 

Work on tooth ripple loss also gives the same limiting condition for a 

ishort! air gap. The loss due to the slot harmonic m.n.f's. is claimed 

by Richardson” to be negligible when BlAr exceeds 0.4 in which case 

Chalnert s° extension of Kuyper's graph to twice this value is rather 

surprising. 

Barello shows mathematically in his Appendix VII that assuming 

pases are both constant the loss can be obtained by calculating the 

separate contributions of each term and adding the results in a scalar 

manner. | The methods of predicting the harmonic losses presented in 

this thesis, and of treating shaped pole pieces, follow Barello in 

segregating the component fields. 

The correlation between om two ways of treating pole chamfer 

indicate that the approximate algebraic method is suitable for 

practical purposes. Any inaccuracies in the algebraic method, 

introduced by assuming that the loss is proportional to (gap), are 

small compared to those incurred by neglecting the variation in the 

induced e.m.f. across the pole face. 

The predicted loss due to each harmonic m.m.f. has been multiplied 

by a peripheral flux leakage factor, Ky, derived simply in Appendix 12.2.3. 

This enables the modified eddy current coupling theory to accommodate 

the larger gap to wavelength ratios of conventional machines but seems 

to overestimate its effect on reducing the loss. Ky, has been omitted 

from Table 3.3. Its inclusion would cause the increase in the slots/ 

pole/phase to reduce the loss by an amount greater than that tabulated. 
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Richardson and others have commented on the impracticability of 

segregating the components of load loss in practical machines, At 

the present time, the verification of the proposed theory relies 

mainly on the evidence from the experimental machine. ‘Nevertheless 

the change in measured short circuit loss on actual machines when one 

parameter is varied has given encouraging results (section 8.3). 

Furthermore the predicted loss for the range of production machines in 

Appendix 12.8. forms a reasonable proportion of the measured short 

circuit loss. 

This thesis does not present an absolute method of calculation, 

but rather tries to give a clear picture of the relevant machine 

parameters with a method of predicting the effects of changes. In 

view of their simpiteity: the proposed formulae should be useful to the 

design engineer since they refer directly to the machine parameters and 

not indirectly via complex formulae involving trigonometric, exponential 

or elliptic functions. 

Section 3 shows how the pole face loss in a given machine may be 

controlled by selection of the slots/pole/phase, q, the winding pitch, 

and the airgap, g, (within limitations imposed by other requirements). 

Both q and g should be as large as possible. [Fractional slotting 

increases the number of harmonic orders present but may reduce the loss 

by improved winding factors. No slotting (for example Davies!“ 

proposed slotless winding for turbo-generators) eliminates the slot 

harmonic terms and consequently eliminates the pole face loss associated 

with them. 

The slot width factor, kpp, is important calculations on all 

conventional machines (Appendix 12.2) but especially important in 
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machines with a small gap. In such machines, the slot harmonic 

memet's have greater significance and are so modified by Koh that 

the losses associated with them are reduced by 30 to 60%; kbp is also 

Significant in machines other than the synchronous mchines discussed 

here, €.ge induction motors with open slots or with semi-closed slots 

where the slot mouths saturate on load. In such cases, the second 

slot harmonic term (h = 12q + 1) may be important. 

The measurements on the experimental load loss dynamometer 

demonstrates the ability of the theory to predict trends when either 

the primary (armature) current or mains frequency is varied. The 

reduction of pole face loss by anincrease in pole resistivity is 

demonstrated practically, but is not confirmed theoretically. The 

high values of slot opening/gap ratio and remanence torque have been 

mainly responsible for delaying the loss measurements and expanding 

the written work (section 8.2). The predicted value of loss at mid- 

range agrees with the measured value to within the limits of 

experimental error which were + 15 to 20%. 

#11 methods of calculation highlight the particularly "lossy” 

terms and predict losses of the right order of magnitude (section 6.5). 

Kuyper's "short " method tends to overestimate the loss and leads to 

anomalous values of HAL. His long method with Be = 1000 tends to 

underestimate the loss. The disadvantage of the methods used by both 

Kuyper and Barello is the need to select a suitable value of fre 

The choice depends to some extent on previous experience, Kuyper tending 

to use a lower value than Barello. For reasons given in section §.1.6. 

a value of fre = 1000 is used in this thesis for calculations using 

either method. 
ry vind
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Numerical solutions to the problem of permeability have given 

theoretical support to both the author's views on flux penetration 

in the solid member (section $.1) and to the experimental work of 

other investigators at the University of Aston. However, until the 

effects of the superposition of both the normal d.c. field and the 

other harmonic fields on one harmonic tern is know it is questionable 

whether a numerical approach is really worthwhile. 

In view of its complexity the problem of superposed fields is 

ignored in the theory but examined in the discussion on permeability - 

section 8.1.7. 

This thesis is primarily concerned with extending Davies? addy 

current coupling theory to the pole face loss problem and with examining 

its usefulness in predicting this component of stray load loss in both 

an experimental machine and a range of practical machines. No 

fundamental changes have been made to the theory although some 

suggestions appear in the next chapter. With the exception or the 

change in loss with resistivity it is concluded that the practical 

work supports the theory in all aspects examined. 
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10.1 Theory atl! 

10.2 The Experimental Machine aol



LO 

10. SUGGESTIONS FOR FURTHER WORK. 

All the methods of calculating the component of pole face loss 

attributed to the armature currents rest on certain simplifying 

assumptions. In this research programme it was decided to conduct 

the initial tests on an experimental machine with an oversimplified 

pole structure closely resembling the mthematical model. This part 

of the programme is now almost complete. The reasonably close 

corroboration between predicted and measured results on the 

experimental machine is most encouraging, and prompts further 

investigation into the validity of the theoretical assumpiions. 

Changes to the theory and to the experimsutal machine are suggested 

in sections 10.1 and 10.2 respectively. 

Refinements in instrumentation, incorporating pen recorders for 

example, would lessen the secondary heating problem and improve the 

overall accuracy of the experimental machine set. 

‘10.1 Theory 

10.1.1. Permeability 

With the exception of permeability the method of loss prediction res
 

presented in this thesis holds the same basic assumptions as other 

widely uced methods>*, The substitution for the permeability of the 

pole steel is discussed in section 8.1, and elsewhere by many other 

authors. 

The mem.f. harmonic loss problem is complicated further by the 

presence of the standing fundamental flux density wave. The practical 

importance of d.c. superposition and of the lack of surface saturation 

Ne



10.1.1 

on the surface losses in solid ferromagnetic materials should be 

established before the theory is revised. An investigation of this 

type would need new apparatus and should first be confined due to a 

single impressed frequency. 

10.1.2. Depth of Penetration 

The classical depth of penetration, d, is expressed in terms of 

permeability, resistivity and frequency. 

In a linear theory ; 

(a) the value of'd’is very dependent on the value selected for kL 

(Section 8.1). 

(b) the values of the electromagnetic quantities fall to e~+ 

of their surface value at a distanced’ beneath the surface 

and (c) the total flux in the semi-infinite secondary member would 

equal the flux contained in a surface layer of depth 'd'if the 

circumferential component of flux density were maintained constant 

at its surface R.M.S. value +. 

In a non-linear theory the meaning of "the depth of penetration" 

must be clarified since statements (b) and (c) conflict when the 

surface flux density exceeds e certain value. A useful measure of 

the flux penetration would be obtained by defining the depth of 

penetration in terms of statement (c). 

The author suggests that the decay of electromagnetic quantities 

with depth, y, previously assumed to depend solely on P, K and #0 

may be determined by energy considerations. This suggestion is 

prompted by circuit theory : ina purely resistive network the 

+ Davies! expression for ‘a! referred to here is 2 times that of 

some other authors (e.g. ' Chalners®), Davies takes d= (2p /poy® 
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arrangement of the branch currents is such that the power loss is a 

minimum. In a purely reactive network the rate of exchange of stored 

energy between the network and the (a.c.) supply is a minimum. The 

non linear field problem is much more complex; even so it is felt 

that some natural law governs the loss mechanism ensuring that the 

degree of flux penstration is such that the rate of change of energy 

between the armature and the pole is a mininun. 

10.1.3. The Armature slot openings 

For the slot harmonic terms, the theoretical representation of 

the harmonic m.m.f. wave aS a current sheet of infinitesimal thickness 

on a smooth armature surface contrasts vividly with reality where 

conductors are located in slots extending some distance below the 

armature surface. ‘The consequent disregard of flux leakage across the 

slot (especially if the slot wedges are well below the armature surface) 

will result in an overestimation of the pole face loss, for the slot 

harmonic terms. The effect of slot leakage on the belt harmonic loss 

will be less marked, and may be considered negligible when there are 

several slots per pole per phase. ? 

A theoretical treatment might consider a current sheet situated in 

the armature body, parallel to the gap surface and some appropriate 

distance below the surface. 

10.1.4. The contour of the pole surface 

The smooth pole contour, assumed for calculation purposes, also 

departs markedly from that of the real machine. The present technique 

of multiplying the cylindrical rotor loss density by the surface area 

presents a simple practical solution to 4 complex problem. It does 
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not account for the change in eddy current paths which arise from 

introducing axial slots, air ducts, or bolt holes. 

Eddy current closing paths have been assumed negligibly small 

since the axial length/harmonic pole pitch ratio is large. 

Bratoljic's’ results indicate that by neglecting the current closing 

paths the loss in the experimental machine is underestimated by 5% for 

the 5th harmonic term and underestimated by a progressively smaller 

amount for the higher orders. This percentage is insignificant 

compared to other errors incurred in the accurate prediction and 

measurement of the loss in practice. 

10.1.5. Miscellaneous Items 

Davies! summation of the air gap ampere-turns, Py» and the armature 

reaction, Fp,has been scrutinised by James2° in connection with further 

research on eddy current couplings at the University of Aston. His 

findings may promote some changes in the equations for loss prediction 

(chapter 3) and for search coil e.m.f.s. (Appendix 1255) : 

The distribution of surface e.m.f.s has been examined for the 

first harmonic term only. The mathematical analysis should be 

developed to include the vectorial summation of all the harmonic 

e.mef.se The loss density at any particular point on the pole 

face should take into consideration the pole profile, and the load 

angle. 

The predicted variation of loss with secondary resistivity was 

not verified on the experimental machine. Further investigation is 

therefore necessary into this important basic machine parameter. 
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10.2 The Experimental Machine 

10.2.1 The Slot Ripple Loss 

To overcome the effect of the armature slot openings the provision 

of suitably designed magnetic slot wedges is strongly recommended. The 

average permeability of these wedges in the radial direction should 

match as nearly as possible that of the armature core. In the 

circumferential direction the permeability should be as low as possible. 

A resin bonded wedge made from high- steel wire Fig. 10.1. or from 

steel laminae 43 could be considered. 
  

Several turns of high- 
wire wound on an oval 
former, insulated and bonded 
with epoxy resin, then 
machined to size. 

  

    
  

Fig. 10,1 Proposed Design for Magnetic Slot Wedge 

The incorporation of mgnetic slot wedges in the Aston machine will 

  

also provide experimental data on slot ripple loss. Such data would 

be especially useful since the Aston machine has a sinusoidal fundamental 

flux density distribution and is therefore more representative of a real 

machine than the homopolar device used elsewhere 15, 

10.2.2. Pole Face Loss Distribution 

The measurement of surface electromagnetic quantities could be 

extended to determine | 

(i) the induced e.m.f.s of higher order terms, 

(ii) the effect on (i) of direct flux saturation 

and (iii) the magnitude of the surface currents with particular regard
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to their closing paths. 

The higher frequency e.m.f.s (which have shorter wavelengths) can be 

obtained by selecting pairs of search wires suitably pitched. The 

shorter the distance between the search wires therefore, the more 

noticeable will be the effects of the d.c. field. Alternatively the 

eom.ef. induced at a particular angle 0 2 from the pole centre could 

be obtained from a search coil pitched 180 fundamental electrical 

degrees. 

10.2.3. Physical Dimensions 

Both the stator bore and stack length of the experimental 

machine are considered suitable for a laboratory machine-set. No 

change in these basic dimensions is therefore proposed. However, Sie 

predicted loss variation with increase in gap length, g, awaits 

experimental verification. The second stator can be progressively 

rebored to provide this data. The gap should be increased in a 

logarithmic manner at first and ultimately in a manner based on 

further experience. A suitable progression of gap sizes might be : 

0.012, 0.015, 0.019, 0.024, 0.030, 0.036, 0.043, 0.050, 0.010, 0.050, 

0.10 inches. The reduction in loss predicted by the modified eddy 

current coupling theory is shown in Fig. 10.2. The measured results 

on the experimental machine should be compared with those by Richardson?? 

on turbo alternators having 6 to 74. S/P/P. For these machines the loss 

decreased as g4. 

The practice of cutting circumferential grooves in the poles of 

"lossy" machines is well established, The grooves themselves increase 

the effective air gap making the measurement of loss reduction due to 
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10.2.3 

grooving alone more difficult. Furthermore, grooving is often 

accompanied by an increase in actual gap length, there being no inter- 

stage short circuit test measurement to enable the effectiveness of 

either step to be ascertained. Loss measurements on the experimental 

machine where the number and depth of the grooves are progressively 

increased should be included in future test programmes. 

In a cylindrical rotor machine, a large proportion of the pole 

ee consists of cooling ducts and slot wedges. The current 

investigation is, therefore, incomplete without a theoretical and 

practical investigation into the effects of axial slots which should 

be milled in the secondary surface. 
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12 APPENDICES 

12.1 WINDING FACTORS 

L2e el 

Peak ok 

The Winding Factors for the Slot ‘Harmonic Terms 

It is shown below that the pitch and distribution 

factors for the slot harmonic terms are numerically 

equal to those for the fundamental term of a 3-phase 

integral slot winding with 60° 

slots/pole/phase and a winding 

. fractional pitch is $/3q. For 

sin(hsmT) 

‘Dh 6q 

i sin(hr/6) 
oe Kuh: q sin(hn/6q) 

Putting h = 1, the fundamental 

Age: sin(s1/6q) 
Pj 

sinn/6 
é ee ~ q sin(n/6q) 

phase belts with 'q' 

' y pitch of 's The slots. 

the hth harmonic term: 

winding factors will be: 

Putting h =.6q + 1, the pitch factor for the slot harmonic 

term becomes: 

Ke (6q.* 2) = ein{(6q * 1) 8x/6q} 

an ° st — st 
= sin{ S Sa? 

wh - = sinism}_ 
Si: | p(6q'+.1)} : 6q Pl (since s is integral) 

Similarly the slot harmonic distribution factor becomes: 
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= sin(6q + 1) ,/6 

1). gsin(6q 4 1) 1/6q +1
 

d(6q 

_ sin(qnt + 1/6) 

q sin(n + 1/6q) 

sin 7/6 cc 

io geen Cela dl i ee Ka (6q 

12 0%2 “Slot Wad th ofactor 

The stator slot width, b, has a considerable effect 

on the magnitude of the high order harmonic m.m.f's. and 

can be accounted for by multiplying each term in the above 

series by a slot width factor Koh which has the nature of 

a+distribution factor. The m.m.f waveform is assumed to 

be constant over the width of the tooth and to vary 

linearly with x across the slot, giving the waveform of 

Fig. 12.1.1 for each coil. It can easily be shown that 

kk m D  . sin‘bph 
bh: bp D 
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The magnitude of the hth harmonic m.m.f will therefore be: 

9.70. (RE) 
re xX 9 ki ykan¥ pn ampere turns (12.1.1.) 

h h 

Ors Bees ek. Kynkan*pn/® 

where G. 2.70(NI)q 

and NI the r.m.s. ampere-turns 

of a single coil 

Is Table 6.11 
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A family of slot width factor curves is plotted in Fig. 

12.1.2 for discrete values of q and for one particular 

ratio of slot width to slot pitch. 

For the slot harmonic term, Kon is practically independent 

of the number of slots per pole per phase, its value being 

controlled mainly by the ratio of slot width to slot patch, 

(b/A,)- The above expression for Kin may be expressed in 

terms of pias 

‘fe be ees 
s z 6qp Sail 

Also to a first approximation, h = (6q +.1)+.6q5.48.q 

increases. 
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In face Ky (6q 2) is almost solely dependent on the 

ratio of slot width to slot pitch (b/d.)- The curves of 

Fig. 12.1.2 all have the same basic shape and become 

superimposed when plotted to a base of ii/q. (Fig. J2.153). 

The dependency of the slot harmonic Kon on parameter b/A, 

is illustrated by replotting the slot harmonic points of 

Pigt.12.1.3..to' @: base of b/A, (Figs 12.1.4)% 
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APPENDIX 12.2 POLE FACE LOSS THEORY 

L2sask <eere Proti ie 

An example of a machine with a non-uniform gap is given 

in Fig. 12.2.1 for which the pole profile is concentric with 

the bore (parallel gap) from B to C and chamfered from A to 

Beand..G gop. 

Further to the list of symbols given in section l,: 

let w'= the computed loss figure per unit length of 

pole periphery 

= Woggl ho watts per metre 

8, = air gap length over potion BC 

S82 = air gap length at A and D 

x = o at B,and x = a at A 

and w' = wi over BC 

Note that \}; = a double pole pitch 

Then the loss over the chamfered section is represented by 

the shaded area of Fig. 12.2.1.: 
KX = a 

w'dx 

x = b 

This can be determined either graphically, by computing w' 

for varying g, or by an approximate formula such as the one 

derived below. Because the loss due to m.m.f. harmonics is 

expected to be a comparatively small proportion of the total 

load loss, it is considered expedient to save computing time 

by using the formula thereby reducing the number of 

Saggis
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FIG 12.2.1 

  
: ee ee act 7 a Sa 

  
    
      

(KW 
er 

, 
oy | ae 
ae ae pe 

aA 

O a * o xe? 
wmerQ 

- 294 —



12 aun 

computations involved to one ~ that for the parallel air 

gap! section. Section 3.9 ; states that the loss due to 

m.m.f harmonics is inversely proportional to oats ve eee 

the lower index usually predominating. As a first approxi- 

mation, take the loss to be inversely proportional to g 

ices. wi = — C1552 64) 
ge 

where c is a constant which may be evaluated at x = 0 from 

_known values of w' and g, 

1 ec = w' 2 
oa 

Ignoring the curvature of the stator iron over surface AB, 

S28] 
2 = 8y + — (x cs b) (12.2.2) 

a= D 

h - b = AB : where a = “ete °B. Ny 

  

  

oe 82 ~ 8 2 

(gype" (x--2b) ) 

a = b oma 

whence the loss over the chamfered section AB = w' dx 

x = b 

»el 
=w— (a - b) 

on ve ea ee RlN [using eqn. (12.2.2) 

om 29 55m



  

Leek 

... The loss over both chamfered sections of 2p poles 

81 ByAy 

82 Mee 

The loss over the parallel sections of 2p poles 

wi 25. x BCLS Ww" 

spe wh BaXy 12 = (12,274) 

.. Total loss per machine 

& 

pk wl we C2 Ry eae bye 
82 

{ §1 } 
= x Saas eae 2 Bi=— + Bo (125255) 

82 

where Wror is the computed loss figure for a cylindrical 

rotor with a gap = gj, and is assumed inversely proportional 

to gat 
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3 and the Lf the.loss is) taken to vary.inversely as ¢ 

integration repeated, the loss over the chamfered peri-~ 

phery is given by equation 12.2.3. reduced by the ratio 

  

average gap over AB Shae 
Or 1 2 

gap at pole tip 2¢ 
2 

taking go /8, as 1.5 the reduction would be about 20% over 

AB, which would not affect the loss over the whole eueface 

by more than a few percent. In view of the other assump- 

tions made in this work, in particular the arithmetic 

summation of harmonic losses, equation 12.2.5.-.is considered 

suitable for practical purposes. 

12.2.2. Peripheral Flux Leakage 

The modified eddy current coupling theory predicts 

the loss when all the harmonic fluxes leaving the armature 

(primary member) enter the pole face (secondary member). 

A vcorrection tactor, K accounting for flux leakage L? 

around the air gap, is now derived. The corrected loss 

figure is then obtained by evaluating Kh for each harmonic 

order, say Kon? in a given machine, and summating the pro- 

ducts of harmonic loss power and Ky in the manner described 

in paragraph 3.7. 

The theory is based on the equations expressed in 

polar co-ordinates for the flux distribution in an annular 
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Leas 

air gap space from the book by P. L. Alger.3® The assumpt- 

ions are listed below. The first, in particular, produces 

a pessimistic estimate of K the last two being common to L? 

section: 3.3% 

(1) The primary’ and secondary members are both 

assumed to have infinite permeability and 

infinite resistivity throughout. 

(2) Any core-end leakage is neglected. 

(3) Excitation is by a sinusoidally distributed m.m.f. 

of peak value A ampere turns and p pole pairs at 

the primary gap surface. 

Nomenclature 

The following symbols are used in lieu of or in addition 

to those in the main text:- 

suffix o refers to the primary surface, i.e. that on 

‘the diameter of the air gap 

suLfixes refers to the secondary surface, i.e. the 

inner diameter of the airgap. 

$ = total flux at a gap/iron surface per unit 

length of core 

R = radius of a gap/iron surface (see Fig.12.2.2) 

Cc = a constant 

en Pie = functions of g, ), R etc. defined below 
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Taking B as solenoidal in the airgap and using the circuit- 

al law for H, Alger shows that the total flux leaving the 

Primary member per unit length of core is given by his 

equation 7.21.B.: 

CA(R-P + Ro?) 
Oo a 

e = $$$ (1252.6) 

2p 2p 
Reco A. 

° ds: 

The flux entering the secondary member is given by Alger's 

equation 7.29.B. 

P Pp 
SCAR R. 

° - 

$ ¢: ee (19/2075) 

RoR s geP 
fe] Zk 

The quotient of 12.2.6. and 12.2.7. gives the proportion 

of the total flux, which enters the rotor. 

P P 
| PR Rs 

ou . 

¢.. 2p 2p 
R +R 

Oo a,



2.226 

It is usually more convenient to express di/boin terms of 

g and Dy by substituting 

Res 
a 

and A 

to give 

Me 
e5 

aR ae 

= ™D\/P = 27k) /p 

2p ? P 
3 | g/R.) 

= 2p 2p 2p 
Ry + Ry (1. - g/R,) 

= 2(1 - g/R,)? 

1 + (1 = g/R,)7P 

For the hth harmonic term p becomes P, & h x p) 

hence 

h
s
 

oO 

This can alsobe 

wavelength ratio 

As a preliminary 

2(1 - g/R.)"? 
See ae gs C1255 2% '8)) 

Leh i= g/R,) F 

expressed in terms of the gap to harmonic 

by putting r= g/h, 

  

= ghp 

27R 
oO 

1s ess ig ee 

R hp 

investigation, 1,5 was calculated for a 

few synchronous machines having different gap/diameter ratios 

and plotted on Fig. 12.2.3. 
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FIG. 12.2.3. 

SECONDARY FLUX LINKAGE AGAINST 

HARMONIC POLE PAIRS FOR 5 PRODUCTI 

MACHINES, 

x x = slot harmonic terms 

£./f, is defined by Eq. 12.2.8 

9D 77 fr 107%, Smuwr 
REF! C ge Bd Rew 
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FLUX LEAKAGE FACTOR K, AGAINST 

HARMONIC POLE PAIRS FOR VARIOUS 

GAP/DIAVETHR RATIOS, 
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The eddy current loss Wh is usually taken to be 

proportional to the square of the flux density. This 

is discussed in section 6.3.1 with reference to the 

eddy current coupling theory. 

: s 2 4 : 
Putting W, «= ¢ , the loss reduction factor is defined as: 

  

  

h 

con actual loss for harmonic order h 

L calculated loss assuming no leakage flux, order h 

hin 

Ma 

Taking KWo & oe and W, «@ ba we get: 
5 EOb i h 0’ Ree 

Ky = (o./6,)° where s is to be specified 

For reasons given in section 6.3.1 (iii), the value 

of s for the family of K, curves in Fig. 12.2.4 is 2. 
L
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Appendix 12.3 The Computer Programmes 

The first programme to calculate the m.m.f. harmonic 

loss in a smooth cylindrical rotor was Written an Plott 

Autocode using the magnetisation parameters k, and m 

evaluated for ingot iron. The print-out format and method 

of calculation were improved in stages (see Tables 6.3 to 

6.9, section 6.3.1), programme 8 being the final version. 

A change of magnetisation parameters to those of the 

experimental machine alters the arithmetical values of 

various multipliers in the first section. This requirement 

has been met (a) in the autocode programmes by re-writing 

the prourenme set reading in points on a hand-calculated 

normalised curve, (b) in the Algol programme by reading 

k, and m as preliminary data and computing the normalised 

curve applicable to the particular pole steel. TwO><.0Of 

the programmes are included by way of illustration, namely 

MS-1L,-and FS-4M. Block flow diagrams -for-these and for AL~1 

ave. ghowh.i0 Fide. 582, 5yis 512.352, , and 12 3.30 Theveee 

quisite normalised torque is obtained by linear interpolation 

between points on the stored normalised curve. 

Programme Reference Numbers: 

MS=1L indicates the "long" version of the mild steel programme 

in inch units corresponding to programme 8 for ingot 

iron,in Elliott Autocode. Most Kater wedi ate steps are 

printed using Punches 1 and 2 if parameter Alz< 0. 
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L203 

De Al3: > 70,3 Punch aks not Caled. 

MS-1 indicates the "short" version of MS-1L where all 

terms are computed but only the significant terms 

are printed, ig,#hose for which W, > 1% of SW, == 

see next programme Fig. 12.3.2. 

FS-4M indicates the "short" fractional slot programme in 

m.m. units, where the fraction is always }, corres~ 

ponding to programme MS-1 for integral slot windings. 

In addition, FS-4M prints the fundamental winding 

factors. 

AL-1 indicates the first version of the Algol programme 

in inch units for integral slot windings. 

The data sheets for the autocode programmes are given in 

sections 3.7.1 and 6.3.2; that for the Algol programme 

precedes Fig. 12.3.3. In some programmes, the constants, 

Go» Gi,.& Gg are titled CF, CT and CN since they occur in 

the equations for m.m.f. normalised torque and normalised 

speed respectively. 

$ signifies"less than" 

and %Z signifies"greater than‘ 

Other principal symbols are included on the data sheets 

alongside each programme. 

3G)



Ref. 
  

  
  

  

    
  

12) READ IN NORMALISSD CURVE: NL, TL 

i 

10) WAIT 
1 

8) READ IN MACHINE DATA: AI 
  

I 

PRINT OUT TITLE AND DATA 
4 

CALCULATE THE CONSTANTS: GO, G1, G2. 

PRINT OUT: GO,G1,G2. 
5 

4) PRINT OUT TIVLE ON PUNCH 1 
mf 

TEST A13 >0 

YES NO 

  

  
  

  

    

  

  
  

  

  
  

  

a         

  

PRINT OUT TITLE AND DATA CROSS REF. 
NO, ON PUNCH 2   
      

    

  

  

      
  

  
  

  

      

    
  

  

        

      

  

  
  

    
  

    
  

      

  

  
  

ial ci a emacs 

2) PuT K =1 

; T 

PUT Beo | te: 
PuT H = 6K-1 cis 

¥ 

6) CALCULATE LOSS FOR THe Ho warm anp sunTE REPEAT 

5) PRINT OUT RESULTS ON PUNCH 4 K = Kt 

= 

me_[ TEST A13>0 REPLAY 
WITH 

| H = 6K+1 

YES NO . 

PRINT OUT RESULTS ON PWNCH 2 NO NO 

| 

9) >| TEST B = 4 > 

| I 

oP TEST K = K MAX _ 

ee 
YES 
  

Ly END - GO TO REF.10 AND WAIT FOR DATA ON NEXT MACHINE     
  

Fig, 12.3.1, Block Flow Diagram for Programme Now ys-1L



PROGRAMME NO. MS-iL, 

__ PROGRAMME _NO_MS—1L_20/10/65___ 
“TOSS DUE TO HARMONICS IN MHF “WAVEFORM 

SETV AC 16)C(4)DH(1)«P( 12)Z2N(30)T(30)E 

SETS BIJULM 
| SETF TRIG PUNCH LOG EXP INT 
SETR:12° 
12})SUBR 3 
1O)WAIT 

-PUNCH 1 
LINES 10 
8 )VARY 12031317 
READ AI 
REPEAT | 
TITLE 

ry 
Viie® 

e 
e oo

 
08
 

LOSS DUE TO HARMONICS IN MMF ‘WAVEFORM PROG MS~1L 

PROGRAMME ACCOUNTS FOR:SLOT WIDTH AND PRINTS ALL.TERMS 

PPRS NS Zs Yo. Cc: I. A13. KMAX REF ! 

LINE 
VARY [202136 
PRINT AI,4: 
REPEAT I 
PRINT A13,2 

PRINT A14,2 
PRINT A16,6 
LINE 
TITLE ‘ 

s/P/P PITCH SPREAD D G i RHO SLOT 

LINE é 

VARY [302127 
PRINT Al, 
REPEAT I 
PRINT A15 
LINE 
A14=A14461 

J2INT A114: 
p11=0 
A15=0.0254#A15 

Continued. .. 
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A9=0.0254¢A9 
A10=0.0254#A10 
A11=0.02544A11. 
Z=A2A5 
Z=2/ A3 
Z=2/ A4 ' 
C0=1.35¢Z 
c0=A6*CO 
C1=40*A9 

- C01801¢A11; 
c1=01#4.08 
614014410 
c 1=01/10000000 
C3=LOG AI 
C 3=033.176 
C35EXP C3 
C4=L0G A0 
C4=20176ec4: 
C4=£xP C4: 
¢2204/c3 
C22A10¢C2: 
C2=2A108C2°* 
C22A12eC2: 
C2=318000¢C2 = 
TITLE 

CF CT: CN 

LINE 
VARY 1203123 
PRINT C1,5/ 
REPEAT I 
LINE 
1)TITLE 

K H 
JUMP IF A13%002 
PUNCH 2: : 
LINES 5 
PRINT A16,6 
TITLE 

H FH FH9 TM 
2)VARY Ke1sisJ° ; 

KPH . KDH KBH 

sa 7 

T/TM N/NM 

NM 

KW KW TOT 

Continued. . e



B =0 
H=6¢K 

Bai )PSHeAT 
P=p/2: 
P=SIN P 
D=A8/A6 
p=p/360 
D=H*D 
P1=SIN D 
P1=Pp1¢A6 
D=D* A6 
=SIN D 

P1=p/P1. 
P12=26A10 
P12=A9+P12 

D=A#H 
D=DeA15 
D=D/P1i2° 
S12 an) Be 44159 
P12=3SIN P12" 
P12=P12/p 
P12=NoD P12 
P=MOD P- 

_P15H0D P1 
P2=C0«P0 
P2=p2P4 
P2sp2ep12 
P2=P2/H 
P2=M0D P2 
P35L0G P2 
P 3=P3°0.824 
/P3=ExXP°P3 
P4=C1¢H 
P4=p4ep2 
P4sp4ep2 
P5=6eK 

D=LOG H 
[" papede 

D=EXP 
D=peC2 
P6=p/P 

5 )PuNC 
LINE 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 

PRINT P 

PUNCH   LINE 
PRINT 

PRINT 

PRINT 
PRINT 
PRINT 

Bat: 

H=H+2 

7) 
CHECK 

LINE 

STOP   P5=P5¢A41 
P.5=P5/H aes 

‘176 
D 

3 
P7=P5/P6 
SUBR:4: 

H 1 

P10, 4 
P11,4 

JUMP IF :A13%009 
é 

H»3 
VARY [s2s133 

P1,3/ 

REPEAT I! 
P5,4 
P6,3/ 
P9,3/ 

9)yuMP IF B=107 

JUMP @6 

K 
REPEAT K 

JUMP 910 

3) VARY L303813824 
READ NL 
READ TL 
CHECK 
CHECK 

N 
T 

2b 

  

>» 4)VARY M2=1:1331 
JUMP - 1F 1P7$N(M)914 
REPEAT MM 
11)€=N(M)—-N(M=-1) 
P8=T(M)-T(M—1) 
P8=P8/E 
E=P7-N(M-1) 
P8=P8°E 
P8=P8+T(M=1) 
P9=p8eP4 
P10=P9¢P5 
P10=P10°0.0001047 
pP11=P11+P10 

  

£=p10/p11 
EXIT 
START 12 

02.0 A 
0.0026 0.0337 
0.0185 0.159 
0.0425 0.297 
0.067 0.418 
0.102 0.515 
0.174 0.678 
0.257 0.790 y 

35 858 5 
0.577 0.965 U 
0.707 0.985 
0.849 0.995 % 
4.000 1.000 qd 
4.34 0.991 hi 
3052. 00855 3 
4.70 0.790 
6.39 eae: E 
41¢2 0-605 
1665 0.520 Q 
2309 0-451 
41.6 0.358 
404. 0.296 
15200 0.0034



Ref, 

    
  
  

  

  

  

  

  

           
  

  

  

       
  
  

      

42) READ IN NORMALISED CURVE 

40) 

8) | weap IN AND PRINT OUT MACHINE pata | 

| 

{ caLcuLATs AND PRINT OUT GO, G1, <2, 

l 
| catounars SLOT ANGLE (fraction of %) 

4) PRINT OUT TILE ON PUNCH 4 

TEST A13>0 

¥s3 NO 
| 

E PRINT OUT TITLE AND CR0SS KEF. NO. ON PUNCH 2| 

2) 

TEST H<O ~“ 
YES 

Pur 
6 H=aH+2 CALCULATE WINDING FACTORS, P and Pit 

43 KH = mod sin (H(PITCH)/2} 
4d 
45 ; : sin(Hr/6 
16 KDH = mod ~ isin (Ha OR, 

KBH = ref Appendix 12.1.2.       
  

PRINT (YES TssST K = O 

NO 

CALCULATE LOSS 

    

       | PRINT -—-YBS   
  

  

    

ouT i 

: KO 

—rs<—| TEST HARMONIC LOSS < SUMMATED 1089/100 | 

T 
NO 

, 

4) PRINT OUT RESULTS ON PUNCH 4 

    
  

  

  

  

  

      
  

  

  

  
    

  

REPEAT 
9) WITH H = 6K+4 

NO, 
- REPEAT 

TEST H = 6K+1 BS WITH H = 6K+2 

NO 
. SP ig. 

TEST H = 6K+2 YES ———— ri Hi = Geb 

NO 

‘Test K < KMAX tak s zs BY 1 & KSPEAT 
No 

L 
  

| xD = GO TO REP 10 AND ARAIT DATA ON NEXY MACHINE 
  

Tig, 12.3.2 Block-flow Diagram for Programme No, FS-,.M 
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PROGRAMME NOw FS=4M 29/6/66 
LOSS DUE TO HARMONICS IN MMF WAVEFORM OF 3PH FRACT SLOT WDGS. 
SUB-HARMONICS NOT COMPUTED R/2 S/P/P 

38 - KBH-AND KW PRENTED FOR: EACH HARMONIC IFKW EXCEEDS: 0¢O01KWTOT 
SETY AC16DCC4IDHCIDKPCI2IZNCZOITCSODEF 
SETS BIJLMQ 
SETF TRIG PUNCH LOG EXP INT 
SETR 16 
12)SUBR 3 
40) WAIT 
PUNCH. 1 
LINES 10 
VARY 120214247 
READ Al 
REPEAT I 
TITLE2.: 

: 

oe
 

32
 
oo
 

LOSS DUE TO HARMONICS IN MMF WAYEFORM 
PROGRAMME FS“4M 

PRINTS IF KW) EXCEEDS: 0eO1KWTOT ‘R/2 S/P/P. 

PPRS NS z x .C I A413. KMAX REF 

LINE 

VARY 1=02136 
PRINT Al,4 

REPEAT I! 

PRINT A132 
PRINT A142 
PRINT A16,6 
LINE 

raxdudils bs 

S/P/P S/P/P PITCH 
NUM DENOM Pee D G L RHO SLOT 

LINE ; 

VARY 1262437 
PRINT Als5 
“REPEAT 1] 

PRINT A15 

GENES = 
A14=A14+4 04 
J=INT A14 

P114=0 
A9=0«001#A9 
A10=6.001#A10 
A11=0¥007#A11 
A15=0-¢001#A15 
Z=A2eA5D 
22Z/A3 
Z=Z/A4 

CO=10354Z 

CO#A68CO 
CO=CO/A7 

C1=A0#A9 
C1=C1«A11 
C1=C1#4-08 
C1#C1/A10 
c1=C1/10000000 

C38LOG AI 
C3=C3#3-18 
C3=EXP C3 

C4=LOG AO 
C4=C 442048 

C4sEXP C4 
C28C4/C3 
C2=A10#C2 
C2=A10#C2 
C2=A128C2 
C2=C23748000 
C3=30A6 
C3a2C3+1 
C4=03/6 

C3=C4/A6 - 310 - Gontinuede « e



TITLE 
CF ch 

LINE 
VARY 1202123 

“PRINT C1,5/ 
‘REPEAT J 
LINE 
Tite 

K H 
JUMP IF A13%062 
PUNCH 2 
PRINT A16%6 
TITLE 

H FH 

KPH 

FH9 

2QdVARY K803 12d 
B=0 
P5=60K 
H=P5~1 
JUMP IF H$069 
6)P=HeA8 
P=P/2 
P=SIN P 
BIR E 
P1=H 
Py uuNP IF P1$2014 
P1=Pi-2 
JUMP 013 
44)P1=COS P41 
D=H*C3 
45) JUMP IF D$2016 
D=D-2 
JUMP 045 
46>D=COS D 
D=D#A6 
P4=P1/D 
P1=MOD P1 
P12=2%A10 
P42=A9+P12 
D=&AsH 

D=D#A15 
D=D/P12 
P12=D/3014159 
P412=SIN P12 
P42=P12/D 
P12=MOD P42 
P2=CO*PO 
P2=P20P14 
P2=P2eP 12 
P2=P2/H 
P2=MOD P2 
P3=LOG P2 
P3=P3#0-824 
P35EXP P3 
P4=C1H 
PABPAeP2 
P4=P4eP2 
JUMP IF P5$0-501 
P5=P5*A1 
P5=P5/H 
D=LOG H 
D=De2018 
D=EXP D 
D=DeC2 
P6=D/P3 
P7=P5/P6 
SUBR 4 
Fakt+O004 
Q=INT F 
JUMP IF Q=#J01 

KDH 

- CN 

KBH = T/TM.--N/NM 

_1™ N 

2— 1)PUNCH 1 
LINE 
PRINT Ke2 
PRINT H»3 
PRINT P,5 
PRINT P1,5 
PRINT P1225 
PRINT P8,3 
PRINT P7s3- 
PRINT 
PRINT P41 
JUMP IF 1438009 
PUNCH 2 
LINE 
PRINT Hy3 
VARY 1223123 
PRINT P1,3/ 
‘REPEAT I - 
PRINT P5594 
PRINT P6,3/ 
PRINT P9,3/ 
9) JUMP IF B%005 
B=4 
H=H+2 
P5slI-4 
JUMP @6 
5)JUMP IF B%108 
Ba2 
H=H+1 
P5=H+1 
JUMP ©6 
8)JUMP IF B%207 
B=3 
H=H+2 
P5sH~4 
JUMP 06 
JDREPEAT K 
LINE 
JUMP 010 
STOP 
3VARY L#=0313230 
»READ NL 
READ TL 
REPEAT L 
EXIT 
4DVARY M#14324324 
JUMP IF P7$NCM)644 
REPEAT -M - 
41D E=NCMI“-NCM= 1) 
P85TCMI“TCM@19 
P8=P8/E 
E=P7-NCM=1) 
P8=PEeE -   JUMP IF E$0+0109 __, J P8=P8+TCN—1) 
P9=PBeP4 
P10=P9eP5 
P10=P10°0°0001047 
Pji=P11+P10 
EeP10/P44 
EXIT 
START 12 
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KW KW TOT 

0: 0 
00026 00337 
-000185 00159 
-020425 08297 
-00067 06416 
00e102  O0515 

-00174 00678 

-00257 © 00790 
00352 00875 
02459 0927 
00577 0965 
00707 0-985 
Ov849 00995 
42000 1-000 
4034 0991 
352 0-855 
4eJ0 02790 
6¥59 Ov719 
4-2 04605 
46065 0520 
2309 00451 

' A166 02358 

104 0506296 - 
15200 -00034 
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READ IN K1,m,C3 AND PAKA 

THST PAA < O YES      

SELKCY 151' VALUE OF R*® 

  

CALCULATE yt, WN, 

(Equations 3.2 6, and 3.25); STOKE       

      
    

  

NO 
i 

CALCULAYS ‘His CONSTANTS AND tHE INDICES) 
OF MACHINE PAHAMSCEKS IN THR NUKVALISED 

EQUA TICNS (Eqns 3.23 and 3.24) 

  

  
    

Lis READ In AND PRINT OUT DATA 

  

  

| CALCULATE AND PRINT OUT GO, G1, G2 
  

  

      

   
    

SwLNCi ¥IxS VALUE OF H 

CALGULALS LOSS AND SUMMATE     

    

      
  

      

    

  

    

  

    

  

  

  
    

L2: 

—-— YES —S— TEST K = KMAX 
SELECT 

4 ; NEXT 
- VALUE 

|}+-—-— YES TEST NOD. PARB > 2 OF H 

i 
y No A 

TEST HARMONIC LOSS < 1% of [>—>— iS 
SUINATED LOSS 

I 
NO 

13: PRINT OU‘! ON PUNCH 4 . 

TEST PARB > 0} us-— 

PRuNy Oui! ON PUNCH 2 

END = GO TO SWITCH L1 ANDAMALT DAA 
ON NEXT MACHINE 

Footnotes 

  

* The symbol "R" is used for "Q" 4n equations 3.25 and 3.26 to avoid 

confusion with the slots/pole/phase. "q". 

@ By means of parameter A, several normalised curves oan be caloulated 

and printed out in succession, put the last (by putting -2< PARA< 2) 

will be stored and used in the loss caloulation, 

Fiz, 12.3.3, Blook Flow Diagram for Programs No, AL-4 
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LAYOUT OF DATA SHEET FOR ALGOL PROGRAMME AL-1 

AO 

Al 

A2 

A3 

A4 

A5 

A6é 

Al5 

A9 

AlO 

All 

Al2 

A73 

Al4 

Al6 

Pole Face Loss due’ to m.m.f. Harmonics 

Machine Reference No. 

es, 

M 

S 

PARA 

NS 

GAP 

RHO 

PARB 

KMAX 

REF 

( magnetisation curve 

parameters 

theoretical constant e 

parameter A 

pole pairs 

synchronous speed (r.p.m.) 

conductors/slot 

parallel paths/coil side 

parallel paths/phase 

total phase current (amp) 

slots/pole/phase , 

coil span (slots) 

slot width (ins.) 

rotor diameter (ins.) 

effective air-gap (ins.) 

rotor length (ins.) 

pole shoe resistivity (y2- cm) 

parameter B 

highest K-term required 

cross reference no. 
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The symbols used in the autocode programme are given in 

the first column. 

The symbols used in the Algol programme are given in the 

second column. 

If parameter A=<0,:.Kl, m and C3 T/T» N/T. are printed. 

If modulus of parameter A>2, then only normalised curves 

can be computed. 

If modulus of parameter B<2, the programme prints only 

those terms for which the harmonic loss exceeds 1% of the 

summated loss. 

If parameter B>O, punch 1 only is called. 

‘If parameter B< 0, punches 1 and 2 are called. 

so ALA es



12.4 

Appendix 12.4. The Calculation of Primary Iron Loss in 

the Experimental Synchronous Load Loss 

Dynamometer 

The primary iron loss is calculated for rated line 

voltage from the manufacturer's loss curves for the year 

of purchase. Design details are given in Fig. 12.4.1. 

Assuming a 2% volt drop across the primary impedance 

the flux per pole is given by 

  

0.98v = 73 x 4.44 x (cond/slot x s/p/p x p ) £€¢k koe 
P 

: ZO e009 8 
oO ea ak ee. Ome e  e eee 

Assuming a stacking factor of 0.94, 

the core length = 0.25 x 0.94 = 0.235 m 

Since the machine has 3 kidney ducts and 4 poles, the inner 

core diameter is taken as the outer duct diameter = 129 mm 

290 - 0.6 - (2°x 26) = 237.4 mm Root tooth diameter 

237.4 - 108.4/2 = 183 ‘mm Mean core diameter 

ws COTe. area e210 8123764 loo) ee 0. 235 

es 197 ee VG me 
‘Assuming core 

  

flux = 100% of g= 2 = 16.7 mWb 

as 
By = 33.4 x 10... x-10°/254 =9145315 Wb/m 

Assuming iron 
density = 7.78 gm/c.c. 

Core weight Sm 1830 x-54.2 x" 235. x 7,78 

102: %o 103 

56//c:Ke. 
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and 

Diameter at W1/3 

ee be he A 

.. Tooth area 

Assuming tooth flux 

t.mean 

Be. max 

.. Wt, of teeth 

The core 

22.) sxeva Lue 

and the 

loss’ is taken 

tooth loss as 

as 

ie oe ee 

fe
 

ee LOS ew Ae 

290 - 0.6 - 0.026 x 4 

T2 15:3) 

512 es Be 2956x0 10.88 

93.52 of 48, 

65985 %°33.4. x" 10! 2 

361% 10548 

x. 3B 
t.mean bo

 

I2 15) 3:5 

i] 

12.4. 

  

255 mm 

51.2 mm 

361 x 10 +m? 

0.912 Wb/m 

53.4 mm 

1D oe D6eex -2 5 dyk 99019 3 4 ee LO 

103 x 103 

30.5 Kg. 

from manufacturer's curves at 

B 

= g/core area 

1.25 x value from manufacturer's curves at 

From the 

B 

manufacturer's curves, 

  = 5 x 

4.9 W/Kg when B = 1.315 Wb/m2 

5.8 W/Kg when B = 1.433 Wb/m? 

ve Core lose, = 2s1.x 56.7°%24.9 = 558 

tooth loss wl, 25> xvaOso x 5.8. 220 

ve (Gabeulated primary iron loss ul 

- 317 - 

800 Watts 

x ° 

tooth area at 1/3 point 

the loss at 50° ¢/s iss



12.4 

Compare this with the measured value: 

Taking the gap flux as 98.52% of 

‘ 0.985 x 35,4 2 1047 
mean OF 25% % 0.225 
  

= 0.58 Wb/m? 

From Fig. 5.25, the measured primary iron 2068s =. 750.watts 

- 318 -
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Appendix 12.5. The E.M.F. Distribution Across the Pole Face 
  

It fe ehown in. sectiones2.37;°7.3., and 12,67 2rhatithe 

alternating e.m.f's. induced in the secondary surface vary 

circumferentially. In this appendix, an expression for any 

harmonic component of the e.m.f. induced in a secondary 

surface search coil is derived from Faraday's law. The 

e.m.f., which has components caused by the m.m.f. harmonics 

and the primary slot openings, is expressed in terms of 

the harmonic flux densities. Whilst these are not predicted 

theoretically, the derived expressions are used in the 

analysis of the test results obtained in chapter 7. 

LQ Sipe. The General Case 
  

Consider any search coil on the secondary surface such 

ae DE Cin fags 7a 3. Section «7% 

Let a the e.m.f. induced in DE by the hth harmonic of 

the primary m.m.f. wave, Fo 

where Fy is defined by equation 3.1 

Let h = 6K —-l, the lower -order of each pair of terms 

By = maximum surface value of flux density for the 

hth m.m.f. harmonic (= Bat? y = 0) 

Let $n = TED = the pitch of DE in electrical radians 

and @2 = the displacement of search COlLLeaxise fromthe 

tiv f adlrect axie. 

Then DE is full-pitched for the harmonic term order hy 

and the 6K + 1 harmonic orders are designated h + 2, 

~ 319 -



  

Li Qos 

The induced Gy Met: depends On the time rate Of change 

of the surface flux density and this in turn is related to 

F BY Fig vole eS els 
h 

eid Mere asing 

os JpLocus 

2-¢ ons 
es 

  

Jim - JZ eyeo) 

    = B+ oe 
A Rh 

ep 

Pigs; 12,50. Values OF Electromagnetic Quantities in 

the Secondary 

The surface current density J? given by equation 3.3. 

is taken as reference vector and the locus of te with denth 

is shown dotted. ue leads Jn by ay radians and decreases 

exponentially with y. 

’ The eddy current reaction nm.m-f., expressed in section 

360% Soe elead s a by the angle m/2 -¢. In the linear theory? 

¢-»7/4, but in the non-linear?® ¢ is about half this value. 

In this work $¢is not evaluated but assumed to have the same 

value for those harmonic terms which induce identical frequen- 

cies in the secondary. 

— 320 -



  

2D Ue 

The flux density distribution at the secondary surface 

which has to be provided to cause the assumed Jz distri = 

bution is derived from equation (G6) of reference 3 viz: 

  

H, = -(1/Aa*) je. cos (wt - 2mx/d - ay) 

ae -1I2/ ra 

oy . HHH 

oe oe ee ee oe Cl 2a 35 ies 

r w 

feat all points in the secondary, a is independent of 

yu and @ and is in antiphase with J. Bes is now drawn leading 
zZ 

drawn in phase with B_. die by «7 and F yo 
% 

The inducing m.m.f., 

Fae Fg Fp 

leads Pye by some angle 6 , which is assumed constant for 

a particular induced frequency. Using the nomenclature of 

equation 7.1., we can write the instantaneous value of 

general term in the Fourier series of the B-wave at the 

secondary surface? 

Pa (cn = BL cos (hO5 + 6Kw ,t + 6) G2 55762) 

- 321 =



U2 ore k 

n rating 8 : over th Ho Cols ar e ge h 
Integrating 4 Cinist) Vv the séarc oil area we get the 

flux linkage wave: 

82 + W/o LD 

o, : BCinet sade ores 
82 - vr/2 

: ; Dies WI : ; 

the search coil area being Lx > o for a machine with 

p pole pairs- 

putting Y =» -6Kw,t.+.. 6 

LDB Cone n/2hy 

oF = one [sis (h89 + Oy 

05 - w/2hy 

= UD : ht i ht 

hp s (sin(h62 + Th nie y) sin(h@9 Zhi. y)) 

which reduces to 

  

one th tees: @ 
$a hoe sin >, sin (h&o + 6Kw yt + 6) 

ve ey = do /dt 

-6kw LD a 5 

eee = B, singp sin(hg, + 6Rw,t + &) volts 

hp 

— 322 -



  

Eo 

leaving aside the slot ripple e.m.f. for the moment, 

let us sum each pair of e.m.f's. having a common 'K' 

assuming: 

  

kel 4. ©. 6 Kel: 

ae Py x yy for a given pair of terms 

ive: PGREL 2  OK+E CA et fu (GRE) ag ee 
Rego Bee ee eee * ome) 

eee PER 6 bed 2 a (i2-5°4 9 

Note that the sign of Cy, may be positive or negative. 

In this appendix, the: subscript.'h!.refers:® to the 

lowest order of any pair of terms. We can therefore 

  

write: 

Peo eae be ok 

Hence 

e, KO LD B, sin_hn sin(hé2 + y) 
Tape Thy (Loss oo) 

-6 Ko, LD Cie es Bi oa San C,B, sin Thy panes . ma +24) 

where Vee ORO 4 tic td 

These equations indicate that for the Kth pair of terms 

Po leads en in time phase by 2805 providing their winding 

factors have the same sign. 

— 323)
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ogether to give the’ total e.m.f. . 
They may now be added t 

in a given search coil fully pitched for the harmonic order 

hy. The summation is performed in the next section. 

12.5.2. The 300c/s Induced E.M.F's. in the Experimental 

Load Loss Dynamometer 

In this section, the e.m.f's. induced in two secondary 

search coils are evaluated. The subscript nomenclature is: 

The first figure refers to the harmonics order, Lor 

which the coil is full-pitched 

and the second figure refers to the harmonic order 

of the inducing field. 

For search coil No. 53 which is pitched 1/5 radians 

(Elec), the flux linkages due to the. 7th harmonscvos 

the inducing field is.designated %57- 

‘Putting hj= 5, h = 5, p = 2 and @2 = 0 in equation 12.5.5., 

the resultant e.m.f. induced in coil 53 when that coil is 

situated at the direct axis is obtained by algebraic addition, 

noting the signs of the winding factors. The corresponding 

e.m.f. induced at the quadrature axis is then obtained. The 

ratio of these e.m.f's. is calculated here for use in chapter 

7. The calculation is then. repeated for the coil pitched 

w/7 (ive hy oh) 
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The constant Cys defined by equation 12.5.4, is 5/7, 

  

  

numerically, making Bo 2 38 /7 we 5 

Hence 

oie Mya gin burt. + 6) 
C5 be = Sore 8 Be sin 3 

and 

e = Ae be . 2% sin ox in teuiee 5) 57 Stee y 7 a ; 

Lee a5 

Cl2v see 

Since the winding factors for the 7th harmonic are negative. 

(Taplet 7.1.3). thevtotale.m.f.. in coll o35: tnduced. py 

2th: harmonic of: primary tivm.f< is 

5 Te eeS 55 ge 57 

(~6wiLDBs (fy ~ Zz x 0.809) sin (6uyt + 6) 

-6w ,LDBs CO ek a 0. O41) sin (6w yt + 6) 

ie” = 6 x 0.059 wyLDBs5° at the direct axis 
° feo omax 

At the quadrative axis g, T/ 2 

  

6w LD “ Sr 
S65 eT Bo. sin z sin Ca +5667 t+ 8} 

Or as = -0.6w LD Bs cos (6wyt Me 6) 

6w,LD 
: 77 3 77 Bae eer Soy W and 1.85 Tove Bs 1s To 8in 5 + 6%jt + 6) 

or C57 +6 x O.O041w,LDBs cos (6wjt + 6) 

— 325 = 

the 

C305 58) 

C1255. 29)
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Algebraic addition of e55 and e@s57 now gives: 

@s5 = 6w LD Be (-0.1 7 (-1) (0.041)) cos (6uw \t +6) 

the peak value of which is: 

= 6 x 0.141 w, LDBs 
max 

Senn eee ets direct axis value of é& 08052 0.42 

quad. axis value of es 0.141 

For coil 74 pitched 7/7 radians (Elec), the corresponding 

calculation 1s :.= 

when 65 = 0 

e7g= poIbDes ot os sin (6wjt +6) ‘* 

Bard (2254075 

C7 lees aS Sin (6w,t +6) 

19.6 

A E7 ax 7 OW1LDBs (0.0902 - 0.051) = & 6 x 0.39920 ,LDBs 

when 065 = n/2 

eg5 so a5 w ,LDBs5 sin a ‘sin(@ 32 +6 7 bt eh Oy) 

and 

6 none Tl : 77 
7%. o> Tor eibDsBs sin > sin ( =- + 601 tut 0) 

i273 Pho 

o. @72 6w,LDB5(-0.0902 - 0.051) cos (6w,t +6) 

since he is negative 
Zi 

Ey max 7 © ¥ 0+1412 wi LDBs
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Spee ratio. (cio! go oe See DL See ana, 
qeae value of ey 0.141 : 

1265.34 The Summation of. m.m.f., and slot tipple harmonics 

The frequency of the induced e.m.f's. in the pole 

face of a synchronous machine having an integral slot 

winding due to armature slot openings (6qf,) equals that 

due to the slot harmonic pairs of m.m.f. harmonics. 

(6kf, whem Boca a: cimpsee-mul tiple .of.q-. 

In the experimental load loss dynamometer having 

1 s/p/p, this equality occurs for the first (and subsequent) 

m.m.f. Ba cua 8 terms, i.e. K = q = 1. The measured search 

coil e.m.f., filtered to exclude non-300 c/s terms, will 

contain the slot ripple components given by equation 12.6.22, 

in section 12.6.6. and m.m.f. harmonic components given by 

equations 12.5.5, section 12.5.1. 

Putting K = q, the general expression for the total 

search Col lye .mt o18': 

T bis hy7 R 

ine ee 6qw;LD (A +B+C+D)/p .s Bi CL OFS 12 

where 

/h, = search coil pitch, #& 

h = 60a 

A zc Bh SLAs he EN San (he, S 6qu,t a 

2h, 

- 327 = 
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Cs5a, 

  

= sin ht : 
eh Phy S20. (héo ba 6qwjt = 6.) 

CyB ; 
= Bee sine (het 2 ; nx 

ea ee pin. €265'.+ -hOo..+ 6qw,t' +.5) 

= $52, Sin Che +2 2) 
ey Ihy sin (202 + h@o + 64w ,t + 6.) 

Cs and dS, account for changes 

in magnitude and phase caused by eddy current reaction. 

Note: 

(1) 

(2) 

(3) 

(4) 

(5) 

The m.m.f. components A and B are phase displaced 

from the slot ripple components C and D respectively 

by angle (6 - S2)- 

The sum (A +. C) lags (B + D) by 282. 

When @y = 0, the sum of C and D is a maximum 

and of opposite polarity to (A + B) within the 

limitations of (4) below. 

A negative sign appearing in Table J«l. against 

a4 the winding factor, and in Table 12.6.2 against 

an indicates a phase shiftof m harmonic electrical 

radians and modifies statements CY)to.03) accords 

ingly. 

The reaction of slot ripple eddy currents on the 

inducing field was neglected in section 12.6.6. 

Eddy current reaction should reduce both the 

magnitude of the flux ripple and the phase dis- 

placement between A+ C and B + D referred to 

~ 328 -



im Cin) above. The factor 0, and the angle op 

have been introduced accordingly. 

Whilst this limited theoretical analysis precludes 

the prediction of By» Ge pod and a? it does deepen the 

understanding of the problem and affords a means of inter- 

preting the test results of chapter 7. A realistic analysis 

of such a complex problem would presumably rely on test 

results to a considerable extent. It must not be forgotten 

that the total e.m.f. such as that shown in the oscillo- 

grams of chapter 7 contains a complete series of terms 

summated for x = 1 to .-:, and: n= Le CO Oa. 

a 329 =



12.6 

12.6. The Influence of Armature Slot Openings 

124,604. ein exoducta on s 

In this appendix, the pole ere loss due to slot 

openings is calculated for the experimental synchronous 

load loss dynamometer. The slot ripple loss, caused by 

the considerable diminution of the surface flux density 

opposite the primary slot openings is treated in sections 

1226.1 23 512.6.5. ° Whilet the calculationis based on 

several simplified assumptions, it is simple and conforms 

to current practice. 

The surface e.m.f's. induced in the secondary by the 

"slot ripple flux" are important in this work since they 

affect the measured e.m.f's. induced in the secondary 

search coils. They are expressed in terms of the peak 

polarising gap flux density in section 12.6.6. 

For reasons given in the introduction (section 2.4.5)- 

the batauletions in this appendix are based on publications 

by Givpe tend Freemant%, The calculations is prolonged be- 

cause certain constants, necessary to the calculation 

expressed in terms of the slot opening to gap ta tio Ot 

13.5533 lie outside the ranges published by both Gibbs 

and Freeman. These are first determined by Schwartz~ 

e830 =
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Christoffel transformation in section 12.6.4. It is known 

that Gibbs' equations can be applied with confidence to 

conventional synchronous machines, but the application to 

a device having such a large s/g ratio is yet to be vyori= 

fied. Experimental work is being performed elsewhere on 

a model machine with an s/g ratio approaching that of the 

load loss dynamometer. It is hoped that future calculations 

willbe based on the kesults ofthis work but, ~itor the 

present time, the loss is calculated using Gibbs‘ formula 
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The calculations are based on Gibbs' and not 

Lawrenson's’” work since the latter states that his 

nesults- are not-presented as. the basis of a quanta- 

tative test: of theory. 

The values of 8 and 8. in Gibbs' formula are 

determined in section 12.6.4. Ot St@3@- vet — EE 

gap flux density opposite a slot opening. This vari- | 

ation is:calculated in section 12.6.3. using the theory 

givenwin section l2.6 5:2. 

Some of the terms used in this appendix are now 

introduced or re-stated to avoid ambiguity:- 

z-plane = a plane through the machine perpendicular to 

its axis;z = x + jy, the positive directions 

of both x and y are those assigned in section 

Di hee? but y is now measured from the primary 

gap surface 

w-plane = S-C transformation of the z-plane 

a D.5 Dp = parameters used in the w-plane 

Rasy = gap flux density at the secondary surface. (y = g) 

opposite a tooth.centre 

aoa = gap flux density at the secondary surface (y = g) 

opposite a slot centre 

B = gap flux density at the secondary surface (y = g) 

at any point 

= 332. —
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1 

mean 

Rn 

Hiss Ore die 

the maximum value of polarising flux density at 

the secondary surface 

mean gap flux density over a slot pitch in gauss 

the nth harmonic of the ripple flux density 

slot opening 

tooth width 

gap length 

numerator of equation 12.6.6. 

loss/unit area (Gibbs) 

loss per machine; ref. Fig. 5.15. 

pole face diameter in c.m. 

slot pitch in cem. 

magnetic intensity in oersted 

relative permeability 

resistivity in Q-c.m, 

factors in Gibbs' equations defined in section 123664 

gap fluxes defined in section 12.6.4. (and in 

Reference 5) 

search coil flux linkages, section 12.6.6. 

the amplitude of the nth harmonic in the gap flux 

density waveform 

$7 Pas 

the harmonic order based on the slot pitch as tire 

wavelength: for which n = 1 
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any integer>o 2
 

ee
 

i 

harmonic: order defined im section L2.6.4% KH i] 

T2002) Flux Density. Distribution 

The contribution the slot ripple makes to the total 

pole face loss will now be assessed in terms of the stand- 

ing flux density. The equations are taken from the work 

of Gibbs?? which uses the requisite Schwarz-Christoffel 

transformation to obtain the flux density distribution 

over one slot pitch when a constant m.m.f. exists across 

the air gap. The impressed m.m.f in the experimental 

machine, however, differs markedly from that of Gibbs 

by its being a Fourier series with time and space varia- 

bles. Only the standing fundamental component of this 

series is considered as this makes a much bigger contri- 

bution to the slot ripple loss than the rotating harmonic 

components since the magnitude and angular velocity of the 

latter (with respect to the slot openings) are each l/h 

of the fundamental. 

The sinusoidal nature of the impressed m.m.f. is 

deferred for the moment whilst the flux density distri- 

bution is determined for the constant gap m.m.f. Gibbs' 

equations are now applied to one slot pitch. 

The assumptions are:- 
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1) The curvature of the air gap can be neglected 

a): The slot: depth is: tafinite 

3) End-effects are negligible 

12.76.32 

(see Gibbs p.104) 

4). The tooth width is large enough to allow the single- 

slot theory to be used (justifiable for experimental 

machine) 

Transformation from z-plane to w-plane 

The mathematical model in the z-plane is labelled 

in Fig. 1286.1; Gibbs uses the transformation for which 

the resulting streamlines in the w-plane are semicircles, 

i.é@. ithe potat’ fF, atwwhich the real part of g iecat minus 

infinity, transforms to the origin in the w-plane (F'). 

The. other points AI BUC uDLES Gt 

to ABCDEG in the z-plane. 

if FA‘ 

and P 

Gibbs shows 

a 

= »b 

® 
° 

Gi)sh the transformation, 

parame 

  z = Sfrog|- ——ef 
a iis ot 

térip, 

e Gagleo 
42d 

is 

in the w-plane correspond 

expressed 

tan 

(i265 

me ternms:'o£, the 

ek 
e 

oe 

oO
 

(1.2.6 29



  

Note:- 

  

(ii) 

(ili) 

(iv) 

2-0. 

The origin in the z-plane occurs when p is zero, 

i.e. when p = 0, z = O and w = b (points B, B') 

The origin in the w-plane occurs when z is minus 

fufinity (Fike) 

a and b are interdependent: 

a= 2 a8 i a (12.6130) 

b is directly related to the slot/gap ratio: 

b oe gE = ye: ee ee oe (A264 3) 

vb g 
  

It is easy to show further that 

  

  

  

ar aoe = -s 

Va g 

oar Me Sok iB es (12.615 69 
(wesSa)-tiaGw= bj 

whence 

1 
dax. = (ao tob + 2)* 
Bin 2 es CL24056.) 

From equations (iii) and (iv) above it can be 

shown that 

  

{ eee , a 
max 748) ee es C12)36:056-4:) 

min 
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12.6.3 

Flux Density Calculations 

13,33; For the experimental machine s/g 

e oR 
: min 

E54 ,0 2 7B 
max 

i.e. opposite the centre of each slot opening the flux 

density drops to 15% of the"smooth primary value" (neglect- 

ing tooth saturation). 

The variation in flux density from B_.. to B is : min max 
obtained by varying the parameter w in equation: 12,675. 

The same parameter is present in equation 12.6.1. which, 

in conjunction with equation 12.6.2., yields the distance 

along the pole face. B and x are calculated in Table 

12.64.16, the steps in the process being indicated in the 

left-hand columns. The equations necessary for this cal- 

culation are now derived. 

Re-writing equation 12.6.4: 

  

1 (S\* re L(y + Jd (¥4 1) Sees T st i (1236.7) 

and putting 

n 

13.33, gives 

180 

1/180 = 0.00556 

g 

b 

a Wt 

Equation 12.6.1. then becomes: 

Wind Ga) Z 2180 = w a oe (12.6.8) 
Pe woe Lao 0.00556 - w 
  

Substituting these values in equation 12.6.2. and taking 

values for which z is wholly real yields an expression 

for the abscissa x: 
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Table 12.6.1. 

Half of One Slot Pitch, 

A constant gap m.n.f is assumed. 

Two typical calculations are given. 

The Calculation of the Flux Density Distribution over 

  

  

  

  

  

  

  

  

Equation < -1.0 = Q.00005 

used 

(4) = 00556 - Ww +1 .006 0.00561 

(2) = 480 - w 181 -~ 180 

(8) p = (2)/(1)) = (3)/(4) | 13.40 179.40 

oe 
= | i 7 | 1.16 4.014 

(9) (5) = |Fg+2 1.16 359 

(6) = Log (4) 0.148 0.0109 

(7) = Log (5) 0.148 5.883 

(8) = (6) = (7) 0 - 5.872 

tan 7“"( p/ 13.41.) (rad) |0.785 4.5 3u- 

(9) (9) = 26.67 tan ~'( p/13.44) | 20.95 44.0 

(9) (40) = (8) = (9) = m/g -20.95 - 46.9 

(9) x = (10) x=? m 2.00: ks 
(10) 0 2» 3/1.267 “1.58 -3.65 

(4) [2 = (4 -w)/G) 0.148 0.995 
max 

O' = 204) -1.58 +049       
  

o'and 0 are symmetrical about the slot centre line. 
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12.6.3 

Fig. 12.6.2, The Flux Density Distribution in the Experimental 

Machine for a constant gap m.m.f. 
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12.6.3. 

  

oe AeA OO FAP Po nat feo? 
x 9 { 10g i ss | log ea 26.7% tan (Tra 

C1L246%49) 

With q © 1)slots/pole/phase, x is changed to fundamental 

electrical radians by putting 

fe) 

  

= 27x ie 2x 180 ¢2 - ODS ca 

Be aye Te a eae ee 
(12.6310) 

where s + t = 76 n.n. 

The flux density for each value of x, given by 

equation 12.6.5, becomes: 

B= es (i2,6. tts 
Bax 4 1 4020055.0' =, 4). C100 > w)t 

B is plotted against 6 in Fig. £2 Gees 

12.6.4. The Determination of the Slot Ripple Loss 

Factors, 861, 82 and Rj. 
  

The pole face loss per unit area due to the slot 

openings is given by Gibbs? in his equation (8): 

-10 2 

P = 5.9), pet SR ge Mog Gg): Bik 1G watts/c.m. 
mean 

The total loss per machine is therefore 

Pe= 1.85(2p) D'(R.P.M.) (8 0') H’ x 10 9 watts (12.6212) 

'og.s. units are used for primed symbols 

M.k.s. units for the remainder. 
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12.6.4. 

The value of H' is found from a graph of H' against 

H' Pu. SOU ie oo ld 00/9055 8 Pu. - being calculated 

again from Gibbs, this time from his equation (7): 

max 
EVP 1 BL Aaa ee /~(R.P.M.) (6pq) x 10 © (126.13) 

Base is defined in section 12.6.1. 

The factor 8 is the product of a flux oscillation factor, 
2 

8,, and a harmonic loss factor, R.. Gibbs calls 82 the 
id 

modified flux oscillation factor. 

Gibbs presents graphs of E and 6, plotted as families 

of curves for s/g <8. The s/g ratio of the experimental 

load loss dynamometer is too far outside Gibbs' range to 

permit extrapolation of the i and se curves. Therefore 

B and @ are calculated from the flux distribution 

1 2 

already established in section 12.6.3. 

The Lost Flux! 

By Gefinetion.. bie The Total Flux 

o =H OO 
= G s 

® + © 
t Ss 

Where o. = the maximum amount of flux embraced 

in-half a stot pitch. 

. and o = the corresponding minimum amount in 

the remaining half. 

It is straightforward therefore to determine 8B, either 
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02. 4.6: oi ths 

graphically from Fig. 12.6.2. or algebraically using 

the integral calculus. 

For the second method equation 9.26. of ref. 13 is 

used: 

’ 2s -ls s? ® eet {tan oc & log (1 + ee )} 

for unit axial length and unit B 
mean 

For the experimental machine (g = 0.3 -m.m.,°8 © 4 m.m., 

and t = 7/2 mem.) the Lost flux is: 

  

  

  

              

8 
6 =? 

: Todor. ern 5 log, 45-4} = 0.00294 

1b 

B max oe  . ac, U ont 

\ 2 

seal: ng a eae 
hy - Ss 

Figcwb2. 6435 

For an unslotted primary the undisturbed flux would be: 

Vea wie tt) ch = 1768 ROT 1 C=, 20,076 

Oc. = 0 ® 

be Pie @ ee o = 0.00294 : 
poet ge +b gs 007306 a oan 

s t OO 

os koe



  

Table 12.6.2. Fourier Analysis of Flux Density Wave over One Slot 

Pitch, by Computer, 

Gap m.m.f. constant (Fig. 12.6.2) 

120 ordinates 

Po = 1000 

Bs 960.90 

n a, is NG Cc, b ee 

400/n a 

1 77289 60.6 60.6 0,00 8.14 

. -76.96 59.2 41,8 0.00 8.03 

3 75 42 56.9 32,8 0.00 7285 

4 -73.51 53.8 26.9 0,00 7.64 

5 70.65 50.0 24 oh 0.00 7236 

6 -67 49 45.6 18.7 0,00 705 

7 63.87 40,8 15 4 0,00 6.67 

@ 65,66 555 42.7 0.00 6. 2b. 

9 55251 30.7 10.2 0.00 5.80 

10 -50.89 25.49 8.2 0.00 530 

4% 4.6.07 2162 6.4 0.00 4,80 

42 41.12 16.9 409 0.00 4.28 

13 36,10 13.1 ts 348 0.00 3.76 

44 -31.10 9.7 2.6 0.00 3,26 

45 26.17 6.8 478 0.00 2.75 

16 -21 233 46 1<2 0,00 2.2) 

17 16.79 2.8 0.7 0.00 1.74 

18 12.45 440 Ob 0.00 7o0 

49 8.44 Os, 0.2 0,00 0.81 

20 - =4.70 0.2 0.0 0.00 0.50 

Total 272.5 

a, and co, are the coefficients of the general term in the F.S, :- 

00 
pa (a, cos nO +o, sin nd) 
n=o 
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12.64% 

This value is in close agreement with the figure of 0.0397 

obtained using the graphical method. Reference to Gibbs' 

curves shows the average value 0.040 to be reasonable. 

This value ore must now be modified to account for 

harmonics in the flux ripple. The most convenient method 

is that discussed by Freeman’? who defines the harmonic 

loss factor R in his section 7 as: 
rT 

  
  

1 n=0 a 2 
Ce a ah n nike oe €12:.6..14) 

1 to 

the amplitude of the n-th harmonic in 
where an 

the gap density waveform. 

The values of a, were determined by Fourier analysis in 

two ways, one constituting a check on the other: 

(i) The waveform in Fige2 1260.2 was analysed by 

taking 120 ordinates per slot pitch, with the 

origin at the tooth centre (Table 12.6.2). 

(ii) The sinusoidal standing flux density waveform 

was modified by taking the product of 360 

ordinates of the sinusoidal waveform and 360 

corresponding ordinates of the BeBe waveform 

BF. Bie. 12.6.2. Two positions’ of the primary 

slot openings with respect. to the standing flux 

were selected:~ 

(a) tooth centre on the primary m.-m.f. direct 

axis 

= Babdinn



  

Ane O26. Ges 

(b) slot centre on the primary m.m.f. direct 

axis. 

The harmonics in the resulting- flux density waveforms, 

sketched in Figs. 12.6.4. (a) and (b) respectively, are 

listed in Table 12.6.3. 

In method (i), the wavelength of the first harmonic 

term always equals the slot pitch, A1/6q, and its frequency 

that of the m.m.f. slot harmonics, Gai, (= slots per pole 

pair x synchronous frequency). Both Gibbs? and Freeman*°? 

call this the fundamental frequency. 

To avoid confusion with other parts of this thesis, 

the adjective "fundamental" is reserved fee he frequency 

of the primary currents, {i> and the order of the harmonic 

‘currents referred to fi: 

Let r = the harmonic order of the general term 

Wire ts: £4 

Then r = x 6q where Lis an integer >0 

The amplitudes of the first 20 terms are listed in 

Table 12%6.2¢-anetenths Of 1s.0reB 
max. 

In method (ii), the series of terms is different 

in both order and magnitude. The first 40 terms are listed 
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Table 12,6,3, The Calculation of the Harmonic Loss Factor for a 

Sinusoidally Distributed M.M.F. Wave, Fig. 12.6.4. 

  

  

  

Harmonic Amplitude of the 2 

Order r-th Harmonic n 4, ; .. . 

: ae - b,. (a) d,. (b) Jn 

1 95.91 95.89 

5 +1..07 “1,604 4 8.15 67.3 6763 
7 4.07 +)..11 

41 +4..03 +4..00 2.8.02. Shee 15 op 

13 —Y..02 —4..00 
i i \ \ 

: \ 1 i 1 

: : i ' i i 

; ; i i t i 

115 +0.33 9.29 19 0.64 0.04 0.01 

415 -0.33 +0.32 

ag +0,09 +0,.01 20, 05, «0.02 a. 

424 -0,07 -0,04. 

Total "303.9         

  

as . a = ef o(aey +d. (auy td, + b,( i 

   
          

  

  

A 
bist? 

Wh |m*™ 

| i 
1 i 

P == , et 
(a) Tooth Centre on the | (p) Slot Centre on the 

M.M.F. Direct Axis. M.M.F. Direct Axis. 

Fige 12.6.4. Flux Density Distribution in the Experimental Machine 

with a Sinusoidally Distributed Gap MMF. 
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12.6.4 

in Table 12.6.3. An expression for "r", evident in Table 

12.6.3 but derived mathematically in section 12.6.6, is: 
- 

eo me 6lq 1 

i.e. when the standing flux density distribution is sinu- 

soidal, each harmonic term order r splits into two terms 

of equal magnitude whose wavelength and frequency each 

correpspond to one of the slot harmonic terms in the 

primary m.m.f. wave. 

The amplitude, be of the rth term in Table 12.6.3 

for slot position (a), Fig. 12.6.4, equals that for position 

(bi) rand sthat of. the (6@q - 1)th term equals that of the 

(62q + 1)th. These terms form distinct sub-groups which 

may be averaged either before or after summation, the sign 

changes merely bring the negative peaks of the harmonic 

cosine waves into alignment at the slot centre. 

In Table 12.2.3, "n" is defined in section 12.6.1 and 

used in equation 12.6.14; a, is the mean value of the sum 

of the harmonic amplitudes taken in pairs for slot positions 

(a) and (b) (i.e. } of the sum of 4 grouped values of b ys 
t- 

Using equation 12.6.14, we get: 

From Table 12.6.2 © Ri =gg-g- 27245 = 4649 

From Table 12.6.3. 21 =Gp7z- (303-9 = 4.51 

.. Mean Value of Rj = 4.50 

: S65 oR] Ba more 
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P26 a4 

R is expectedly high due to the sharp dip in the 
1 

gap flux density creating a wide harmonic spectrume It is 

a reasonable extrapolation of Freeman's R, curves. 

12.645. SLOt Ripple boss Calculations 

The method of calculation was outlined at the 

beginning of section 12.6.4., where the necessary equations 

derived by Gibbs? were quoted. The method requires a 

graph of H' against Be P aks These co-ordinates, calculated 

from preliminary tests on the secondary steel used in the 

experimental machine, are plotted in Fig. 12.6.5. for three 

values of steel temperature,- With the exception of the 

modified flux oscillation factor BS and H'¥p"us which 

have been determined above, Gibbs' equations (12.6.13. and 

12.6.12.) can now be evaluated from the design data in 

terms of B . 
mean 

Substituting in equation 12.6.13? 

re = 7,0 Cel. and p = 0.180, we get 
‘ 2. 

' = 1.81 B! VChobsi 0 (beqy x 105. H f Hy oad ° Ae Bo mean ° . ° PG x e.g-Seu-e 

x 10 )YN /exaxixio76 a. 1iOL & 1.0 1x O04 lOO. xb 
mean 

“2 ; 6.56, Boo YN x 10 CoB. Sour (12467215) 
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Table 12.6.4. The Caloulation of the Slot Ripple Loss at 1500 r.p.m. 

Ref. equation 12,6.16, equation 12.6.18, and Fig.12.6.5. 

  

  

  

i HVp'p H! Pe Ht Pe H! Pe 

Wb/m- CoB oSele CoGeSeUe kW | cogs. ki | Coes. kil 

(a) 100°C (vo) 35°C (ce) 70° 

0.1 0.331 2,00:.<- 06006 | 2015 0.071 

0.2 0.662 3.40 04225 | 3.95 0.264 

0.3 0.993 5.00 0.496 6.15 0,614] 5.48 0.54, 

Od 1.524 7205 0.932 Safe: 2151 Oh beat 4.026 

0.5 1.655 9.53 465705) 4261552: VeGk5 |. 10 eho At 

0.6 1.936 12.45 Reb 9e 1 tal 501) 1 et 2.72 

0.7 26517 15.9 3.68) |} 20. 4.72 

0.8 2.648 19.75     
  

  
950 = 

 



  

12.6.5. 

If N = 1500, 

: ' a | H VP Ea Ossi Saar See eM Y a5 C12). 6% 169 

Equation (12.6.12.) becomes 

’ 4 1 oh 10 

Pew. 5.9.x°7.6 x 0.180, x (8 ¥:1.0") Nc 22H ' x10 
mean 

; x igix 29. x25 watts (total per 
secondary) 

« 00,2205 Ni A ‘B watts e ods 1 (12060472) 
mean 

Tf. No.2 1500, 

a ' Pe = 331 H Boe an watts vie ard C1423671:8) 

P, is now calculated at 1500 r.p.m. for three different |, 

surface temperatures in Table 12.6.4. and plotted in Fig. 

5.28 for use in the mains frequency tests in chapter 5. 

For the variable frequency tests, Fe is calculated from 

equation 12.6.17. as required. 

12.6.6. The Slot Ripple E.M.F's. 

In sections 12.6.1. to 12.6.5., equations derived 

from conformal-transformation theory have been used to 

calculate the shape and hence the harmonic content of the 

tooth ripple flux density waveform at the secondary surface 

of the experimental machine. When the impressed Me Me Lsris 

uniform over a slot pitch, the equation of the waveform 

’ 40 
may be written as: 

. 
a : ‘ 43 mean a, cos ng os a C12:5.6.51 9%.) 

n=1 
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L236. 6% 

The selection of the tooth centre as the origin eliminates 

all sine terms. 

h a : i = " 
The per-unit harmonic amplitude bs $18 

The value of Boon and the first 4 values of b., listed 

in Table 12.6.2, agree closely with the corresponding 

values plotted by Freeman in Figs. 5-9 of Reference 40 in 

both magnitude and sign. However, in the experimental 

machine, the impressed m.m.f. is not constant but varies 

over 2 pole pitches in the manner described in sections 

2.3. and 12.5., namely a precisely defined set of rotating 

m.m.f. eect The influence of the slot openings will be 

much greater on the fundamental wave than on the harmonic 

waves since the magnitude and angular speed of the harmonics 

are both reduced in proportion to the harmonic order. In 

the derivation of an expression for the slot ripple e.m.f's., 

the m.m.f. harmonics will be neglected and the impressed 

waveform assumed sinusoidal, thereby producing a sinusoidal 

flux density waveform of peak value By upon which is super- 

imposed the slot ripple (e.g. Fig. 12.6.4.). Under these 

circumstances, the nth component of the ripple flux density 

wave, Ben? 

(i) has a wavelength = ‘cee vale 

(ii) is moving relative to the secondary surface at 

552)



  

4246.65 

an angular velocity = 6qwj 

(iii) will be modified in magnitude and phase by 

eddy current reaction (section 12.5.3.) 

and (iv) in the absence of (iii), has a peak value 

(hich varies with a) equal to 

ay cosé = bo By, cos@9 

which is a maximum when 99= 0 = t “(Fig. 7.3.) 

i.e. Bee (bd, B cos@,) x (cos 6qn@5 + 6quwjt) 

(126.20) 

Concentrating attention on the first term which induces 300 

c/s e.m.f's. in the secondary, we can write: 

a= 1 

ayi-= byBy cos 02 

ane BR = Bat. = aj cos@> cos (6q% + 6quwjt) 

The e.m.f. induced in a search coil having a pitch yr is 

determined by calculating the time rate of change of flux 

linkages in the manner described in section 12.5.1. 

82 + pn/2 
i.e. 

®R = B,L D do 

09,5 en [2 Pi tis 

= } [cos {(6q + 1)e, + 6quwyt} 

+<cos, {((6q.<<1) G:°+ 6qw,t} J dg 

=: 393: =



  

12°65.:0 

62 + wpr/2 
ge LDa, sin {(6q+1) 65+6qw t} ea sin{(6q-1) 6,+6qw,4 

4p 6q + 1 ogi .2 05 - wn/2 

The e.m.f. induced in the search coil therefore possesses 

two components which can be éengtadred to be caused by 

two B-waves rotating in the same direction and at the same 

angular velocity but having different wavelengths. Their 

wavelengths are identical to those of the m.m.f. harmonics 

for which k = q, i.e. the slot harmonic terms. Their 

frequencies (= 6qf, = 6k £,) are also identical. 

Putting“ 6q-= 1 ch 

  

6q°+ Toe h. +2 

and yr = T/hj asin -section.12.5 

we get: 

‘ ht 5 ht 
o. fe LDai [sin (nz ae 6q4it) - sin(h@, - The + 6quit) | 

4ph 

: Chis 2a 
Be LDa, sin{(h ve 2)82 + teehee - 6qwit } 

4p(h. + 2) 

ee are Pin Pele 
sinf (h tt 2)82 eo eh oe 6qwit} Ch 2776239 

The e.m.f. induced by the term in the first square bracket 

has been determined in section 12.5.1 and can be simply 

restated. That by the second square bracket can be obtained 

by. substituting (h..+.2) for he 
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12.6, 6% 

. ; ~ = 290 ,LDay te 
Re: on Te sin Thy sin(h05 + 6qwjt) 

3qw ,LDa 
Ch sete 2)). 1 

sin oh sin (h@2 + 202 + 6qw,t) 
p (h+2) 

| (12:,'6:.29) 
The phase angle between thesetwo terms is 202 (as for the 

m.m.f. harmonics), bringing the two components in phase at 

the m.m.f. axis where the flux density ripple is a maximum 

and in antiphase at the quadrature axis where the ripple 

flux density is zero. 

Futctifieq *.b5.R-*..5 dng hy = Sor 7 for the coils 

pitched 7/5 and w/7 respectively, we can obtain expressions 

for the 300 c/s slot ripple e.m.f's. eR and eR in search 

coils 53 and 74 respectively. 

(a) hy = 5 

(i) when oy 0 

-3w ,LDby By (Zs + ee) sin 6w yt ee (12.66% 23) 
©5R 

= -6 x 0.0789 ‘LDb, By sin 6w;t 

c.f. equations 12.5.6 and./. 

(ii) when 6 = 7/2 

~3w, LDbBy By (ty - 22822) cos Gwyt = -. = (12.6 24) 

  

@ il 

5R 

-6 x 0.0212 w,LDby By cos 6uyt 

c.f. equations 12.5.8 and.9. 

(b) hy = 7 

(i) when %2= 0 

  

0.902 1 . 
eq, = -3w,] LDby Bi ( aS TZ sin 6wj,t ae (12.6 625) 
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12.60% 

= -6 x 0.0808 w,LDby By sin 6u,t 

c.f. equations 12.5.10. 

oe 8) when 69= 1/2 

C7R -3w LDb,By,(0.0902 - 0.0714) cos 6w jt 

-6 x 0.0094 w,]LDby By, cos 6w jt ce (12660264) 

c.f. equations 12.5.11. 

Equations 12.6.23. to 12.6.26 are used in appendix 12.5.3. 

They represent e.m.f's. induced in the secondary having 

the same frequency and wavelength as those induced by the 

slot harmonic order m.m.f. wave but need modifying in 

Magnitude and phase to account for eddy current reaction. 

Assuming that both e7p and esp are influenced to the same 

extent by eddy current reaction, ‘the above summations 

will give for coils pitched 1/5 the ratio 

d.a. value of slot ripple e.m.f. 
qd+,, value of slot ripple e.m.f. 

= 0.0789 = Sieil x 

Og: O'2 12 

For coils pitched 1/7, the ratio is 

0.0808 
0.0094 % 8.6, 
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Appendix 12.7. The Supply of Power to the Pole Face 
  

epee els Introduction 

In an eddy current coupling, and an unloaded un~- 

parallelled separately excited d.c. or a.c. generator, 

the exciter power source provides only the power consumed 

in the copper conductors of the field winding. All other 

electrical power losses (tooth-ripple, end-region, 

armature, iron loss, etc.) het bpevinee by the mechanical 

shaft power, i.e. by mechanical/electrical energy conversion. 

The pole face loss problem differs from the above in 

that the excitation is provided by an a.c. winding and 

therefore both mechanical/electrical and electrical/ 

electrical means of energy conversion are possible. 

Basically, the machine consists of a set of primary 

conductors producing a precise series of rotating magnetic 

fields, Each sh aees an induced current pattern in a second- 

ary member, producing losses therein and also a reaction m.n.f. 

This modifies the primary m.m.f. and induces 

mains Etec ian de -e.m.f's. in the primary conductors. It 

was pointed out in section 26465 iti) thet the.pole..tace 

loss due to armature reaction m.m.f. harmonics is analogous 

to the loss in the secondary member of solid rotor induction 

motors and eddy current couplings. This analogy has 

been used by Wagner and Evans (Ref. 41 p. 92) to determine 

the power source of negative phase sequence currents in 
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synchronous generators under unbalanced load or fault 

conditions. Whilst in this appendix the method is extended 

to pole face loss problems in general, it has a direct 

bearing on the experimental work of section 5 regarding 

the method of loss separation. 

ete dve as Theory 

    

9 VV ULDD > ——$ 1.0.0 2 ——VWV"* 

R, xy ae Ke Raz 

  

  
  

Pig. AZ eck 

Consider an induction motor having the equivalent 

circuit of Fig. 12.7.1. 

In, X, and R, are equivalent phase values of secondary 

currents, reactance and resistance referred to the 

primary. 

Let ») = the angular velocity of the hth harmonic space 

wave relative to the secondary. 

and w, = the angular velocity of the secondary relative to the 

primary. 

The 3-phase stator produces harmonic field patterns each 

rotating at an angular velocity of # on, with respect 

h 

to the stator :(or: primary) when the mains frequency jsw,/27. Jet 1 
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Since the secondary is rotating at a speed of +w} 

the slip per unit for each harmonic term will be 

tw ,/h - wy Sua’ 4 LOR RAI £6K 

®w,/h wy 

  

The power absorbed by Rg represents the secondary loss 

and that by Rg(1 - s)/s represents the useful shaft out~ 

put power per phase. Let us assume that the analogous 

induction motor is coupled to a reversible machine. 

For the 5th and (6K - 1) terms, the secondary is 

being driven in the opposite direction to the rotating 

harmonic magnetic field and the system corresponds to 

the braking mode of the induction uGeoes Slip is positive 

and equal to 6K. 

.. The mechanical power output 

s O Kel 
= O its2R55 - = ee oho? Rare 

  

The negative sign signifies the flow of mechanical 

power to the secondary member. 

.. The mechanical power supplied by the shaft 

= 3122R (since h: =: 6K = 1) 

  

Bere lL 

Now the total power consumed in the secondary = 3i3 Ra 

Therefore the power supplied by the primary equals the 

total power consumed less the shaft power supplied 

a 399



  

1 Dd Geo, 

3i5°R> 310 “Ro 
i +. . P Ss _—_—__-—- = 

pl E 6K h+i 

hence the ratio, 

power supplied electrically 1 

power supplied mechanically agen 

For the 7th and (6K + 1) terms, the pole face is being 

driven in the same direction as, but faster than the 

rotating harmonic magnetic field. The situation therefore 

corresponds to the generating mode of the induction motor. 

The slip is negative and equal to -6K. Therefore the 

mechanical power expressed as an "output" power will again 

be negative. 

- § GKe be) = - 3I9*R2 ie Be 3127Ro   

i.e. the mechanical power supplied 

h 

  

= 31*R2 (since h = 6K + 1) 

This is greater than the pole face (rotor) loss, the surplus Po 

being generated viz: 

  

2 

3157R L = ote Be 
Bye Say tel 6K 

In practice, the harmonic m.m.f. losses produced by the 

6K - 1 and 6K + 1 terms are usually unequal and not simply 

expressed. It is convenient therefore to terminate the 

algebraic analysis here and demonstrate that most of the 
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loss power is supplied from the shaft in Table 12.7.1. 

Taplé 12.7.1. 1Liets the pole: face loss for é€acn of 

the predominant harmonics in the experimental load loss 

dynamometer (computed by the modified eddy current coupling 

theory in chapter 3) divided into their component parts. 

The error in assuming that the loss is provided entirely 

by mechanical means is very small (2% for the rated primary 

current of 29.8 amps.) 

Table 12.7.1. Analysis of Secondary M.M.F. Loss in the 

Experimental Machine 

  

  

  

  

          

Power supplied 

Harmonic | Computed Mechanical Electrical 

order,h harmonic Component Component 

loss KW 
K Kel , _" 4 h eel “ 

h en 6k = PAW 6x41) 
6K din 

“kW 6 x-1)} /6 

iu a 0.443 Os. 5)7-O ) 

) O78 = 0.018 

7 0.335 OT39T ) 

2 Li 0.304 0.278 ) 
) 21200 = 0.008 

ud 0.204 Gwin d ) 

3 17 0.147 01139 ) 
) oe = 0.003 

19 0.097 0.102 ) 

4 23 0.065 0.062 ) ) 22020. 9.001 
25 0.045 0.047 ) 

Total of lst. 8 terms; P,, m= 10 dee, Pa = 0.030     
  

“.The error in neglecting electrical component of mem.f. loss 

power when assessing the primary iron loss 

e 
- E x 100) me 2% 

Po ve Pu 
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12.7.3 Conclusion 

By assuming that the experimental load loss dynamo- 

meter can be represented by the equivalent circuit of 

Fies 12.7.1, 1 teas shown that for any harmonic of order he 

  
the electrical power supplied _ 1 

the mechanical power supplied h 

The electrical power is positive for the Ok S12 

harmonics but negative for the 6K + 1 harmonics (indication 

generation). The pole face loss caused by the harmonic 

m.mef's.°of armature reaction is supplied almost entirely. 

in the form of mechanical shaft power, the electrical 

powers oats to cancel. 

The expressions derived are valid for any practicable 

value of h and also for negative phase sequence Tetiet. 8% 

For these, h = 1 and s = +2 giving P, = Ayes L(eddy current 

loss in the pole face). 
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Appendix 12.8 

The predicted component of stray load los 

armature reaction 

Production Machines 

s caused by the 

m.m.f. harmonics using the proposed theory 

load loss on several salient pole and solid rotor 

Table 12,8,1, Predicted MMF, Losses for a Small Selection of Large 

. Machine Reference 
Cross Reference 

  

  
Footnotes: 

Test stray load loss 

Ratios: 

Programme No. 

Data 
Electric loading AC/in 

Rating MW 

Pole pairs P 

Synchronous speed Ki, LePolle 

Effective conductors 

per slot 2/¥ 

Parallel paths/ phase Cc 

Total phase current I 

Slots/ pole/phase q 

’ Pitch peu 

Spread deg. 

Rotor diameter D m 

Effective airgap g mm 

Slot width > mm 

Slot pitch Amn 

Active rotor length 

Rotor iron resistivity puS-om 

Gap/diameter ratio gre) 

Slot pitch/gap ratio & 

Slot harm, pole pairs 6qp 

Caloulated m.m.f, harmonic loss: 

Belt terms kW 

Slot 088 PL ki 

terms Leakage factor K, 

( PUK, kW 

total kW 

kW 

Calo® Total m.m.f./test stray % 

Calof Belt m.m.f./test stray * 

Synchronous Machines, 

s 
41.2803 

MS-4 

1210 
4 

4000 

0.52 
0.05 

0.02 

0.5 

1.9 

26 
26 
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T 
4.3006 

- MS=1 

2576 
409 
2 

1500 

322 

0.013 
3.9 

3.54 
1563 

0.19 

2.92 
6.5 

22.3 

29 
16 

U Vv W 

4.201746 1.201679 CEGB/5 

uS-1 

3 
Soy

 
set

 
Boe

 
a
>
 

W
N
 

w
r
e
 uw 

=
 N Ny 

the slot width factor. 

peripheral flux leakage factor for the slot 

MS=1 

820 
ae) 

2(250/s) 
750 

1640 

9 ; 
0.740 
60 

890 

12.2 

25 
25 

(4) The test stray load loss is the average of two machines. 

(2) Programme 7 does not inolude 

(3) The total caloulated loss inoludes the 

terms only (Fige 12e2s4e)- 

7 

41800 

4 

3000 

2 
2 
4,650 

9 
0.815 
60 

41020 
61 

65 
1,800 
2765 

0.05 
4 ok 
5h 

26 
422) 
0 

0 
26 

470 

ie) 
15 

is compared in Table 12.8.1 with the total measured stray 

alternators. 

xy (4) 
CEGB/6  CEGB/414 

7 7 

3070 4,250 

4 4 
3000 3000 

2 2 
2 2 
6276 ~—, 11000 

42 40 
0.833 0.833 
60 60 

4020 4090 
89 85 

50 65 
3750 5200 
2765 2765 

0.07 0.06 
0.7 4 
72 a 

52 230 Sr(B) oagte) 
0 0 

oO ° 
52 230 

390 4090 

43 21 
43 21
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