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Abstrect. 

The importence of strey loss eveluetion in mechines is 

discussed, end the literature on clemp plate loss in 

perticular is extensively reviewed. The design of two 

models having their core lengths in the retio 3 : 1 is 

presented, end from tests on the models, the loss in clemp 

pletes of verious meterisls is evelusted sat verious 

excitation currents snd power frequencies, 

The flux densities at the clemp plete surfaces pre 

extensively exemined using Hall probes. Hell probe : 

instrumentation end date hendling by computer, is presented, 

The clamp plete surfece flux densities ere obteined with 

both a.c. and d.c. excitation. The waveforms of the surfece 

flux densities ere presented in detail, end indicete the 

complex nature of the problem. 

The use of the Hell probe equipment on ectuel mechines in 

industry is illustrated, and further evidence of the intricate 

neture of the end-field problem is given, 

The flux density end loss investigations on the models 

show thet even with e moderate degree of seturetion in the 

lemineted cores, the end region flux density petterns sre 

meterielly effected, The clemp plete loss cen then be 

considered as heving two components, one due to winding 

overhang m.em.f., end the other due to flux pessing from 

core to clemp plate at the “nterface, 

Within the limitetion of the method used, 9 techniaue 

is presented for evaluating clemp plete losses in mechines 

from the test results obtained an the models.
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1.0 Introduction 

Early in the history of the development of the 

alternating current (A.C.) generator, it was recognised 

that there might be losses present under load conditions 

in addition to the no-load losses and the armature copper 

loss due to load current. Initially, es there was no 

means of measuring this loss, it was not included in the 

evaluation of machine efficiency. As competition 

increased and as economic pressures demanded a more 

precise evaluation of efficiency, a method of testing 

was evolved to segregate this extra loss, which was 

eventually known as stray load loss. 

The definition of this loss gives a good under-— 

standing of the problem that had to be faced. Stray 

load losses in rotating A.C. machines are defined as 

“the additional losses caused by the load current due 

to changes in flux distribution and eddy currents," 

These losses are partly due to the eddy currents in 

armature conductors, solid copper, end windings, 

clamping rings, and are also partly due to hysteresis 

and eddy currents in portions of the main magnetic 

circuit as well as in the stationary structural metal 

parts of machines. 

Initially, the determination of total stray load 

losses was governed by the pressure of competition 

and a search for high efficiencies, but by now the 

problem has resolved into a search for more accurate 

prediction of the various components of stray load 

loss. Consider the way in which the specific outputs 

of rotating A.C. machines have increased in recent years, 
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The induction motor is now being regularly manufsctured 

in outputs up to 25 MW. The turbo generator is being 

manufactured in sizes of 1200 MW, with single sets at 

2000 MW being investigated. The salient pole 

waterwheel generator has reached the 500 MW level, and 

sets of 1200 MW are proposed. By direct water cooling 

the rotor conductors, the outputsof both types of 

synchronous machines could well become eoual. 

Considering Fig. 1.0 - la., and 1.0 = 1b., it will be 

seen that the total stray losses, while a small 

percentage of the output, nevertheless represent a 

large amount of loss that has to be removed either 

directly by water cooling, or indirectly by radiation 

end gas cooling. It is not surprising therefore to 

find that with greater usage and the associated larger 

outputs, the determination of losses has reached ea 

stage where greater accuracy than ever is necessary. 

This thesis considers specifically the 

determination of stray Toea losses in the stator core 

Clamping plates. The subject of end region losses in 

general, ahd clamp plates in particular has been 

studied by se number of authors over the past forty five 

years, generally based on observations on built 

machines (Fig. 1.0 — 2), theoretical considerations 

alone, analogue models, and a combination of all three 

aspects. This thesis presents curves for clemp plate 

losses obtained from tests on experimental models for 

various clamp plate materials and at various commercial 

power frequencies; factors affecting these losses are 

investigated in detail in an attempt to achieve a better 

understanding of the probien. 

A
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eden The ‘Probiem. 

In rotating machine structures, the design engineer 

is confronted with the problem of eddy current losses in 

conducting solids due to nearby alterneting currents. 

Where ever possible, the machine perts exposed to 

alternating or pulsating magnetic fields are laminated 

to break up the eddy current paths and reduce the losses. 

However, in certain parts of the machine, solid metallic 

structures occur which are exposed to alternating fields 

and which ere impossible to laminate or replace by 

non-metallic materials such as glass-fibre mouldings. 

Amongst these parts are core end clamp plates of rotors 

and stators which are in the magnetic field of the end 

windings. Similarly, within the machine frame, heavy 

current leeds may cause eddy currents in the end winding 

guards and freme. Where possible, end guards are 

constructed from non-magnetic uesepiaas such as brass and 

cast sluminium or gless-fibre mouldings. The author 

recalls a vertical water wheel generator on which the mild 

steel plates immediately above the windings had to be 

replaced by cast brass plates to reduce heating and losses: 

unfortunetely, as this trouble had to be remedied on site, 

an accurete measurement of the loss was not obtained. The 

temperature was certainly reduced by 20°C, 

on Sean machine, the designer has to make a decision 

regarding the materials to be used, and on the spacing or 

clearances of conductors from nearby metal in excess of 

normal clearances required to prevent fleshovers. Any 

resulting reductions in losses must be evaluated on the 

besis of capitilised costs and efficiency bonus or penalty 
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charges. 

It may prove cheaper to redesign the machine in a 

larger frame, using conventionel materials or technioues. 

For example, two "No-du-mag" clamp pletes costing 

£1,000 on a 25 MW generator give a reduction of 20 kW 

of stray loss capitalised at £150 per kW. It is quite 

reasonable in this instance to use this method of reducing 

strey losses, rather than redesigning the mechine, unless 

of course redesign gives an even greater loss reduction. 

To agsess loss reduction, the designer must therefore 

know what adventages result from varying the verious 

parameters affecting the design of synchronous mechines. 

A study of tests on a larger number of turbo type machines 

- built in the author's organization gave the following 

relsetionships. 

End Bell Material There is a definite reduction in stray 

losses due to the use of non-magnetic end bells. This is 

reflected in the curves of Fig. 1.0 - lb. 

Air Gep Length As seen in Fig. 1.0 = 2 there is a 

reduction in end region losses in turbo generators, eas the 

airgap length is increased. Tests on a 1.5 MW salient 

pole generator showed a 10 percent reduction in total 

stray load losses when the air gap wes increased 28,5 

percent. 

Chording of Windings In general, chording has e strong 

effect, with a merked minimum loss occurring in the region 

of 80 - 90 percent pitched windings. There is a tendency 

to higher than normal stray load losses on salient pole 

machines with less than 1.5 slots per pole per phase where 

it is not possibile to pitch the coils less than 90 percent, 
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Stator Ampere-conductor losding Stray losses are roughly 

proportional to the square of the current. In general the 

loss varies as I* where x lies between 2.0 and 2.25, for 

both turbo-type and salient pole synchronous machines. 

Frequency Stray losses vary as (Frequency )” 

where y = 1.2 to 1.56 

Stator Stamving Material The use of hot and cold rolled 

stampings of eaual silicon content show no difference in 

end nteey losses. Tests on salient pole machines 

however, where the silicon content had been chenged from 

3 to 4 percent showed a 5 percent increase in total stray 

losses which, when considering the accuracy of commercial 

testing, can be ignored and the strey losses regarded es 

being virtuelly unchenged. 

End Winding Gusrds and Fan Guides The use of non-metallic 

guards and guides reduces the total stray losses, a 

reduction of 4O KW in a total of 770 KW stray loss being 

typical on a large turbo-generator. <A similar study on 

a 5 MW geared salient pole turbo-generator showed a 5 KW 

reduction in a total of 23 KW when cast iron end guards were 

replaced with glass-fibre guards, 

From this brief survey,.it becomes obvious that the 

problem of stray load losses, and particularly the end 

region losses is very complex and is subject to a lerge 

number of variables.



1.2 A Historical Review, 

Although it was es early as 1913 when the existence of 

stray load losses was acknowledged in an amendment to the 

A.I.E.E. rules, it was only in 1921 that the first serious 

study of the problem was published, In 1921, Miles Walker 

(33) published the results of experimental investigations 

on end plate losses carried out by the British Westinghouse 

Company and the Manchester College of Technology. The 

machines considered in that investigation were turbo- 

generators having magnetic core clamp plates and concentric 

(hairpin) windings. These results are summarised in 

Fig. 1.2 - 1. No mention is made of the rotor end bell 

material, but considering machine design techniaues in 

1921, it is reasonably sefe to assume that magnetic steel 

was used. 

In the report it is observed that the clamp plates 

losses varied with the end winding configuration, the 

minimum losses being obtained with a barrel type winding. 

The formulation is extremely elegant in its presentation, 

taking into account most of the physical parameters which 

should affect clamp plate losses. It has some weakness in 

that there is no difference shown between two-tier and 

three-tier windings. It does not appear that the rotor 

effects, if any, have been considered, and that the number 

of poles is not considered as influencing the pitch of 

the winding and losses. With this qualification, end 

bearing in mind thet the experimental results were based 

on turbo generators, this formulation could be applied to 

all forms of A.C. machines. 

In 1927 Rockwood (51) published his paper on stray 

load losses in which he divided the losses into a number 

Qe



  

  

FIG 1°2—1 
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The loss in watts in each clamp plate is given by:- 

cel 1.4, (a.0) 2 - 4078 A 4 0632 D°?47) 
B 

W = (0.008 D 

Where; all dimensions are in inches. 

A.T. = Series Conductor/tier x 2 x Amps/Cond. 

£ = frequency. 

B = Mean distance from clamp plates. 

D = Mean diameter of bent up portion or mean 
Giameter of clamp plates. 

CLAMP PLATE LOSS FORMULA AS GIVEN BY MILES WALKER (33) 
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of components, one of which was the "end" loss. Rockwood 

developed a dimensionally correct expression for end 

losses which contained some familiar relations as seen 

below. 

: 0.5 2 ~11 Wena =k DVE (A R)© x Coil Pitch x 10 

where K, is a constant, D the bore diameter in inches, 

V the peripheral velocity in thousends of feet per 

minute, f the frequency hertz, (AR) the ampere turns of 

armature reaction per pole. 

If we replace V by e function of diameter, frequency 

and poles, then: 

Va 7 x. Dx 106? 
poles 

W 2 1.5 AY 2 oa f Coil Pitch x (AR) 
: rz - Poles 

Rockwood does not give any value for the constant in 

his formula. On comparison with the earlier expression, — 

both coil pitch and the number of poles are introduced, 

This is not surprising since Rockwood is considering 

Salient Pole synchronous machines with two layer windings 

which can be short Sitenec. Compared with the esrlier work 

it is noticed that the actual physicel configuration of the 

end winding is not considered, neither are the clamp plates 

nor end guards. It can only be assumed that the usefulness 

of Rockwood's work is limited to a specific range of 

machines with a similar mechenicel construction. 

bike



Shortly efterwards, in 1929 Richter (34) published 

his now clessicel book ‘Elektrische Meschinen.' We 

see for the first time a rigorous approach to the 

problems in the end regions, again however treating 

Gene mechines with hairpin windings exclusively. With 

the sid of flux plots (Fig. 1.2 - 2.) the distribution 

of field strength is shown for a variety of conditions, 

with magnetic and non-magnetic end bells, with rotor 

removed and with the machine on short circuit with the 

rotor in position. From the various plots, it is seen 

that boundery conditions play an important pert in the 

field distributions, this being particulerly noticeable 

when magnetic end bells ere used, the meximum densities 

as seen from Fig. 1.2 - 3a, occurring near the clamp 

pletes, thus accentuating losses. However, epert from 

giving a very good physical concept of the problem, no 

practical or theoretical solutions are put forward, 

In 1934 Liwschitz (35) enlerges on Richter's work, 

again by meens of field plots. In Fig. 1.2 - 2, we 

see the effect of chenging from a hsirpin to a diemonda 

type winding but unfortunetely it is difficult to drew 

any positive conclusions, as the boundery conditions 

are not identical. It would appeer thet the dismond 

winding produces a weaker field concentration sat the 

clamp plate surface resulting in a correspondingly 

lewer loss. Liwschitz (Fig. 1.2 - 3b,) also sets down 

whet appesrs to be a semi-empirical solution in 

graphical form for the approximete losses in overhangs 

of salient pole synchronous mechines. Three conditions sre 

considered, 

2
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A2= AC/cm 

Tp= pole pitch,cm 

$§ =single gap cm 

D = bore dia. cm   earl ~W% Dx watts/cem 
x10"Afem E ND ~ 

azlarge b=medium c= small machines 
(see text) 

METHOD OF CALCULATING END REGION LOSS AS GIVEN BY 

LIWSCHITZ AND KLAMT 
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a) Large machine with pressure plates and heavy 
short circuited bracing rings. 

bd) Medium machines with pressure fingers end 
light bracing. 

¢) Small mechines with welded end stampings 
and no bracing. 

Since frequency does not appeer in the results, it 

must be assumed that the curves apply only to 50 c/s 

mechines. Although bore diameter and pole pitch dimensions 

ere used, the physicel shape and dimensions of the end . 

winding appesr to be completely ignored. In an attempt to 

check these it was found that the definition of mschine 

size based on manufacturing records circa 1934 gives the 

following, 

Curve a) 20 MVA end sadbdove 

Curve b) 2 MVA to 20 MVA 

Curve c) below 2 MVA 

However in 1962 we find that Klemt (36) repeats Liwschitz's 

work, end in s worked example indicates that a 4 MW 250 

r.p.em. motor with a bore of 4500 mm. can be considered as 

a medium sized machine. 

When checked on some large modern water wheel 

generators, curve (a) gives an end loss value thet apperrs 

reasoneble in magnitude. 

It is strange to find from Fig. 1.2 ~ 3b, that the 

air gap hes such a significant influence on the loss 

csleulation. (e.g., a decrease in gap by a factor of two 

increases the predicted loss by a factor nearly three to 

one.) When applied to induction mechines with their 

significantly smaller air gaps, the method gives 

15.
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unecceptably high values of end zone losses. 

Pollard's (52) paper on load losses in selient pole 

synchronous machines in 1935 presents a semi-empirical 

solution (Fig. 1.2 - 4) to whet is described as end zone 

loss. Curves sre given to enable end region losses to be 

ohiculace in terms of pole pitch and bore dismeter for 

various shepes of ferrous end guerds. From a machine 

design engineer's viewpoint this presentation is attractive 

as it appears to cover nearly all the pereameters connected 

with veriations in stator winding. As the curves are for 

60 c/s mechines, use can be mede of the verietion with 

freouency given in the two earlier formulations, i.e. 

loss varies ss fle?, There is no reason why the work 

eas be applied directly to Induction as well es Synchron- 

ous mechines. 

Despite its attractiveness, this work is elso of 

limited interest in so far that it does not sllow for 

veriations in materials for the various boundsries shown. 

For non-metallic guards we could esssume A a. O- but for 

non—megnetic metallic materials, there is no allowance. 

Some useful points emerge, &.g.,5 (1) end losses are 

noticeably greater with large pole pitches, (2) shrouded 

fans neer the rotor divert flux away from the end guards 

thus reducing strsy losses, this explaining a two-~-to-one 

reduction between configurations (a) and (c) in Fig. 1.2 ~ h, 

This peper cen still be considered esmong the best published 

on the subject of losd losses. 

Another attrective paper is thet by Richerdson (53) in 

1945. The author indicates that magnetic end-bells on the 

rotor windings of turbo generators cen increase the clamp 

17.
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Loss/ = Kxd (h+ 1) (25) 1.6 x 107° KW. 

Where Gd = mean diameter (in) of the winding benk. 

h = Height (in) of winding bank 

1 = mean distance (in) of windings from the 
core end plate or end shield. 

at = stator empere-turns per pole pair. 

¥ = 1.2 for a "skeleton" type core end plate 
of cest iron or mild steel. 

= 3.3 for a solid core end plste or end 
shield. 

Where non-megnetic iron is used, the sbove constents 

should be reduced to one third of their value.       

METHOD OF CALCULATING CLAMP PLATE LOSS AS GIVEN BY 
  

RICHARDSON (53 ) 
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plate losses by as much as 15% due to flux crowding in 

near the stator core. With end bells, it appears that 

losses ere noticeably affected by sir gap veriations. 

From his field plots for involute and diamond windings 

a shift in the end field distribution is seen which 

would indicate lower losses as the winding approaches s 

cylindrical or barrel form. (Fig. 1.2 - 5). From Figure 

(a) it will be seen that a double 2-bank winding gives 

lower clamp plete: losses. This can be explained by the 

fact that the centre of gravity of the end winding mass 

is further awey from the clamp plate. In Figure (b) the 

effect of cone angle is seen. This substantiates Miles 

Welker's claim that the losses decrease as the cone 

‘flettens. Richardson gives the loss per end clamp plate 

. or end shield at 50 c/s by a simple formula. (Fig. 1.2 - 5). 

The effect of using copper end shielding on the core 

end plates is studied. Richardson notes that losses 

decrease as the thickness of the shield is increesed up 

to % inch, after which no significant improvements were 

obtained. As the depth of penetration of copner is 

approximately 2 inch, at 20°C end 5/16 inch st 100°C this 

gives adequate justification for the belief thet there is 

no appreciable increase in eddy losses beyond this thickness 

if a clamp plate has a thickness greater than the depth of 

penetration. 

In 1955 Winchester (54) considered the problem of 

stray losses in the end packet of stampings in the srmsture. 

Only two dimensions are considered since there is symmetry 

in the axial direction. The analytical solution to the loss 

equation contains the flux density term Bo which is obtained 

19.



from an electrolytic tank analogue. It is noted thet the 

end packet losses can be reduced by splitting the end 

teeth and chamfering the core end. 

Data is presented which shows a reduction in end plate 

loss if copper shields ere used. It is odd to see that 

Winchester considers using non magnetic clemp plates 

when shields are used. As discussed earlier, with shields, 

magnetic materisl could be used. It 3s indicated that 

loss decreases as the resistivity of the non magnetic shield 

is lowered. Apart from this reference to the clamp plates, 

this paper does not contribute a solution to clemp plate 

losses. 

- Another paper of general interest is that by Staats 

(55) in 1957. ‘The end winding (copper) eddy current 

losses are treeted by reducing the complex three cimensionsl 

field problem into sub-divisions due to the various 

portions of the current-carrying conductors end the 

fringing of the main air gep field, the circumferential 

and radial components of the sub-divisions being considered. 

The stator end winding is treated as lying on the frustum 

of two cones. This is in turn reduced to two concentric 

cylinders. The problem is finally resolved into two 

parallel planes and current sheets, the cylindricel 

co-ordinates being transformed to Cartesian. It must be 

appreciated that there will be a pair of cylinders for each 

point that is considered on the end winding. Staats 

finelly develops an expression for power loss per cubic cent- 

imetre of end winding copper. 

In his study on the end components of leakage reactance 

Smith (56) in 1958 resolves a turbo generator end winding 

into a cylinder the radius of which is arbitrarily taken 

20.



to be:- 

  

i r, =h_ + 3 (hb, -h._) 
° 

Smith states that this velue of r, is not critical : 

and that in a typicel example, a 10% variation in r, gave 

a 1.5% difference in the end result. This however does 

not necessarily mean thet the selection of Py for the 

cylinder is the correct equivalent representation for the 

cone. The end winding is then replaced by a current sheet 

at radius Pi This paper is of interest because it presents 

yet another way of expressing an end winding es a simple 

geometrical model. 

In the joint paper by Alger, Angst and Davies (57) in 

1959, a simple formulation for end loss in Induction 

machines is given, 

1.6 fim. NO D, 
2 eee od) ae 

Pp? x 10! "AY, YY, 
Wo. 2= 0.3 mT



where I is the current, m the number of pheses, f the 

frequency, P the number of poles, and all dimensions 

are es shown below. 

The formule is dimensionslly correct and it can 

be easily seen from a substitution of terms that the 

formuletion reduces to the same structure eas in 

Rockwood's paper with the exception that frequency is not 

raised to any power. 
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Further the term log (1 + py“y- ) 
ie 

can be replaced by a constant verying with the poles in 

salient pole synchronous mechines, on the besis thet 

From the renge of machines thet heve been considered, 

both random wire and former wound coils sre considered in 

the end loss formuletion which must therefore include all 

components such es clamp plates, end guards, brecing rings 

and copper losses.



In the same year, Honsinger (58) in treating the 

problem of end winding leakage reactance for induction 

motors considers the effect of different shepes of coils. 

Three in perticular are examined. 

a) Rectangular 

b) Elliptical 

c) V- Sheped. 

As cen be expected, Honsinger shows thst the V - 

shaped winding has the lowest influence factor when 

considering the iron boundaries and the coil cross- 

sections. The rectangular configuration produces the 

highest leakage reactance being approximately hO% higher 

than the V - shaped configuration. : 

In considering the iron boundaries such as formed 

by clemp plates and end brackets, Honsinger assumes 

thet all flux is perpendicular to the surfeces because 

it appeers that eddy currents induced in the iron are not 

sufficient to reduce substentially the normal components, 

thus implying that the radial and tengential components 

are zero. 

In 1961 there appeared the first of a set of five 

papers on the calculation of the magnetic field of 

rotating machines by Hammond (60) in association with 

various other euthors. In the first pert, treating the 

field of a tubular current, the ground work is laid for an 

explenation of current sheets. Consider the three examples:- 

yA 

yy hd 

236 

(1)



It is now easily appreciated that the first cese can 

be described as a sheet of Axial current, the second es 

circumferential and the third es radisl. It is clear 

therefore that any current distribution can be built up by 

the superposition of eppropriate current elements, for 

example the case of an induction motor cage winding with 

its end rings, which is illustrated below. 

  

Further, Hammond lsys down three basic assumptions. 

a) Actual conductor currents are replaced by 

current sheets. 

b) Current Sheets are of simple geometricel shape. 

c) No iron is considered in the vicinity of the 

current sheets. 

With an infinite distribution of conductors the first 

assumption can in condtdarda welconnite: When considering 

the second assumption the degree of approximation will be 

governed by the complexity of the end winding considered, 

The third assumption is corrected at a later dete. The | 

peper is of further interest as Hammond develops a 

meens of evaluating the cylindricel co-ordinates for the 

basic problem of tubular current. 

In 1960, Hammond (4.) shows how Searl's (1) method of 

images can be applied to the end winding of electrical 

machines. A distinction is made between imeges in megnetic 

2u.



surfaces and in conducting surfaces, the two types being of 

opposing sign. The point being stressed is thet in treating 

the field of a machine end winding, it is necessary to 

Gecide whether the eddy currents in the core end pletes 

meke the surface of these pletes into a conducting sheet, 

or whether they are sufficiently inhibited to allow the end 

plate to ect as a megnetic sheet. 

In closing, Hammond warns that the method of images 

often requires measurements rather than calculation, and 

theorises thet in problems involving low freouency currents 

near iron boundaries, the method is difficult to apply. It 

is also suggested that the method of imeges be confined to 

problems involving infinitely conducting boundaries. It is 

well to remember these warnings when studying the treetment 

of end winding by various other authors. 

In the second part of the series of papers on the megnetic 

field of rotating mechines, Hammond and Ashworth (60) in 1961 

consider the end winding of turbo-generators. The actual 

conductors of the stator and rotor windings ere repleced by 

current sheets, and the effect of iron in the vicinity of the 

windings is generally ignored. 

The authors find that a turbo-generator end winding with 

its lerge cone angle of 30° to 45° and heving e slant portion 

which is markedly spiral in shape cannot be described 

anelyticeally without simplificetion. 

(a) (b) eed (d) 

         



It will be seen from the above diagrams thet the end 

winding has been simplified in stages until finally it can 

be considered es a number of finite cylinders and discs. 

The authors indicated that the number of components into 

which the winding is broken up is not critical, send that 

three should suffice. With six sections considered there 

is only a 2% difference between the results of the 

Calculations. Further, in the final representation (da) it 

can be seen that the end winding has been broken up into a 

series of cylinders and discs which can in turn be repleced 

by a series of circumferential, axiel and rsedisl current 

sheets. 

From curves of Hr and Hz, the rediel and tengentisl 

components of field strength are shown to increase with 

increasing cone angle. This is consistent with the findings 

of earlier authors. However, we immediately find 

inconsistencies in the authors’ findings on the influence 

of chording of the stator winding, end with the value 2 

(see below). Contrary to the authors! siavomcae thet Z 

increases with low cone engles, Z does not vary in 

practice for a given insulation level, 

  

   
  

pitch 1-9 ‘ 
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It is interesting to note that the effects of short 

pitching can be neglected, although this produces a 

reduction in overhang mass, ss seen from the disgrem. 

It is true, however, that if Z is increased then losses 

decrease as the winding slant portion moves further away 

from the stator core. 

Lawrenson's (59) treatment of the end winding fields 

was published simultaneously with Hemmond and Ashworth's,. 

In his paper Lawrenson considers the magnetic field being 

set up by a number of finely divided current filaments 

consisting of small straight elements. The advantage of 

this approach is that the field at any point is found as 

the vector-sum of all the field components due to all the 

elements of the filament. These components are expressed 

simply in terms of the co-ordinates of each element and 

the co-ordinates of the point considered. It will be 

seen that all shapes of filament cen be considered because 

any calculation requires only co-ordinates of a series of 

points on a filament. 

: ( Mets ped? ont ) 
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The figure shows a typical element A B (of some 

filament) with end co-ordinates (X, Y, Z), and (X, Y, Zea 

and a point F with co-ordinates (X, Y, Z). The field 

strength at any point F is given by using the Biot-Savat 

law and integrating between A and B. It has a megnitude 

given by:- 

He ey (Sin Oe Sin 2 at/m 
LT n+1 n 

where F P is the normal from F on the element or its 

projection, and i is the filament current. 

Lawrenson makes three boundary assumptions which are 

not strictly true, as his experimentsl work wes based on a 

6.5 MW air-cooled turbo-generator whose scaling bears no 

real relation to large modern hydrogen-cooled turbo~ 

generators. 

The first assumption is’ that end castings are thin and 

in regions of weak fields and can thus be ignored, There 

is at least one known instance of a 350 MW set where 

severe burning and demage was encountered in the shaft 

seal region. What appeers to be forgotten is that many 

manufacturers use magnetic end discs with non-msgnetic end 

bells, Thus, there can be strong end-field effects in the 

castings, which are usually made of 2-3 inches thick 

case 
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The second assumption considers the shaft as being 

small and far from the stator end winding, so that it 

also can be ignored. This is not true since often the 

magnetic end disc acts as a flux bridge between windings 

and shaft. Incidentally, field plots by various suthors 

show that the shaft does have sn influence on the resultant 

plot. The third assumption is that the clamp plate extends 

radially to infinity and that all other iron boundaries cen 

be ignored. A quick examination of modern machines shows © 

this to be untrue. In fact, at points, the end cesing is 

sometimes closer to the endwinding than is the clamp plate, 

and must be shielded. Whilst Lawrenson presents a series 

of theoretical curves indicating expected veriations in the 

three components of the field, there is no test or analogue 

evidence to substantiate these curves. However, the paper 

is of interest for the resolution of the problem into a 

series of current filaments which can follow the coil shapes 

more closely than any other method presented by earlier 

authors. It is believed that the filament representation 

is possibly acceptable for evaluating fields reasonsbly distant 

from the windings. If however the study is to include eddy 

copper losses, then due to the bulk of the coil sides, three 

filaments or more may be necessary for each coil, (see below). 

ae 
- oS) 

- \ 
“a ia. 

ee) a Soe 
a or \ 

- he oe \ 
ae oe - \ 

oe - os } 
ul a at ae } 

- \ ne or - oe 4 } 
4 ae. — - a oe Pe ade P , 
2 os i - - 

- ae an a a5 Line’ ete ome en emcee can | ae ce ae Be 

3 - - - a - - - 
face ce meme ee cia came tome 0 OO - se - 

re oo oe 

5 - oe - 
Jones eee ee ee ee ee - oy as - 

2 pee - 
pe ee eee eee e 

~ 
is Neue) iin alli» teas Spel aia Oe  



Eerly 1963 sew the first of a series of papers by 

Tegopoulos (61, 62, 64, 67) which, over the next five yeers 

covered the end zone of turbo-generators thoroughly. The 

first paper is devoted entirely to the mathematical 

representation of the stator and rotor end windings in the 

form of sinusoidal current sheets. These sheets sre assumed 

to lie on cylindrical surfaces of radius Ps and Fa 

(a) (b)     
>
 

end core plane 

stator stator end winding 

core 

rotor end 
winding   

  

  

        

For P, Tegopoulos follows Smith (56) in his erbitrary 

choice of magnitude. From a field point of view Tegopoulos 

feels that these approximations are justified for points 

reasonably far from the conductors. 

The effect of the air gap is considered by assuming a 

return of the current in the end winding of the ctetor and 

rotor in the centre of the gap, or st a radius Poe 

According to this assumption the end coils of the stator 

and rotor are considered to be closed circuits. In fig. (b) 

above, a stator end winding coil is shown schematically, as 

30.



well as its fictitious return in the centre of the air gap 

and on the end core plene. Tegopoulos derives expressions 

for the stator and rotor current sheets for the four 

components listed below, 

8) Radial current sheet. 

b) Peripheral current sheet. 

c) Axiel current sheet. 

d) A return current. 

The derived equations are appliceble to the fundamental 

components. Harmonics could be included by similar 

derivations, but Tegopoulos feels thet this should not be 

necessary. 

In considering the stator and rotor current sheets 

separately it must be remembered thet both ere rotating 

synchronously but that there is a phase difference between 

them depending on the power factor of the losd. The paper 

is pleasing in that for the first time we see a fully 

developed theory put forward that appears simple in its 

presentation. 

The second paper by Tegopoulos deals with flux 

impinging on the end plete of turbine generators only. It 

is assumed that there are no iron boundaries other then the 

end-core plates, which are also eliminated by considering 

the mirror images of the current sheet components as 

developed in his first paper. The conclusions are of 

perticular interest, as Tegopoulos shows a very close 

agreement between celculated and test values of normel 

flux density on the core end plates for an Induction Motor. 

(Fig. 1.2 - 6). Bearing in mind thet the author considers - 

turbo-generators only, it is possible that the machine 

considered ‘is a lerge two pole motor with a turbo-type 

he
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end winding. In passing it may be ssid that the assumptions 

of the end plate having infinite permeability and being 

non-conducting are probably justified for the mechines con- 

sidered by the author, as the machines had clamp plate 

shields (flux traps) made up of thin silicon iron stampings. 

A third paper by Tegopoulos is devoted entirely to the 

analytical determination of the magnetic field in the end 

zone of turbo-generators. 

It will be remembered that in his second paper the same 

field was determined only on the end core plate ignoring 

iron boundaries. As before the assumptions on which this 

paper is based ties the work to turbo-generators with non-- 

magnetic end bells. When examining the field plots, 

“dllustrated in Fig. 1.2 - 7, it is apparent that the author 
hes allowed for the presence of megnetic end discs as 

discussed when considering Lawrenson's work. It must be 

mentioned that Tegopoulos checks his analytical studies 

against two-dimensional flux msps by using resistive paper 

analogues. This is justified only because the author 

considers that there is axial symmetry. It is also 

indicated that the calculated flux densities for points in 

the neighbourhood of the ectual conductors ate not accurste 

and Tegopoulos attributes this to his use of a cylinder to 

replace the end winding. If this is true, then Smith's 

work on or copper losses must suffer from the same degree 

of error. It is suggested that this error can be reduced 

by replacing the end winding with a staircese Fig. 1.2 - 8a, 

made up of zones of partial axial and circumferential 

current sheets. This spproech is similar to Hammond's and 

Tegopoulos actually uses it in his next two papers in 1966, 

At this point it appears opportune to refer to these papers, 
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which are on forces in the end winding, even though they 

were not published until 1966. 

The electromagnetic forces exerted on conductors of 

the end winding cen be determined on the basis of:- 

ro « (th: Ss 

where F is the concentrated force exerted at a certain 

point, lying on the centre line of a coil end, B is the 

flux density at the seme point, L is the length of a 

coil segment in the middle of which the point lies and 

I is the current flowing in the coil. It will be seen 

that these papers are extensions of earlier work by 

Tegopovulos and as stated, he seeks greater accuracy when 

evaluating flux density on the conductors by turning to his 

step representation of the end winding. The present 

writer wonders whether Steat's method would not have 

been a better approach. 

Up to now, we have considered the use of electrolytic 

analogues (Smith), resistive paper analogues (Tegopoulos) 

and sctual end windings (Hemmond). We find that Oberretl 

(63) in 1963 makes use of a lattice model made up of 5000 

resistances and condensers. The treatment is restricted 

entirely to non-magnetic boundsries end leeds to an 

Benheesion and curves, Fig. 1.2 - 9, for losses in the 

clamp plates, axial and radial plenes of the end guerd. 

The use of different non-magnetic materials is ellowed 

for by the introduction of electrical conductence into the 

loss equation. The winding cone-angles considered are 

0°, 30° and 90°, Richardson's semi-empiricel ratios of 

losses for varying cone~angles compare fevourably with 

this work. 
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Oberretl takes Maxwell's equations for electromagnetic 

fields neglecting displecement currents. With the intro~ 

duction of the megnetic vector potential and working in 

Certesian co-ordinates in two dimensions, a pertial 

differentisl equation is obtained, leading to the setting 

up of e lattice model for its solution, Fig. 1.2 — 8b. 

The presentation of results of this peper is such thet 

the epproach is similer to Liwschitz's work, no elsborate 

computetion being required. When checked on typical selient 

pole machines the calculated values appesr reasoneble in 

magnitude. At this time of writing however, test velues 

are not available for compsrision. 

In his article on magnetic fields, Althammer, 1963, 

uses the method of current sheet representation of windings 

as detailed by Hammond and Tegopoulos. The end-winding 

slent portion is treeted es lying on a truncated cone, but 

each coil being considered es pert of ae helix before 

transformation. In general this paper offers nothing new 

and appears to be a repetition of earlier work, slightly 

modified. 

Hammond's fourth peper is published jointly with Stoll 

in 1965. The main purpose of this paper is to investigete 

the relstionship between magnetic fields end eddy currents, 

The suthors consider a current sheet perallel to a conducting 

slab seiiacniey their solution to cover the csse of a 

semi-infinite sleb. The equation for eddy-current loss is 

used for calculating stetor clamp-pletes loss. In the 

application to turbo generators end salient pole machines 

they find the following loss ratios: 
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Loss Ratio 

Turbo Salient 
Material Type Pole 

Magnetic 2a O65. 

Non-Megne tic 0.40, 0.164 

Copper 0.045 0.007           
It seems 6dd to find that on the salient pole mechine, 

the non-magnetic clamp plete has higher apparent loss than 

the megnetic clamp plate and it can only be assumed thet 

the suthors’ methods are not truly appliceble. Compering 

magnetic end-plate loss in salient pole machines with 

turbo generators, e reduction from 1.00 to 0.131 1s 

indicated. This again eppesrs very large and judging from 

the fact that the salient pole machine has been attributed 

with a pole pitch of 20 cms. no other dimensions stated, 

the ratios given are of doubtful velue. 

In their fifth paper 1966, Stoll and Hemmond specifi- 

cally treat the problem of eddy current loss in the end 

plates. The authors ere particularly interested in the 

effect of the field of a magnetic end-bell, which is 

treated as a tubular region of definite permeability. 

Earlier work considers the magnetic end bell as being 

infinitely permeable. The authors assign e lineer 

magnetisation characteristic to all magnetic materisis, 

i.e.; Bz=k H. The writer feels that the authors should 

consider the magnetisation curves for magnetic materials 

es a smooth continuous function. (FIG-A) 
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From their mathemeticeal resolution of the above 

problem the authors obtain an expression for the clemp 

plate surfece loss density in terms of the radiel and 

circumferential field components. 

2 2 P= + aS) 

where / 

end cS 

It is found that clamp plate loss reduces with 

resistivity - ohm—-metre. 

skin depth ~ metres. 

diminishing cone engle, giving an approximete ratio of 

2 to 1 for a change from 60° to 30°$ this is compereble 

with Richardson's work. 

In 1965, Reece and Pramanick (69) calculeted the end 

region field in A.C. machines. As Lawrenson did, the 

authors consider the coil ends as consisting of a number 

of filaments but simplified in shape. The general 

simplification suggests that this work should be applicable 

to Induction and Salient Pole machines provided the 

bounderies ere suitably modified. Agsin like Lawrenson, 

the authors consider thet the end cover and cesing do not 

contribute significently to the generation. of losses, and 

therefore neglect them. This cannot be true, and as seen 

in section 1.1, end~guard losses sere not insignificant. To 

check their equations a model wes used. The model was a 

smell rotor-stator assembly wound with a single turn stator 

and rotor coil per pole. It is argued that since all coils 

in a 2-layer winding are identical, it is only necessary 

to derive expressions for the field produced by one coil 

per pole, and by assuming superposition, the field of a 

complete winding then obtained by applying a multiplier 

which is a function of en actual winding. From similar 
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experiments documented in Chapter 5 of this thesis, it is 

seen thet this assumption is likely to introduce considerable 

errors. If the authors are considering only two pole turbo- 

generators, then it may be possible to use a further multiplier 

which would correct eny errors thus introduced. The authors 

Claim that the use of their new equation for end-winding 

reactance has led to closer agreement between measured and 

calculated values of machine reactances. 

As any study of clamp plates is not complete without: 

some reference to shielding or screening this review will 

be terminated with a short study of the art. Attempts made 

to reduce heating end losses caused by the stray fluxes 

occurring at the ends of a generator sre in general 

Givided into three classes, 

(1) by screening the metallic perts linked by the 

stray flux. 

(2) by altering the properties of magnetic materials 

linked by the stray flux. 

(3) by producing a magnetic field in opposition to 

that producing the stray flux. 

When attempting to reduce clamp plate losses, only the 

first of these methods is usually considered. Methods of 

screening can be divided into two distinct clesses, 

(a) the provision of a low resistance screen in which 

- the stray flux induces eddy currents, which in 

turn reduce the stray flux linking the perts 

being screened. 

(bo) the provision of «a low reluctance path which 

diverts part of the stray flux ewey from the 

parts being screened, 

Summarising the various views expressed on sereening, 

there appears to be disadvantages, both when screening 
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by means of laminated magnetic screens and by means of highly 

conducting screens. The use of a laminated magnetic screen 

adjacent to the stator winding to divert the fluxes ewey 

from the core end plate means that the reluctances of the 

peth the flux originally travelled is reduced so that the 

amount of stray flux will increase. This additional fiux 

could cause extra losses in the end windings themselves. 

However, the use of a laminated screen situsted on the 

surface of the core end plate will probably only marginally 

increase the total strey flux. Conducting copper screens 

have the disadvantage that to be effective, very high currents 

must flow in these screens and due to their inherent 

resistivity, the resultant I°R losses may be equal to or 

greater than the resultant decrease in losses in the core 

Clamp plates. The current density in the screens is by no 

meens uniform, the current tending to crowd into the edge 

of the shield nearest the bore of the machine, so thet it is 

possible that a large part of the expensive and weighty screens 

are not used as conductors. However, due to the greeter heat 

conductivity of copper, these screens can be more easily 

cooled thus tee find a use as a form of heat sink on the 

surface of the clemp plete. With highly conducting screens, 

the eddy current loss tends to increase as the screen 

resistivity increases. Therefore, it is important to use 

very aoeheatahigi yy material for the screen, end to ensure 

thet no high resistence joints occur. Obviously, the use- 

fulness of a low resistance screen depends on its own eddy 

current loss being lower than the reduction of loss in the 

parts being screened, as stated eerlier. 

Evidence as to the effectiveness of the various types 

of screening is very limited although it would seem that 
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lamineted screens offer more possibilities for loss reduction 

then do conducting screens. However, since the mejority 

of the reported experimental work has been cerried out on 

laboratory models it is impossible to drew any firm 

conclusions. Despite this, it is clear that as the mechines 

increase in ratings, screening in one form or the other will 

be used, 
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2.0 Experimenteal Models. 

Losses in core clemp plates are investigated in the 

present study by examining test results mede on two 

experimental models. Thus a complex phenomenon is 

evaluated in such a way that the effect can be predicted 

for actual electrical machines. The success of such an 

extrapolation depends on the validity of the sceling 

rules used in transforming from model to machine. In this 

respect, difficulties arise because 

(1) electromagnetic effects at boundaries between 

magnetic and non-magnetic, conducting and non- 

conducting materials may not follow the seme 

scaling rules as the physical dimensions. 

(2) parallel magnetic paths may be unavoidably out 

of proportion on the model. 

(3) it may not be possible to account for magnetic 

saturation on a similarity basis. 

These difficulties may account for the fact that 

fully scaled physical models are rarely used in solving 

problems in rotating electrical machines. Considering clamp 

plate losses, the problem of designing an acceptable model 

is somewhat simplified. The requirement is a typical end 

winding and adjacent clamp plate surface which together, must 

have representative profiling. Also, a main magnetic 

circuit similar to actual machines is necessary, to ensure 

similarity of end-region fields. Thus the model consists 

of a wound stator core formed of slotted laminations, and 

an un-slotted laminated rotor pack. Rotation is not reauired, 

so that the rotor is supported by air-gap wedges, which also 

ensure a uniform air-gap. For structursl reasons, the stetor 

is cerried in a mild steel plate frame of minimum dimensions. 

é 
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This construction allows the model to represent both salient 

pole sychronous machines end squirrel-cage induction motors, 

although it is recognised that the model does not simulate 

possible rotor winding effects. It is believed thet at the 

Clamp plate surfaces, the effect of rotor winding m.m.f. is 

negligibly small. Two model assemblies are shown in the 

photogreph Fig. 2.0 = 3. 

3 The study of clamp plate loss adopted follows two 

distinct paths; 

(1) Eveluation of clemp plete loss from tests 

carried out on models. 

(2) Investigation of flux density distribution on 

clamp plate surfaces. 

The input power to the model stator winding consists of 

(a) stator winding copper loss 

(b) clamp plate loss 

(c) stator and rotor core iron loss 

If the winding is designed such that supplementary copper loss 

is minimal and can be neglected, loss (a) cen be caleulsated 

and extracted from the total meesured loss. By having two 

models, identical in every respect except core lengths, loss 

(bv) can be considered equel for both models, and loss (ec) can 

be considered proportional to core length. Thus et any given 

current taking the core lengths to be in the ratio 3:1, snd 

letting W, and Wo be the input power corrected for basic 
1 

copper loss, for the short and long core respectively, then 

  

Wy = Iron loss + Clamp plate loss 

Wy = 3 x Iron loss + Clamp Plate loss 

3M - Wo 
e® Clamp plate loss = ei games 
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Thus, heving obtained tha clamp plate loss from the models, 

the result would be proportioned dimensionally for direct 

use on actual mechines. 

The clamp plate surface flux density studies were carried 

out by means of Hall effect probes. In view of the fregility 

of these probes, it was necessary to design suiteble mounting 

jigs, which enabled the flux density to be messured radially, 

‘exielly and circumferentially. 

The models and Hall-probe jigs ere shown in photogrephs, 

Fig. 2.0 = 1 to 3. Fig. 2.0 = 1 shows the end view of the 

short-core model; points to be noted are, 

(a) the stator winding overhang, with its finely 

stranded conductors. 

(bo) Hall probe jig located at the sheft centre and 

' capable of circumferentiel movement. This jig 

is toothed (See Fig. 5.2 - 6) and carries six 

probes for measuring axial end redisl flux 

densities in the vicinity of the stator teeth. 

(c) Hall probe jig located on a circumferentially 

slotted carrier mounted on the stator freme,. 

This jig carries ten probes for measuring axisl 

flux densities either on the core or clamp plate 

redial surface, 

Fig. 2.0 - 2 shows a close-tp of the third jig, designed 

to carry the single probe shown in position on the clamp 

plate. Half the clemp plete is removed to show the half-lap 

joint and the bevel. Points to note on the single=probe jig 

are 

(a) dovetail slot on horizontal cserrier to esllow 

exiel movement. 

(bo) Slit on vertical cerrier to sllow rediel movement. 

(c) the stator frame-mounted cerrier (see also Fig. 2.0 - 

1) which allows circumferential movement of the jig 

assembly,: 
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FIG’ 20-1 
  

SHORT CORE STATOR WITH HALL PROBE JIGS IN POSITION. NOTE 
  

HALF LAP JOINT ON CLAMP PLATE. 
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Fig. 2.0 - 3 is a general view of the motor~alternstor 

set used to give a verieble voltage and frequency supply, 

and shows also the two models. Note thin plate frames on 

the models. 
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Oo: Design of Model Stetors 

Having made the decision to use two experimentel 

stators on which the various clemp plates would be mounted, 

the design of the windings had to be carefully considered. 

It was necessary to establish the power supply aveilebility, 

before establishing the frame size of the model stators, 

Preliminary checks soon indicated an upper limit in the 

“region of 200 Amperes 3 phase 415 Volts at 50Hz. With 

this in mind, the starting point was teken to be the core 

lengths, 50mm and 150mm being considered. At the time of 

design, it was felt that a working losding of 525 Ampere 

conductors per centimeter (AC/cem.) would be sufficient to 

produce measureble clamp plete losses. Working est a 

maximum sir gep density of 0.7 webers/square metre a few 

preliminary calculations quickly showed that en existing 

stenderd stamping would be suiteble. The stamping had the 

leading dimensions given in Fig. 2.1 =~ 1, which gave an 

AC/om of 535 end eir gep density of 0.675 wbh/n’, 

The magnetic loading in the iron circuits was 

deliberately kept at a low level to ensure that the 

majority of the empere turn requirement ley in the sir Sap. 

The resultant larger than normal eir gep of lomm. is more 

compatible with large sychronous machines working et 

525 AC/cem loadings. The 470mm. bore design normally 

operates at 375 AC/em with air geps between 2.5 to 4.0 mm 

The stator end plain disc rotor stempings were 

blenked from e medium resistance silicon sheet 0.020" thick. 

The stempings were carefully deburred, insuleted and glued 

together with s thermo-setting epoxy resin, thus avoiding the 

need for any through-belts. The beck of the stetor pack 
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however, hes three eoually spaced exial seam welds to secure 

it. The stator psck is held in a narrow mild steel plate 

frame, Fig. 2.1 - 2, and is separated from the frame by a 

6.5mm. redisl eir gep. Brass wedges hold the peck securely in 

the frame. With this construction, it wes hoped that iron 

losses and leakege into the stetor frame could be kept to a 

minimum. 

The 72 slot stamping was chosen to ensure a belanced 

six pole three phese winding that could be short pitched 

83.3% which results in a rotating m.m.f. heving a low 

hermonic content; also, a balanced m.m.f. pattern over every 

pole pitch is obtained. The windings in this freme size sre 

normally of the ber (strip) type, with single conductor depths 

of 13mm. in the radial direction. This gives ea commercislly 

acceptable level of eddy current loss in the slot copper. 

It was felt thet this level was not acceptable in the model 

as eddy current losses in the stator conductors would be 

 @ifficult to extract with any degree of confidence from 

overall test figures. A six conductor per slot winding 

with 9 strands per conductor of 1445 8..G. round wires was 

selected. Normal manufacturing pectice discourages the 

use of more then 6 strands per conductor due to the aifficulty 

of jointing between coil ends. However, to ensure good 

joints, the 18 strands in each joint were cleaned, seperately 

tinned, then bound together with tinned copper wire and the 

wno7.e joint flooded with soft solder. The star-point was 

similerly mede by staggering the joints between peirs of 

phases. Subsequent testing showed no hot joints, indicating 

that no erratic loss generation would occur in the joints. 

The winding end dimensions and connection detsils are 
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Stator Pack Details. FIG 2-1-2 
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fiven in Fig. 2.1 = 3. 

Due to the high AC/em loading and also high degree of 

conductor subdivision, the quentity of copper in the slot 

was limited giving current density of 6.95 emp/mm?. 

Normal design practice is not to exceed 5 to 5.5 amp/mm= 

on a continuously rated rotating mechine. With a short- 

time rated static model, and assuming that eddy current 

losses in the copper would be fer lower then in the conventional 

windings this value was considered acceptable. As seen later, 

this value was raised to 9.1 amp/mm* giving a 0.5°C per second 

rate of temperature rise. 

Design Calculations 

The following calculations sre based on the 50 mm core 

length, The longer core would be proportioned directly. 

1) Resistance Calculation 

Res/ph = 0,0173 x 0.458m x 14h 0.0435 Ohm 
26.28 

2) Reactance Calculation ref: Kuhlmann (38) 

  

We 107° = 4327 x 50 x 107° = 0.09325 

Slot permeance = 26 $2.35 + 2d me 1 oe 
, 3 x 12.5 1205 0< & 

Slot Reactance = 00828 x 50s $3208 x 3875. x soa5 

= 0.176 Ohms 

End Wdg. Reactance 09325 (25 +64) x .966° x 0885 
o 

0.1145 Ohms. 

Total Primary Reactance = 0.1760 + 0.1145 = 0.2905 Ohms. 

3) From iterative trial calculations, it wes estimated 

that a current of 170 amps would flow if a balanced 

3 phase 120 velts per phese 50 Hz supply wes impressed 

across the sie terminals. 
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FIG 241-3 
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4.) Megnetic Celculetion (Pinel iteration) 

Try 170 A/ph 

  

Bo. = 120 ~ (170 x .2905) = 70.5V 

Flux/pole = pos? = 0.00177 Wb Oee0 2950 &%4960°>% Jhh. x 50 © . 

Opel? 2 
Boap (av) = 0.01205 = +396 Wb/m 

1.28 x 0.3960 x 0.0796 x 0.01015 x 10” = 4100 

  

  

        
        

AT ap = 

a 4100 se Lie = i006 x oh = 166.5 Amps a.c. 

Path iba! AT/m ie lt. AT. 

Wb/m . 

Core Leap 300 0.10 1 30 

Teeth 60° Lelh 300 0.03.2 10 

Rotor Ignored: Total ho 

: is bilo 2 Tac = Toesxa = 168.3 Amps Bele 

The iteration was concluded st this level. The sbove 

resistance and reactance velues indicate oe power factor of 

0.07. 

From experience it can be assumed thet the ectuel power 

factor will not be better then 0.1 iag. This fixed the 

power requirements eat 

120V/ph 170 A/ph P.F. 0.1 for the short core 

giving 61.25 KVA, end approximately three times this velue 

for the long core. 

As the power supply wes modified et a later date by the 

purchese of a 200 KVA 3 ph motor - generator set, the originel 

limitetions imposed on the design of the model stators no 

longer held true. It was decided to leave the design of the 
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models untouched. Subsequent requirements of a higher 

load current, up to 240 Amps, fully extended the motor 

generator set. 
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2.2 Design of clamp plates. 

The design of the clamp plate dimensions depends on the 

magnetic conditions at the clamp plate surface in the model 

being representative of a typical range of machines. Since 

the important parameters are surface flux density and 

resulting effective loss per unit surfece area, the inside 

diameter of the clamp is not importsnt. Neither is the 

outside diameter, provided the ratio of winding overhang 

length to core depth is representative. The axial thickness 

depends invariably on the mechanical reouirements of clamping 

the core, and cannot be easily fixed for the model. However, 

it is suggested that depth of penetration is en important 

parameter, and a clamp plate thickness at least eoual to the 

depth of penetration was chosen. The relevance of increasing 

the axial dimension above this limit forms pert of the 

present investigation. As it was decided to base the design 

on the depth of penetration, a problem arose. Clessical 

formulation (ref: 9, 10, 11) used to compute eddy current 

losses in magnetic materials are derived from equations based 

on the condition of constant permeability. This essumption 

is unfounded since in each cycle the permeability of modern 

materials will undergo changes of at leest 1 to 100. It cen 
therefore be expected that large differences of losses can 

occur between calculated and tested values based on classical 

formula. This led to a search in 911 existing published 

literature and date to decide on the meximum value of surface 

flux density that could be expected on the clamp pletes fece, 

This value appeared to be in the region of 0.2 to 0.25 webers/m, 

The formulation finally used was 
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where 

5 

£ 
Pp 

Bm 

Hm 

depth of penetration metres, 

frequency Hz 

resistivity ohm metre, 

flux density Wb/m2 

peak magnetisetion Amp/retre. 

Initially, five commonly used clemp plete materials 

were considered, Mild Steel (EN 4A), Meehenite G.E., Brass, 
Cast Aluminium and No-du-mag, a very high resistivity 

(P= 1.0 = 1.2 ohm - m) non-megnetic cast materisl. It 

wes found that on the besis of the above formuletion, it 

was imprectical to use No-du-mag es e thickness of over 

7.1 cm would be required. The Brass and Aluminium pletes 

required depths of 1.75 cm. end 1.21 em respectively which 

were considered practical, end e common casting psttern heaving 

a 2.5 cm thickness wes decided upon. The megnetic metertels 

required thicknesses of 0.15 to 0.25 em over the working 

range of flux density considered. The mild steel pletes were 

meade a 4" thick solely for mechanical handling purposes, 

whilst the meehanite plates were cest to the same pettern as 

the non-ferrous plates. At a later stege when evelueting 

initiel test results it wes felt thet a mild steel plete heving 

the seme cross-section es the three castings wes necessary. 

This was obtained and included in the test progremme. When 

considering the two megnetic meteriels it was noticed thst the 

magnetising characteristics were very dissimilar Fig. 2.2 - 1, 

It wes felt that these differences could be of importence, 

perticulerly the lower seturation level and higher resistivity 

of meehanite compared with mild steel. 
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In deciding to use the depth of penetration es a besis 

for design, it is implied that the radial surfsce of the 

clamp plate is of most importance. Subseouent phenomens 

observed during testing has shown that this is not true, 

It is felt that the inner axial surfece of the clamp pletes 

also contributes to losses, particularly if the radial 

clearance between the winding and clamp surfece is small. 

To test this latter point a set of 4" plates with varying 

radial clearances was manufactured. The cross-section of 

all the plates used is given in Fig. 2.2 - 2, the more 

significant properties being listed in Fig. 2:9 = Ba en 

pessing, it will be noticed that all the test plates heave 

a redial depth greater then the depth of penetretion,
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2.3 Power — Instrumentation 

At a very early stage in the genersl survey of problems 

that hed to be considered, it wes apparent that the 

instrumentation for power measurements required careful 

attention. From the design of the model ststors a quick 

summation of expected losses ignoring possible clamp plste 

losses gave a wide range of requirements. 

Power: On the short core the power loss varied from 2 to 

6 kilowatts at 0.04 to 0.08 power fector while on the long 

core, 3.5 to 12 kilowatts eat 0.03 to 0.06 power factor. 

Current: O to 240 emp,virtually sinusoidal over the range. 

Voltage: O to 300 volts between lines for the short core 

and O = 700 volts on the long core, 

, The measurement of voltage presented no problems, due 

to a good selection of meters available in the laboratory, 

The current range offered problems in so far that current 

transformers had to be used with virtually no phase angle 

error. This was resolved by purchasing two current 

transformers with a 1200/5 ratio with a single conductor 

threaded through the window. Thus by using an ammeter with 

1 amp scale, full scale deflection was obteined at 20 AMP. 

Power measurements presented the greatest difficulties. 

Due to the very low power factor two special wattmeters hed 

to be purchased, it being decided to use the two-wattmeter 

method of measuring power. An added advantage is that from 

curves and the ratio of readings, power fector is quickly 

obtained. This was checked against the value obteined by 

dividing kilowatts by kilovolt-amps. All sets of readings 

giving power factor by the two methods differing by more 

then 4 to 5 percent were rejected and retaken immediately. 
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The besic wattmeter had voltage ranges 0 ~ 150, end 

O - 300, with 5 and 10 amp series/parallel current coil 

connection with a 20% overloed on eny scale. For ell 

readings, the current coils were set permanently in series 

for the 5 amp scale. This resulted in the need for using 

multiplier boxes in series with the voltege coil, extending 

the range of the product, giving overell wattmeter multipliers 

of 240, 480, 720 end 960 watts per scale division, Assuming 

that scales cen be read to 0.1 of e scale division and 

considering the majority of reedings being taken on the 

720 and 960 watt sceles, the intrinsic error was therefore 

72 - 96 watts. As will be seen later this velue is 

considered when evaluating clamp plate losses. 

Whenever it became necessary to chenge from one scale 

to another, check reedings were taken on both sceles. The 

need for this degree of accurecy becomes necessary becsuse 

of the small proportion clamp losses could represent in the 

total reading. Typically, at 200 Amp the percentage 

distribution of losses was estimated es shown in the teble 

  

  

    

pelow. 

Watts % Allocation 

10700 100 - Totel input 

8800 62,2 Copper I°R 
460 4.35 Iron loss 

Who 13.45 Stray loss       
Frequency was measured indirectly. The motor- 

generetor set had a tacho-generator driven by ea timing belt 

embodied in its design. The output was fed to e digital 

voltmeter, on which it could be observed directly thet 

100.00 volts corresponded to 1000 r.p.m., (50 Hz). 
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In generel, to avoid errors due to accelerated heating 

up of the models, 5 instruments had to be read in under 

7 to 10 seconds, which wes extremely difficult. The 

wattmeters have the illuminated galvenometric spot type 

indicator, the voltmeter end ammeter were standard pointer 

Geflection units end the tachometric unit a digital device. 

It wes found thet the digital device could be resd 

instantaneously, the illuminated spot devices only marginally 

slower, and the pointer units were the most tedious to read. 

67.



2.4 Power Supply Requirements 

Sroltnsuany ero of power requirements indicated 

that the power factor of the losd would be very low, lying 

in the range 0.04 to 0.08. At these low power fectors, the 

strong de-megnetising effects would tend to distort the 

output voltage waveform from the supply generator. It 

wes felt necesssry to check the waveforms on no-load end 

on losd. It will be seen in Fig. 2.4 - 1, thst there is 

very minor distortions. The waveforms were sansalysed end 

found to be virtually sinusoidal, Fig. 2.4 - 2 lists the 

individual harmonic anslysis. For these tests the generstor 

was connected in the two parallel star connection and the 

tests were carried out in detail on the short core model. 

“The waveforms were checked visually and recorded for the 

series star connection snd on the long core. As the results 

were similar they have not been reproduced here, 

The supply motor-generator set purchased for the 

experimentel investigation consisted of a four pole souvirrel 

cage induction motor (14.60 Pop.m.) coupled to a six pole 

salient-pole generator through en eddy current coupling. 

The D.C. exciter for the A.C. generator was coupled to the 

“outboerd end of the induction motor. The eddy current 

coupling derived its excitation from a rectifier bank, the 

overall scheme having e closed loop speed control circuit 

which enabled the speed to be held constent at 800, 1000eand 

1200 rev/min to within + 5 rev/min. The generator wes rated 

at 415/550 volts, 208 amps 150/200 KVA 1000/1333 r.pem. The 

generator hed e synchronous reactance X 
a 

with s leakage reactance x = 0.04 per unit. As cen be 

= 1.065 per unit 

expected, these low values helped to keep distortion to a 
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FIG 2°4-2 

Harmonic Analysis. 

  

  

Harmonic Noe FeLe Phe V. | Nel. Phe Ve piss: She Oe 

4 100.00 100.00 100.00 

2 1.2900 04900 0.7860 

3 3.200 2.7400 0.7900 

L 0.9230 465900 0.1960 

5 2.0150 0.7710 0.1600 

6 0.3980 04770 0.0870 

7 0.5120 O.l440 0.0485 

8 0.1510 0.1890 0.0460 

9 04.760 0.7900 0.0163 

10 0.2060 0.2900 0.0103 

11 0.14.00 0.2630 0.0585 

12 0.0930 0.0838 0.1410 

13 0.0696 0.048h 0.0442 

44, 0.0719 0.0823 061482 

45 0.1230 0.1135 0.1405 

16 GeO755 0.03144 0.0547 

47 0.0725 0.0190 0.0714 

18 0.0783 0.0586 0.0781 

19 0.0129 0.0643 0.0012 

20 0.1395 0.1990 0.0212 

24 0.0192 0.0643 0.0166             

HARMONIC ANALYSIS OF SUPPLY GENERATOR WAVEFORMS. HARMONIC 
  

AMPLITUDES GIVEN AS A PERCENTAGE OF THE FUNDAMEN TAL.. 
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mninimun. 

As stated earlier, tests were extended to 240 amp. on 

the short core but the motor generator set wes unable to 

deliver more than 220 ampe on the long core due to limited 

exciter capacity. Test curves hed to be extrapolsted 

beyond 220 emp. for the long core, 
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3.0. Flux meesuring techniques 

In rotating electrical machines the problem of measuring 

the magnetic quantity under investigation alwsys presents 

problems. It is therefore opportune to consider the various 

principles employed for megnetic measurements. One of the 

most common is the use of Fereday's lew of induction. 

e=-N (a /at) volts. 

where b is in webers. Now, when the flux existing in the 

region of space enclosed by a coil is to be measured, the 

flux linkage must vary. Either the coil cen be moved in 

e stationary field on the coil is held stetionary in a time 

varying field. Since interest centres on the total change 

of flux linkage, the above equation could be rearranged and 

then by integrating, 

ANQ = ela 

This principle is employed in conjunction with a bellistic 

galvanometer which basically is e moving - coil permenent 

magnet type of instrument. Alternetively, the coil output 

could be connected to en instrument such as a Gressot flux 

meter, the main difference being that it has a hesvily 

damped element. 

A second principle involves the force experienced by a 

conductor carrying a current in a megnetic field 

F = Bi1 i newtons 

where B is in webers per square metre 1 is in metres “i” 

in amperes. This principle is not widely used for direct 

measurements of flux, but it is extensively used in instruments 

such as the d'Arsonval galvenometer. An extension of this 

principle is the magnetometer type of instrument which 
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utilizes the torque exerted on a megnet in a field to produce 

a deflection. Here, for a given volume of permanent megnetic 

materiel V, torque T is given by the expression, 

T = BVH SinO.newton metres. 

where H is the ampere turns per metre, andOthe angle of 

rotation away from the direction of the field. 

Another use of. phyatodl properties is the change of 

resistence of materials in a megnetic field. The A.C, 

resistance of a bundle of high permeability wires either 

carrying an alternating current or in an slterneating field 

gives a convenient method for obtaining the chenge in 

resistance. The chenge in resistivity of a Bismuth spirel 

in strong megnetic fields has been the basie for enother 

form of detection for measuring magnetic fields. At the 

present time magneto —- resistance probes, which are usually 

in the form of modified (doped) Indium Arsenide wafers with 

very much stronger resistance variation characteristics, 

have stsrted to come into greater use for weak and strong 

field measurements. 

A further physical effect which is used to great 

advantage is the Hall-Effect in materials, Briefly, consider 

a rectangular plate of semi-conductor material, e.g, germenium. 

If the plate carries an excitation current across two opposite 

side edges, then if a magnetic field crosses the plene of the 

plate, a voltage will be induced scross the remeining side 

edges. This phenomena is discussed in greeter detail in the 

following chapters. 

Finslly,; probably the most modern method of field 

strength messurements is the nuclear resonsnce method. Here 

the nuclei of many atoms act like spinning magnets, the axis 
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of spin being the same es the axis of the magnetic pole. 

The magnitude of both the snguler momentum snd the 

magnetic moment sre unchanging cheracteristics of the 

nucleus. It follows that a megnetic field produces a 

torgue on the nucleus which tries to align it with the 

field. Since the spin energy produces the action of a 

Syroscope, the nucleus whirls round the exis of the 

magnetic field with a speed proportional to the strength 

of the magnetic field. As can be expected, this method 

requires complex equipment and is scarcely practicel for 

normal lsboratory usage. The method chosen for the 

present study is discussed in the following section.



3.1 Choice of flux measuring devices 

In the preceeding section, a brief survey was cerried 

out, covering the principles involved in existing flux 

measuring techniques. From this survey end considering the 

relative dimensions of the models end the sensors for flux 

measuring technicues, it soon beceme espparent that e finel 

choice hed to be made from three, nemely 

a) Seerch Coils 

b) Megneto-resistor probes 

c) Hell Effect Probes 

To evaluate correctly the merits end disadventeages of the 

above three methods, a number of factors had to be considered, 

the most important being economics, avseilebility, eese or 

convenience of use, physical size and limits of accuracy. 

Physicel Sizes 

All three sensors essentially integrate flux density 

over their active areses. Thus, to messure flux densities 

at points in e magnetic field which mey be neither uniform 

nor uniformly graded, it is essential to keep the active 

areas of the sensors es small es possible. The Hell probe 

can be obtained readily in sizes down to 2.0 mm by 2.0 mm, 

the megneto-resistor 4.0 mm by 4.0 mm but with difficulty, 

whilst a search coil to give a reasonable output could be 

wound round ea 1.5 mm by 1.5 mm former. There is one major 

sneg, in thet the redial dimensions of the search coils can 

not be maintained accurately on such a smell former. Further, 

it would be difficult to assess the mean erea encompessed by 

the verious turns msking up the coil. 

Aveilebility: 

Both the Hell effect end megneto resister probes sre 
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readily available. Search coils need to be wound to suit, 

but present no problem. 

Convenience of Use: 

The search coil is probably the most inconvenient for 

hendling. There is little to choose between the other two 

sensors. All three sensors can be accomodated with 

instrumentation existing in the laboretory. 

Accuracy: 

It is felt that the search coil probably has the 

greatest degree of error due to the uncerteinty of the erea 

covered by the sensor. Error introduced by the instrumenta~ 

tion for the three sensors would be more or less eaual, 

The Hall Effect probe instrumentation is described in detail 

in section 3.3. 

Economics: 

The Hall Effect probes were definitely the most 

expensive sensors available at the time of purchase, 

costing approximately eighteen pounds (sterling) each, The 

magne to-resistors were approximately one third of this 

figure and the search coil one tenth of the Hell Effect 

price. | 

Considering all the sbove, and finally taking into 

account the importance of repeatability in carrying out 

tests it was decided to use the Hall Effect probe. 

Subsequent use of the eaulpment on the Factory Test Floor 

ani in the Laboratory more then justified this choice on 

the major points of convenience in setting up apvaratus, 

varying the probe mountings as discussed later, end by 

the ability to obtain test points quickly. In concluding



this chapter the euthor would like to comment on the fact 

that while economics must be considered, it should never 

be the deciding factor in the decision to purchase 

experimentsl ecuipment. The use of the more expensive Hell 

probes wes fully justified as will be apparent from tests 

carried out later. 
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3.2 The Hell-Effect Probe 

If a conductor or semi-conductor plate carrying an 

electric current I is placed with its plane at right 

angles to a magnetic field of constant density B, and 

electric potential V is generated across the opposite 

  

   
  ; I 

ie 

[1p _——/   

edges perpendicular to both current and magnetic fields, 

_ This phenomena, known as the Hall effect was first observed 

in 1879. The value (V) may be expressed by the eoustion. 

Ky ee B; 

: iy os ee 

where K is « constant, I is the current through the plates, 

Bis the magnetic field strength and T the thickness of 

the pletes. 

In conducting metals, the Hell Voltage is not 

significant. This is not so for semiconductors with their 

lower values of electron mass and conseouent higher electron 

mobility. Indium arsenide and indium entimonide have the 

distinction of possessing the highest electron mobility 

among known semiconductors, Typical values are given over-~ 

leaf. 
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Electron Mobility 

  

  

Material EM. at 20°C (em?/V. sec) 

Germanium 3600 

Silicon 1300 

Indium Antimonide 65000 

Indium Arsenide 25000         

Consider the commercislly precticeal Hall Probe. As it must 

heave a finite width end length the current flow ecross the 

plete is non-uniform. There will also be effects due to 

change in megnetic field strengths and temperature, The 

semiconductor used must be chosen to keep these side effects 

to a minimum. Indium Arsenide is most commonly used for 

Hell Probe manufacture. 

When considering the use of Hall Probes in A.C. fields, 

care must be excercised in making measurements, The element 

hes four leeds attached to it, and, of necessity, these 

lesds create an inductive loop sround the Hall element. The 

pick-up from the inductive loop can become arpprecieble in 

high fields at medium to high frequencies. At power 

frequencies this effect cen generslly be neglected. As the 

induced voltage is in quadrature with the Hall output 

voltage, it can be separated by using a phase discriminstion 

circuit. This inductive voltage can be cslculated as shown. 

aB Vow =: <A at volts 

A = effective area m°. 

B = Wh/m? 

t = seconds. 

The sres A is not the srea of the Hall probe, but is the 

ares covered by the loop. The effective velues of A cen 
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be obteined for esch probe from the manufacturer, 

A further phenomenon peculisr to Hall effect devices 

is the "turn-over" or reversel effect. This involves eny 

difference in reedings when the probe is reversed in 9 

given static field. It is similsr to polarity sensitivity 

and is generslly caused by electrical unbslence in the Hell 

element. It cen generally be discounted except where 

measurements of a very high degree of accuracy ere required, 

On the probes selected, this effect was herdly discernsble 

and hes therefore been ignored. 

Hell Probes Selected. 

It was found that there were only se few manufacturers 

producing Hall probes commercially. For A.C. fields in 

particular, commercial units available were limited in use 

up: to 0.3 Wo/m-. It wes therefore necessery to use the 

probes in conjunction with a milli-volt meter and suitable 

celibretion curves for high A.C. field measurements. 

Svecification for Mk 111 Probes. 

Thickness of plate. 

Input resistance. 

Output resistance. 

Max. plate exciting 

current in free air. 

Max. piate exciting 

current with heat sink. 

Sensitivity 

Temperature Coeff. 20" =. 
60°C. 

Misalignment Voltege 

Drift of Misalignment 
Voltage 

Dimensions: 

Effective element Area: 

0.001" approx. 

h—~20 ohms. 

4-206 ohms. 

100 m4 

200 nm“ 

h - 8 V/A. Wb/m- 

0.1% /c 
+ 0,75. mV at 50 8 Ay 

300° 3¥ ak 10 mo 
3 by 12 mm 0.41 mm Thk. 

2 by 2 mm 

After a survey of available probes, the Miniature Field 

Probe manufactured by Associated Electricel Industries at 

Lincoln, England was selected. These probes were found to 
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be extremely sensitive and had the adventage of being easily 

available. 

The A.E.I. probe consists of a thin semi-conductor 

plete mounted on a Beryllia becking. Evaporated silver leeds 

are used for connections to the plete end these, in turn, 

are joined to a flexible printed circuit lead-out connected 

to 12" of lead wires. 

The use of a high impedence electronic volt meter and 

Hell. probes heving ean open circuit lineesrity of better then 

1%, eliminated the need for lineerising resistors. Tests 

were carried out to check side effects in en A.C. (50 ¢/s) 

end D.C. field. Typically, the A.C. reading was found to 

be 2.8% low compared with a ‘'stendard' D.C. reading. Some 

of this error was actually due to the lower sccuracy of the 

A.C. milli-volt meter used when compered with the D.C. digital 

voltmeter. As 2 check, the inductive voltage was cselculeted 

and found to be less then 0.1%. 

It wes decided that a possible error of 1.5% could be 

obtained if the D.C. calibretion curves were used for 50 

cycle per second A.C. field use. 

Twenty probes were specielly selected. Of Hens probes, 

sixteen had e sensitivity within 3% of each other end four 

within 6%. Lineerity wes checked at 40, 100 end 200 mA 

exciting currents snd found to be within + 1.0%. Fig. 3.2 -1 

lists the calibrations for all the probes selected. As all 

tests will be carried out with tempereture veriations not 

exceeding 10°C, a further 1% error could be expected, 

Considering all possible varietions, it is felt thst en 

overall eccuracy to within + 4% could be expected, with a 

repeatability within 2.0%. 

In concluding this chapter, it should be mentioned thet 
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MKIII HALL PROBE CALIBRATION DATA ~— FEBRUARY 1967. 

TABLE I FIG 8+2- 
  

  

  

  

  

  

                    
  

OHMS Millivolts output into _, |Probe 
high impedance load, Sensitivity x10 
test current = 4O.OmA. V/A.Wb/ m@ HO. 

—<—___—__ wb/m* 

Roo [Pan 00991 |0-2936 |0-9985 |0-0991 |0-2936 |0-9985 

t 11 21.43 6393 206.6 2541 0 54 O17 133k 

t 8 | 19.68 | 58.36 | 189.4% | 496 | ob97 | ob7h 113535 

7 14-979. 54° 7 57680 1 185.6 | OS | she | sG05 41570 

6 . 20-01 60.21 204.65 e505 0513 ete 41501 

8 9 20637 59.65 186.5 9514, 2508 olib? 143572 

z 7 20-26 60.50 198.3 0511 ep 0496 11573 

8 8 20.28 59.86 19301 0512 °510 0483 [1374 

7 7 (79.14 1 56085 + 485.7-:| sh83o) sGh | sGG. fio7> 

7 6 19.06 57-20 192.61 e484 4.87 suSt 11426 

7 8 19.99 59.06 189.2 e504, 0503 eh 7 11378 

7 8 20.21 60.48 198.6 e510 e0y5 eh97 11379 

- 8 20233 60.93 201-5 0513 e519 °505 11380 

8 8 £19.74 |: 58.67 1 491.0 | .4u98 | J501 078 141383 

7 Tot ToeGy |, Sete. a Ay Leo 2496 | 250% eh9h 11384 

7 8 20.42 60.86 198.7 0515 0518 eht97 (1386 

9 8 20.96 62.36 201.7 0529 0551 «505 |1387 

8 8 20.87 61.88 200.8 0526 0527 0503 11389 

10 40°) 21618 | 65.035 | 202.4") 2556.4 6557 1° 6507 11395 

10 40°) 20.704 614.90 | 198.8 |. .8e2-F.bar 1 698 ae? 

11 9 20.58 60.93 197.9 0519 0519 0496 11398 

Ba = Input Resistance in OHMS. 

Ray = Output Resistance in OHMS. 
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due to the low level of output from the Hall Probes, the use 

of Hell Effect multipliers were considered briefly. Their 

use wes rejected for two reasons. The first wes physical 

size and the second was the additionel errors that covld 

be introduced by the hysteresis loop inherent with the 

multiplier. 
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3.3 Hall probe instrumentation. 

The instrumenteation and circuitry described here were 

designed and essembled primarily for the meesurement and 

investigation of the megnetie fields in the region of the 

clemp pletes and in the air gep of the experimental stators. 

However, with minor edditions to the circuitry, there is no 

reeson why it cannot be used for general measurements on 

machines. As the selected probes hed e temperature 

coefficient of 0.1% per degree centigrade end the temperature 

veristions during eats would be held to within 10 degrees, 

no circuits were required to compensete for temperature 

veriations. Further, the specislly selected probes hed an 

open circuit linearity of better then 1% and therefore, no 

lineerising resistences were used. These two cherecteristics 

helped to simplify the circuit. 

The constent current circuit was designed to operete on 

@ single phase 50 Hz. 0 - 230 volts verieble power input. 

The circuit diegrem is shown in Fig. 3.3 - 1. The Zener 

diodes ZDl are epplied to the base of a trensistor TREe 2 

is a fixed resistor to limit the meximum output current, 

while Rl is veriable to give fine control of the output. The 

network gives a constant current edjusteble from 0 — 200 mA, 

Initielly it was found that the ripple freauency of the 

D.C. ovtput introduced a corresponding ripple in the output 

of the Hell probe when meesuring D.C. fields. This in turn 

geve erroneous resdings of milli volt output, end whenmersur~ ~ 

ing A.C. fields, would leed to distortion of output weve forms. 

A seperate stebilised ripple-free D.C, suvply was used for 

celibration purposes. After experimenting with smoothing 

circuits, the "pi" form finally used wes found to give a 

ripple of 0.25 mV on a 57.2 mV output (0.4%). In terms of 
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comperison with the stabilised power source there wes no 

discernable difference in the Hall probe output voltage. 

Pig. 3.3 ~ 2. is a record of the output voltage. The 

circuit was checked for temperature stability by switching 

on, end allowing to werm up. The output current was then 

set at hOmA and held for e period of one hour, At the 

end of this period virtually no adjustment was reouired 

to obtain 4OmA exactly. 

The constant current source is connected through a 

genged silver contact rotary switch RS 1 so that each of 

the 20 probes can be switched into circuit as required. 

The ganged rotary switch RS 2, elso with silver contscts 

introduces the probe output terminals across a high 

impedance electronic milli-voltmeter. The rotary switches 

are coupled to six foot lengths of multicore conductors 

giving 12, 6 and 1 single probe banks. These in turn sre 

connected to gold plated multipoint jack plugs to keep 

contact effect to a minimum. The complete set gives a grest 

degree of freedom and makes the set portable for use 

outside the laboratory(if‘necessaryjas seen later. 
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Trace of hall probe output waveform 
when excited from the constant current 

Fi 336? 

  

circuit, using the permanent magnet test 
field. 
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Scale : I mV/cm. 

  

Test Field : 2.98 Kilogauss. 

Exciting Current : 4O milliamps. 

Output Voltage : 57.2 millivolts. 

(Equivalent to 58 mV at 41.3 mA). 

Ripple Content £0025 mV in 57.2 mV. 

(Equivalent to O.4i%). 

Probe Noe 1334. 

Note : On a stabilised D.C. source 

44.3 mA excitation gave 58 mV output 

in a 2.98 Kilogauss test field. 
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3.4 Evaluation of probe output data, 

When the calibration data for esch probe is considered 

in detail, it is apperent that each resding must be referred 

to a calibrating reading which is teken at the start and 

end of each set of data. This is to ensure that there has 

been no drift in the flux metering circuits. As the number 

of readings taken daily could easily exceed 100 - 150, it 

became necessary to devise a digital computer programme to 

assimilete this vast quentity of data. The progremme hed to 

accept the data, the probe calibrations snd excitation 

values before end at the end of each test run. 

The programme will select the correct probe constants 

from a table. Correcting for zero datum, and assuming 

the sensitivity for gero flux density, an approximate flux 

censity is celculated. Three neighbouring velues of 

densities and corresponding sensitivities sre selected from 

a table. Then by interpolation and reiteration, the accurate 

density is obtained. It was decided that three interstions 

would generally be sufficient; however, this number can be 

changed by varying the input data. 

In this os of common computer usege, it is of no great 

interest to study the progremme in its programme language 

form. The simplified flow disgrem given in Fig. 3.4 -1., 

shows cleerly the functions, orders, and programming 

eaisn cess The progremme was written in Fortran IV language 

and can be easily made compatible for use on any computer 

having Fortran IV facilities. Probably one instruction in 

every twenty may need adjusting. 
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DATA CONVERSION FLOW DIAGRAM 

a START 

| read ina set of input 

FIG 34>] 
  

data sheets | 

  
j 
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: Y 
  

  
select sensitivities held.on a 

  permanent data tape 
        AY 
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set m +3 

: >. 
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  \ 
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  gerd 
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NO ——— 
  

    STOP 
  

= number of iterations desired. 
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as Hell probe linesrity tests in ean alternsting current 
field. 

Although the basic Hall probes hed been tested at the 

manufacturer's works to check their suitability for 

alternating current work, it was felt neon he aua to carry 

out 4 similar test with the associated instrumentation. 

Accordingly, a 200 turn solenoid was wound onto the centre 

limb of a smell open-ended E ~ type stack of punchings, 

The end surface of the centre limb was cerefully marked 

out end each probe in turn was clemped parallel to this 

surface. The excitation to the solenoid was obtained from 

a Sinusoidel 50 Hz source through a verieble retio 

transformer. 

A series of magnetisation curves were teken with ea 

constant 50mA D.C. excitation to the probes. The results of 

the test are given in Figure 3.5 - 1 where the probe outputs 

are converted to flux density on the associated digitel 

computer programme. Four of these results are plotted to 

show their linearity. The particuler four were selected to 

cover the band width inside which all probes fell. The 

deviation of + 4% is due entirely to the insbility to 

locate the probe sfGci uals on the target. 

Probe 9 was selected at random to cerry out a linearity 

test at constent flux density ecross the probe, end with 

varying probe excitation currents. This is shown in Fig. 

305 - 2. At the seme time, the probe output wes recorded 

for averege, r.m.Sey and peak values. As can be expected, 

with a sinusoidal input, the output is reesonably sinusoidal, 

It can also be reasonably assumed that the Hall probe 

behaves linearly under the conditions of test. 
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3.6 Possible Improvements to Hell Probe Instrumentation 

From the experience gained using the instrumentation 

described in this thesis, both in the Laboretory end in the 

fectory test area, verious limitations were encounted. It 

was often felt that the requirement of working over e 

limited temperature range was a serious handicap. <A machine 

on no-load would be at a total temperature of ebout 20°C 

while at full load, hot, the total temperature of the srea 

under investigation could easily reach 110°C on a cless B’ 

insuleted msechine; this would introduce a 9% error if not 

corrected either mathematically in the sssociated computer 

programme described earlier, or by a temperature compensating 

circuit which could adjust the excitation current 

proportionslly. This development of ean automatic tempers ture 

compensating circuit is not easy and cen be quite expensive 

end as fer as this author is aware, no commercteally 

available Hall Effect equipment hes this feature inherent in 

the design. 

A further improvement would be the provision for a 

pereallel output for direct displey on an oscilloscope. If 

the oscilloscope or recorder used has e high impedance to 

match the electronic meter already being used, celibration 

can be obtained directly. 

Finelly, for the instrumentation to be universelly used 

for frequencies up to 2400 Hz, it is imperstive that 

correction circuits ere included to correct for the inductive 

voltage pick-up. While this effect can be calculated by 

using the calibration data as described in section 3.2., 

it is felt that the use of a phase discrimination cirevuit is 

advisable. Only the component directly proportional to the 

field under investigation is then monitored. 

ch



It is not proposed to enter into details of the 

temperature and inductive voltege correcting circuits, 

as this could be the subject for future investigation 

into Hall-Effect measuring techniques. All the above 

remarks will of course apply equally to megneto 

resistance devices. 
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h.O Preliminary Testing. 

It is intended to test two models at various 

excitation current, and at each of three different 

frequencies (40, 50 snd 60 Hz). Consequently the 

number of variations possible would require sn 

impractical length of testing time. It is recognised 

that a few simple preliminery tests will indicate 

certain similarities which reduce the volume of testing 

necessery. Thus, by comparing flux densities at the 

clemp plate surfaces at each of the three frequencies, 

at one specific location and with one velue of stator 

excitation current, it was considered sufficient to 

meke flux density measurements at one frecouency only. 

Similarly, comparing flux densities at the clamp plete 

surfaces on each model in turn, for one specific set 

of conditions, indicated that the patterns are virtually 

identical, so that full scale flux density meesurements 

can be confined to one model only. 

Under certain conditions of flux density testing, 

the wave form of the Hall probe output voltage indicated 

considerable distortion. At the outset, it was necessary 

to check that this was a genuine representation of the 

flux density being measured, and not a spurious effect 

produced in the probe device itself. 
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hl Veriation of probe output with freouency. 

Throughout this study, loss tests were cerried out 

at 4O, 50 end 60 Hz to obtain the dependence of loss with 

frequency. With regard to the flux density patterns which 

were examined in detail, it was decided to restrict sll 

tests to 50 Hz sas it would be both expensive and wasteful 

in time to repeet tests et 4O and 60 Hz. In order to 

justify this decision, it was decided to take a typical 

set of test results at all three frequencies. Tests were. 

carried out using the 4" mild steel clamp plates. The Hell 

probe was placed 38mm padielly from the winding, on the 

clemp plete surfece. To enable ease of comperison, tests 

were teken at 50 and 60 Hz on one oscillogram and then st 

4O and 50 Hz on the other oscillogram. This is clearly 

seen in Fig. 4.1 - 1. To complete the comperison the 

r.m.es. output of the probes was recorded directly. From 

these results, it was felt that the decision to carry out 

tests at 50 Hz only was quite justified. 
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variation of probe output with frequency for a 

fixed position onthe clamp plate surface with 

constant excitations on stator and probe. 
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4.2 Hell probe comparison with search coil, 

Bearing in mind the comment made earlier regerding 

the difficulty in determining the true dimensions of a 

multi-turn seerch coil, it was decided to carry out this 

test visually. As the Hall probe messures 2.0 x 2.0mm 

it wes decided to produce a search coil with similar 

dimensions. The final coil used had 20 turns wound on 

a 2.0mm diameter former. To obtain a good visual. 

comperison meter scales were adjusted to give reasonably — 

similer envelopes for both tests which are recorded in 

Fig. 4.2 = 1. On the oscillographic record of search 

coil output, both the search coil voltege output end its 

integrated weve were recorded simultaneously. From a 

close examination of the integrated wave shape compered 

with the Hell probe output wave, it can be concluded 

that the results sre sensibly similar. 

The site chosen for this compsrison is where the 

flux density wave indicstes maximum distortion. The close 

similerity of the traces shown in Fig. 4.2 ~ 1 verifies 

that the distortion does not originate within the Hell 

probe equipment. 
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comparison of Hall probe output with the 

integrated output froma twenty turn search coil. 
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4.3 Similsrity test for end region field on long and short 
cores. 

Probably this is the most importent of this series of 

preliminary tests. In the design philosophy of the model 

stators, it is assumed that provided end windings are 

electrically and dimensionally taaneiaes, the resultant 

flux density patterns on the clamp plste surfsces on the 

two np ters would be identical. Accordingly, tests were 

carried out on the long and short cores at 204 amp 

excitations with the one inch unbevelled mild steel clamp 

plates. Traces were taken along the puaraa ead axial 

surfaces of the clamp plates. Fig. 4.3 - 1 and 4.3 - 2 

show that for all practical purposes, the traces are iden- 

tical. 

At this point it was suggested thet it would be 

opportune to wind a single turn search coil round the clamp 

ring and record output. At the same time oscillographic 

records were taken, Fig. 4.3 = 3. it wes surprising to 

find that the short core appeared to have more flux trepped 

in the clamp plates. This suggests the possibility of the 

clamp plates also carrying pert of the main flux diverted 

from the core, and that the proportion diverted is different 

for the two cores. It was decided to trap the Hall probe 

between the clemp ring and the core stemping fece and 

record the output. This is shown in Fig. 4.3 - 4. Here 

egain, more core flux appears to be diverted from the short 

core than fromthe long core. Further, the probe output 

from the short core test appears to show more distortion 

then from the long coretestAs will be seen later, when 

evaluating clamp plate losses there is a similar diserepancy 

between long and short core tests. This problem is dealt 

with in detail in chapter 6.0 and 7.0. 
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similarity tests on long and short cores to compare 
radial and axial surface flux density traces on 

the 1” unbevelled mild steel clamp plates with 

204 amp. stator excitation. 
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similarity test on long and short cores with a 
single turn search coil wound round the 1” 
unbevelled mild steel clamp ring with 204 amp 

Stator excitation. 
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similarity test on long and short cores with Hall 

probe trapped between 

steel clamp and the stamping pack,with 204 amp 
excitation, probe positioned 8mm _ radially from 
winding 
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5.0 Preliminary investigation of the general m.m.f. end 
flux density distributions, 

In the salient pole synchronous machine, the air gep 

and the interpolar regions have been studied extensively. 

The techniques of hend flux plotting in these two regions 

has become a standard design office proceedure, In fact, 

the use of analogue aids such as the Teledeltos paper 

plots rarely find an application, except for exceptionsl 

boundary conditions. 

To verify these flux plots, the use of search wires 

axlelly positioned in the air gap has become a standerd 

feature of commercial testing. The verification of the 

interpolar plots can be carried out laboriously using 

search coils but is more often carried out indirectly by 

checking the overall magnetisation characteristics, 

There is also the clamp plate boundary which is of impor- 

tance, but this is neither easy to analyse nor to check 

experimentally. It is true that test plots heve been 

carried out using small multi-turn search coils, but this 

is not a commercially practicsl test due to the setting up 

and calibration time for the associated equipment. With the 

Hall probes used in this study, it was decided to take 

advantage of the fact that testing is relatively simple 

and to carry out a series of preliminary fundemental tests, 

Initially, tests were carried out with direct current 

excitation on the winding with the following conditions of 

test excitation, 

a) <A single coil 

b) All coils in one pole pair (u coils) 
¢) All coils in one phase 

a) All coils in two phases 

e@) <All coils in the three pheses 

107.



All these patterns could have been derived by using 

the well known Fourier expression for a rectangular wave, 

which represents the m.m.f. of a single coil carrying 

direct current. However, since it is not easy to take 

into account the conductor disposition, it was felt thet 

it would be better to actually measure the flux density 

patterns rather than assume the patterns exist. Since the 

main interest lies in the relative magnitudes of the flux 

density patterns, it is sufficient to present the results 

in actual Hall probe output voltage. 
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5.1 Air gev flux density distribution with direct current 
excitation. 

a) The single short pitched coil. 

The coils on the model stators are short pitched, slot 

1 to slot 11 (83.3%) for the conventional six pole winding. 

Exciting a single coil would therefore constitute setting 

up a very short pitched coil on s two pole system (27.8%). 

It was felt that regardless of this extreme short pitching, 

the theoretical rectangular m.m.f. pattern would give rise 

to a similer form of air gap flux density weve. <A direct 

current of 75 amperesSwes passed through the coil. The 

single Hall probe was held centrally ageinst each stator 

tooth face in turn. The plot of a complete traverse is 

shown in Fig. 5-1-1. A study of this air gap flux density 

distribution shows a very merked cusp, where, s rectenguler 

distribution hed been expected. Magnetic seturation effects 

were discounted due to the very low (0.02 Wb/m" ) flux 

density level of this test. To study this phenomenon, a full 

scale flux plot wes carried out by hand, assuming gep flux 

density to be uniform within the coil pitch. The result of 

e series of relaxations and iterative celculetions is given 

an Pig, Sal wee ene deviation between the measured velues 

and the predicted value is seen in Fig. 5.1 = 3. For 

convenience only helf the plot is shown, 

b) Four consecutive coils excited, 

As with the single coil, there wes e noticeable cusp 

in the air gap distribution, although it wes not ouite so 

pronounced. The resultent plot is shown in Fig. 5.1 -h, 

the current per coil being 82 emps. It will be noted that 

at this higher level of meagnetisetion (0.112 W/m) there 

is less deviation from the expected rectenguler grep density 
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air gap flux density pattern with a single 
  

single short pitched coil excited with d.c. 

FIG si) 
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comparison of measured and estimated air 

gap flux density distribution with a single 
  

short pitched coil excited with dic. 
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air gap flux density pattern with four consecutive 
coils excited with d.c.- 82amps. FIG 5-1-4 

  
  

  

  

  

  

    

    
    

  
  

        
  

  

    
    

                  
            

        
  

  

  

                                            

  

  
  

air gap flux density pattern with all coils in one 
phase excited with d.c.-—80amps. PLG Ses 
  

  

  

  

  

          
  

  

    
    

            
              
  

  

    
  

      
      

                     



pattern. 

ec) All coils in one phase excited. 

With the true six pole pettern being set up, the air 

gap pattern was approximetely trapezoidal eas would be 

expected. The slight irregulerities st the crest of each 

pole group were due to a slightly loose probe mounting. 

The resul tent plot is shown in Fig. 5.1 ~— 5., the current 

per coil being 80 amps. //In the three preceeding tests, the 

current source wes a lerge benk of betteries. It wes 

difficult to maintain these currents constant for long 

periods, and it was necessary to meke slight proportionel 

corrections. It is felt, however, thst the study has 

served the original purpose of obteining a reessonable 

pictorial representation of the sir gep flux density 

patterns. 

At this point in the test proceedure, a motor generetor 

set in the leboratory wes modified to obtein high steble 

values of current at very low voltages, for example 7 volts 

at 140 amperes, the generator being originally designed to 

work at 240 volts 200 amperes. The next three sets of 

tests were jupeted out with 140 amp. excitation. As a 

result of the difficulties experienced in the esrlier tests 

the single probe carriage was modified so that the probe 

would be held centrel in the air gap opposite the tooth 

face dad Het hard up egeinst it. For esse of comparison the 

results ere shown together on Fig. 5.1 - 6, 

ad) Single phase excited, 

This is test (c) repeated at higher values of 

excitation and with the probe central in the gep. The red 

phese was excited and used as a reference phase for this and 

att



the following tests. 

e) Two phases excited in series, 

It will be noted that this connection is sometimes 

used for the secondary connections of synchronous induction 

motors. 

f) Three phases excited, series - psrellel. 

Here, the red phase was used as the series phase, the 

other two being connected in parallel. This connection is 

commonly used on synchronous induction motor secondary 

windings. Theoretically the m.m.f. per ampere compsered 

with (e) above should be in the ratio of 0.875. From the 

tests, the corresponding flux density ratio is found to be 

0.883. From Fig. 5.1 - 6 the areas under the plots for tests 

(e) and (f) have the ratio 0.86 epproximately. For (da) end 

(f), the measured ratio of mom.f. is 1.65 compared with the. 

theoretical value of 1.75. Further, a shift of 2 slot 

pitches (30° Electrical) is observed for the peak positions 

of the respective waves, ss expected, 

Conclusions. 

Apart from the unexpected cusp on the short pitched 

coil tests, the di eiessution on the sir gap has followed 

the expected theoretical patterns. The ratio of m.m.f. for 

the different connections appeers to follow theory. One 

interesting feature of these tests was that when the probe 

was held flat against the tooth face, slight deviations in 

the plane of the probe from that normal to the radius were 

reflected in the probe output. With the probe in the 

centre of the air gap minor deviations were berely 

discernable in the probe output. At the time of testing no 

significance wes attached to these observations, However, 
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air gap flux density pattern with d.c. excitation 

of 140 amp, varying stator connections. 
  

  

FIG 5-1-6 
  

  

    

    

          
      

          
    

  

                    
  

    
    
      

  

          
          

                                 



considering that the probe (2.0mm x 2.0mm) is being placed 

on a surface mede up of 0.5mm laminations it esppears 

plausible thet the probe wes picking up “"tufting" or 

flux concentration at the edges of individuel stempings 

due to roughness of the stetor pack.



5.2 Core stamping surface flux density distribution with 

direct current excitation. 

a) The single short pitched coil. 

Using the single probe jig, see Fig, 2.0 - 2, the 

single probe wes loceted on the stamping surfece at three 

redial positions in turn along s slot centre line as 

illustreted in Fig. 5.2 - 1. The resultant flux density 

distribution normal to the stamping face for a series of 

slot positions is shown in Fig. 5.2 = 2, Although the 

probe wes not mounted precisely, nevertheless there is 

. Clear evidence that the flux density over the coil pitch is 

tilted or skewed. 

When exemining the conductor disposition in the slot, 

it is observed that the high point coincides with the slot 

in which the current-carrying coil side is nesrer the 

bottom of the slot while the low point corresponds to the 

slot in which the excited coil side is nesrer to the 

stemping bore (air gep). It is seen that this skew effect 

weakens as the probe moves radially eway from the slot. 

This proximity effect of conductor position in the slots 

is referred to later, in connection with Fig. 5.2 — 8, 

bd) Four consecutive coils excited. 

_As with the single coil test, there is still a tendency 

for the plot Fig. 5.2 —- 3. to skew in the same manner. In 

this Hace the skew is not so pronounced, since the effect 

is spread over four slot pitches. 

c) All coils in one phase excited. 

With the true six pole pattern being set up, a 

symmetrical density distribution pattern would be expected. 

In Fig. 5.2 - 4. it will be noticed that there is still a 

tendency to skew. Further, considering the trace (1), the 
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test positioning for probes. 
  

Pio: S24 

  

  
core surface flux density plot for a single 

coil excited with d.c, 
  

  

FIG 3S*2"Z 
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core end surface flux density plot — four 

consecutive coils excitedwith d.c. FIG 5-2-3 
  

  

        Rorbereertet tatty 
‘Slot. position... 
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core end surface flux density plot —all coils 

in one phase excited with d.c. FIG 52-4 

  

  

  

  

    
  

    

  

  

        
     



pattern between slot position 1 and 6 is the mirror imsege 

of that between 13 and 18, while the pettern between slot 

position 6 end 13 is the mirror image of that between 18 

and 24. This is more than coincidence, and it is reasonably 

assumed thet this phenomena is not due to faulty probe 

positioning. The pattern of trace (2) and trace (3) is 

extremely good, and more like the expected symmetrical 

pattern. Similar assymmetry/flux density distribution was 

also noticed on the end surfaces of the teeth, which agein 

underlines the conclusion that conductor~slot-position does 

influence the flux density pattern. 

The influence of slot ampere-conductor content wes 

investigated by examining the core end=surface flux density, 

with three-phase excitation of the stator winding. The Hall 

probe positions are shown in Fig. 5.2 - 5, which also shows 

the resulting Hell probe output plotted oes se function of 

circumferential displecement. In the vicinity of the stator 

conductors (positions A and B), the flux density is seen to 

peek every fourth slot, which is the specing of slot-peirs 

carrying conductors of the same phase. The coil phese-~ 

grouping is illustrated in Fig. 5.2 ~ 8. The author is 

aware of a 200 MW turbo-generator in which the stampings at 

the back of the slot were badly burnt. The burnt arees 

showed a pattern which corresponded to the ampere—conduc tor 

concentration pattern as referred to here, 

The Hell probe jigs are shown in the photograph, 

Pic, 5.2.= 6. ‘The individual probes are cleerly seen in the 

stetor core jig, B, their numbering and relstive positioning 

being indicated diagramatically in Fig. 5.2 ~ 7, The ten 

probes are arranged along four radiesl lines, exactly 

one~third slot pitch epart, end so that seven circumferential 
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flux density plots showing effect of 
  

grouping of conductors. 
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FIG: 5256 

  
— SINGLE PROBE JIG 
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slot numbering with relative phase disposition - 

FIG S*2-8 
WIPER ACN TET 

  

  

  

  

    
  

    

          
    

        

      
  

                                    
  

probe numbering on jig shown in figure 5°2-6 
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loci of different redii are described when the jig is moved 

in its mounting. This gives a ressonable scan of the core 

end clamp plete end surfece. Fig. 5.2. - 6A shows the 

single-probe jig, which provides a meens of similer 

scanning using one probe only. The positioning of the six 

probes and the stator-tooth jig (Fig. 5.2 - 6C) is shown 

diagrematically in Fig. 5.2 - 7. Probes 17 and 18 are 

intended to measure flux density on the inner circumferential 

surfece of the clamp plete.



5.3 Compsrison of clamp-plete surface flux-density 
distribution with a.c.and d.c. excitation of 
the stator winding. 

In the preceeding section, flux density plots normal 

to the stator stampings end surface were examined in some 

detail. To complete this preliminery study, a clemp-plate 

surfsce flux density investigation was carried out using 

the quarter inch mild steel, and the one inch aluminium 

clamp pletes. 

Using the single probe universel jig, plots of clemp 

surface flux density against redial distance were obteined 

eon various d.c. excitations with both the three-phese 

series perallel, and two-phese-series connections of the 

stator eiudincs: For both connections, the circumferential 

position of the Hell probe wes such es to give meximum 

cutput voltage. 

The Hell probe messurements were repeated with three 

phase a.c. excitation of the stator windings, end so that 

the results could be conveniently compared with the d.c. 

tests, the same circumferential position as for the series 

parellel d.c. connection was chosen (i.e., along the axis 

of the red phase), and the peek value of probe output 

voltage recorded, With this srrangement the peek velue of 

aeCc. phese excitation is equivelent to the d.c. red phese 

excitetion, series-perellel connection, end the Hell probe 

peek output stage can then be compsred directly with the out- 

put of the d.c. case. 

The test curves obtsined ere recorded in deteil, in 

Fig. 5.3 - 1 to 3, as it wes hoped to use them in the 

future to correlate this experimental work with the anelysis 

carried out by Devies (8) on eddy-current couplings. 
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radial surface density traces with varying d.c. 

stator excitation. stator connected series - 

parallel with aluminium and mild steel 

clamp plates. 

Eloy) 

  

  

  
    

    
    

    
              

  
    

  

    
    
    
  

  

  

    
  

    

  
  

             



radial surface density traces with varying d.c. 

stator excitation. stator connected 2 phases 

in series, with aluminium and mild steel 

clamp plates. 

    

  

  

FIG 5°32 
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radial surface density traces with varying 
a.c, stator excitation, excited 3ph 50OHz 
with aluminium and mild steel clamp plates. 

Picea. 
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To make a comparison of (s) the two d.c. connections, 

and (b) the e.c./d.c. excitation, the Hell probe output 

voltages were plotted against excitation for severel redial 

positions. In the case of the sluminium clemp-plstes this 

relationship showed good linesrity in ell ceses, end enabled 

the comparison ratios to be listed as shown in the left hend: 

section of the following table. 

Ratios of Hell Probe Output Volteges. 
  

1" Aluminium Z" Mild Steel 
  

Radiel Distance from 
Winding Surfece 15mm}25mm | 35mm 19mm 25mm 

  

ad.ec. 30h. series parallel 0.8h 

d.c. 2ph. series 0.83 | 0.87 | 0.925 | 0.925 

  

                BeCe Spins 

d.c. 3ph. series perallel 071/060 | 0.64 | 0.88 0-90 
  

For the quarter inch mild steei pvlates, linesrity of 

the Hall--probe-~output/stetor-excitetion-current reletionship, 

elthough generally good, ellowed reliable comperison retios 

to be calculated only at the middle (rediel) pert of the 

clemp plete. These ratios ere given in the right hend section 

of the sbove teble. The slight deviation from linerrity in 

the case of the mild steel plates was thought to be due to 

the flux-concentrating effect of the sharp edges, en effect 

shown cleerly by Figs. 5.3 - 1 to 3. 

“With respect to the ratios of Hell probe outputs for the 

two ae: conditions, it is interesting to compere these with 

the corresponding theoretical ratio of meximum m.em.f. per 

ampere, which is 0.875. For the aluminium pletes, which must 

give similer results to measurenents in sir, 1" axisl distance



from the core, the flux density (Hall probe output) difference 

exeggerates the winding m.m.f. difference, while the ferrous 

plate tends to even out the difference, 3 

When considering the a.c./d.c. ratios, the fell-off from 

unity is an indicetion of the induced eddy currents present 

in the clomp plates, and it is evident thst these eddy 

currents have a greater proportionate effect of the resultant 

flux density in the case of aluminium than in the cease of 

mild steel. Further, the eddy current effect is more merked 

in the middle (redial) section of the aluminium plste, then 

towerds the redial boundaries. Figs. 5.3 =~ 1 to 3 in generel . 

show very clearly the strong tendency for the flux to 

concentrate set the sharp inner edge of the unbevelled ferrous 

clamp plete. Such an effect is entirely absent for the 

non-ferrous (metallic) clamp plete, the axisl flux density 

continuing to rise slightly as the Hall probe leaves the clemp 

piste surfece, moving towards the winding overheng. The ratio 

of flux densities at the redislly inner and outer edges is 

approximately 4:1 for the M.S. clamp plete, end epproximately 

2.531 for the aluminium clemp plate. Assuming that the loss 

distribution in the clamp plate is relsted to the distribution 

of external surface flux density, and that the loss megnitude 

Js proportional to the square (at least) of the magnitude of 

this density, the loss is heavily concentrated st the inner 

rediel edge of ferrous clamp plates. Thus the clemp plete 

loss can be considered as being proportionel to the inner 

diameter of the clemp plate, all other things being equal, 

For non-ferrous metallic clamp plates, the loss is less 

heavily concentrated, but a diameter slightly in excess of 

that at the inner surface may be teken, for similar 

proportionate sceling. 
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Finally, it is worth noting that the level of 

excitation for all these tests was sufficiently low for 

any additional effects from the stator core (referred 

to in Section 7.1) to be negligible. That is, the 

clamp surface flux densities messured (ss Hall probe 

output voltages) in these tests are believed to be due 

solely to the overhang m.m.f., and any resulting eddy 

currents.
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6.0 Clemp plete loss investigetion - introduction, 

Originally, it hed been intended to cerry out the loss 

messurements on the models with stetor currents up to 180 

emperes. This figure corresponded to en empere conductor 

per centimeter loading of 527. In initiel tests, the strey 

losses were berely discerneble. <A quick check showed thet 

efter 200 amp loeding, these losses were more pronounced, 

It wes found possible to work up to 240 smp on the short 

core, and up to only 220 emp on the long core. At these 

higher loadings, the stetor winding hested up very quickly, 

meking it impossible to take reedings as e series of points 

on a curve. Accordingly, it wes decided to work et a 

reesonably constant tempereture for sll resdings. The model 

Wes pre-wermed to approximately 30°C; the looed current wes 

brought up repidly end = set of reedings teken,; end the 

‘current then reduced to zero velue. The core, clemp pletes 

and the winding temperetures were continuelly monitored, 

The copper losses were corrected for the winding 

temperature, By this technique it wes possible to schieve 

e degree of consistency in the observetions, provided 

resdings of meters were teken quickly. ‘The model wes 

allowed to cool before the next set of reedings, In generel, 

it took neerly 20 minutes before the next set of readings 

could be recorded. 

During the preliminary tests, the clemp plete surfece Qu
 

a
 

were explored using the single probe. The concentration 

of flux at the corner edges of the ferrous clemp pistes 

wes observed as described earlier and es © result, a series 

® be
 

in
 

~ of extra tests were cerried out, These rre describ 

detail in Section 7.0. At the seme time during these tests, 
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quite by eccident one of the ouarter inch mild steel rings 

hed been bedly centred, such thet one side of the ring wes 

almost touching the winding. It was noted thet this side 

of the ring wes apvreciably hotter then the diemetricelly 

opposite side. 

At ebout the seme time, the suthor hed the onportunity 

of taking the Hell Probe equipment into the works test ares 

of the Person's Witton Fectory to investigate en 8,350 

horse power induction motor which hed been exhibiting high 

iron losses. These tests ere described in deteil later. 

The point of interest however was thet the euthor observed 

thet the mild steel clemp plates were very close to the wind- 

ing end showed e number of hot spots round the circumference, 

As a result of these independent sets of observetions, the 

scope of the present tests was extended. The sdditionsl 

querter inch mild steel rings with smell end lerge 

clearances were manufectured, as was a one inch mild steel 

ring with no bevel. These rings sre detailed in Fig.?.2 - 

e an 66 tions. 2. 

The extension of the test renge to 240 emp. geve a 

working velue of 700 emp conductor per ecm., which epolies to 

conventionally Spe salient pole machines of over loo 

MVA rating. 7 

During the verious exploretory tests with the Hell probe, 

it wes noticed thet when the Hall probe wes inserted in the 

eir gep of the two models, the long core epperred to 

produce more flux per ampere, over the working renge of $
3
 

ON
 

©
 

- 2.0 ampere, Meking sllowances for the different core 

length and lerksge resctance, it wes noticed thet the short 

core reouired reletively more voltege to vess s given current. 

This liad beer, initielly ettributed to the tr ate 8 
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inaccuracy of the estimation of leskage reactances on 

these very short core lengths. However, it becsme clear 

thet this discrepancy was the result of the two cores 

possesing different magnetising charecteristics. This is 

illustrated in section 6.1, snd leads to e modification 

in the clamp plate loss formula.



6.1 Loss measurements ~ tsbulations. 

From Section 2.0 the test expression for clamp plete 

loss is given as 

5M, - ¥ 
Clamp plate loss = 5 2, 

where Wy and Wo are the input powers at the same current, 

less calculated copper losses, for the short end long 

core models respectively. This expression assumes that 

flux densities in the core and teeth of the two models 

ere equal, at the same excitation current. Taking the 

air-gap flux densities to be an indication of the densities 

in the iron, Fig. 6.1 - 1 shows that there is in fact a 

difference. Fig. 6.1 - 1 is the relationship between 

alr-gep Plux density and stator current for the two models, 

the flux density was measured directly, using a single Hell 

probe, held midway in the air-gep, pernendiculsr to the centre— 

line of a stator tooth. Over the working renge of 160 to 2h0 

amps, the flux density in the long core model for a given 

current is greater then thet in the short core model. If the 

ratio of long-core/short-core flux densities at a given 

current is 'r', then the ratio of long-core/short-core iron 

losses at the seme current is ar”, From loss curves for 

silicon steel, plotted on a log-log basis, the velue of 'z' 

is seen to be 2.0 for densities up to 1.0 Wb/m’, end 2.5 
Bhove 1.16 Wbo/m*. The degizgn perameters of the models show 

thet over the working range, the densities in teeth and core 

are greeter then 1.15 W/m’. ‘Thus, 

Z a5 

8 it *3 = KK, 

where Ky is referred to as a correction fector, and is 

independent of frequency. The modified loss equetions now 
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CALCULATION OF CORRECTION FACTOR Ki FROM MAGNETIC 

CHARACTERISTICS OF THE TWO MODELS FIG 6-1-1 
Rane TET ANE Aaa FAL A! 
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become, 

  

  

Wy = Iron loss + Clamp plate loss 

Wy = 3K, x Iron loss + Clemp plate loss 

50, 5 = 8 
Ps = 1 ae oe Clamp plate loss = 3 K =jT* = W. 

      

Obviously, when Ky = 1.0, the expression reduces to the 

form given in Section 2.0. 

The input power to eech model in turn wes measured, 

corrected for stator winding copper loss, end plotted 

against stator current, From these curves, values of Wy 

and We were taken and are tabulated in Fig. 6.1 - 2 to 9, 

which also derive the losses for various clamp plates 

using the above expression.



  

  

  

  

  

  

  

  

  

  

  

  

    

  

  

  

  

  

  

  

  

        
    

  

  

  

  

  

  

  

          

1/4" mild steel -6-O05mm radial clearance FIG 6-1-2 

ene baeus siwetis | oie oki | ay oe 

4OHz | (1) (2) (3) [ix()=(4)) 2-22 
160 395 458 3-191 | 1260 366 
170 477 541 3-204 | 1530 448 
180 |’ 570 632 3267 | 1862 542 
190 670 733 3297 | 2205 643 
200 775 840 3396 | 2630 748 
210 890 960 3232. | cos. Gee 
220 | 1035 | 1080 3471 | 3590 | 1019 
Peo 17S 220 3513 | 4130 | 1159 
240 1330 | 1365 3579 | 4760 | 1318 

50Hz 

160 503 610 3-491 1608 455 
170 606 722°) 220k. |. 1980 552 
180 719 850 3-267. | 2350 662 
190 | 844 985 3297 | 2780 783 
200 985 1135 3396 | 3340 922 
210 1140 1300 3432 | 3910 1075 
220° 11210 1480 Ss 4 bas 1242 
230 | 1500 1680 3513 | 5270 | eae 
260 | 1700 1890 3-579 | 6080] 1625 
60Hz 

160 625 820 3191 | 1995 537 
170 750 975 3200 | 2406 648 
180 886 |. 1140 3-267 | 2900 776 
190 | 1040 | 1330 3297 | 3420 912 
200°} 1270.) “4oeOe © 33064. 1176 1075 | 
210 1400 1765 3432 | 4800 1250 | 
220. 1600. 2015 3497:|" S550 1432 
230 | 1830 | 2290 3570 |° 6430°|- 21648 4 
240. | 2080 [| 2550 | Se) 40 1900       
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1" mild steel with bevel FIG 6-1-3 

  

  

  

  

  

  

  

  

ae | atts. (watts oe | Oe coset 
4OHZz | (1) 624520) Bd 2 ate eth) ee 
160 420 508 Sol) rage 380 

170 5905 605 34206 3 1 E20 460 

180 600 706 So207 7 1900 ae 

190 705 830 207, 2a8-0 652 
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210 Yo 1110 3°432: 1 3700 Go 
  

220 POO tee 3°47) 3815 1020 
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240 165 AS 3579 | 5190 7345 

50 Hz 

160: [86D 820 | 3-191 |° 1850 470 
70 675 955 3-204 | 2160 S17. 
180 Wo 815 3-267 | 2580 646 
190 920 | 1295 3-297 | 3030 756 
200: 1 1070-2 | 1500*| 3396 | - 3640 895 
20h 1248 21720 3432 | 2275 1050 
2a Pees | 2005 3471 | 5050 123 
200 Fs 1900 i2550 3-513 | 5980 1425 
200° F 1975. 2795 || 3579) ° 7080 T6B0 

60Hz 

160 720.2) O65. 39 | eee 563 
170 Boa.) 1290 2 20k eo 668 
foe 1005. % 1820 | Seep |: San. 810 
OG 1230 | 4830. > 3-207r 2005 945 
200. | 1425 2180 | 3396] 4850 1115 
210 | 1680 2540 | 3492 | 5760 1335 
220°)" 1830.) 2970" | Sen 700 1510 
230 | 2200. | 3410 S501 THO 1k ie 
260°). 2550:;,F 3930 3579} 9130 2015   
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I" meehanite with bevel FIG 6-1-4 

Bene ie pate 3K 3Ki W1- pease 

4OHz | (1) 2)ch 1STs xed hae 
160 435 480 3-191 1385 414 
170 510 565 3204 | 1638 86 
180 595 665 3267 | 1945 563 
190 690 775 3-297 | 2975 653 
200 800 905 3396 | 2720 758 © 
210 925 | 1050 3432 | 3175 876 
Supt 1665 21 aD 3471 3700 | 1005 
950 1000- AO 3513 | 4370 | 1180 
240. | 1400 | 1640 3579 | 5000 1300 

50Hz 

160 555 720 S197 |) 1790 bee. 
170 660 860 a200 1° 2190 574 
180 780. | 1020 3267 | 2550 674 
190 920 | 1200 3297 | 3030 798 
200. | 1085 | 1410 3396 | 3680 950 | 
210 1265 1670 34.32 £3302) AT@0 
220 | 1480 | 1980 3471 | 5130 1275 
230 1735 | 2330 3513 | 6090 1500 
240.1 2000; | 99D STO 00 1730 

60Hz 

160 740 1085 3-191 2360 580 
170 880 1295 3202 |. 2820 692 
180 | 1030 1535 32607 | 8370 810 
190 | 1205 4810 3297 | 3980 945 
200 | 1405 2115 3306 | “QI? 1710 
210 | 1620 2450 3432 | 5540 1275 
220 | 1875 2825 3471 6500 1490 
230 | 2150 3240 3513 | 7550 1720 
O60: 4. gaco 3660 3579 | 8680 | 1950         
  142.



  

  

  

  

  

  

  

  

  

  

  

  

      

  

  

  

  

  

  

  

  

          
    

  

  

  

  

  

  

  

  

    

1" mild steel -no bevel FIG 6+1-5 

acer c ove oe 3Ki 3Ki W1 one 

SOHZ Fl) be) (3) G6). eo 
160 406 600 3191 1300 320 
170 495 715 3204 | 1590 397 
180 595 850 3267 | 1950 484 
190 720 990 3297 | 2375 600 
200 s50 | 1150 3396 | 2885 99%, 
R10 F 1000 4820 3-432 | 3432 868 
900 1.4970 |) 1505 3471 4,060 1034 
230 1360 1715 3-513 4775 12203. 
240 | 1575 1940 3579 5650 1640 

50Hz 

160 535 865 3-191 1710 386 
170 640 | 1015 3-204 | 2050 ‘70 
180 765 | 1190 3267 | 2500 578 
190 610° | 7592 3-297 | 3000 700 
200 | 1085 1630 3396 | 3690 e60. | 
ig 4 seco <1 1900 239 | BRa0 1040 
220 | 1525 2240 3471 5300 1250 
230 1 1760 1.2520 3513 6290 1495 
240 | 2080 | 2900 3579 | 7480 1780:° | 

60Hz 

160 750 1210 | Agagt |: 2380 539 
170 890 | 1455 32041 2850 631 
160 | 1050 1720 3267 | 3440 758 
190 | 1260 2010 3297 | 4160 935 
200 | 1510 2330 3396 | 5120 1165 
210. |: 1750 = 2655 |< 3482) 600 1380 __ 
220 | 2020 2010 3471 | 7000 1615 

230 | 2300 | 3380 | 3573 | e090 | 1680 
240 2506 3820 3579 | 9280 2120)                 
  143.



  

  

  

  

  

  

  

  

  

  

  

  

    

  

  

  

  

  

  

  

  

          
    

  

  

  

  

  

  

  

          

1” brass with bevel FIG 6-1-6 

amos | itis | watts | 2xi_[ axiw [Egor 
40Hz | (1) (2% (3) (1)x(3)=(4)) SES 
160 370 450 | 3491 1180 335 
170 430 540 | 3204 1380 380 
180 500 640 | 3267 1633 439 
190 570 755 | 3297 1880 4,90 
200 645 880 | 3396 | 2200 550 
210 730 1030 | 3-432 2510 609 

220 820 1185 3-471 2850 675 
230 915 1370 3513 3215 736 
240 1025 1570 | 3-579 3665 810 

50HZ 

160 485 725 3194 1545 374 
170 570 870 3204 1830 435 
180 660 1040 3267 | 2165 495 

190 755 1220 3-297 | 2485 552 
200 865 1430 3396 | 2940 631 
210 985 1650 3432 | 3380 742 
2205: 14-70 1890 3471 3850 194 
230 | 1250 2160 3513 | 4380 885 
240. 11205 21,35 3579 | 5035 1010 

60HZ 

160 670 1145 3491 2140 454 
70 765 1330 3204 | 2450 508 
180 865 1550 3267 | 2830 564 
190 970 1790 3297 | 3205 615 
200 | 1100 2070 3396 | 3740 699 
210 1240 2380 32432 4250 770 
220 | 1390 2740 3471 4,830 848 
230 | 1570 3130 3-513 5510 950 
240 | 1720 3495 | 3579 | 6150 10307         
 



  

  

  

  

  

  

  

  

  

  

  

  

    

  

  

  

  

  

  

  

  

          
    

  

  

  

  

  

  

  

          

1° aluminium with bevel Bie Oley 

amps fae ees 3Ki Ski W 1 ee 

40Hz (3) (2) (3) 0 (3)=(4)) Bat 

160 395 475 | 3491 1280 367 
170 452 555 3204 |. 1450 405 
180 515 645 3267 | 1685 459 
190 592 7L5 3297 | 1960 530 
200 670 870 3396 | 2265 582° 
210 760 | 1000 3-432 2605 660 
220 850 1150 3471 2950 730 
230 945 | 1325 3513 3325 798 
240 1050 | 1525 3579 | 3765 870 
50Hz 

160 500 750 3191 4595 385 
170 585 875 3204 | 1880 455 
180 675 1020 3267 | 2210 523 
190 770 1180 3297 | 2540 592 
200 880 1375 3396 | 2990 bya 
210 1000 1585 3432 | 3432 762 
og Teo 1815 3471 | 3920 852 
230°) “1290 2060 3513 | 4460 958 
240 1435 2320 3579 | 5150 1095 
60Hz 

160 690 1170 3491 2200 4.70 
170 785 1360 3204 2520 526 
180 885 i580 3267 | 2690 |= S78 
490 1015 1840 3297 | 3350 659 
200 1450 2105 3396 | 3900 750 
210 | 1310 2395 3-432 | 4500 870 
290" 1 tao 2710 3474 5100 970 
230-4 168 3060; | abla | 5800]. 3085 
200 | 1835. |. 3410 Soo | Coed bo i225       
    145. 

 



  

no clamp plates 

  

  

  

  

  

  

  

  

  

  

      
    

  

  

  

  

  

  

  

  

    
    

    

  

  

  

  

  

  

    

  
  

            

FIG 64-8 

amps: |ywie Gaeta OKI. | 3KiWs Bese As 

ct @aee aye (2) (3) lxigiety oS 
160 285 ST). | 3494 910 275 
170 335 370. | 3-204 ‘| 1095 318 
180 390 G26) 2.267 nb $O7L 373 
Go 450 486 | 3297 | 1482 i, 33 
200 513 553 3396 | 1741 £95 
210 580 621 3-432 | 1990 562 
220 648 692 3471 | 2265 628 
230 sb) 765 3-513 | 2520 698 
240 790 840 3579 | 2825 769 

50Hz 

160 405 490 S91 | 1202 367 
170 465 560 3-204 | 1490 Loo 
180 537 642 3.267 | 1755 490 
190 615 731 3-297 | 2025 562 
200 700 830 3-396 | 2375 648 
210 800 945 3-432 | 2765 74,0 
220 Sj2" orc 3471 | 3160 845 
530. | 1035 | 1245 3513 | 3640 968 
260° 4° 4160. $4360 3579 | 2155 7085 

60Hz 

160 542 675 3191 | 1730 4.82 
170 640 780 3204 | 2055 S75. 4 

180 Ti? 897 2267.1 2408 674 
190 858 | 1026 3-297 | 2830 789 
200 -| 985 | 1165 3396 | 3340 910 
740 8 1115) wees 3432 | 3630 1010 
220. | 1250°| 1505 oe} 4360) FISD - | 
230 | 1400 | 1698 3513 |. 4920.) obs 
240 | 1560 1910. | 3679 | 5560.7. tee |   
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1/4” mild steel,varying radial clearances FIG 6*1~9 

Sat2e f(t) (2) (3), XG Hey 
160 520 790 3-191 1660 397 

170 629 910 3-204 | 2016 501 
180 754 1045 3267 | 2460 623 
190 895 1195 3297 2950 764 
200 | 1050 1350 3396 3560 924 

0. ib 1226 1510 3432 4190 1102 
2704 W820 1680 3471 4.930 1316 
230 | 1630 1875 3513 5725 1532 
9601. 1865 2065 3579 6680 1790 

26.05 
mm 

160 485 ia 3-191 1549 376 
7°70 588 834 3204 1886 477 

180 705 955 3267 2300 593 

190 835 1090 3297 | 2750 723 
200 980 1230 3:396.| 3325 875 
210 1140 1375 3432 3920 1048 
290 | 1325 1530 3471 4600-1 3213 
230. | 1520 1690 3513 5340 | 1452 
240 1735 1925 3579 6210 1660 

§ =10°8 
mm 

160 Le ee a 8 3-19) 1420 342 
170 540 768 3-204 | 1730 4,36 
180 646 882 3207 + 2170 544 
190 756 1000 3-297 | 2520 662 

200 SG. 1140 3396 | 3050 798 
210 | 1050 1275 3-432 3605 957 
220 “Fate 1420 3471 4230 | 1138 
230. | 1408 1575 3513 4920 1334 
2.0 | 1600 | 1730 3579 | 5730 | 1550 
  

147. 

 



6.2 Clamp Piste losses — a presentation. 

The clamp plate losses evaluated in section 6.1 were 

plotted on a log-log basis and are presented in Pic, 6.2 oe 

to 9. This presentation indicates that the clamp plete loss 

Me can be expressed in the form 

* Kein: W mere phe 

where A is; the stator current, f is the supply frequency, 

and x and y are constant for esch clamp plate, over the test 

range of current and frequency, The values of x and y for 

the various clemp plates sre summerised in the table of 

Fig. 6.2 - 1. Clesrly, on e loss basis, the clamp plates 

can be divided into three groups, thin ferrous plates 

(stamping thicknesses), thick ferrous plates, and non-ferrous 

(metallic) plates. Fig. 6.2 - 1 suggests mean values of 

x and y for the three groups, although it must be emphasised 

that the relatively high value of 3.85 for the 1" unbevelled 

mild steel plate is not necessarily in error. The result 

for thin ferrous plates is implied from the tests with no 

Clamp plate present, the end region Yield penetrating into 

the first few stampings at the core end, 

Classical work on eddy current losses indicates that 

the loss shovld be proportional to pee0 In the non-ferrous 

group, brass and aluminium give x = 2,2 and 2.4. respectively. 

which ere somewhat higher than the 2.0 applied to flux 

density. Considering the ferrous groups, Davies (6) shows 

that losses in the drum of eddy current couplings ere 

proportional to poe, Also, for silicon stampings with 

flux densities above 1.15 Wo/in”, conventionsl iron losses 

ooo fr *~ (see section 6.1). Agsin, test are proportional to B 

values for x on comparison, sre somewhat higher, being 3.0 

to 3.85 for thick plates, send 2.7 for the laminations.



summary of clamp plate loss tests, variation of 
loss with frequency and current. 

  

  

  

  

rlG 612-4 

clamp loss=k Kod? 

test exponents x y 

1/4" mild steel 3°22 40-95 
  

1’ mild steel with bevel 3-2 1°00 
  

1” meehanite with bevel 3°0 0-90 
  

  

  

    
  

  

1” mild steel- no bevel 3°65.) Jen 

1” brass 22 0°64 

i” aluminium ou 0°70 

no clamp plates 2°) 11450 

averaged results Xx y 
  

noclamps= thin plates | 2°7 | 165 
  

non ferrous 2°3 0-67 

    ferrous thick plates Seat te       
  

149.



  

Considering the variation with frequency, from 

Classical work, the value of ‘'y' should be 0.5 for 

non-ferrous materials. For ferrous materials, Grieg (21) 

proposed that ‘y' should lie between 1.5 and 2.1 for thin 

pistes, andkl 5 for thick plates. Miles Welker (33) end 

Rockwood (51) suggest values of 1.4 and 1.5 respectively for 

thick pletes. The present work gives values of ‘'y' which are 

slightly high for non-ferrous plstes, 0.64 for brass and 0.70 

for aluminium, and considerably low values for thick plates, 

0.9 to 1.1. For laminations (no clamp pletes) the results 

give y = 1.5, which can be compared with Grieg's measured 

value of 1.7 for stampings of thickness 0.016" (0.406 mm), 

and elso for punchings of up to 0.125" (3.18 mm) thickness. 

Figure 6.2 - 9 shows that increasing the redial 

clearance between the bore of the clamp plate and the 

winding surfece decreases the total clemp plate loss. ‘The 

total loss reduction is less then 20% compered with an 

increase of more then 8:1 in the radiel clearsnece, This 

appeers to indicate that most of the clamp plste loss 

occurs on the radial surface, the radial clesrance affecting 

only the loss on the bore surface, 

In the following sections, clamp plate losses as 

derived from the test results sare considered in more detail, 

concentrating on the variation of loss with excitation 

current. The above brief comparison shows thst the loss 

increeses more rapidly with excitation current then with 

flux density. Thus, either 

(a) the effective flux density within the clamp 

Plate increases more ropidly then the excitation 

current, 

L5O~



  

or 

(b) supplementary losses not taken into account 

are present. 

It is believed that some part of the incresse of clamp 

plate losses with current is certainly due to supplementary 

losses.
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6.3. General survey of dissimilerities in the two models, 

At this stage it seemed possible that unintentional 

differences in the two models were sufficient to effect 

the clamp plete loss results. Before further discussions 

of these results, it was decided to examine the possible 

dissimilerities in the models in some detail. 

Initially, the magnetisetion voltage-current curves for 

both models under all conditions were plotted end examined, 

the results for "no-clemp pletes" sre shown in Vig .:6535 sae 

By simultaneously viewing the curves for the various clemp 

plates, for both models using en illuminated ground~gleass 

plete, it wes noted that there wes hardly any difference, 

Any deviation could be attributed to the inaccuracy of 

plotting points end drawing curves through these points. 

On compsring results for the two cores, it wes seen thet 

the short core required more excitation in the iron circuits 

compared with the long core. This characteristic was also 

observed in Fig. 6.1 - 1 when plotting the air gap density 

curves. It is clear from the tests that the source of this” 

difference is a function of the cores end not the clemp 

pletes. 

The possibility of the air gap flux density weve shapes 

being different due to unequal degrees of saturation existing 

in the two cores was checked, Fig. 6.3 ~ 2 is a record of 

the air gep flux density wave shape on the short core. A 

check on the long core geve similar results, 

The effect of unequal core ampere turns is also apparent 

in Figs. 4.3 = 3 and 4.3 = under the section on preliminary 

testing. In both tests, more flux is diverted into the 
magnetic clamp plates on the short core than on the long core. 

(Part of the search coil voltage 1s of course due to overheng 
; 160,



magnetisation characteristics for the long and 

snort cores at;40 ,50-and 60:Hz FIG 6-3-1 

  

  

  
  

  

  
          

  

  
  

  
  

  

        
  

  

  

    

    
  

  

  

          
              

                    
    

    
      

  
  

  

    
  

  

                                
      

(a) 60Hz Cb) 50-442 (oy 40: 12 

with both ferrous and non ferrous clamp plates 

the mag. curves correlate to within 5 volts 

at 240 amp. 
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air gap flux density waveform on the short core 

with 50HzZ supply on stator 
  

  

  

FIG 6-3-2 
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leakage flux, which is considered eoudl for both cores). If 

the clamp pletes are thus considered to form parallel peths 

with the core stemping peth, then less iron empere turns 

would be required in the cease of ferrous clamp pletes. 

However, es pointed out eerlier, comprering the verious 

total megnetic cherecteristics did not reflect eny 

significent difference. Nevertheless the ferrous clemn 

pletes do cerry pert of the mein flux, end to examine 

this effect further, tests were cerried out on the short 

core using a single-turn seerch coil wound round the 

eluminium end 4" M.S. clamp pletes respectively. The 

results ere detesiled in Fig. 6.3 - 3, 

Teking the r.m.s. velue of serrch coil voltage to be 

representative of the totel circumferentiel flux within 

the clemp plete, the ferrous plete conteins neerly 20° 

times more flux then the eluminium plate. Pert of the 

increese is in flux resulting from the overheng memofey 

but Fig. 5.3 - 3 shows thet this increase cannot be more 

then 3 times. This indicetes that sppreciebie flux is being 

shunted from the core with ferrous clemp plstes. 

In the next test, e Hall probe wes inserted in the centre 

of the eir gep between the stemping peck end the freme to 

check the magnitude of flux leeking into the freme, Detrils 

of the test carried out on the short core ere recorded 

in Fig. 6.3 - k, 8 visual check heaving been mede on the 

lous core for similerity. When plotting these megnetisation 

curves, it was noticed thet up to sapproximetely 150 emo. 

excitetion, the leakege flux into the freme wes 

insignificant. Above this velue the level rose shervly, a 

cherecteristic which would be expected cm asentniae the 

megnetisation curves of Fig. 6.1 - 1, 
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tests onshort core with a single turn search coil 
  

round the 1" aluminium clamp ring and the 1/4" mild 
steel ring with 240 amp stator excitation. 
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waveform of flux density in airgap between stamping 

pack and stator frame on the short core, top 

central position 
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tests at 50 Hz FIG 63-4 
  

  

      

          
    
                
    

  

  
  
                    
    

  

    
    

                        

      
  

back gap magnetisation characteristics. 
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Note thet the 50 mm core is mounted in a one inch thick 

freme while the 150 mm core has a two inch freme. With this 

in mind, further seerch coil tests were cerried out on the 

frame end also the 1" unbevelled end 4" mild steel clemp 

pletes. The frame search coils were positioned round both 

the meximum section (radiel plane through lifting holes, 

Fig. 2.1 - 2) and the minimum section (verticsl readisl 

plene). The resulting megnetisation curves ere shown in 

Fig. 6.3 - 5 and 6.3 - 6, end each frame considered 

separately, exhibits similer cheracteristics regerdless of 

clemp plete thickness. However, et currents exceeding about 

150 ampse, more flux is diverted into the frame and clsemp 

plates of both thicknesses in the case of the short core 

then in the csse of the long core. Furthermore, in the 

cease of the short core freme, the meximum section indicates 

more flux then in the minimum, suggesting thet some leakage 

flux from the overheng penetrates into the frame. (This 

effect appeers negligible for the long core frame, since the 

frame verticel surface is more remote from the overheng). 

To complete this study, freme sesrch coil megnetisation 

curves were teken with no.clamp plates present. The results 

showed thet flux leaking into the freme of the long core 

model is virtually independent of the clamp plete used. For 

the short core model, with no clamp plates, snd presumably 

with non~ferrous clamp plates, slightly more flux leeks into 

the frame then with ferrous clemp plates, Again, there sre 

aifferences because on the short core model, the frame is 

much nesrer the model end regions. 
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magnetisation curves with a single turn search 

coil on clamp plate and frame on the short core, 

teste ~<ct«:S50 Hz 
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magnetisation curves with a single turn search coil 

on clamp plate and frame on the long core,tests 

Bike ore EiG 6-2-6 

  

  

  

  
  

  

  

  

  

      
  

  

        
  

  

      
  

  

9a       
      
  

    
  

        
      

        
  

        
  

  
  

  
  

      
  

    
    

  
        

    
  

            

  

  

              
  

168.



_
 

  

6.4 A criticel eppraiseal of the results, 

Conclusions drawn from the clemp plate loss results 

presented in section 6.2 can be summarised as follows: 

(1) 

(2) 

(3) 

(4) 

Thick mild steel plates, unbevelled, Figs. 
6.2 = 2 and 5, 

With a current exponent of 3.85, the loss in the 

1" plate increases with current more rapidly 

then the loss in the 4" plate, which hes s current 

exponent of 3.2. The curves intersect at 210A, 

such that below this value, the i" plate loss is 

greater than the 1" plete loss. | 

1" thick mild steel plates, Figs. 6.2 ~ 3 and 5, 

The loss in the unbevelled plate increeses more 

rapidly with current than the loss in the bevelled 

plate, current exponents being 3.85 and 3,2 

respectively. These curves intersect at 210A, 

such that below this value, the bevelled piste 

loss is greater than the unbevelled plate loss. 

xz" thick mild steel plates, Figs. 6.2 - 2 and 9, 

Current exponents of 3.2 and 3.75 are obtained 

from two separate tests, for the same clamp plste, 

under apparently identical conditions. The clamp 

plete losses et 50 Hz are compared in the following 

table. 

  

  

  

          

Anps 160 200 2.0 

Watts (lst Test) 460 920 1620 

Watts (2nd Test) 380 860 1680 
  

1" thick ferrous plates, bevelled, Pigs. 6.2 -— 3 
and lu, 

The mild steei and meehanite clemp pletes give 

virtually the same loss. 
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(5) All thick ferrous plates. 

Exponents of frequency in the loss expression lie 

within the range 0.9 to 1.1, and are considerably 

lower then expected, 

(6) No clamp pletes, Fig. 6,2 oe 

The end region loss in this cese is proportional 

to aa th and pled, and is regarded as representing 

the loss in thin clamp plates. The exponents are 

in good agreement with published results, 

(7) Non-ferrous pletes. 

Although the loss in the aluminium plates 

increases more rapidly than in the brass plates, 

with respect to both current and frequency, the 

loss is generally higher in the brass plates, 

The intersection of loss curves referred to in (1) and 

(2) above, together with conclusion (3), indicete the 

possibility of errors in the method used to obtain clamp 

plate losses. Alternatively, the models may not be 

functioning exactly as assumed, As shown in section 6.3, : 

there are differences in the models other than in core lengths, 

and this must affect the loss calculation. 

The loss equations used in section 6.1 are 

Wo 

Wo = OK; Wy + Ve 

where We = iron 1lcss in the short core, 

We es Wy r < Therefore Wy ae 

This equation wes used to calculate the short-core iron 

loss, from the tests with various Clamp plates given in 

section 6.1. The results are shown plotted egeinst per 

170.



—
_
 

  

iron losses derived from test curves for the 
short core. for 

tests. dt S50 Hz, 

the various clamp plates, all 

FIG 6-4-1 
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unit flux density (gep) in Fig. 6.4 - 1, the gep flux 

density at 240 amps excitation is teken as 1 p.u. If the 

loss evaluation is correct, then clearly these curves 

should coincide; for comparison, a calculated iron loss 

curve is included. The iron loss calculation was made at 

24.0 emps, using the stemping makers' iron loss curves, and 

then assuming the loss to vary as peed, 

When considering discrepancies referred to above, 

possible errors in measurements must hot be elimineted 

entirely. Such errors sre listed as follows:- 

(a) Errors in wettmeter reedings, The wattmeters were 

used with resistance multiplier boxes in series with the 

voltage coils (see section 2.3). Depending on the 

‘multiplier box used, each scale division on the meters is 

equivalent to 480, 720, 960 or 1200 watts. Accepting thet 

the meters were read to within 0.1 of a scale division 

(0.2 mm approximately), there may be inherent errors of 

+ (48, 72, 96 or 120) watts in each wattmeter reading, 

(bo) Errors in extrapolating the long-core losses to 240 emps. 

Extrapolation was necessery from 200 to 240 amps for the long 

core results, and this was made both on a linear snd a 

logserithmic basis. Accuracy is considered to be within the 

limits of curve-plotting in general. 

(c) Errors due to curve-plotting. All values of Wy and We 

in tables 6.1 - 2 to 9 were teken from curves drewn through 

actual test points (i.e., input power less winding copper 

loss). This process virtually eliminates rendom wattmeter 

errors, and errors (a) above. In genersi, the scatter of 

the test points with respect to the drawn curves wes of the 

order of + 100 watts in 2,500 watts, so that errors due to 

the positioning of the curves ere well within this limit, 

Lie



(a) Errors in measuring winding resistances, Resistance 

measurements were made by two methods, one using an accurate 

resistance bridge, and the results egreed to within 0.5%. 

The relative importance of these possible errors is 

seen in the following table, where the megnitudes of the 

clamp plete losses and core iron losses are compsred with 

the wattmeter reading (2-wattmeter method). 

  

  

  

  

  

Long core, watts Short core, wetts 
Stator 
une wattmeter Clamp /iron wattmeter clamp jiron 

reading loss |loss reading loss floss, 
+ve -ve +ve -ve 

150 {33,000 }/28,200 350 {| 100 j14,400 [10,900 350 | 300 

192 {52,200145,100 760 | 180 |23, 300 117,050 760 | 540 

215 |66,000 |55,700 |1,150] 240/28,100 20,450 |1,150| 720 

    

                      

These results are for 50 Hz supply, the clamp loss being for 

the 4" MS plate, (mean, from Figs. 6.2 ~ 2 and 9), and 

representative values of iron loss taken from Fig. 6. = 1. 

It is seen that the maximum difference eat 215 enps, between 

the iron loss curves of Pig. 6.4 - 1 (230 W) is less then 

1.2% of the minimum wattmeter reading at the seme current. 

It is possible therefore, that the scatter of the iron 

loss curves of Fig. 6.4 = 1 is within the limits of test 

ett accuracy, especially if the MS clemp plate and no clamp 

plate results are excluded. However, it is seen that 

generally, the iron loss appears to increase more rerpidly 

2.5 ” than in proportion to B » and this fact is teken as en 

indication of the presence of an extra loss. 

It is believed that the results are effected by two 

factors not properly tsken into secount at the outset. 

These are (1) end leskage effects and (2) core saturation 

effects. 
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(1) End_leekege effect. For the seme air-gap flux density 

in the two models, the total overhang leaksge fluxes are 

approximately equal. Also, approximately eouel proportions 

of this leaksege enters into the core, Consequently "5 the 

flux density in the short core must be higher then it is in 

the long core, with a corresponding difference in the 

excitation currents. The magnitude of this effect is evelusted 

in Appendix Al, where the leekege flux entering the core-ends 

is estimated by summing the Hell probe output over the core-— 

end surface corresponding to one pole pitch. With e d.c. 

excitation of 140 A in one phese end 70 A in two pheses 

(= 99 Ar.m.s.), the end leekege is shown to be 21.4% of the 

total air-gep flux per pole for the short core model. 

Assuming the end leakage flux to be proportional to 

excitation current, and celculseting the air-gan flvx from 

Fig. 6.1 - 1, the end leakege at 200 A a.c. is 24.0% This 

comperes with 22.6% calculated entirely from the two 

megnetising charecteristics of Fig. 6.1 - 1. This shows that 

the comparitively large end leekage accounts for the difference 

in the megnetisetion cherecteristics of the two models, 

This effect is teken into account in the clemp loss 

calculetions by introducing the factor K, (see section 6.1), 

which is calculated from magnetisation cheracteristics of 

the models with no ofan plates in position. Since the end 

leskage must be affected by the type of clamp plate used, it 

is possible that it is incorvect to use the same values of 

K, for all the clamp plate loss calculations. However, the 

comperison of the various magnetisation voltage-current 

curves discussed in section 6.3, indicated that changes in 

end leakege are negligibly smell. The significence of errors 

in K, cen be judged by assuming K, = 1.0 for say, the = 

a; 
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mild steel clemp plates (with no bevel) loss celculation. 

The clamp loss at 160 A, 50 Hz is reduced by 16 wetts (4.2%), 

and at 240 A, 50 Hz the loss is reduced by 110 watts (6.2%). 

Finally, Appendix Al shows that most of the end leekege 

into the stator iron is by way of the teeth, and the presence 

of the clamp plates must have negligible effect on this pert 

of the leekege flux. Errors due to incorrect eveluation of 

Ky therefore must be well inside the percentage errors 

obteined when teking Ky to be unity. 

(2) Core Saturation Effects, As the excitation current 

increases, and flux densities across the stator iron sections 

become appreciable, flux diverted from the core into the clemp 

plates, and also into the model framés, is no longer 

negligible. Extra loss must therefore be generated at the 

clamp plete inner surface, and at the bore surface of the 

frames. Allowing for a totel extra loss Wel snd We2 in the 

short end long core models respectively, the loss ecustions 

become 

W, = Wy + a, + We 

We = 3 Ky Wy a Wo + Wee 

ao o Rtas oP eg ee 
ee c 3 Ky ~ 1 3 Ks a 

: W - W 
and We = sz - # Wey = Woo 

i 4 Ky —- 1 

An attempt was made to suggest the order of megnitude 

of the error terms in these equations, but without success. 

Figs. 6.3 - 4, 5 and 6 show that the extra flux, and therefore 

extra loss, in both freme and clemp plate, is negligible up 

to about 140 A for the short core, and up to sbout 170 A for 

the long core. Therefore the extre loss may be expressed in 
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the form 

Wer 
ot {2-- w0)® for I>1h0 A 

: 

Woo = #8 - ~ 170) Can ach 170k 

where I is the excitation current, end ox (8, omer 

be constants over a limited renge of currents. 

Although the tests carried out in section 6.3 indicste 

the probability of the above approach, there is insufficient 

data to ensble «,f and & to be evaluated, 

When considering the total loss associated with the 

clemp pletes, the “extra” loss generated at the core-clamp- 

plate interface must be included. The test method of section 

6.1 correctly includes this extra loss only when the megneti- 

sation cheracteristics of the two models are identical, snd 

the axisl lengths of the frames are relsted in such ea way 

thet the celculation eliminates the extra losses in the 

frames. Neither of these two conditions apply, and the 

total clamp plate loss in the short-core model is given by 

oo ~ W 

eae teteoi) mye * roe : sh 2 | 

Where Naot is the extra loss at the core-clamp-plate 

  

interface in the short core model and Wort is the loss in the 

frame of the short core model. The term in squere brackets 

represents the error, the second pert of which is also the 

error when extrecting the core iron losses, Fig. 6.4 = 1, 

and is probebly not more than 50 wetts. 
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7.0 Radial and axisl clemp surfaces ;- exploration, 

Earlier studies on end region fields in the presence 

of clemp plates indicate that strong field concentrations 

exist at edges formed by sharp changes in direction in 

boundary planes of magnetic materiels, as would be expected. 

This effect does not occur with non-ferrous clemp pletes as 

has been seen earlier. In this section, three particular 

veriations of clamp plate conditions sre considered in 

order to illustrete this “edge concentration" effect, and 

its dependence on the proximity of the winding. 

Fig. 7.0 - 1 gives messured field plots for ouerter inch 

clamp plates with different inside dismeters. The effect of 

clearance between the inside axial surface of the clsmp plste 

‘end the winding is thus indicated. 

The flux density normal to the inside axisl surface of 

the clamp plate is of the same order as that normal to the 

outside surface, so that there is a loss associated with 

both these clamp plate surfaces. Further-more, during the 

loss tests the inside axial surface of the clamp plates 

with minimum clearance beceme considerably heated. In 

studying these surfsce flux density plots, it is cleerly 

noticeable that the flux density rises to peaks at the edges 

of the clamp plates, and reduces sharply away from the edges, 

Again, when considering the radial plots, only the portion 

of the clamp face nearest the edge appears to be subjected 

to a high surfsce density. 

Fig, 7.0 = .2 dvten a direct comperison between es one 

inch mild steel clamp plate with end without s bevel. Not 

surprisingly, the unbevelled clamp plate exhibits higher 

peak values of surface flux density. It would be reasonsble 

to expect that beveliing would reduce the clamp plate losses, 
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Since the flux density over the bevelled surface is 

virtually constant at the edge value (not shown in Fig. 

7.0 - 2) there is only a small difference between the total 

normal flux in the two cases, so that the total clamp loss 

in the bevelled plste is not necesserily less than thet in 

the unbevelled plate. However, the loss studies in section 

6.2 show that above 200 amp (585 A.C./em) bevelling does in 

fact reduce the clamp plate loss. 

When comparing the 4" and 1" unbevelled clemp pletes, 

the edge concentration Be Phas is less in the former 

indicating that the overall flux distribution depends on the 

relative distance between the edge and the mein body of the 

stator rotor cores. Also, Fig. 7.0 - 1 end 7.0 = 2 show 

that the total flux normal to the radial and axial clamp 

plete surfeces is at least double, for the 1" clamp plete, 

but this difference is not accompanied by ea corresponding 

difference in clamp loss; on the contrary Fig. 6.2 - 2 end 

6.2 - 5 actuslly show more loss in the §" plate st currents 

lower than 210 amps. 

Finally, to complete this study the querter inch clemp 

plate was positioned 1.%mfrom the stamping fece as seen in 

Fig« 740 = Fe - When comparing the axial surface plot with 

plot (b) in Fig. 7.0 - 1, the peak density in Fig. 7.0 - 3 

is nearly twice that shown in Fig. 7.0 = 1. The radisl 

plots however show somewhat lower flux density levels at the 

spaced-out plate, but in this case it was possible also to 

record the density on the inner radial surfsece. Though no 

losses were measured with the clamp plates in the position 

of Fig. 7.0 ~ 3, it was noticed that the clemp pletes hested 

up extremely quickly. This is evidently the result of the 

higher flux density at the axial surfsce, end an effective 
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doubling of the radial surfaces exposed to the overhang 

mem.ef. As seen earlier there exists e possibility that 

there is a further iron loss present in the interface 

between msegnetic clamp and stamping core. It would 

appear possible to reduce this extra loss by fitting a 

leyer of insulation (non metallic spacer) between the 

Clamp plate and stemping pack. The test observations 

and Fig. 7.0 - 3 would suggest the reverse, though there 

mey possibly be an optimum insulation thickness for which, 

extra losses ere at a minimum level. 

All the above tests were carried out with 240 amperes 

in the Stator winding corresponding to oan electrical 

loading of 700 A.C./cm. 
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7.1 <A study of clamp surface flux density waveforms, 

It was noted in section 4.2 that the flux density at 

the clemp plates outer surfaces, as measured by the Hall 

probe, can show a considerable amount of time-dependent 

distortion. Since the current in the stator winding 

contains no time harmonic over 1.0% in megnitude (see 

Fig. 2.4 - 2), the source of this flux density distortion 

cannot be in the overheng. This was verified by exemining 

the Hell probe output voltage visually on an oscilloscope, 

with the probe held flet on (parallel to) the winding over- 

heng and moved dxially awey from the core towerds the 

overheng nose. With stator currents up to 240 emp. 50Hz., 

the probe output voltage remained ressonably sinusoidsl 

throughout. 

To establish a qualitative relation between the flux 

density distortion at the core end surfece (i.e. with no 

clamp plate), end end region position, the Hell probe was 

moved axially towards the core from a position 38mm radially 

above the overheng, end 25mm axielly away from the core, 

The Hell probe surfece wes held in a plene parallel to the 

plene of the core end surfece throughout, and again the 

probe output voltage weveform was exemined visually. 

a) 120 amp: The waveform was initielly sinusoidal, with 

very feint distortion eppesring as the probe epproeched the 

core fece. The magnitude increesed from 1.15mV to 1.75mV 

Y.eMeSe 

b) 180 amp: Initially the waveform was slightly distorted, 

the distortion ihcreasing considerably es the core surfece 

wes approached. The magnitude decreesed from 1.55mV to 

1e45mV r.em.se 

eI. 2h0 amp: The waveform was initielly bedly distorted,



    

with the third hermonic in clear evidence. On moving towards 

the core face, the distortion again increased, the fundamental 

content of the waveform eppearing to decrease to zero at the 

core face, the weveform then being mainly third harmonic. 

The magnitude increased from 1.1mV to 1.65mV r.eM.Se 

From the above observations, the following comments 

can be made. 

1). The flux density distortion appears to be the result of 

phenomena occuring at the core end surface, or within the 

core. | 

2) The phenomena are such that there is a cancellation of 

the fundamental component of flux density, at leest over 

part of the core end surface. 

3) Because of the varying degrees of distortion, there is 

no purpose in seriously considering the r.m.s. measurements 

taken. 

To investigate these effects further, the various clemp 

plates were introduced end photographic records teken of 

all Hell probe output waveforms. The main interest lay in 

the clemp plate outer surface, and also the core end surfece 

with no clamp plates. The tests were divided into two 

GLPOUPS y Group I with the probe held on the clamp face at 

a fixed radial distance, and results taken for three 

different values of stator current; end Group II with the 

stator current held constent, and the probe moved to each 

of four radial positions on the clemp {or core) face. 

Group lL, The r.m.s. values of Hall probe output 

voltage are tabulated in Fig. 7el ~ 1, with the corresponding 

weveforms given in Fig. 7.1 =- 1 (e ~Z). For comparison, 

some of the waveforms are collated in Fig. 7.1 - 2. With 

the possible exception of the no-clemp-pleate cease 
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variation of probe output with various clamp plate 
materials and varying stator current for a fixed 
position on the clamp plate. 
  

  

FIG 7-1-1 

oy 

22mm 

  

  

Mo a 
probe. 

o
r
o
 
o
e
 
e
e
 

‘ 1 ‘ ' | 1 ' 

c-
- ' ' ' ' ' ' 

  

  

    
90 mA probe excitation. 

output in millivolts{ rms) 
  

  

  

clamp type sure pee 120A | 180A | 240A 

no clamps 2°60 3°20 a7oU 

brass 1°45 1:70 1-60 

aluminium 1-25 1°50 1°50 

meehanite | 3°25 4°50 | 5-40 

1/4” mild steel 3:00 4 +30 540 

1" mild steel : (bevelled) 3°65 r 4°95 5-80 

1” mild steel 

(no bevel) 

1/4" mild steelwith 

10 mm copper shield 

3-10 4:15 4°80 

0-80 1+40 1-20             
    

186.



  

FIG 7-10 
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(Fig. 7.1 - la), the fixed probe position is such that dis- 

tortion in each case is limited, thus making the r.m.s. values 

in the table meaningful, and allowing the following argument 

to be developed. 

Assuming the flux density normal to the clemp plate (or 

core) surface to be predominently a function of leekege flux, 

it would be logical to expect the probe output voltage to be 

proportional to the exciting current, for any given clemp 

plate. The table in Fig. 7.1 - 1 shows clearly that this is 

not so. In fact, the measurements ere consistent with an 

“opposing” effect originating from the core. By considering 

simple proportions, this effect, if it exists, can be shown 

to be negligible up to 146 + 3 amps, for all ceses except 

the no-clamp-plate case (139 amp, distortion not negligible) 

end the 4" mild steel case (161 amp). 

The resultant r.m.s. Hall probe output can be considered 

as consisting of two components, one the result of the 

overhang m.m.f. proportional to the exciting current, end 

the other a non-lineer opposing effect issuing from the core. 

For example, for aluminium and 1" unbevelled mild steel, these 

component curves would be as shown in Fig. 7.1 ~ 3. The 

“effect from the core" is therefore seen to line up fairly 

convincingly with the build-up of m.em.f. at the stator core 

(and teeth) as represented in Fig. 6.3 ~ h end 6.1 - 1. 

Considering further the results given in the table of 

Fig. 7.1 - 1, at 120 amps excitation there is negligible effect 

from the core, so that the corresponding Hall probe outputs 

ere a true reflection of the overheng m.m.f., together with 

the accompanying reaction of the clemp plate eddy currents, 

It is immediately epparent that the reduction in surface flux 

density for the non-ferrous clemp plates, in the order brass, 
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aluminium and copper is consistent with the level of eddy 

currents suggested by the respective specific resistances, - 

which are 4.3 x the copper value for bress end 1.63 x the 

copper value for aluminium. 

Compare the probe outputs at 120 emp excitstion for 

aluminium clamp pletes and no-clemp-—plates. From the 

results of Fig. 7.1 - 4 and 7.1 - 1 the estimated probe 

output 1" axially from the core surface, with no clemp 

plates, (radial position of Fig. 7.1 - 1),is 1.64mV. With. 
eluminium clamp pletes, the corresponding velue is 1.25mV, 

giving a retio of 0.68 which can be compered with the a.c./ 

d.c. ratio of 0.60 given for eluminium in section 5.3. 

It is assumed here thet with no clamp plates the reduction 

in axial flux density due to the excitation being a.c. rather 

then Pie i, is negligible. 

Referring again to conditions at 120 A excitation, 

a) The axiel flux density 1" from the core surface is 

increased in the ratio 3.1/1.8) = 1.68 when the 1" 

unbevelled mild steel clemp plate is introduced. With the 

1" bevelled M.S. clemp plate, the ratio increases to 1.98 

due to the flux-concentrating effect of the surfece 

discontinuity where the bevel commences (8mm rediel from the 

Hell probe position). With the i" m.s. pletes, the retio 

lies between 1.15 and 1.63; Assuming the exial flux density 

to fell linearly from the core surface over an axial 

Gistence of 1", the retio is 

3.0/(2.6 = 0.25(2.6 -1.84)) = 1.2h 

b) Comparing results for the meehenite clam plete with 

the 1" bevelled M.S., the axial flux density reduces in the 

ratio of 3.25/3.65 = 0.89, which is obviously governed 
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more by the permeability ratio o.43 at 1.3 wb/m” (from Fig. 

2.2 -1) than by the inverse specific resistance ratio 0.26. 

ec) The effect of shielding the 4%" M.S. plate with a 10mm. 

thick copper plate is seen to reduce the axial surfece flux 

density in the ratio of 0.8/3.0 = 0.27 (or neerly 4 : 1). 

It must be pointed out that the copper plate was not a 

complete ring, shielding the whole of the M.S. clanp plate, 

but wes limited to shielding up to two pole pitches, 

circunferentially. Further tests with the copper shield 

are given in section 7.2. 

Group II At a constant winding excitation of 240 emps, the 

outputs of the Hall probe situated et eech of four redisl 

positions are tabulated in Fig. 7.1 - 4. The corresponding 

waveforms are given in Fig. 7.1 -4 (a - g), with most of 

these collated in Fig. 7.1 - 5. In the ceses of no-clamp- 

plates, aluminium and 4" M.S. clamp pistes, the oscillogrems 

were enlarged photographically by 3 to 8 times, and a hermonic 

analysis made, messuring 60 ordinates per cycle. The 

results are given in Fig. 7.1 - 6. 

It is seen et once that 

1) The distortion (or percentage hermoniec content) increases 

with rediel distance away from the winding, 

2) Both ferrous end non-ferrous clemp plates reduce the 

distortion visible compared with no-clemp=-pletes. 

Note the reduction in distortion at the exiel position 

of 1" from the core surfece, when no clamp plate is present. 

3) <As previously suggested, the incresse in distortion 

appears to be due to a reduction in the fundemental 

component, this being nearly zero at position D on the core 

surface, 
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variation of probe output with various clamp plate 
materials and varying radial position for a fixed 
stator excitation. 
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Extending the reasoning offered in sections 6.3 and 

6.4, end again when discussing the results of Group I, it 

is suggested that primerily the Hall probe is measuring 

the resultent effect of megnetising forces (1) in the 

overheng, and (2) appesring across the ststor core due to 

magnetic saturation of the main flux paths in the model, 

With no plates present there is also the secondary effect 

of reaction eddy currents flowing in the plane-of the core 

stempings due to the overhang leekege flux. It is 

doubtful whether the eddy currents flowing in the core end 

stamping due to the main flux produce eny external megnetic 

effects since the paths of these currents ere toroidal, 

With this picture in mind, it seems likely that the 

distortion is associated with the wey in which the core 

megnetising force is distributed, 

Assuming (a) that the core megnetising force is 

entirely circumferential in direction, (b) that it is 

distributed sinusoidally with respect to enguler position, 

at a given instant in time, (c) that the reluctance of the 

leakege path between two circumferential noints on the cove 

end is proportional to the circumferential distence, then 

it is shown in Appendix 2 that the leakage flux density 

B, at a point on the core end is given by 
ic 

ZO 
B ooo sin wt 
ie eS [ cL CO. 

t=o 

This expression applies to the first quarter of the positive 

helf-cycle, and leads to the complete waveform of the flux 

density normal to the core end, illustrated below. 
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The fundementel, 3rd, and 5th harmonic components of this 

waveform are as follows:- 

Fundementsl :~ 100% 

3rd hermonic :~ 52% 

5th harmonic:- 20% 

This result does not predict eny even harmonics, but the 

odd harmonics calculated can be compsred with velues 

obtained indirectly from the test results. Extrapolating 

between positions B and C in Fig. 7.1 = 4, and using the 

results of Teble 7.1 - 6., the hermonic velues of normal 

flux density 22 mm. sbove the winding (i.e., position 

shown in Fig. 7.1 - 1) ere as follows:- 

Fundamental (resultent):~ 4.3 mV (peak velues) 

3rd harmonic t= 2225 mV 

5th hermonic t- O.7 mV 

From the Teble in Fig. 7.1 = 1, and using the argument 

lllustrated in Fig. 7.1 - 3, the fundsmentsl components cf 

probe output voltage at 240 amps excitation are 2.6 x 

(240/120) = 5.2mV from the overhang, and 5.2 = 3.5 = 1.7 mV 

from the core (r.m.s. values). Allowing for the weveform 

distortion shown in Fig. 7.1 - la, the r.m.s. of the 

resultent fundamental is 43/2 = 3.04 mV rather then 3.5 mV. 

The fundamental component from the core is then 5,2 = 3,0 

= 2.16 mV. Thus the harmonic components of the contribution 

from the core are 

Fundsmental t= 2,16 mV 100% (r.m.s. velues) il 

3rd harmonic t= 1.59 mV = Th 

5th harmonic i= O49 mV = 23% 

Considering the assumptions msde, these results compare 

favourebly with the analysis of the calculsted waveform. 
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Also, this calculated shape should be compered with the 

waveforms of Fig. 6.3 - 4, in perticular the trace at 180 

amps. The distortion indicated at the higher currents must 

be more than predicted, since the magnetising force in the 

core is then distorted due to saturation effects, 

The effects discussed above are clearly complex, and 

en acceptable explanation would have to account for the 

magnetising force at the core, at the higher flux densities, 

appearingto penetrate through both ferrous end non-ferrous 

Clamp pletes. Table 7.1 = 6 shows thst the harmonic 

components of the surface flux densities sre reduced by the 

clamp plates, but they are still unexpectedly high.



  

7.2 Observations using copyer shields, 

Whilst a detailed study of the effect of copper 

shields on magnetic clamp plate is outside the scope of 

this work, a very limited investigation was made, as 

indicated in section 7.1. It was thought that this 

diversion might help to resolve some of the problems met 

with in the main clamp plate study. 

| The first test was a study of the waveform of flux 

density normal to the radiel surface as detailed in 

section 7.1. When the quarter inch mild steel clamp 

plates carry a 10 mm thick copper shield on the outside 

radial surface, the surface density drops in magnitude by 

nesrly 4 : 1 (see table 7.1 - 1). At the time, not much 

thought hed been given to this phenomenon apart from 

noting the significant reduction in magnitude end change 

in waveshape. For the test illustrated in Fig. 7.2 -1, 

the ratio of spproximately 4 : 1 wes obtained using the 

one inch mild steel clamp plates, the measurements here 

being msde at a radiel distance of LO mm from the winding 

compared with 22 mm for the quarter inch pletes. All the 

above tests were cerried out with 240 emps. stator winding 

excitation. 

At this stege it wes considered necessary to investi- 

gate flux densities at the adjacent surfaces of clamp 

plete aha copper shield and elso whether the shield wes 

equally effective when located in an approximate exial 

position close up and parallel to the winding. The 

conditions of the vsrious tests are detailed in Fig, 7.2 = 

2, with end without shields. 

Although the radial copver shield shows a reduction 

of 4:1 in density at its outer surface, the megnetic
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clamp plates do not benefit by the seme emount. A reduction 

from 7.0 mV to 4.6 mV or approximetely 1.5 : 1 results. 

Further, with the shield placed flat on the end winding 

the reduction at the clamp surface is from 7.0 mV to 5.4 mV 

or approximately 1.3 : 1. These results probsbly explein 

why some researchers heve indicated thet clemp shields do 

not significently alter total losses. It is suggested, 

therefore, thet in some ceases, the hesvy demning current 

loss in the copper is of the same order as the reduction 

in the clamp plete loss. 

It is hoped that this brief study of the effect of 

copper shielding will provoke a more detsiled study of 

the subject, including loss mersurements. It is quite 

cleer that the problems involved are complex. 
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7.35 Use of the Hell probe equipment in industry, 

As the euthor's work wes sponsered by industry, the 

Hell probe eouipment developed for this study would offer 

an excellent meens of exploring end region fields in 

production mechines. Apart from the Hell probe eauipment 

any phenomena releting to end winding regions and m.n.f. 

induced losses would be brought to the suthors attention 

by the personnel of the verious works test depertments. 

For convenience these tests are documented es a series of 

projects. 

Project 1.0 In this study the end region field of a 

33,500 horse power, 1000 r.p.m. 50HzZ, 11kV 1.0Pf. synchronous 

induction motor with non-magnetic stator clemp pletes end 

rotor end bells wes explored thorovghly. This mechine is 

the lergest industriel high speed three phase machine to 

be built at the Witton Fectory of C.A. Persons, and is 

also the lergest sychronous induction motor in the world 

et the present time. 

The Hall probe equipment described in section 3.3 wes 

used to examine the end-region field, with reference to 

the following points:- 

sa) The use of solid brezed ferrules shorting 911 the 

strends et the end of the Roebel Treansposed helf—bers. 

vb) The use of non-megnetic clemp pletes on six pole 

machines of this size, 

e) The flux density normel to the conicel surface of the 

winding overheng. (barrel surfece). 

a) The general pattern end megnitudes of the rediel, 

axiel end circumferential comoonents of flux density 

in the end region. 

The resultent tests proved the versetility end 
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convenience of using the equipment. Over 300 test resdings 

were taken in under 90 minutes of test time. Fig. 7.3 - 1 

shows the resulting surface density plots on the tooth 

supports, clemp fece and end winding surfaces. The tooth 

supports show a considerably higher surface density than 

the clamp face, the maximum velue occurring nearest the 

stator bore. 

The flux density normal to the surfaces of the ferrule 

aid not exceed 0.02 Wo/m- (not shown in diegram). At this 

low value it was assumed that eddy current copper loss in 

the solid ferrules is negligible. The ferrules remained 

cool on a stetic heat run on the stator winding st rated 

current 50Hz. The low value of the flux density traces (a) 

and (b) on the winding mrhies justified the decision to 

use a 360° Roebel transposition in the slot portion only, in 

preference to the 540° Roebel trensposition which extends 

into the end region, commonly used on Turbo-genersators,. 

At this low value of flux density, the eddy current copper 

loss in the end-winding must be negligibly smell. Fig. 

7.3 - 2 to 4 respectively show the rediel, circumferentisl 

and axial components of flux density in the end region, 

with the rotor removed. Points of eoual flux density are 

joined to-form contours, which must not be confused with 

conventionai two dimensional flux plots. The following 

points are apperent from these component contours. 

1) In the region neer the ferrules, circumferential 

components are low, and the radial and exiel 

components indicate a toroidsl-type field distribution. 

2) Near the clemp plete surface, circumferential 

components are of the same order of magnitude as 

the axiel components and are therefore not negligible, 

68 would be the case with megnetic clomp plates. 
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3) On epproeching the clemp plete surface, the exiel 

components are virtuelly constant, while the rediel 

components consistently decrease, but sre not zero 

on reaching the clamp plete surface, 

Finally, in view of (3) ebove, surfece densities et 

the tooth supports and clamp plate given in Fig. 7.3 - 1, 

being exisl components only, do not represent the totel flux 

densities at these surfaces. 

Project 2.0. This study originated from a report thet the 

measured iron losses in a 8350 horse power 983 r.p.em, 

slipring induction motor were higher than expected, end thet 

the mild steel balance discs at eech end of the rotor were 

showing signs of heeting. The relative positionsof the end 

windings, clemp pletes end belence discare shown in Fig. 

7o3 ~ 5. With the mechine running light end 92 emperes on 

the stator, s general exploration of the end region geve very 

low velues of field strength. After shut down, the belence 

discs and sheft were found to be feintly werm, but this wes 

attributed entirely to the eir friction within the mechine. 

A cursory check on the mild steel ciamp plete neer region 

(a) in. Fig. as 5 indicated a definite werm region which 

wes attributed to eddy losses, but due to the low level of 

stetor excitation, it wes not possible to draw positive 

conclusions. On examining the clemp plete, it was noted thet 

the radiel clearance of the clemp plate from the winding 

Veried from 1.0 to 3.0 mm. Allowing for the insuletion thick- 

ness, the copper-to-clemp plate clearence was probebly 6 to mM. 

It wes decided to lock the rotor end pess full loed current 

through the stator mindivese. During this test, the clemp 

plate edge wes heeting steedily, indiceting loss generetion in 

this region. To eneble e comperison of results the stxator 
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PROJECT 2 PIG 718-0 
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FIG ita 

33500 hp 8350 hp 
reference project 1 project 2 

load Nel yon EE, re Goa 

stator Gmps 595 1340 92 376 

Amax,* 10° 1003.5 9502 te Sgd ok 4 ygn 

AC /cm 280 635 125 514 

max flux. density 

normal to clamp — 0°:030 o_ 0-0348 
plate surface (Wb/m?) 
at position(A)in FIG 733-5         

COMPARISON OF DESIGN PARAMETERS AND TEST DATA. 
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memef's for projects 1 end 2 were evaluated using the well 

known relationship; 

A A oy: WR Bo 
max ~ no. of poles 

Where: I = Phese current, amps. 

Wom Total series conductors in one phase. 

Kp 4 Winding Chording Factor. 

Kd Winding Distribution Fector. 

Table 7.3 - 6 gives the results obtained from observations 

in projects 1 end 2. It is eppearent when examining these 

values end considering the lower losses obtained with non- 

ferrous clemp plates in section 6.3,\ there is a good csse 

for the use of non-ferrous clemp plates on large industriel 

machines. However, when economics dictates the use of 

megnetic clemp plates, then more attention must be given to 

detsails such as bevelling, incressing radiel clesrences and 

keeping megnetic materiels to a minimum in the end region. 

Project 3.0 A 10,500 horse power 993 r.p.m. slipring 

induction motor wes originelly built with megnetic (steel 

wire) banding on the rotor overheng. This represented a 

magnetic cylinder placed inside the berrel of the stator 

‘overheng. On the light run test with the rotor running 

virtually synchronously, the bending heated, expended end 

started to work loose. The replacement bending wes mede up 

of leyers of fibre gless tepe. Tests with this new bending 

showed e marked reduction in losses. This reduction 

represents the originel bending loss end is show in Fig. 

7-3 - 7. It is interesting to find that this loss, which 

cen be attributed to stator m.m.f. is proportional to stetor 

current raised to the power of 2.4. 
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losses in the banding wire on the rotor of 
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Conclusions: As a result of the various observetions made 

in this section, end on experimental models detsiled earlier, 

@ series of instructions based on recommendstions made by 

the author hes been 1lsid down, detailing exectly how ell 

magnetic clamp plates and solid tooth supports ere to be 

sheped for machines built within the organisetion in which 

the euthor is employed. The mein aspects concerned ere, 

increasing rediel cleerances between Clamp plates end 

windings, bevelling of the clemp plates, end removel of 

all sharp corners by smoothly merging ell curves end plenes,. 

Tooth supports are to be cut back from the stator bore, 

radiused on the end to avoid sharp corners, end tepered 

beck to where it meets the clemp plate. (See Fig. 7.3 - 1). 

As a further improvement, the use of non~megnetic clemp 

plates is being considered most seriously for ell future 

lerge industrial machines,
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8.0 Comparison of test results with esrlier 
published formulation 

8.1 Conclusions and Recommendations for future 
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8.0 Comparison of test results with earlier published 
: formuletion. 

Even though the test results for clem plate losses 

in section 6.2 include extra loss components, it is of 

interest to compare these results with velues calculated 

from formulation derived by earlier authors. Richardson's 

work on ferrous clamp plates and Oberrettl's work on 

non-ferrous plates were selected for this exercise, 

From Fig. 6.2 - 3 for 1" mild steel clemp plates with 

bevel, the clamp losses at 50 Hz are 0.92 kW at 200 A loading 

and 1.64 kW at 240 A loading. From Fig. 6.2 = 6 for 1" 

brass clamp plates with bevel, the clamp plate losses at 

50 Hz are 0.62 kW at 200 A loading end 0.915 kW et 2ho A 

losding. 

Applying Richardson's work to the models. 
tf 

a = 20 

h as oe 

at = 5,5" 

ATS oe 6 x4 x 200 = 4800 at 200 A. 

Rok as 

Total clamp loss = 2 x 20 x 3.3 (1.2 + 3.5) (HE ate 

x i07® kW = 0,665 kw 

For an overhang cone engle of 80° from the verticel, 

the loss reduction factor is 0.55, giving e loss of 

0.665 x 0.55 = 0.336 kW at 200 A. The loss increases 

to 0.336 x (24Q)7*° = 0.49 kW at 240 A.



  

Summerising; 

. Mild Steel Ferrous clemp pletes. 
  

Current, A. 200 2h0 

Loss from tests kW/0.92 |1.64 

Richerdsons', KW 0.366 {0.49 

  

  

          
Applying Oberrettl's work to the models. 

y (brass) = 13.0 x io" 
Rs, =. (25.0 Gms. 

Am = 6000 from model design 
paremeters 

OT ¥ Re,” = 314.2 x 13.4 x (25.4) x 10+ 

= 2.72 x 1019 

Interpolating for » cone angle of 10° from the 

horizontal, for Fig. 1.2 - 9, 

P = Sia 

104 2 =5 Total clamp plete loss = ee ies is. * GOCO” x5. 250 

=. -O.097 -KWoat, 200A. 

2 
This inereeses to 0.097 x (FAS) 

s. O.14 kW et 200A. 

Richardson suggests thet the loss in non-ferrous clamp pletes 

is simply 4 of his calculated loss for ferrous pletes,. 

  

  

  

  

  

Summarising ; 

Bress clamp pletes. 

Current, A 200 2.0 

Loss from tests, kW 0.62 0.915 

calc. Oberrettl, kW 0.097 Ou 

Est. Richerdson, kW O7i22 0.163           
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The loss calculation by both Richardson and Oberrettl 

eappeer low, particularly so in the case of brass clem 

plates. Pert of the reason must be thet the losses obtsined 

from results in the models include surface loss at the stator 

teeth, et the inner surfece of the clamp pletes, end sat the 

surfece of the stator fremes. Also, the exponents of the 

stator current are different, meking it impossible for the 

three evaluations to be comperable over s renge of currents. 

The clemp plate loss celculated from Richardson's work 

agrees with the model results at ebout 100 A, but this is 

equivalent to a much lower current loading then thet for 

which Richerdson's work is intended. The model results 

show that the loss in brass pletes expressed es a percentage of 

the loss in mild steel pletes at the same current varies fron 

837% at 160A to 56% at 240A, These values are higher then the 

single value of 33% suggested by Richardson, 

Clamp plate loss evaluated for a 8350 H.P. motor. 

The proposed method of evsluating clamp plete losses 

for a given machine is presented in Appendix A.3. The 

application is for salient pole synchronous mechines, but 

‘provided the similerity rules given in A.3. are obeyed, the 

exercise can be applied to induction motors. Taking the 

8350 H.P. slip-ring induction motor discussed in section dass 

Project 2, as en example, the ratio of effective turns per 

pole is (T1/To) = 1.23. Thus the model current equivalent 

to a full load current of 378 A on the motor is 

Sete & orem 65 A, 

Using the loss curve for 1" mild steel, bevelled clamo 

plate, given in Fig. 6.2 ~ 3, the loss at 200 A, 50 Hz is 
pe 

465)" "" 0.92 kW. Extrapolating to 465 A, the loss is (306° x 

0.02. =. 15.8. EN,



The ratio of effective diemeters is (D4) ts 

(1516/567) = 2.67. The ratio of effective distance of 

el te 7 = oa emp plate from overheng is (4,464) = (47/210) = 

0.224. This gives a clamp plete loss of 

13.00 2.67 = (0922)? .. ice, 
  

Z 1.0 1.6 PLAC) 
  

Clamp loss kW 8.26 | 3.35 1.84             
Applying Richardson's Work, 

59.5" 

h — 6t 

ae L536" 

AD ae 62x: 5 3: $78. we L13h0 

Total clamp loss = 2 x 3.3 x 59.5 (6 +13 « 5) 

x (42320)7°® x107° = 3.66 KW, 
156d 

The reduction factor for the overhang cone angle is 0.55, 

theefore, total clamp plate loss = 0.55 x 3.66 = 2.01 kW. 

Experience on machines of this size indicates that the value 

‘of 6.26 kW for g= 1.0, calculated from the model results 

is more realistic then 2.01 kW. If the loss is taken to 

be proportional to 171.0 and not to y7i-6 in Richerdson's 

work, his evaluation of clamp plate loss would increase to 

Bele x 0.55 = 9.6 kW, a value which is reasonably close 

to that celculated from the model results. 
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8.1 Conclusions and Recommendations for future work, 

The ivestimarion of losses in core clamping plates 

using two model stators is made more difficult by two 

factors which were not anticipated st the start. These 

are (1) the relationship between air-gep flux density end 

stator excitation current is different for the two models, 

(2) in both models the core saturation level is sufficiently 

high to cause flux to divert into paths in parallel with 

the cores, and result in extra losses being generated. 

Differences in the magnetisetion curves is believed 

to be the result of relatively high end-leakage fluxes, 

which give rise to different mean core densities at equsl 

currents in the two models. The effect on the relstive 

velues of stator iron losses in the two models is partly 

teken into sccount by introducing the factor K, (see 

section 6.1). The remaining relative differences in the 

iron losses sre believed to be negligibly small. 

To obtain appreciable clamp plate losses over a 

reasonable range of currents, it wes necessary to increase 

the maximum current originally intended by about 30%. The 

“resulting iron flux densities are still within the levels 

existing in modern machines, but are sufficiently high to 

cause considerable flux to cross the 6 mm radiel gap 

between the cores and the ferrous fremes of the models. 

Flux also diverts from the core-ends into the clemp plates. 

Within the time available, it wes not possible to 

extend the testing to ensble the extra losses due to the 

core leskage fluxes to be evaluated. Since the loss at the 

inner radial surface of the clamp plates must also occur in 
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machines where the saturetion level is comperable to that in 

the models, it is logical to include this loss as pert of the 

totel clemp plete loss. This end is achieved in the loss 

derivation of section 6.1, but with some degree of error, 

probably smell, due to unequal magnetisetion curves and 

the presence of ferrous etre 

The clemp plate loss derivation also includes a possible 

loss component associated with end-leskage flux entering the 

stetor core at the end surface of the teeth. Such a loss 

may be present in actual mechines, end may be complicated by 

the presence of finger supports. 

Future Work. 

It is suggested thet stlesast five distinct lines of 

research into the problem should be continued in future, 

(1) The extre losses referred to ebove can be virtuslly 

eliminated by (a) replacing the ferrous stator fremes 

by say, timber frames, end (b) by doubling the air gap 

where-by iron empere turns would be virtuelly zero for 

stator currents up to 20 A, 

Alternatively, the megnetisation cherecteristics 

of two similar models cen be mede nearly identical by 

peauaeds the retio of core lengths, end adopting 

longer lengths. This reduces the end lesksge flux in 

relation to the air gep flux. For example, with core 

lengths of 150 mm and 300 mm, the end lerkage flux 

would be 7.2% and 3.6% respectively, compered with 

21.4% (50 mm core) and 7.2% (150 mm core) for the test 

models. To avoid an excessive power supply requirement, 

the stetor bore of the new model may need to be 

reduced by one freme size. Tests on the new models 

would then give a more accurate ssscasment of totel 
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(2) 

(3) 

clemp plete loss (i.e. including the loss at the inner 

radiel surfece). 

The presence of magnetising influences on either 

side of esch clamp plate makes the problem difficult. 

The surfece flux density studies underteken in section 

71 indicates thet the flux density st the outer padial” 

surfece of the clamp plete is influenced by megnetic 

potentiel gradient at the core end surfece. As this 

potential gradient increases (with excitation current), 

the loss at the outer surfsece mey level Ort, but ‘the 

totel clemp plate loss continues to incresse with the 

appearence of en eppreciable loss at the inner radial 

surfece, Cleserly, there is scope for investigation 

into the general problem of a plete of finite thickness 

influenced by negne tisation from both sides. <A more 

fundsmental model may be required for this purpose, and 

could include e further investigetion into copper shields. 

There is some practicel significance in seperea ting 

the two components of clemp plete loss, since in es 

mecliine the loss at the inner surface, due to iron 

seturetion, is e stray no-load loss, while the loss at 

the outer surface is a true stray loed loss. 

The work should be extended to indicate the relevence 

of some geometric cistances, For example, 

(9) Radial height of clemp plete. Because of the flux 

concentration at the inner (radial) edge of the ferrous 

plates, it is anticipated that the radisl height has 

6 more significant effect in the cese of non ferrous 

pletes. In relating the clemp plate losses in the models 

to actual mechines (see Appendix A.3), ellowance for 

¢lemp plate height is made only for non-ferrous pletes, 

229.



  

(4). 

(5) 

and this in an intuitive way. 

(b) Length of overheng. In Appendix A.3. this is 

teken into account by defining, empirically, the 

effective distance between the overheng end the 

clamp plate. It is suggested that clemp plate 

losses very inversely with this distance, but this 

may not be the cese, 

Fig. 6.2 - 3 end 4 indicate thet there is 

virtually no difference between the losses in 

Meehenite and Mild Steel clemp plates. In view of 

the difference in their respective magnetisation 

characteristics, Fig, 2.2 - ae this 46 surprising. 

It is suggested that tests with these clemp pletes 

should be extended to include ampere conductor per 

centinetre loadings of up to 1500, equivalent to 

235 Aon the model windings. Tests with such high 

current loading ere possible on the existing models, 

provided transient temperetures are kept under 

control by adopting autometic data logging. In this 

respect, the use of liquid nitrogen es a coolent may 

be seriously considered as a Lubetioay possibility, 

In spite of the numerous difficulties encountered 
in the present work, it is suggested that the two stators 

should be used to study the effects on boundaries other 

then clemp plate surfaces. For example, 

(a) End guerd eround windings. These could be made 

up of cylinders and dises of appropriate materials, 

(o) Metallic brecing rings on the overheng. In 

industrial machines it is not always enconomical to 

use fibre-glass bracing rings, and steel or bress rings 

are often used, 
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Any future work carried out on the existing, or new 

models, would benefit from improvements in experimental 

techniques. For exemple, the adoption of digital metering 

throughout, and possibly automatic data logging. It is 

believed that as much es 75% of testing time could have 

been seved in the present work. 

In conclussion, it may be seid thet in production 

design offices, a steady change in emphssis of design effort 

is taking place. With the increased usage of computers, the 

day to day drudgery of design work is being reduced, and 

designers ere spending more time an basic loss problems, 

introduced by incressingly higher design loedings mede 

necessery by commercial competition. The use of desetercias 

models is inveluable in this respect, even though the 

solution gained mey be a semi-empirical one. The dsrivation 

of the constents of proportionality from live model testing 

rather than from approximete mathematicel models, must give 

better correlation, at least until all related phenomens 

nae cubtielen tly understood to make it possible to develop 

an adequate mathematical analysis. 
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Appendix A.l. Evaluation of end leakage flux, 

Pert of the end leakage flux in each model stator 

enters the stator core at the core end surfaces, Assuming 

that this flux is normal to the end surfeces, then it cen 

be evsluated by summating the Hall probe output, with the 

probe moving over the surfece concerned, 

Fig. Al - 1. gives the end surfece flux density for 

both tooth and core sections, along a rediel line corres— 

ponding to meximum stator m.m.f. The excitation is 1L0 A 

d.c. with the series-parellel connection shown in Fig. 

5.1 - 6A. 

Fig. Al =- 2 gives the end-surface flux density along 

two fixed circumferences, egain with 140 A d.c. excitation. 

Assuming this flux density to be sinusoidally distributed 

in the circumferential direction, then leskage fluy per 

pole entering the core ends is given by: 

2 Ba + oe = eer By oy ho o.7 }, for the core back~of-teeth 

1 WS Sor tne 
$,, = 2.5 Ptev "4 67 Py “WR for the teeth. 
Le qr 

where ae is the average — flux density teken from 

Fig. All 

h is the rediel height 

is the mean diameter 

ce and t refer to core beck-of-teeth end 
teeth sections respectively. 

W is the tooth pitch at Dd. 

S is the slot width eat D, 

The gap flux per pole is given by 

2 3 zz a 
gg T “gmax Ly . A

e
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flux density normal to stator end surface, maximum 

taken along a radial line. 

1 FIG Al tation 1640 Amo UC exc 
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flux density normal to stator end surface, taken 

lines. along two circumferential 

-2 FIG Al tation 140Amp DC exci 
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where Ly is the exial core length, Pain is the mseximum 

eir gep flux density, taken from Fig. 5.1 - 6 for the 

present evaluation. (140 A d.c. excitation). 

Alternatively, the gep flux per pole is given by 

2 1 
$e ar 2 Bsns Me TE De 

where B. aca is the air gap flux density with s.c. 

excitation taken from Fig. 6.1 - 1, st 99 A a.ec. which is 

equivelent to 140 A d.c. excitation. 

Evalueting the above fluxes, for the short core model, 

$4, = § -0150 x 04k x 578 = 0.254 x 107? wp 

ose ee -3, G14 = § 0779 x .032 x .502 x et = 0,359 x 1073 wp 

a 3 .365 x .05 x 0:70 = 2.86 x 107 Wb @ 1hOAdce. 
%, 

5 2 6255 x .05 x .470 = 2.85 x 107? Wb @ 99A ace. 

Expressed in percentages of the sir Sep flux per pole, 

for the short core et 140A d.c. or 99A 5.c. excitation, 

End leakage flux into core bsck-of—teeth = 8.9% 

End leakege flux into teeth = 12.5% 

Total and leakage flux into stator core = 21.h% 

Assuming the end leaksge flux to be proportional to 

stator current, end reading the sir gap flux off the 

magnetisation curve, then the end leakage at 170A a.c. = 22,8% 

" 200A acc. = 2% 

The total end leakege flux calculated et 170A s.c. from the 

design parameters of section 2, is 27.6% of the air gap flux 

per pole (i.e. the overhang reactence voltege expressed as 
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a percentage of the eir gap resctance voltage). 

The main consequence of this high level of end leekege 

flux is believed to be different megnetisation curves for 

the two models. On this basis, the percentage leekage flux 

can be calculated from the megnetisation curves of Fig. 

6.1 = 1 in the following way. 

Consider the magnetisation of the two stators at two 

stator currents T4 and Ins such that 

(I, - Toa? for the short-core stator 

x (I, - To) for the long-core stator, 

where 14 and T0 ere corresponding currents teken off the 

common air-gap line, 

Then it can be said that 

short core iron flux density at stator current Ty 

a long core iron flux density st stator current I, 

Therefore, since the core lengths ere in the Yatio::. Sti, 

total stetor iron flux in the short core at i, amns 
  

total stator iron flux in the long core et t 2 eups 

gad 
iS 

he a oat = ae 
ape Pe 3 

where. 2 4 = short-core sair-gap flux at I, 

® eo = short-core sir-~gep flux at i, 

‘c
H 

Er
 

eS
 

i : end leakege flux entering either core at 4 

end leakege flux entering either core at I ‘H
t 

es
 

Nh
 Hf 

2 

Now assuming the leskege flux to be proportionel to the 

I, stator excitation, 55 ~ ir X 6 ii 

pe
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$ B 2 Agein, ae = 82 which is the ratio of the 
gi gl 

corresponding air-gap flux densities, each of which cen be 

obtained from Fig. 6.1 -1 

Therefore, Oa4 tes Bio Suse 
9 et Bed 314 

Evaluating this expression for Ty = 200A, for which 

I, = 225A, 

  

ata 1 
= oes = 22.6% 
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Appendix  A.2-. Weveform of core end leakage Pius density. 

A qualitative study. 

In section 7.1 it is suggested thet flux density 

normel to the core end-surfece of the model stetors is the 

oatened result of overhang m.m.f. and mmf. sappesring 

across the core. The effect of the letter m.m.f. can be 

enalysed ss follows. 

In magnetic celculations on normel industriel mechines, 

it is usual to neglect the radiel components of flux density 

in the core beck-of-teeth. Also assuming thet the sir gap 

flux density is sinusoidally distributed round the eir gep, 

the core flux density can be taken as circumferentisl in 

direction, end sinusoidal in megnitude. This condition of 

air gap and core, teken instantaneously is illustrated in 

the top half of Fig. A.2 - la. 7 

From the megnetisetion charecteristic of the core 

material, circumferential megnetising force Hy, et the engle 

8 4s obtained, end anelysed (hermonicelly) with respect 

to 6 ( @ = 0 when core flux density B is meximum). 

Thus, eat the engle 8 » where the circumferentisl flux 

density is B cos6 , neglecting hysteresis, the maegnetising 

force is 

ie HT Xx 
os i Hoy, os nO where n is odd. 

nel 

Therefore, between points a and a’ in the core, the m.m.f. 

is given by 

8 Nes cS 

2 { e H.Cos.6 Rde 

0 Nn Soi 

N = o¢ 

= 2R i Hen Sin nO 
ne i in 
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where R is the radius at which points a and a' sare teken. 

Assuming uniform flux density over the core length, 

this m.m.f. appears at points A and A‘ on the core-end, 

end gives rise to a core end leakege flux, shown 

diagrematically in the bottom helf of Fig. A.2 - la. 

If the effective leakege flux peth length from A to 

Ai 4a? Cy » then the flux density et A(or A') is 

= o¢ n 

Bayt pn fto) H Sin n@ 

oe n 
cn 

u j 

a 

Por <0. < <6. ga" 

This expression cen be simplified by meking 

L, = 2R86 by which it is assumed thet the axiel 

parts of the flux peth are negligible compared with the 

circumferential part, and thet the flux density is constent 

along the whole path. This is a drastic essumption, but it 

helps to lead to a qualitetive solution. 

is of 

° a Sin nO 
ie Se aa gi Fon ng 

ied 

Pop. Oe” Oe 80°. caty 

This represents the condition with d.c. excitation, or with 

instantaneous 3 phese e.c. excitation when B. is maximum et 

Band B', Fig. A 2-=- 1a. By replacing@ withwt, the 

; vepihecon with time of the core and leakege flux density 

Big at a fixed point on the core end is obtained, 

Thus, further simplifying by sssuming no distortion 

due to seturation, so thet the fundsmentsal component only 

is considered, 

at. 

B = H Sin Ot ew 
LO es ee Wt 

- a t= Oo 
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By symmetry, the function is in fact defined over the 

whole cycle, end is illustrated by the non-sinusoidal weve 

fn Figs Aces + TOs 

The core end is also subjected to the conventionel 

leakege flux which links with the winding overheng. Since 

the m.m.f. causing this is virtuelly sinusoidel with respect 

to time, the associated flux density at the core end surfece 

is also sinusoidel. This waveform is also included in 

Fig. A.2. — 1b, and is in phase opposition to the flux 

density resulting from the core megnetisation as can be 

seen by considering Fig. A.2. - la (neglecting hysteresis 

effects). 

Considering veriations of these two flux density 

components along a radial line on the core end surfece, it 

is evident that the magnitude of the core-end comnonent 

remains reasonably constant, while the overheng component 

reduces in magnitude es the core outer diameter is epproached, 

The two component waveforms in Fig. A.2. ~ lb have been 

celiberately plotted with equal maximum velues, end it is 

seen thet the resultant contains a predominant third 

hermonic. Qualitatively, this result agrees with the test 

oscillograms presented in section 7.1. It can be concluded 

that with 240 A excitation, the fundamental component of the 

core-end leekege flux density is virtually equal to the 

overhang leakege flux density at points on the core-end 

surfece near the core outer diameter, 
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Appendix A.3 Derivation of clamp plete loss from model 

results. 

When considering the design of the model stator it was 

envisaged that experimental dete obtained would be used to 

evaluate clemp plate losses on actual mechines. The mechines 

for which this is possible must beer a certsin geometric 

similarity to the models, this being achieved when the 

relevent dimensions are limited by the following rules:- 

D 
(a) Ratio 5 + 0.85 see Fig. A.3 - 1a. 

Oo 

(b), “Angle: ¥ . 22008" ee. Figs A235 = o0, 

These rules were found to apply to an extensive range of 

salient pole synchronous machines, for which the present 

work is intended. The range of machines checked extended 

from 225 MVA et 150 rev/min end 75 MVA atirev/min, to 1 MVA 

at 1500 rev/min. The few exceptions to the above rules were 

emong the four end six pole mechines, in which ceses only 

one of the two rules was followed. The relevent ratios in 

turbo-—type machines differ widely from the values given in 

both rules. 

For a given mechine, the clemp plate loss is scaled 

off the sppropriate loss curve in section 6.2, meking 

suitable allowances for the following parameters :- 

(1) Supply frequency. 

(2) Clemp plete materiel. 

(3) Clamp plate dimensions and position. 

(4) Pole pitch (7). 

(5) Effective distance of clemp plete from 
winding overhang (de). 

(6) Effective diameter of clemp plate (D.) 

(7) Ampereturns per pole. 
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dimensions for geometric similarity. FIG A-3=1 
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de = effective overnang distance 
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Items (1) end (2) ere sccounted for by selecting the 

appropriate losscurve from section 6.2. 

Item (3) The loss curves of section 6.2 show that 

differences in clamp plate loss resulting from veriations 

of mild steel clemp plate dimensions and position are too 

small to be accounted ae edequately in eny formuletion. 

There is some allowance because the effective distance 

between clemp plete end winding overhang chenges slightly 

with clemp plate thickness end redisl distance from the 

winding. 

Item (4) The pole pitch affects the circumferential pert 

of the end leekege flux peth. For ferrous clem plates, 

this pert is in iron, so that its contribution to the 

total permeence of the leekege flux path can be neglected. 

For non-ferrous clamp plates, the circumferential path in 

the clemp plate cannot be neglected. Thus the pole pitch 

should eppear in the derivation of clamp plate loss for 

non-ferrous pletes only. 

Item (5) The inclusion of an effective distence of the 

clemp plate from the winding overheng es a parameter is 

intended to account for chenges in clamp plate loss result- 

ing from differing overheng axisl lengths, ell other things 

being equel. The present investigation hes not considered 

such a perameter, end it is intended to accept the distance 

d.» as indiceted in Fig. A.3 - lb, es suggested by Smith (56). 

Item (6) Considering clemp plate loss es occurring 

incrementsally in 9a region bounded by two rsdial plenes of 

smell seperetion, then ell other things being equsl, totel 

clemp loss must be proportional to an effective diameter of 

clemp plete. Eecause of the concentration of flux density 

at the inner edge of the ferrous plates, the inner (bore) 
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dismeter is taken as being effective. For the non-ferrous 

plates the effective diameter is taken to be the bore 

diameter plus two thirds of the clemp plate radial height. 

Item (7) In reeding off the appropriate loss curve, the 

stator current is teken such thet the resulting ampere 

turns per pole for the model is eoual to the ampere turns 

per pole in the machine et the load current for which the 

Clamp plate loss is reouired, 

Consequently, the clemp plete loss for a given mechine 

is obtained by reading the loss M6 off the eppropriate 

loss curve, corresponding to a stetor current I, ee 

(T,/2, )Iy where qy is the stator current in the mechine, 

Ty and Ty being the effective turns per pole in the mechine 

‘and model respectively. The required loss is then 

; Dei Reo q Wei = bo ay W. for ferrous pletes 

end Wot a eit T1 Wo. for Pe 

Where 7 » d, end D, are defined under Items (4), (5) ena 

(6) above, the suffices 1 and O referring to the given 

machine anc the model respectively. The exponent q is 

believied to lie between 1.0 and 2.0, depending on the wey 

in which the clamp plete loss is affected by the effective 

length of the end leakege flux peth. Note thst for the 

ferrous pletes, this length is taken as 2 des the 

circumferential parts being neglected. For non-ferrous 

plates, the effective leekage peth length is teken as 

(2 qd. + T ), the circumferential peth in the rotor only 

being neglected. 
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