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ABSTRACi. 

The objective of the work which is described in this thesis was the 

provision of a method of accurately p~edicting voltage distribution in 

large machine stator coils when subjec:ed to fast fronted switching 

surges and to use such a model to ir.vestigate the effects of various 

winding and surge parameters on the vol:age distribution. An original 

method of analysis, using lossless mul~iconductor transmission line and 

scatter matrix theories is developed ar.d is shown to be capable of 

predicting transient voltages on a ~wo turn coil with a degree of accu-

racy which has not been previously possible. Extending the analysis to 

multi-turn coils and multi-coil windings is shown to be successful. A 

junction scatter matrix which includes discrete loss elements is 

developed and used in the analysis. The lossy model predicts both turn 

to ground voltages and interturn voltages with satisfactory accuracy. 

The analysis is then used to investigate the effect of various parame-

ters on the distribution of voltages wi:hin the line end coil of the 

winding. The concept of a winding surge impedance is shown to be of 

limited value. The results of the investigation into distribution vari-

ation due to parameter changes are co~pared to the commonly used stan-

dards on coil insulation. A description of the computer programming 

methods used is given. The analysis has achieved much greater accuracy 

than previous methods and can be used :~ machine design and in the set-

ting of test levels. 
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CHAPTER ONE. 

INTRODUCTION. 

The most common mode of failure of large induction motors is bear

ing failure. The next most common mode of failure is stato~ coil lnter

turn insulation failure, which mayor may not lead to turn to ground 

insulation failure. Inte~turn insulation failure can be due to eithe~ of 

two causes. 

The first of these is due to flaws introduced during manufacture, 

which lead to weak points in the inte~turn insulation. These flaws can 

be irregularities on the conductor surface which cause high localised 

stressing of the insulation, or flaws in the insulation itself. Break

down can occur immediately voltage stress is applied or, alternatively, 

as a result of long term degradation of the insulation at the weak 

point. 

Failure may also occur because the working interturn voltage is 

greater than that which the interturn insulation was designed to with

stand. As before breakdown may occur immediately or after long term 

degradation due to continual overstressing. 

It is in order to alleviate this second cause of interturn insula

tion failure that this investigation has been carried out. 

The problem of interturn insulation failure is more prevalent now 

than in the past. There are a number of reasons for this: 
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(i) It is well known that high interturn stresses can be produced by 

large steep fronted voltage surges impinging on the stator coils, there

fore any increase in the severity or number of these surges will 

increase the likelyhood of interturn insulation failure. This, coupled 

with the recent trend towards using very low loss power cables for the 

connection of large motors to their associated switchgear, has meant 

that transients, produced by the switchgear, are transmitted almost 

unaltered to the motor (1). In the past, lossy cables had the effect of 

increasing the rise time of the surge and so reducing the interturn 

stresses on the motor coils. 

(ii) The undoubted advantages of using vacuum switching devices in con

junction with large motors i.e. low fire risk, good reliability, low 

maintenance costs and small overall dimensions, have led to their 

increased use, particularly in the petrochemical industry. Unfor

tunately these devices are capable of repetitively producing very steep 

fronted transients (2,3) and therefore can lead to an increase in the 

severity of the conditions which interturn insulation has to withstand. 

(lii) The continuing increase in the power output to size ratio of 

modern motors has put pressure on the coil designer to minimise the size 

of the coils. Thus the insulation on modern coils leaves less margin for 

error, although the better quality of modern insulation materials has 

offset this to some extent. 

(iv) An associated factor which has caused the problem of interturn 

insulation failure to become more serious is the increasing cost of 

unscheduled stoppages in industrial processes. Consequently there has 

been an increased emphasis on reliability. This is of particular 
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importance in the production of offshore oil and gas. 

This thesis deals specifically with the effect of steep fronted 

voltage surges impinging on motor coils. The purpose of the study is to 

enhance the understanding of the propagation of steep fronted surges 

through motor windings by providing an accurate analysis of the 

phenomenon. This should enable coils to be confidently designed against 

a background of realistic estimates of interturn stress. The work should 

also provide the system designer with a knowledge of the severity of 

transient surges that the machine winding can withstand so that the 

machine protection system can be appropriately specified. 

Following a study of pertinent work on voltage distribution in 

motor windings due to steep fronted transients it was decided that 

further development of these theories would be ineffective and that a 

completely new analysis was required. The analysis had to be able to 

predict the voltages on any part of a coil, if it was to be useful as a 

design aid. 

The analysis is developed, in the lossless form for a simple two 

turn coil and the results obtained from this model are compared with 

those from experimental work carried on a two turn coil subjected to a 

fast rising, low voltage pulse. The model was then developed for a gen

eral coil and the results from this model, analysing a twelve turn coil, 

were compared to experimental results obtained from an actual twelve 

turn coil. 

The comparison of experimental and theoretical results was 

encouraging and at this point it was decided to include losses into the 

3 



analysis in an attempt to improve correlation between theoretical and 

experimental results. 

Following the success of the method (including losses) at predict

ing the voltage distribution in the coil with good accuracy, it was used 

to investigate how voltage distribution varied with the parameters of 

the coils. The model is used to predict voltages on coils with various 

insulation dimensions and also coils with differing shapes. These 

results give a clear indication of the effects of the coil parameters on 

the coil withstand level for a range of surge front times. 

A description of the computing methods used in the analysis is also 

given. 

Whilst the analysis presented in this thesis was developed princi

pally for large induction motor stator windings, the similarity of the 

stator coils in all large machines ensures that the coil model is gen

eral for all form wound coils. 
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CHAPTER TVO. 

REVIEW OF PAST INVESTIGATIONS. 

The simplest approach to analysing voltages due to surges in 

machine windings is to treat the winding as a simple transmission line; 

the well known transmission line equations are then used to calculate 

the voltages at any point on the winding. The parameters of the 

transmission line are found by approximating tne coils as the elemental 

sections of the line, each represented by a series inductance and a 

shunt capacitance. This approach is used, for example, by Knable (4) but 

has the inherant disadvantage of being unable to predict voltages inside 

the coil. It is further erroneous in that it takes no account of the 

behaviour of the winding as a low pass filter. Any flattening of the 

surge front must, according to tnis theory, be due to losses. It will be 

shown later that coils act as low pass filters even when losses are not 

included in the analysis. (See chapter 4.) 

A oomparison of the work done on transient voltage distribution in 

motor coils with that done on transformer COils, shows that the latter 

has received most attention. The result of this has been that previ

ously derived theories for transformer coils have been applied to motor 

coils, In preference to a fundamental analysis of the subject. This 

approach has met with only partial success because the theories for 

transformer colls have been able only to calculate coil voltages (vol

tages at the coil terminals) and not turn voltages. 

The transformer coil analysis developed by Rudenburg (5) which took 

into account mutual inductance and capaCitance between adjacent turns or 
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sections, was applied by him to the analysis of motor coils. In this 

work the elemental unit used to develop the winding model was a single 

coil. Consequently it is to be expected that, at best, the distribution 

of coil voltages throughout the winding can be calculated by this 

method. However the accuracy is doubtful because it is implicitly 

assumed that there is a sufficiently large number of coils in the phase 

to enable the problem to be classified as a distributed parameter sys

tem. 

It has been suggested by Jackson (6) that the motor winding should 

be treated as a series of transformer coils, thus enabling the coil vol

tages to be calculated and also indicating the manner in which the surge 

propagates through each coil. However, if a distributed parameter model, 

such as Rudenburg's (which was developed for coils with very large 

numbers of turns) was used for each coil, significant errors would be 

introduced because form wound motor coils often consist of only a few 

turns. In addition Rudenburg accounted only for mutual inductance 

between adjacent turns or sections. 

Lewis (7) used a ladder network to represent a machine winding and 

took a whole coil as a section of the network. This ladder network 

approaCh was more suitable for machine windings, which are constructed 

as a series of individual sections. However, no attempt was made to 

analyse voltage propagation within individual coils. If Lewis's analysis 

was to be adapted to represent a single coil, using a turn as a section 

of the network, some calculations concerning turn voltages could be car

ried out. This would not however lead to correct results, because the 

ladder network method used does not take into account inter-sectional 
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mutual inductances whicn, in motor coils, are not negligible. 

In both Rudenburg's and Lewis's analyses of machine windings, 

whether applied to tne whole winding or to a single coil, no account was 

taken of the two distinct regions of a motor coil, i.e. the portion 

embedded in the core iron and the portion which constitutes the end 

winding. Either the coil or the turn was treated as a distinct element, 

with no further subdivisions. 

Heller and Veverka (8) performed a detailed analysis of a wave pro

pagating along a single conductor embedded in an iron core and found 

that at high frequencies the iron acted as a flux barrier and so con

fined the surge to the conductor insulation. In their analysis this 

result was then promptly ignored and a ladder network, using each coil 

as a section, was approximated by differential equations. It was assumed 

that due to the large capacitance between turns, the voltage distribu

tion within the coil was fairly uniform. The voltage distribution in the 

remaining coils was said to be less severe since each coil behaved as a 

low pass filter and so 'flattened out' the wave front. Heller and Vev

erka advised machine designers to design line end coils witn increased 

turn insulation. A method of calculating the surge impedance was 

developed and was said to conform well with experimental measurements, 

although no mention was made of the variation of the surge impedance 

with the rise time of the surge. 

The ladder network analysis developed by Lewis was superceded by 

Rozsa and Lovass Nagy (9) who proposed, and solved, an alternating 

ladder network model of a machine winding. This method was superior to 

Lewis's in that mutual inductance between adjacent sections could be 
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accounted for. However no account was taken of mutual inductance between 

sections which were not adjacent, and so this method cannot be correc:ly 

applied to a single coil. 

In a review of publications (to 1964) on surge distribution in 

motor coils, Clowes (10) stated that; 

"The simpler theories give only the general features of tne 

phenomena, whilst detailed comparison with experimental 

results is lacking for the more complicated equivalent net-

works". 

Parrot (11) carried out an experimental investigation into surge 

distribution within the coils of two motors. It was found that for 

surges with short wave - front times (less than 600 ns) tne interturn 

voltage distribution showed 'a departure from uniformity', and that the 

largest interturn voltages occurred towards the end of the line con

nected coil. 

Parrot compared the results of several investigations on peak coil 

voltages and concluded that a simple transmission line approacn by 

Kagonov (12) (which stated that each coil had a constant travel time and 

that comparison of this with the rise time of the surge would provide an 

indication of the likely interturn voltages) was alone in consistently 

overestimating measured results and, so, should be used to ensure safe 

design. This conclusion shows the general lack of accurate analyses of 

the problem at that time. It should be noted however that Parrot's 

results led him to state that the travelling wave in the coil 
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"appears to be superimposed upon another voltage determined by 

the direct coupling between the turns". 

This conclusion has never been incorporated into any concise theory. 

Another experimental investigation, by Christiansen and Pederson, 

(13) found that again non - uniform distribution within the line end 

coil occurred when the winding was subjected to fast rising surges, (the 

highest voltages being towards the end of the coil) and that a simple 

transmission line model was inadequate. It was stated that the winding 

as a whole, acted as a series of low pass filters and could consequently 

be treated as a ladder networK. 

It can be seen from the results published by Parrot and Pederson 

that part of the surge is transmitted to each tUrn simultaneously. This 

fact is confirmed by the results of Jonnston (14). 

Petrov and Abramov (15) carried out an experimental investiga:ion 

in which they clearly demonstrated that part of the applied surge is 

transmitted turn by turn along the coil and a reflection takes place 

each time this surge reaches the either end of the coil. It was also 

stated in the study that the number of turns in the coil had little 

effect on the interturn voltages produced by the surges. In addition it 

was shown that the voltages on the first few coils are not affected by 

whether the surge arrives on one phase only or on all three phases. 

Cornick and Adjaye (16) analysed the distribution of coil vol~age3 

with the use of cascaded two port networks which included losses. It was 

assumed that turn voltages are uniformly distributed throughout the 

coil. This assumption was said to lead to only slight errors in 



predicting inter:urc v :~~ages. Once again any attempt to modify :his 

model in order to ~~present a single coil would be of limi ted v~lue 

since mutual indi.:ctanc~3 are not accounted for. Cornick and Adj a:re ' 13 

investigation is ex~~~sive in that a complete system including sou~ce, 

cable and switch~ear C-.! .... ell as the motor winding itself is modeLed . 

While reasonable c mp~"~sons with experimental results were claimec fo~ 

the coil voltages, ~o ~:tempt was made to analyse voltage distribu:ion 

in the coil. 

Recent publ~oa~io~ by Cornick and Thompson (1,17) give the results 

of extensive but ~a~l! experimental work done on the topic of switching 

transients and tnei~ c:~ect on motor ooils. The conclusion of tne work 

on the mechanisms .-:..ich cause steep fronted surges· to be 

states that it is !ea!~~le for very 'steep fronted surges ·(less than 2Q 

ns) to be p~o~uced .~th magnitudes of 4 - 5 p.u •• It was demonst~~ted 

that modern low :vss c~~les cause little distortion to the wave ~~ont 

and so cannot be :hcug~: 0f as protection against fast fronted wave ~ . 

The section ~f Co~ick and Thompson's work which deals with va :age 

distribution witnin th~ coils of a motor winding due to surges, uti :ses 

a very simple tr~~s~~~:cn line model of the winding and so no useful 

sub-coil voltage p~ec~~tions are possible. It is shown, experimentally, 

that there ~s a ~eg~::7~ reflection of the surge at the inner end o~ the 

line end coil. T~i! :5 used to explain the result that the max:m~ 

interturn voltage occ~-~ at that pOint. This result is in contradi~:icn 

to the simple .... injir~ =odel used in the study . The negative reflec:icn 

at the neutral e~j ~~ :~e coil was said to be the result of flux z: ar: 

ing to penetra:e t~~ core thus increasing the surge impedance o ~ the 
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second coil in tne pha~e . (In section 9.2 of this thesis this explana

tion is shown to t~ incorrect.) It was also shown that applying the 

surge to a singla coi: with its neutral end grounded did not accurately 

simulate conditions ~ the line end coil of a phase winding. Addition

ally, it was snown ~ha~ a surge applied to an unconnected coil in a sta

tor had, ir.itially, nc effect on other coils in the stator. Thus demon

strating that durir~ ~1e high frequency part of the surge there is no 

mutual coupling be~w€~n coils. This is due to the iron core acting as a 

flux barrier. 

It is clear tnat ~one of the investigations reviewed above have 

developed a model for 1 coil which is able to predict any interturn vol

tage for ar.y shape of 5urge . In addition the analyses are erroneous 

since mutual couplin~ i .n the coil models is limited to coupling between 

adjacent turns to make the models tractable. Therefore no modification 

of these ar.alyses wil l result in an accurate coil model. 

Heller and Vever~'s result concerning the role of core iron as a 

flux barrier to ~av= propagation in conductors embedded in iron is of 

importance in the f~llJwing analysis, 
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CHAPTER THREE. 

D·KVELOPMEHT OF LOSSLESS COIL MODEL. 

The factors wh~cn contribute to the need for an improved analysis 

of transient voltage d~stribution have been explained in chapter 1. It 

was pointed out in chc~ter 2 that previous theories or any further 

development of tnem would be ineffective in meeting the need. It was 

therefore decided tha~ a new approach to the problem was justified. The 

method of analysis wh:~h was developed is detailed in this chapter. 

3.1. CONSTITUENTS OF ! STATOR WINDING. 

Before a de~ailec analysis of a coil can begin it is necessary to 

examine the propert:as of the constituent materials of the winding to 

determine how they ce~ve when the coil is subjected to steep fronted 

voltage surges. Th~s study is concerned only with the transient voltage 

distribution in the cc:ls of high voltage machines and, therefore, only 

with form wound coi_s ~f the single or multi-stack type. The constituent 

materials of tne co~l ~e copper and the insulation material which is 

usually epoxy based resin and mica. The iron core also has properties 

which must be accou~t~l ~or in the analysis. 

3.1.1. Copper Conductor. 

The resis~ar.ce 0: :ne copper in such a complex configuration as a 

motor coil when subjec:ed to high, multi-frequency excitation can not be 

readily calculated ~o~ can it be easily measured. An approximate value 

of conductor resi st~ce was obtained at a single frequency, since this 

enables the deveiop~e=: of the analysis to proceed. 
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It has been found (6,10,11,13,14,18) that it is only very steep 

fronted surges which cause high interturn stressing i.e. surges with 

rise times below 1000 nanoseconds (ns), therefore the frequency used to 

find the approximate conductor resistance was 4 MHz. At this frequency 

the depth of penetration of electromagnetic waves into the copper, d, is 

given from one dimensional theory by:-

d = 

-5 = 3.2 x 10 m 

(Although application of the classical skin depth of copper may not be 

strictly valid, it is considered adequate in view of the relative magni-

tude of the skin depth when compared to that of typical conductor dimen-

aions.) 

A typical cross section of a single conductor is 6.3mm x 2.0mm. 

Thus if we assume that all current flows in an outer skin of depth d = 

0.032mm the resistance per unit length is R = 0.032 ohm/me This value of 

R was considered (even if the value was increased by the proximity 

effect, see section 7.3) to be sufficiently low as to have only a secon-

dary effect on voltage distribution in ooils, and so, in the initial 

development of the coil model, the effect of the oopper losses was 

ignored. In chapter 7 however resistive losses are re - introduced into 

the analysis. 
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3.1.2. Insulation Material. 

It is assumed that the insulation material is homogeneous and ~hat 

its properties were frequency independent. The value of the lossy com-

ponent of the insulation was computed from a knowledge of the loss 

tangent requirements of the commonly used Electrical Supply Industry 

Standard on machine insulation systems (19). The E.S.I. standard states 

that the maximum value for the loss tangent of the insulation at line 

voltage is 0.048. (This is pessimistic, most modern insulation 

als have a TanG value well below the maximum permissible value. However 

the pessimism is justified since Tan6 values are measured only up to 

VL , the rated line voltage. Overvoltages of several times VL can occur 

and thus Tan 6 will increase significantly.) 

Thus Tan 6 = =) 
-10 

a- = 6.7 x 10 S/m 

Therefore 
a-A -g S/m lIZ 
T = 6.7 x 10 

, 
erA -8 S/m = 'iT" = 2.0 x 10 

for a typical ooil 

These values are extremely low and will be assumed, for now, to have 

only a secondary effect on voltage distribution 1n the coil. 

As in the case of conductor losses, it was decided to defer the 

inclusion of dielectric losses until the lossless model had been 

developed. Thus enabling the basic processes involved in the distribu-

tion of surges to be built into the model without the added complica-
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tions of secondary factors such as losses. Losses are reconsidered in 

chapter 7. 

3.1.3. Core Iron. 

Under the effects of high frequency excitation, machine core iron 

behaves in a completely different manner to that when it is excited at 

power frequencies. The skin effect at high frequency can cause the iron 

to act, not as a low reluctance flux path, as it does at power frequen-

cies, but as a flux barrier. This is because the depth if penetration at 

these high frequencies (approximately 4 MHz. as in section 3.1.1) is 

very small even when compared to the lamination thickness. It follows 

that the core iron behaves simply as an impenetrable earthed sheath and 

may, for the purposes of experimentation be replaced by any other more 

convenient earthed sheath, provided that this is also impenetrable to 

the same high frequency electromagnetic waves. (This is experimentally 

verified later, see section 6.2.) A detailed analysis of this phenomenon 

can be found in reference 12, pp. 364-386. The result of this analysiS 

of steep fronted waves travelling on a single conductor embedded in iron 

is that the response U(x,t) to a step function is given by;-

U(x,t) • 

where .. 

1 
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and = 

If approximate figures relating to the dimensions of a high voltage 

motor coil are inserted into the above expression, kuis given by; 

-7 
ku = 2 x 10 

If an idealised step voltage is applied at x = 0, then by the time 

it has travelled 36m (about the total copper length of a typical 12 turn 

coil) the wave front time will have increased from zero to approximately 

3 X 103 ns. Therefore the distortion of a travelling wave in a coil due 

to the effects of the iron can be reasonably neglected. 

The part of the above expression, (t -J[I:x) , shows that if copper 

losses are neglected then the speed of travel of the waves, u, will be 

given bYj-

1 
u jLC 

The impenetrable nature of the iron when excited by surges contain-

ing high trequencies enables the analysis of a machine winding to be 

conside~ably simplified. Inductive and capacitive coupling does not 

exist between slot portions of adjacent coils due to the barrier effect 

of tne iron. 

The result of this barrier effect at high frequencies is that the 

only significant element of mutual coupling which exists between adja-

cent coils in a stator winding is the coupling in the end winding 
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region. This, wnen compared to the coupling within a single coil, is 

extremely weak and will be neglected here. 

Coupling between coils in the same slot will also be weak compared 

to the interturn coupling due to the two layers of coil insulation and 

the earthed corona shield around each coil. Any coupling which does 

exist can be ignored since any coil side which is in the same slot as 

the lead coil will be electrically remote from the line end of the phase 

and so has negligible effect on the lead coil voltage distribution. 

Thus coils can be treated separately. 

3.2. GENERAL BASIS FOR ANALYSIS. 

As explained in section 3.1 the iron core acts as a flux barrier 

during coil excitation by fast transients. It is therefore erroneous to 

treat the coil as a olassioal inductor because the only regions where 

flux is enolosed by the coil are the two end regions and these are 

separated from each other by the core iron. It consequently follows that 

two distinct regions can be categorised for a stator coil: the slot 

region and the end winding region. The sections of the coil which occupy 

these regions are separate from each other, i.e. the two sections of 

ooil whioh occupy the slot region are connected to each other only 

through the end windings and the end windings are only connected to each 

other through the slot regions. Further, one of the end winding sections 

is interrupted at, or about, the mid - point by the ooil terminals. The 

coil can then be thought of as comprising five sections which are inter

oonnected at five junctions. (See figure 3.1). The five interconnections 

constitute five discontinuities, four of which are discontinuities due 

to the iron - air interface and the fifth due to the interruption of a 
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section by the coil terminals. 

It is the division of the coil into the five sections, as described 

above, which forms the basis of the analysis. This approach is original, 

as far as is known. 

The problem now resolves into two parts: firstly, that of analysing 

the electromagnetic waves as they propagate along each section of coil; 

secondly, analysing how the electromagnetic excitation is introduced 

into the coil from the supply cable and how the discontinuities affect 

propagation of the waves. 

3.3. PROPAGATION OF ELECTROMAGNETIC WAVES IN COIL SECTIONS. 

3.3.1. Slot Portion. 

A detailed electromagnetic analysis of the slot portion of the coil 

at high frequency would have been extremely time consuming and well 

beyond the scope of the present study. However since the minimum rise 

time of the switChing surges which are likely to impinge on a motor coil 

are approximately known, then the upper limit of the frequency spectrum 

is known. Thus some reasonable approximations can be made. 

The minimum rise time of an impinging wave is unlikely to be less 

than 10 ns and so the maximum frequency involved is of the order of 100 

MHz. At this frequency the minimum possible wavelength in a dielectric 

with a typical relative permittivity of 5, is given by;-

= = 1.3 m .. e 

If,r 
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The dimensions of an average coil are such that the maximum dis-

tance between any turn and ground in a slot is approximately 4mm i.e. 

the thickness of the slot insulation. Any transverse electric (TE) or 

transverse magnetic (TM) wave would be highly unstable in such a small 

space at such frequencies and so these modes are unlikely to exist. Thus 

since all the complementary waves can be ruled out, only the principle 

mode of propagation need be considered i.e. the TEM mode, and so the 

problem resolves into one of analysing a multiconductor transmission 

line. 

Multiconductor transmission line theory is well known and is 

developed in a similar manner to single conductor transmission line 

theory. A mathematical treatment of the theory is included, in Appendix 

I, for completeness. In the lossless case multiconductor transmission 

line theory predicts that travelling waves simply propagate along the 

line 1n an unattenuated and distortionless manner at a speed given by u, 

where;-

c u • 
<3.1) 

From the above it can be deduced that any section of multiconductor 

transmission line, if it is assumed to be lossless, can be treated sim-

ply as a delay line. It therefore follows that the slot portion of a 

coil can be similarly treated as such. 

3.3.2. The End Winding Region. 

In the end winding region there are two types of insulation, the 

20 



applied coil insulation and the air spaces between the coil and the sur-

rounding earthed conducting surface (i.e. core, rotor shaft, machine 

frame, etc.). A rigorous analysis of wave propagation in the end winding 

region taking these aspects into account would be prohibitive. It is 

therefore assumed that the mode of wave propagation is similar to that 

of an ideal multiconductor transmission line i.e. that all voltage pro-

pagation takes place at the same speed. It is also assumed that the 

coil insulation is sufficiently thick to have the dominant effect on the 

propagation speed, therefore the speed is equal to that in the slot and 

is again given by equation 3.1. 

The propagation voltages on each turn in the end region can, under 

this assumption, be predicted using multiconductor transmission line 

theory. If the end region is assumed to be a lossless multiconductor 

transmission line like the slot region then it also can be treated as a 

simple delay line. 

3.4. VOLTAGE SCATTERING AT COIL SECTION JUNCTIONS. 

3.4.1. Types or Junotion. 

. . .: 
A junction, in multioonductor transmission line theory, is defined 

as a point at which two or more multiconductor transmission lines meet. 

There are two forms of mult!oond~r transmission line (or coil sec-

tion) junctions in a form wound motor ooil. 

Firstly there is the slot/end winding junction: at this point there 

is a discontinuity of multiconductor transmission line parameters and 

therefore a junction exists. (It should be noted that most high voltage 

ooils have a voltage grading coating applied at this point. This 
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coating, usually a very thin layer of semiconducting paint, is applied 

in order to avoid high electric field strengths at the point of entry 

into the core. Since the coating is applied to only a short length of 

the coil it is reasonable to neglect its effect on wave propagation). 

The slot/end winding junction is a junction of two n conductor 

lines and there are four such junctions per coil. (See figure 3.1). 

The second form of junction is the terminal junction: at this point 

two similar n conductor lines and two single conductor lines meet as 

shown in figure 3.2. It can be seen from examination of a high voltage 

motor coil that the coil terminals join the coil either side of the apex 

:ot~U* end winding evolute. However since the distance between these 

coil terminals is small it is neglected here (although it should be 

noted that it could be accounted for by modelling the terminal junction 

as two separate junctions each comprising an n conductor line, an n-1 

conductor line and a single conductor line as shown in figure 3.3). 

3.4.2. Scatter Matrices 

The method of calculating the effect of travelling waves impinging 

on these junctions will be described for the case of the terminal junc

tion, since this is the more complex of the two junction types and so 

all the details will be illustrated. For simplicity the development of 

the method will be illustrated using a two turn coil in order to avoid 

large matrices 1n the mathematics. (The treatment is however perfectly 

general.) 
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FIGURE 3.2 Terminal junction of a 4 turn coil. 

FIGURE 3.3 Two part terminal junction of a 4 turn coil. 
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v 

LINE 0 

FIGURE 3.4 TERMINAL JUNCTION OF A TWO TURN COIL. 

Figure 3.4, above, shOws the terminal junction of a two turn coil. 

It can be seen that the voltages on each conductor, at the junction are 

related by;-

v, - v2 = 0 
V3 - v4 = 0 
V5 - V6 = 0 

or, more concisely 

(Cy)(V) :; 0 <3.2) 

U -1 
0 0 0 

-u o 0 1 -1 0 
o 0 0 0 1 

where (C v) = 

and (V) = v, 
v2 

V3 

v4 

Vs 

va 

<C v) is called the Voltage Connection Matrix as the elements are deter-
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mined by the connections of the conductors at the junction. 

Similarly the currents at the junction are related bYj-

i1 + i2 = 0 
i3 + i4 = 0 
is + ill = 0 

or, more concisely 

(C j )(l) = 0 <3.3) 

G 
1 0 0 0 

U where (C j ) = 0 1 1 0 
0 0 0 1 

and (I) = 
.. 

i1 
i2 
i3 
i4 
is 
i6 

(C i ) is called the Current Conneotion Matrix. 

The voltage entries in (V) and the current entries in (I) are the 

sum of all the incident and reflected travelling waves at the junction 

at any particular time. Therefore we havej-

(V) = + (Vr <3.4) 

and 

= + 

Travelling wave voltages and currents are related to each other by 

their characteristic impedance matrices, i.e. -
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[vsn = [Z11e-1r => (VA )" = 
in 

(ZA)(I A) 

[;~in [Z2 Z2~ [~~in 
in in 

=> (VB) = (ZB)(I B) 

= Z23 Z3 ~3 

[;:r e4 ~s] e4J" 
in in 

= =) (Ve ) = (Ze)( Ie) 
Z4S Zs is 

[vsJn [ZsJ [i6J" 
in in 

= => (V o ) = (Zo)( 1 0 ) 

in in 
or (V) = (Z)(I) in concise form. 

Z1 0 0 0 0 0 

[rAlO 0 0] 0 Z2 Z23 0 0 0 
where (Z) = o (ZB)O 0 = 0 Z23 Z3 0 0 0 

o 0 (Zc)O 0 0 0 Z4 Z45 0 
o 0 0 (Zo' 0 0 0 Z4S Zs 0 

0 0 0 0 0 Z6 

and similarly (V)· = -( Z)( I)· 

(The positive direction is defined as towards the Junction. Therefore 

current and voltage travelling waves which propagate away from the junc-

tion are related by a negative surge impedance.) 

Alternatively the admittance matrix may be used, i.e. -

= <3.6 ) 

(I ),e = 

-1 
where (Y) = (Z) 

This form proves to be more useful. 

Multiplying equation (3.4) by (C v ) gives 

= 
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but (Cy)(V) = O. Therefore 

= (3.8 ) 

= 

giving 

= (3.10) 

Since neither (C.) nor (C;) is square, it is not possible to 

extract (Vie as a function of (7jn from either equation (3.8) or equa-

tion (3.10). However if we comb~~e them we have;-

= 

Now we have a matrix equatior. in which the pre-multiplying matrices 

of the voltage column vectors are square, therefore; 

= 
(3.11) 

= (s) (V)in, where (S) is the Voltage Scatter Matrix for the 

junction. 

Any travelling wave or wave s arriving at the junction will there-

fore in general, cause reflectio~s to occur on all the conductors which 

form the junction, the magnitudes of all these reflections may be calcu-

lated using the scatter matrix. 
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A scatter matrix can be developed for any junction of multiconduc-

tor transmission lines. The other type of junction of interest here is 

the iron - air junction shown in ~igure 3.5, below. 
I 
t 

V3 i3 il~ v, • E 
I 

i2 .., 'j 
I 

V4 o;:i4 t 
I 
I 

IRON AIR 

FIGURE 3.5 IRON/AIR JUNCTION OF A TWO TURN COIL. 

In this case the column vec:ors have only four entries and the con-

nection matrices are given by;-

= 

and 

= 

o -1 61 
1 o-J 

o 

o 

This scatter matrix techniq~e which was developed by Agrawal et al 

(20) applies only to lossless "ines. It should be noted that for all 

coils the terminal junction scatter matrix is a (2n + 2) X (2n + 2) 

matrix while the slot/end winding matrix is of order (2n). These two 

scatter matrices, and the travel :imes for each section of coil, com-

pletely characterise the coil and so enable its ability to withs tand 

steeply rising transient disturDa~ces to be determined. 

3.4.3. Application of Scatter Matrix and Multiconductor Transmission 

Line Theories to a Coil Model. 
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In the analysis above, by ~:~ multiconductor transmission line 

techniques, all the electr~c ~~Q magnetic interdependence between the 

turns in a coil is automat ical ly ~aken into account. It is believed 

that this is first time ~nct t his has been achieved. When a surge 

impinges on a coil from the adj c~~ ' ng line, a voltage is induced in all 

the turns immediately. These yo1 :.a.;es then travel outwards from the ter

minal junction in both direct~o~:, i.e. from junction 0 to junction 

and from junction 0 to junction4 . (See figure 3.1). At junctions 1 and 

4 the voltages are partiall y r€~lected and partially refracted. The 

reflected voltages journey b~c~ to junction 0 to be r eflected and 

refracted again while the re f~a c t ~c waves go on to junctions 2 and 3, 

again to be reflected and re ~r~ct od . In order to build up a picture of 

the total voltage on each t urn ( t ~e total voltage is the algebraic sum 

of all the travelling wave voi~ages) some method of 'bookkeeping' is 

necessary. A digital compute r wa5 used for this purpose. 

A programme modelling t he ~~"ctions described above and their 

interconnecting coil sect ior. s ( ~ nulticonductor transmis s ion lines ) can 

be used as a model for a sir.gle :~ ~~ . Such a programme i s described in 

chapter 12. 

If it is assumed initially tta~ the coil is excited by a single 

impulse with unity ampl ltuce ~d a duration which tend s towards zero, 

then the response to thi s wi l l ~~ tne impuls e response of the coi l. 

Since the coil model a ss umes no c i s tortion, the impuls e response at any 

point on the coil will consis ~ cf ~ train of impulses. These impuls es 

vary in terms of magnitude ~d time separation. This impuls e res ponse 

can then be transformed into :he ~~ tual time response of the coil to any 
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particular surge by the use of time - convolution. (See chapter 12.) 

3.5. CALCULATION OF PARAMETERS. 

In order to carry out the analysis on a particular system, certain 

parameters must be calculated. Calculation of the admittance matrix for 

the slot section of the two turn coil necessitated the evaluation of two 

capacitances, the interturn capacitance and the turn to ground capac i-

tance. See figure 3.6 below; 

11
:·:·:-:-:-:·:-:·:-:·:·:-:-:-:·: ................ ................ ................ ............... ................ ................ ................ ................................ ............... 
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(a) (b) 

FIGUR8 3.6 CAPACITANCES IN THE SLOT PORTION OF A TWO TURN COIL. 

The capacitances were evaluated by approximating them to parallel plate 

capaoitors. A true evaluation of these capacitances would involve either 

a detailed finite element approach to solving the electric field in the 

insulation region of figure 3.6(a), or a field plotting experiment. 

Since both these methods are too time consuming to be used in everyday 

design work, it was decided that a less cumbersome method was justified 

despite the loss of aocuracy. Using Cp and Cg to construct the capaci-

tance matrix, it can be seen from Appendix I that; 
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(C) = 
!cP + Cg 
L -Cp 

-Cp l 
Cp + c~ 

It has been shown by Weeks (21) that for a lossless multiconductor 

transmission line in a homogeneous medium; 

(L)( C) = (3.12) 

where (1) is the identity matrix. From multiconductor transmission line 

theory we know that; 

(z) = u(L) 

therefore 

(Z) = _1 (Cr 
u 

and 

(y) = u( C) = 
u fcp + Cg 
L -Cp 

Thus it can be seen that the admittance matrix can be calculated without 

first evaluating the inductance matrix of tne coil section. 

The same method can be applied to the evaluation of the admittance 

matrix for the end winding region of the coil, though in this case the 

accuracy will be diminished since the end winding electric field is less 

uniform than the electric field in the slot. 

3.6. LIMITATIONS OF THE HODEL. 

One limitation of this coil model is that it is only valid for a 
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short time after the transient has impinged on the coil. The assumption 

which was made during the development of the analysis i.e. that the 

surge contains very high frequency components, loses validity as time 

progresses. This limitation does little to detract from the practical 

value of the model however, since it has been verified in the past 

(1,11,13,14,15) that it is only during the initial period of the tran

sient disturbance that high interturn stresses occur. 

A second limitation of the model is that is computer based. An 

analytical method would have been preferable as the precise effects of 

each parameter in the system could then have been readily understood. In 

addition an analytical method would enable coil design to proceed 

directly from the initial surge specification to the dimensions of the 

required coil. The computer method however, necessarily uses the 

reverse procedure i.e. predicting the coil's performance from a given 

set of dimensions. Nevertheless, a computer based method can be used to 

build up extensive data on how differing types of coil behave under 

transient conditions and can be used to predict the transient perfor

mance of various windings under various surge conditions and so can 

indicate trends which could be used effectively in machine design. (The 

analysis itself will, however, remain necessary in order that the final 

design can be checked.) 

The scatter matrix technique used here can only be used in the 

idealised case of lossless lines. Thus losses cannot be included 

directly into the analYSiS, however other methods, although less exact, 

may be employed to account for the effect of losses. These will be 

examined in chapter 7. 
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3.7. ADVANTAGES OVER OTHER COIL MODELS. 

It is believed that this coil model is the first to be developed 

which is able to predict transient voltages on any turn in the coil. 

Additionally, since both the speed and magnitude of all travelling waves 

in the coil are known, it is possible to calculate voltages on any part 

of any turn in the coil. The method of analysis developed here can be 

used with any shape of applied surge, provided that the initial assump

tions (i.e. high frequency and short time) are not invalidated. 

The measurement of the coil parameters has proved, in the past, to 

be difficult, and therefore the results of previous studies have been 

prone to significant errors even before the effects of erroneous 

analysis have been taken into account. It is shown in section 3.5 that a 

few simple calculations from the coil dimensions are all that is neces

sary to enable this model to be used. Since no frequency analysis of the 

coil is necessary, no parameters of variable frequency need to be meas

ured or calculated. 
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CHAPTER FOUR. 

VERIFICATION OF THE TWO TURN COIL MODEL. 

4.1 • EXPERIMENTAL WORK ON THE TWO TURN COIL. 

The theoretical model described in chapter 3 was developed for a 

two turn coil. In order that the validity of the model could be tested 

at this stage, a two turn motor coil was constructed and tests were car

ried out. 

The coil was constructed in the normal manner by Parsons Peebles 

Motors and Generators, Edinburgh. The coil consisted of three uninsu

lated sub - conductors formed into a large two turn diamond coil with an 

insulation level of 6.6 kV. Details are given in Appendix II(a). 

The test apparatus and the test procedure were required to simulate 

as far as was possible practical situations. It was also necessary that 

they should be simple and easy to reconstruct in a computer model so 

that direct comparisons could readily be made between experimental and 

theoretical results. The cable between the switchgear and the motor was 

represented by a length of single core co-axial cable. The theoretical 

model as described in chapter 3 was used to represent the first coil in 

a motor winding and a simple resistor was used to represent the 

remainder of the winding. 

It is reasonable to represent one phase of the three phase system 

by a single phase system since the transient phenomena under investiga

tion are short lived and so the time interval between pole closures or 

interruptions in the switching device will be much longer than the time 
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of interest here. Representing one phase of a three phase cable by a 

single phase cable is certainly valid in the case of cables in which 

each phase conductor has its own earthed sheath (assuming sheath vol

tages are negligible). In the case of cables where the conductors have a 

common earth sheath, voltages will be induced in the phases which are 

not directly energised. However, these indirectly energised phases will 

have only a small effect on the directly energised phase and so their 

influence can be neglected (15). A resistance was used to model the 

remaining coils in the phase winding. Although it does not truly 

represent the coils, at this stage it is not necessary to do so. The 

neutral end of the coil must have a termination of some kind, a resis

tance is convenient for experimental purposes and easy to simulate in 

the model. 

The resistance used to model the remaining coils of the phase wind

ing does not accurately represent them. However, at this stage in the 

investigation it is not necessary to do so. The neutral end of the coil 

must have some termination and a resistance is convenient for experimen

tal purposes and easy to simUlate in the model. The model for a whole 

phase winding will be dealt with in chapter 8. 

In order that the turn voltages could be measured a strip of insu

lation was removed from the coil at its terminal junction. This enabled 

the probes from the oscilloscope to be connected to the copper of each 

turn. Since the insulation was removed the tests could only be carried 

out at low voltage. It was assumed that the system was linear with 

respect to voltage and therefore the results were in direct correspon

dence with similar high voltage tests which were not feasible. The 
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surge generator used to represent the switchgear, which produced the 

fast rising surges, was a low voltage electronic device, triggered by a 

square wave from a wave form generator. A "Schmitt Trigger" arrangement 

(see figure 4.1) was used which, when connected to an infinitely long, 

or (more practically) a matched line produced a surge as shown in figure 

4.2 below. 

VOLTAGE 

60 80 100 
TIME ns 

FIGURE 4.2 WAVE SHAPE PRODUCED BY SURGE GENERATOR. 

This surge was considered to be sufficiently irregular in shape to pro-

vide a good test for the theoretical model. Some simple experimentation 

carried out with the surge generator sending pulses into a matched and 

an open circuited line, yielded the reflection factor at the surge gen-

erator. This knowledge is necessary if the voltage distribution in the 

coil is to be calculated for a period of time longer than twice the 

travel time of the interconnecting cable. The value of this reflection 

factor was found to be -0.35. 

A schematic of the test system is show in figure 4.3, overleaf. 

During the tests the coil was placed on a steel sheet, which acted 

as an earth. The slot portions of the coil were wrapped in grounded 

aluminium conducting tape to represent earthing conditions in the slot, 

as explained in section 3.1.3. It was found that removing the conducting 
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tape and the earthing sheet had an effect on the shape of the voltage 

waveforms at the coil terminals. 

SQUARE 

WAVE 
INPUT 

FIGURE 4.3 

SCHMITT 

TRIGGER CO-AXIAL CABLE 

SCHEMATIC OF TEST ARRANGEMENT. 

COl L 

An oscillogram of the voltage appearing on the coil terminals due 

to the applied voltage surge was taken. This is shown in figure 4.4. (In 

order to present the results clearly, and consistently, all voltages 1n 

this thesis will be expressed as a percentage of the peaK voltage of the 

applied surge.) 

4.2. DISCUSSION OF THE RESULTS OF THE INVESTIGATION ON THE TWO TURN 

COIL. 

A comparison of the experimental and predicted results obtained 

from the two turn coil (figures 4.4 and 4.5) shows that the computer 

model oan predict reasonably well, the terminal voltages on the coil. 

The results also confirm the general conclusion of previous studies in 

showing that the ooil filters out the high frequency components of the 

applied surge. This can be seen by oomparing the voltages at the coil 

input and the coil output. This has previously been explained simply as 
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the result of series inductance and shunt capacitance or as distortion 

due to losses or a combination of both. 

The low pass filter behaviour of the coil can be explained, using 

the new theory, as follows. The result of the impulse impinging on the 

coil terminal junction is that a number of impulses propagate out from 

the junction (one on each conductor). Each of these impulses causes more 

impulses upon subsequent reflection at other junctions. Thus the impulse 

response at any point on the coil is a series of relatively small 

impulses, see figure 4.6(i). In particular the response at the neutral 

end of the coil will be a series of impulses which will grow in magni

tude slowly as the surge is gradually transferred to that point, both 

along the conductor and through the insulation. Thus when the impulse 

response at the neutral end of the coil is convolved with a surge which 

has a finite rise time (figure 4.6(11)(a», the resulting waveform has a 

significantly longer rise t1me (figure 4.6(ii)(b». In other words the 

high frequency components are filtered out of the surge as it passes 

through the lossless coil. 

The two major souroes of inaocuracy which exist in the model are 

firstly that coil parameters are approximate and secondly that losses 

are omitted. It was decided to tolerate the former since, as explained 

in section 3.5., a simple method of parameter evaluation was required 

and the latter since as was said in sections 3.1.1 and 3.1.2, only the 

principle mechanisms of surge propagation in coils were being analysed 

initially. Losses are reconsidered in chapter 7. 

The internal travelling waves in the coil, even if losses were not 

included in the analysis, would be reduced in magnitude due to the 
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continual reflection and refraction at the coil junctions. However 

these travelling waves will be damped to a greater extent in a real 

coil. Thus it is to be expected that the minor oscillations in the 

response of the coil to a steep fronted surge, will be more pronounced 

in the idealised, loss less caSe than in the real coil in the experimen

tal work. The results demonstrate that this is so. 

The results show that turn voltages, and therefore interturn vol

tages, can be predicted with reasonable accuracy. The omission of losses 

in the analysis causes small errors to be introduced. The model 

developed here is a significant improvement on previous models and thus 

the study, at this stage, is successful. The next stage in the study is 

the expansion of the model to represent multiturn coils. 
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CHAPTER FIVE, 

EXPANDING THE COIL KODEL TO ANALYSE VOLTAGES IN MULTI-TURN COILS! 

5.1. INTRODUCTION. 

It has been shown in the preceding sections that the multiconductor 

transmission line model of a coil is capable of analysing surge distri-

bution in a two turn coil. In this section the model is expanded to 

enable the analYSis of transients in multi-turn coils to take place. 

Multi-turn form wound coils may be divided into two categories: the sin-

gle stack type and the multi stack type. Cross sections of a coil side 

of each of tnese types are shown in figure 5.1 below. The development 

of the multiturn coil model is identical for the two types of coil. How-

ever, since the mathematics is less tedious in the case of the single 

stack coil, because there is interturn coupling in one direction only, 

only this development will be given. By simply replacing the admittance 

matrices of the single coil sections by those for the multi-stack coil 

sections the model can be used to analyse multi-stack coils. 

f·:·:-:···n·t:·:l :.:.;.:=::.:.:.:.;.:.: 
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5.2. DEVELOPMENT OF THE MULTI-TURN COILS HODEL. 

The assumptions made concerning the behaviour of the copper, the 

coil insulation and the iron core (sections 3.1.1, 3.1.2 and 3.1.3. 

respectively) are valid for coils with any number of turns. Therefore in 

this case coils will initially be treated as lossless and the core iron 

will again be approximated by a flux barrier. 

The basis of the analysis is exactly the same as that in the two 

turn case i.e. the coil is divided into five sections which are oon-

nected at five discontinuities or junctions. The derivation of the 

scatter matrix for a multi-turn coil with a large number of turns is 

similar to that detailed in seotion 3.4.2 for the two turn ooil. The 

matrices involved in the derivation are, of course, much larger due to 

the increased number of turns, however, the end result is unchanged i.e. 

the incident and reflected voltages are related by tne scatter matrix 

(S) as shown below. 

= (5.1) 

where 

(S) = 
(5.2) 

In the case of a twelve turn coil terminal junction (Y) would be given 

by; 

-1 

(y) = j] 
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where (ZA) and (Zo) are 1 x 1 matrices and (ZB) and (Zc) are 12 x 12 

matrices. 

5.3. CALCULATION OF PARAMETERS. 

In calculating the parameters for a multiturn coil model as opposed 

to a two turn coil model some additional considerations are necessary. 

In the two turn case, ground capacitance was equal for both the turns, 

whereas in a coil with more than two turns the first and last turns will 

have a greater ground capacitance than the remainder of the turns. This 

is because the middle turns present only their edges to ground while the 

first and last tUrns present one broad side as well as both edges to 

ground, (see figure 

also true for the end 
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CAPACITANCES IN THE SLOT PORTION OF MULTICONDUCTOR 

COIL SIDE. 

All the capacitances are again approximated by treating them as 

parallel plate capacitors in order to keep the calculations simple. The 

accuracy of this method may be increased, by allowing for fringing of 

the electric field. This fringing will be small in the interturn field 
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since there is a high width/seperation ratio, but in the turn to ground 

field this is not so and therefore fringing will be significant. An 

estimate of the degree of fringing can be obtained from a curvilinear 

square analysis of the region in question. Alternatively a field plot

ting experiment could be carried out. 
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CHAPTER SIX. 

VERIFICATION OF THE MULTI-TURN COIL HODEL. 

6.1. RESULTS FROM THE COMPUTER HODEL. 

The model for the multi-turn coil developed above was used to 

analyse transient voltage distribution in a twelve turn coil of the sin

gle stack type. (The coil details are shown in Appendix 11(0». The 

predicted voltages at the terminal junction of a twelve turn, 11 kV coil 

are shown in figure 6.1. (There are actually thirteen turn voltages 

shown because at the terminal junction, voltages at both input and out

put lines can be measured or computed). 

6.2. EXPERIHEBTAL RESULTS. 

The tests were carried out as for the two turn coil. A strip of 

insulation was removed at the terminal junction of the coil to facili

tate the measurement of all the turn voltages. The voltages between each 

turn and ground are shown, in figure 6.2, for the 600 ns directly fol

lowing the application of the surge to the coil terminals. 

The coil was placed in a stator segment to represent the core iron 

to test the assumption that the core iron acted as a flux barrier during 

surges containing high frequency components. The stator core segment 

which was used had a slot length of approximately half the length of the 

slot portion of the coil. This, it was felt, was adequate to show 

whether or not the replacement of the earthed sheath by core iron had 

any significant effect on the results. The part of the slot portion 

which was not in the 3lot was again covered with the earthed sheath. The 
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voltages to ground on each turn in the coil for this configuration are 

shown in figure 6.3. 

The shape of the surge which the surge generator produced was as 

for the two turn coil tests, see figure 4.2. 

6.3. DISCUSSION OF THE RESULTS FROM THE TWELVE TURN COIL. 

A comparison of figure 6.1 and figure 6.2 shows that the model is 

able to accurately predict the turn voltages of a multi-turn coil. There 

are, however, some differences between the two sets of results e.g. the 

first peak of the last voltage trace (turn 12) is much more sharply 

defined for the predicted voltage than the measured voltage. In general 

the minor oscillations of the voltage wave forms are more significant in 

the predicted voltages. This can be explained, as in section 4.2, by 

the omission of the losses from the analysis. 

The maximum interturn VOltage can be seen, from both sets of 

results, to be between the final two turns of the coil. The peak magni

tude of this vOltage as measured from the oscillogram is approximately 

30% of the peak applied voltage. The same voltage, as calculated by the 

computer model, has a peak value of approximately 40J. Thus it can be 

seen that the errors in the predicted results which are relatively small 

in the absolute voltages can cause large errors (33%) in the interturn 

voltages. It should be noted that the error is on the side of safety as 

far as insulation system design is concerned. 

Errors, other than those due to the omission of losses, arise due 

to inaccurate parameters used in the model, but the extent of these can 

not be seen until a comparison with results from a lossy model has been 
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carried out. Until the discrepancies between predicted and measured 

interturn voltages, pointed out above, have been greatly reduced, the 

method is limited in its value in the design of interturn insulation 

levels, in spite of the fact that it has been successful (for the first 

time, it is believed) in predicting reasonably well the turn voltages in 

a multi-turn coil. 

The voltage traces which were obtained from the coil in the iron 

core segment, when compared to those from the coil in air with an 

earthed sheath, (figure 6.2 and 6.3), show that the iron has little 

effect on the voltage distribution. The slight differences which are 

seen are thought to be due to the slightly different electromagnetic 

field around the end region of the coil which the different experimental 

configuration has made inevitable and not because flux entered into the 

core iron. 

In order that the accuracy of the predicted results could be 

improved, it was decided to include losses into the coil model at this 

stage. 
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CHAPTER SEVEN. 

METHOD OF INCLUDING LOSSES IN THE ANALYSIS. 

7.1. INTRODUCTION. 

The lossless model of a coil has been found to be more accurate 

than other methods of surge analysis. However there are significant 

inaccuracies in the predicted interturn voltages. It is therefore neces

sary to introduce losses into the analysis. While it is possible to 

develop the multiconductor transmission line part of the analysis to 

include losses, it is not possible to use scatter matrices with lossy 

lines. Thus an alternative method must be devised. 

7.2. ASSUMPTIONS AND APPROXIMATIONS. 

The frequencies which comprise the initial part of the steep 

fronted surge are very high. It can be assumed that they limit the depth 

of penetration into the copper to a very small fraction of the cross 

sectional dimensions of the turn, see section 3.1.1. It follows that 

even when losses are present it is reasonable to ignore any effect which 

the internal inductances have on the ooil section inductance matrix. 

The main effect of the losses will be to decay travelling waves as 

they propagate along the coil section. Since the contribution of any 

single travelling wave to the total voltage on any turn is small, it is 

not necessary to take account of the losses continuously during the 

transient disturbance. If the losses are lumped at disorete intervals 

along the ooil Side, then their effect is adequately taken into acoount. 

It is proposed here that losses are adequately aooounted for by lumping 
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them at each end of a coil section. Thus eacn coil junction will become 

a junction of lossless multiconductor transmission lines tied together 

(and to ground, if insulation losses are included) by a network of 

resistances. It will be shown (see section 7.2) that these resistances 

can be included in tne scatter matrix. 

The inclusion of losses in multiconductor transmission line theory 

means that there will be at least two modes of propagation in the coil 

sections. However, since the time interval between reflections in the 

coil is small compared to the surge rise times (even if the rise time is 

as small as 25 ns) then the time difference between when each part of 

the surge arrives at the next junction will be very small and is 

neglected here. 

The speed of wave propagation will be slightly diminished by the 

losses in the coil. However, since the losses are small their effect on 

the speed of the waves will be neglected here and the lossless speed 

will be used. Distortion of each travelling wave is also neglected 

since the time of interest is so short. 

In addition, no aocount is taken of the dependence of the 103ses on 

frequency since the losses were calculated at one particular frequency. 

The approximation of frequency independence is reasonable in view of the 

fact that during the short period of the transient to be analysed the 

upper frequency limit will not vary greatly. In any case, Lammeraner 

and Stafl (22) show that for high frequencies the conductor resistance 

approaches a constant value due to skin and proximity effects (see fol

lowing section). 
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7.3. CALCULATION OF LOSS PARAMETERS. 

There are two types of losses to be accounted for in the coil. 

Firstly copper losses, which can be thought of as being in series with 

each conductor and secondly dielectric losses due to leakage current in 
" , 

the coil insulation which are represented by high resistanOe !hl.lnt paths 

both between turns and to ground. 

The values of the shunt losses associated with any section of con-

ductor can be calculated as in section 3.1.2. Calculation of copper 

losses is more complex. There are two effects which must be taken into 

account. Firstly the skin effect in the conductor due to the self 

induced e.m.f. caused by the current in that conductor. Secondly the 

skin effect due to the e.m.f. caused by the currents in all the other 

conductors of the coil. This second effect is known as the proximity 

effect. 

The effect of the skin effect on the conductor resistances can be 

calculated simply at a single frequency by assuming that all the current 

flows in a thin outer layer of the conductor. The proximity effect is 

more complex since the influence of adjacent conduotors will depend on 

conductor and insulation geometry. A rigorous analysis of the proximity 

effect in a coil side at high frequency is almost certainly impossible. 

In fact even an approximate analYSis with good accuracy is not availi-

able in the literature and is beyond the scope of this investigation. 

Therefore some relatively crude approximations are justified. The fol-

lowing approximations are found to give good results. 

Since the frequencies are high the intrinsic skin depth of the 
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copper (as calculated from one dimensional theory) is much smaller than 

the conductor cross-sectional dimensions. It has been shown by Lam

meraner and Stafl (22) that, providing frequencies are even moderately 

high, the proximity factor for a given conductor arrangement approaches 

an asymptotic value which is independent of the frequency. Therefore, 

for the range of frequencies which comprise the surges of interest in 

this study, a single valued proximity factor can be used. Thus 

where ~.is the a.c. resistance of the conductor itself with no external 

influence from neighbouring conductors i.e. allowing for skin effect 

only. (kp is the proximity factor.) 

In the case of a perfectly coupled two turn coil (i.e. all the flux 

from one turn links with the other turn) the asymptotic value of kp is 

given as 

= 3 

by Lammeraner and Stafl (22) pp. 124. In a multi- turn coil side with 

perfect coupling kp will incease significantly with the number of turns, 

however since the iron acts as a flux barrier and not as the near per

fect, low reluctance path assumed by Lammeraner and Stafl, then their 

value of kp must be modified to take account of the imperfeot coupling. 

To this end it is assumed that the proximity effect on any turn is 

determined only by the adjacent turns and that kp due to the influence 

of the immediatly adjacent conductors (i.e. as for a three turn coil 

side) is modified by a factor which is the ratio of the copper depth to 
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the 
2'0 sum of the copper deptn and the interturn insulation depth i.e. ~ 

= 0.77 since this approximately represents the fraction of the flux 

from the current carrying turn whicn will link with the next turn. Tnus 

the value of ~ is 0.77 x 1 + 2(n2 
- 1) for all coils with more than 

"'3 

three turns, i.e. kp = 4.9, for the coil in Appendix II(b). 

In calculating the depth of penetration of the surge into the con-

duct or , the frequency used corresponded to that of treating the front 

time of the surge as a quarter sine wave. 

1.4. GENERAL BASIS OF THE METHOD. 

To introduce the series losses into the analysis the losses in each 

section of conductor are modelled by two resistors (one at each end of 

the section). Thus each junction becomes a junction of a 10ssles3 con-

ductors interconnected by discrete resistances. In the lossless case a 

scatter matrix was developed by utilising relationsnips between travel-

ling waves on each line. It is now shown that discrete resistances at 

the junction can be included in the deve!opment of the scatter matrix. 

Shunt losses (i.e. losses due the imperfect dielectric) can also be 

represented by lumped resistances Which, in this case, inte~connect tne 

parallel lossless lines and also connect them to ground. These losses 

are calcu!ated from the loss tangent of the insulation and can also be 

included in the development of the scatter matrix. 

1.5. DEVELOPMENT OF THE LOSSY SCATTER MATRIX. 

By using figure 1.1, below, as a mode! for a multiconductor 

transmission line junction (in this case the terminal junction, although 
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the tneory is valid for any junction type) in which lossy elements are 

present at the end of each section, a scatter matrix can be developed 

which when used in the complete model will take into account both copper 

and dielectric losses. 

The development of the lossy scatter matrix is similar to the 

development of the lossless scatter matrix due to Agrawal and shown in 

section 3.4.2. The lossy scatter matrix can be developed to include 

either the series losses or the insulation losses. Alternatively the 

generalised lossy scatter matrix can be developed to include all losses, 

it is the latter which is developed below. In order to examine the 

effects of eacn type of loss seperately the generalised lossy scatter 

matrix can be used with the appropriate parameters set to zero. 

FIGURE 1.1 LOSSY TBRMINAL JUNCTION OF A THREE TURN COIL. 
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Figure 7.1 shows the terminal junction of a three turn coil. Apply-

ing Kirchhoff's voltage law gives 

v1 - (i, - v,G,) R, - v2 + ~ - v.p2 - (v2 - ~) G2~ R2 = 0 

v3-[i3- Vfi3- (v3 - v,.)G:w - (v3 - ~)aJR3- V5 +[!.s- vJ}s- (vs - vs)GsJRs = 0 

v4 - [14 - \G4 - (" - v3) G3J R4 - Vs + [i6 - '{;Os - (vs - 'Is) GS6 - (v6 - v.,) G6J R6 = 0 

v7 - [4 - VP7 - (v7 - "6) GsJ R7 - Vs + (is - \0) Ra = 0 

The right hand sides of the above equations can be combined into a sin-

gle matrix which is equated to zero. The terms v" ~ , ••• etc. can be 

isolated into tneir own matrix which can be further decomposed (in the 

same manner as in section 3.4.2) i.e. 

~'- V~ ~ 
-1 0 0 0 0 0 

-~ 
v, 

V3 - Vs 0 0 1 o -1 0 0 v2 
v4 - Va = 0 0 0 1 0 -1 0 V3 = (Cy)(V) (7.2 ) 
v7 - va 0 0 0 0 0 0 1 V4 

Vs 
V

J V7 

Va 

In addition the terms i, R" i 2 R2 , ••• etc. can be isolated and expressed 

as 

[ ~ ~ -~ 
-i,R, + 1A 1-1 0 0 0 0 0 
-~ + ijs 0 0 1 o -1 0 0 
-ij4 + VIs = - 0 0 0 1 0 -1 0 X 
-i'7+ ~ 0 0 0 0 0 0 1 

R, 0 0 0 0 0 0 0 i, 
0 R2 0 0 0 0 0 0 12 
0 0 R3 0 0 0 0 0 i3 
0 0 0 R. 0 0 0 0 i4 = -(Cy)(R)(I) (7.3) 
0 0 0 0 Rs 0 0 0 i5 
0 0 0 0 0 R6 0 

o ~. 0 0 0 0 0 0 R7 o i7 
0 0 0 0 0 0 0 Ra 1 
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The remaining terms can be expressed as 

[G'R'-
V2 G2 R2- (V2 - V3)~3R2 

V3 G3 R3 - (V3 - V~~R3- (V3 - v..)G34R3 - Vs GS Rs- (vs - ~)G'~ V4 G4R4 - (V4 - V~G:w~- Vs GS Rs - (v s - vs)GssRs - (vs - V7)GS7RS 
V7 G7 R7 - (V7 - VJGs7R7- va Ga Ra 

= (Cy)(R)(G)(V) (7.4) 

where 

G1 0 0 0 0 0 0 0 
0 (G 2 +G23 ) -G23 0 0 0 0 0 
0 -G23 (G23 +G3 +G34 ) -G34 0 0 0 0 

(G) ;: 0 0 -G 34 (G4 +G34 ) 0 0 0 0 
0 0 0 0 (G S +GS6 ) -Gss 0 0 
0 0 0 0 -GS6 (G 56 +Gs +GS7 ) -GS7 0 
0 0 0 0 0 -G67 (G 7+G67 ) 0 
0 0 0 0 0 0 0 ,,~8 

Combining equations (7.1) to (7.4) gives a single matrix equation 

It should be noted that the construction of the conductance matrix (G) 

is equivalent to that of the capacitance matrix (C), thus enabling (G) 

to be constructed using tne same programme as for (C). 

By splitting the current and voltage matrices into their incident 

and reflected components using equations 3.4 and 3.5 and by using the 

equations relating incident and refleoted currents to incident and 

reflected voltages (equations 3.6 and 3.7), equation 7.5 can be reduced 

to one relating reflected voltage to incident voltage, i.e. 

IT C v) - (C y )( R)( Y) + (C v )( G )( R U (V )in = 

[. ( C v) - (C v )( R ) ( Y ) - (C v ) ( G )( R)] (V )re <7.6) 

The current equations for the junction are 

59 



i 3 - 'Ilj}3- (V3 - ~)G23 - (V3 - ~)G34 + i 5 - ~Gs- (VS -,{;)GS6 = a 

i4 -~4 - (~ - V3)G34 + i6 - (v6 - vS>G56 - 'tG6 - (v6 - V7)G67 = a 

These too can be rearranged to give a single matrix equation, i.e. 

where 

~ 
1 a 0 0 0 0 

~ (C i) = 0 1 0 1 0 0 
0 0 1 0 1 0 
0 0 0 0 0 1 

Both (C y ) and (C i ) remain unchanged from the lossless coil. 

From 7.7 also we can derive an expression connecting reflected voltage 

to incident voltage by using equations 3.4, 3.5, 3.6 and 3.7 again to 

give 

Equations 7.6 and 7.8 can be combined, in order to obtain invert i-

ble, square matrices, giving;-

= <7.9) 

where 
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and is the lossy scatter matrix for the junction. It should be noted 

that this method predicts voltages v1 , v2 , V3 ,... etc. which are not the 

actual voltages at the junction, (see figure 7.1). 

7.6. USE OF THE LOSSY SCATTER MATRIX IN THE ANALYSIS. 

This method of including losses into the coil model has the advan-

tage that the programmes which were developed to calculate the impulse 

response from the scatter matrices for the lossless model can be used, 

with only minimal alteration, in the lossy model. The only alteration 

which has to be made is to the programme which constructs the scatter 

matrices. 

A problem which arises when using the lossy model is that it 

predicts voltages which do not actually exist. This occurs because the 

voltages which are predicted are those appearing on the 'imaginary' 

lossless lines which are connected to the junction through resistances 

and therefore differ from the junction voltages (see figure 7.2 below). 

FIGURE 7.2 LOSSY JUNCTION OF TWO CONDUCTORS. 

This difficulty can be overcome by noting that the power loss in each 

section of each turn of the model is equal to the power loss in each 

section of each turn of the actual coil. Thus if ~ and Vb are the vol-

tages predicted by the lossy scatter matrix, then vab can be found from 

== v. + ( Vb - Va ) R. 

R.+ Rb 
=) 
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= 

Thus the actual junction voltage vab is easily obtained. 

In the lossless model it is be possible to predict the voltage at 

any point on the coil since the magnitude, and velocity of all waves in 

all sections of the coil can be calculated. In the lossy case the 10s3-

less lines do not actually exist and so predicting the mid-section vol-

tages by calculating the summation of travelling waves at such a point 

is not valid. However, the voltage difference between points on the same 

turn (at neighbouring junctions) will be small and so a knowledge of all 

turn voltages at all the coil junctions, but not at mid section points, 

will be adequate in analysing any particular coil response. If, however, 

more detail is required then a model with more junctions can be used. 

Greater accuracy could be obtained by splitting the losses up into 

smaller resistances at pOints along each conductor section. This will, 

however, increase the number of junctions in the model (as eaoh point 

where there is a resistance will have to be treated as a junction) and 

so increase the number of calculations necessary, and so increase numer-

ical errors built up by each successive calculation. Also, computation 

time will be greatly increased. 

The lossy scatter matrix developed above is, it is believed, origi-

nal and was developed in this study as the most straight forward method 

of including losses into the multiconductor transmission line model of 

motor coils. 
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An alternative method of accounting for losses in the analysis was 

considered. In this method every travelling wave in the coil is modi-

fied by a decay factor which would allow for the attenuation of the 

waves as they propagated along each conductor. The difficulty in calcu

lating these decay factors when compared to the simplicity of the lossy 

scatter matrix method combined with the ability of the latter to utilise 

the loss less coil impulse response programme were adequate reasons to 

chose the lossy scatter matrix metnod as the method to be adopted. 
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CHAPTER EIGHT. 

EXTENDING THE KODEL TO REPRESENT A MACHINE WINDING. 

Machine windings consist of many coils of the type analysed in the 

preceding sections. It was stated in section 3.1.3 that coils in wind

ings could be treated separately since the iron acted as a flux barrier 

between successive coils and that intercoil coupling in the end winding 

region can be neglected. Having constructed a model which represents a 

single coil, a model for a whole phase of a machine winding can be built 

up using a number of tne single coil models in cascade. 

In a machine winding, successive coils are connected by copper 

leads which are covered with insulation of the same quality and dimen

sions as the turn to ground inSUlation of tne end winding region of the 

coils, therefore the capacitance per unit length, and so the charac

teristic admittance, of the interlinks can be calculated by the same 

method. If these interlinks are treated as short transmission lines it 

can be seen that for a multi-coil winding there will be three distinct 

types of terminal Junction i.e. (i) where two coil sections meet the 

input line and an interlink, (il) where two coil sections meet two 

interlinks and (iii) where two coil sections meet an interlink and the 

neutral termination. Therefore three different terminal Junction scatter 

matrices must be formed. The iron to air junctions will be identical for 

all the coils in the winding since all the coils will be identical in 

every respect. 

This model of a winding can predict any voltage on any turn of any 

coil although, as in the single coil model, voltage prediction at exist-
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ing coil junctions (terminal or iron/air) is easier. However, it is 

unlikely that there will be any need to predict voltages on any coil 

except the line end coil, as previous experimental investigations on 

windings and also the preceding study of single coils have shown that it 

is the first coil in which the high interturn voltages occur. 

The model can be used in either the lossless or the lossy form with 

little alteration to the impulse response programme, the losses being 

embodied in the scatter matrix. 

The extended model representing two series connected coils was used 

to predict the response of the first of the coils to the same surge that 

was used for testing the single coil model. The predicted voltages on 

the first coil are shown with those for the single coil model in figure 

8.1. It can be seen, from figure 8.1, that it is only in the latter part 

of the first coil that the turn voltages are affected by the addition of 

more coils to the model. It is also clear that these voltages are only 

affected after approximately 270 ns, and so there is little effect on 

the magnitude or position of the peak interturn voltages. The reason 

for this is as follOWS. The electromagnetio coupling between turns, 

although important in the analysis of the 0011, is responsible for only 

part of the transfer of the surge from the input of the ooil to the out

put. The remainder of the surge, the largest part, must travel through 

the coil, turn by turn. Thus very little of the surge appears at the 

coil output (turn 12 in this case) until a certain period of time 

(approximately n x the travel time of one turn) has elapsed. The coil in 

question has a turn travel time of 22.4 ns, therefore it is not until a 

time period of 268.8 ns (=12 x 22.4 ns) has elapsed that a significant 
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FIGURE 8.1 Turn to ground voltages on a twelve turn, IlkV coil. 
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voltage appears on the coil output. Thus, since very little of the surge 

emerges from the first coil until after 268.8 ns, the remaining coils in 

the winding can have very little effect on the voltages within the first 

coil until that time. 

The voltages shown in figure 9.4(a) are those predicted in the 

second of the two coils of the model. This confirms that very little of 

the applied surge can reach the second coil until it has travelled, turn 

by turn, through the first coil. Therefore for a third coil to have an 

effect on the voltages in the first coil, the surge must travel through 

both the first and second coils and also back through the second coil, a 

time totaling approximately 800 ns. This time is beyond that at whiCh 

very large interturn voltages may occur and so a model of two coils is 

sufficient to predict the voltages in the first coil of a 12 turns per 

coil winding during the time of interest. Consequently much computer 

time and storage space can be saved by using a truncated winding model. 

However it should be noted that the number of coils needed to give the 

voltage distribution in the first coil is dependent on the number of 

turns per coil. Decreasing the turns per coil will result in an 

increase in the number of coils needed in the winding model. 

To use the model to predict voltages in windings where there are a 

number of parallel paths an additional Junction can be introduced at the 

common line end point. Since all the paths will be identical, the 

reflections in all of them need not be computed. By noting that all the 

impulses arriving at the common point, from the parallel windings are 

equal a simple 2 x 2 scatter matrix can be calculated which will enable 

voltages in the cable and in one of the parallel windings to be computed 
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thus saving much computation time. 
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CHAPTER NINE. 

VERIFICATION OF THE LOSSY MODEL FOR SINGLE AND MULTI-COIL WINDINGS. 

9.1. RESULTS. 

The lossy coil model, representing the two turn coil, was used to 

predict the voltages on each turn of that coil. The effect of increasing 

the losses can be seen in figure 9.1 in which the turn voltages for (a) 

the losses as calculated and (b) half the calculated losses are shown. 

It can be seen from the comparison of figure 4.4 and 4.5 with figure 9.1 

that the inclusion of losses improves the accuracy of the model. 

Figure 9.2 shows the voltages predicted by both the lossless and 

the lossy models of the single twelve turn coil. These predicted results 

can be compared with the measured results in figure 6.2. 

The tests on the two 12 turn coils in series were carried out with 

the coils in the stator core segment. This was done to ensure that the 

separation between the coils was adequate. This is not important for the 

slot portions of the coil, due to the flux barrier effect of the iron, 

but is so for the end winding portions. The coils were placed in adja

cent slots and connected in series. The neutral lead of the second coil 

was connected to earth through a resistance which represented the 

remainder of the winding. The test surge (see figure 4.2) was applied to 

the coils as in section 4.1. The voltage distribution recorded in the 

line end coil is shown in figure 9.3(a). The voltage distribution 

recorded in the second coil is shown in figure 9.4(b). 

Oscillograms of the interturn voltages in the first of the two 
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coils were taken and compared with the equivalent computed waveforms 

predicted by the lossy model. Both the predicted and the measured 

waveforms are shown in figure 9.5. The peak interturn voltages between 

each pair of turns in the first coil for the lossy model with (i) the 

lossy parameters as calculated in section 3.1.1, (ii) with lossy parame

ters twice those calculated and (iii) for the lossless model were calcu

lated. These voltages are plotted, in figure 9.6, against their position 

in the coil and are compared with the maximum interturn voltages meas

ured from the oscilloscope. The results from the model with twice the 

calculated losses were included to show that the method of calculating 

the value of the lossy parameters was valid by demonstrating that 

overestimation, as well as underestimation, of losses could lead to 

inaccuracy. 

9.2. DISCOSSION OF RESULTS. 

Comparisons of measured and predicted results (figures 9.3-9.6) 

show that the model for two coils is accurate in predicting turn vol

tages. However, the predicted voltages in the second coil are less accu

rate than those for the first. This is to be expected since the assump

tions which were made concerning the core iron and the losses will 

become less valid as time progresses. Both the theoretical and predicted 

results show that no large interturn voltages occur in any but the line 

end coil. Consequently the inaccuracies in predicting the second coil 

turn voltages are acceptable. 

A comparison of predicted voltages obtained from the lossy model 

including and omitting dielectric losses showed that these losses had 

almost no discernible effect on the turn voltages. The largest 
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difference 
~ 

recorded between the two predictions was approximately 10 ~ 

of the applied voltage surge. Thus dielectric 103ses can be neglected. 

The results from the single coil model, both 10S3Y and 103s1e3s, 

shown in figure 9.2, together with the equivalent measured voltages, 

figure 6.2, indicate that including losses leads to an improvement in 

the accuracy of the predicted voltages to ground. The interturn voltages 

predicted in the first of the two coils also compare well with the 

equivalent measured voltages (figure 9.5). It can be seen from the com-

parison of the maximum interturn voltages between each of the pairs of 

turns, shown in figure 9.6, that it ls necessary to include losses if 

good accuracy is desired for the interturn voltages. Neglecting the 

losses, leads in this case to an overestimation of the maximum peak 

interturn voltage of approximately 30% of the measured voltage, whereas 

the lossy model gives a result which is only 3% out when predicting this 

voltage. The voltages obtained from the lossy model with twice the cal-

culated losses tend to significantly underestimate the actual voltages. 

This gives confidence in the methods adopted to calculate the lossy 

parameters. 

Figures 9.5 (a) and (b) display the excellent correlation between 

the shape of the predicted and measured interturn voltages. Examination 

of the successive interturn voltages, figure 9.5 (c), reveals that the 

peak interturn voltage between each pair of turns occurs successively 

through the coil, indicating that a portion of the surge travels through 

the col1 turn by turn. It can also be seen that a reflection takes place 

at the end of the coil causing another peak to travel back, turn by 

turn, to the beginning of the coil. Care must be taken when analysing 
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this phenomenon since the voltages shown in figure 9.5 are not absolute 

voltages but voltages between parts of the coil. A positive ramped step 

travelling wave progressing, turn by turn, from the line end to the neu

tral end of the coil will appear as a positive peak between turns m and 

m+1. However, a negative wave travelling from the neutral end to the 

line end will also show up as a positive peak between turns m and m+1. 

ThiS is because as the negative wave propagates in the reverse direction 

i.e. from the nuetral end to the line end, it will cause the voltage on 

turn m+1 to take a negative dip before the voltage on turn m does so. 

Thus the voltage between turns m and m+1 will show a positive peak. 

Therefore it can be seen that the voltage which is reflected from the 

end of the coil must be negative. It can also be seen from figures 

9.5(a) VO-l'~-2 and ~-3 that another reflection takes place at the line 

end of the coil causing another surge to travel down the coil. 

The time interval between the two peaks in each waveform decreases 

on each successive turn. The amount by which it decreases is equivalent 

to two turn travel times i.e. 2 x 22.4ns, within acceptable limits, in 

both the measured and the computed results. 

The travelling wave phenomenon which is shown in figure 9.5 and 

explained above is similar to some early theories of wave propagation in 

motor coils, see chapter 2. However the travelling wave concept by 

itself does not explain the result that voltages appear at points in the 

coil before the surge has travelled, turn by turn, to that point. Thus 

the travelling wave model is proved to be, qualitatively, only partially 

true. Quantitatively the model is wholly inadequate since it would 

predict that the test surge (32 ns rise time) would cause a voltage 
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between the first two turns of (22.4/32.0 =) 10% of the transmitted 

surge which, as can be seen, is not the case. 

An explanation of the negative wave reflecting back from the end of 

the coil has been given by Cornick and Thompson (11) who said it was 

due to an increase in the effective inductance, and hence surge 

impedance, of the second coil which is caused by the flux starting to 

penetrate the iron. Figure 9.5 (c) shows this to be incorrect since the 

computer model clearly (and accurately) predicts this phenomenon, but is 

based on the assumption that no flux at all penetrates into the core and 

that there is no coupling between coils. 

86 



CHAPTER TEN. 

FURTHER STUDIES CARRIED OUT USING THE HODEL. 

10.1. THE EFFECT OF SURGE RISE TIME ON VOLTAGE DISTRIBUTION. 

In the previous section it has been demonstrated that the lossy 

multiconductor transmission line model for a winding can accurately 

predict turn and interturn voltages within the first coil of a winding. 

It is therefore possible to use this model to investigate voltage dis

tribution in line end coils when they are subjected to various types of 

surges. 

A range of five different surges were used to analyse the effect 

that various rise times had on voltage distribution within the line end 

coils. These were surges having rise times of 25 ns, 50 ns, 100 ns, 200 

ns and 400 ns, see figure 10.1. It should be remembered that the surges 

shown in figure 10.1 are those which would appear on the line if it were 

infinitely long (or matched) and because of reflections in the system do 

not actually appear at any point on the switch, cable, winding confi

guration. The voltage distributions on the line end coil of a winding of 

11 kV twelve turns coils (as used previously) for the range of surge 

rise times are shown in figures 10.2-10.6. 

It can be seen that the rise time of the surge which appears on the 

line end of the winding can differ greatly from the rise time of the 

surge which is produced at the switch. This is evident particularly for 

the shorter rise times, e.g. the 25 ns rise time surge appears on the 

coil with a rise time of over 100 ns in the case of the 11 kV insulation 

level (see figure 10.3). The cause of this increase in rise time must 
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be the multiplicity of reflections which occur in the coil, since the 

distortion cannot be due to losses as the phenomenon exists even in the 

completely lossless coil and also the cable is treated as both distor

tionless and lossless. It is therefore important that the surge rise 

time is specified at the surge producing device since a rise time of say 

100 ns will give a different voltage distribution within the coil 

according to whether it occurs at the switch or at the coil. 

The omission of losses from the analysis can be seen, from figure 

10.2-10.6, to have a greater effect on the voltage curves produced by 

the faster rise times, this is emphasised by the comparison of maximum 

interturn voltage for each surge with and witnout losses in figure 10.7. 

This cannot be explained by the magnitude of the lossy parameters 

increasing with frequency since frequency independent losses were used. 

The reason for the greater disparity between lossless and lossy predic

tions at lower rise times is that the voltage on any point on any turn 

at any particular time is due to the sum of all the travelling waves 

which passed that point up till that time. ThUS, during transients due 

to the long rise time surges, the total voltage at any point will be 

due, less to the more recent travelling waves, and more to the earlier 

waves, because the recent waves will not have reached their full magni

tude due to their long rise time. In the transients due to short rise 

time surges the recent waves have a larger effect on the total voltage. 

The recent waves, at any point, have not travelled as far inside the 

coil as the earlier ones, therefore they have not been attenuated as 

mucn as the earlier waves. Consequently voltages which are due more to 

~arlier waves than later ones will be less affected by the losses in the 

system. Thus as the rise time of the surge increases, the effect of tne 
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losses on the voltage decreases. This phenomenon causes the effect of 

the losses to be frequency dependent even though frequency independent 

parameters are used. 

It can be seen that the effect of the increasing the rise time of 

the applied surge is to decrease the magnitude of the interturn voltages 

occurring in the line end coil. This conforms with previous experimental 

results on interturn voltages (11,13,14). 

Figure 10.8 shows the maximum interturn voltage between each pair 

of turns in the line end coil for each of the five surge rise times for 

the lossy ooil model. It is seen that the maximum interturn voltage 

occurs at, or near, the neutral end of the line end coil, again in 

accordance with previous results. It can also be seen from this that as 

the rise time inoreases the distribution of voltage over the whole coil 

becomes more uniform and that the maximum interturn voltage tends to 

occur between more than just the last pair of turns. The general shape 

of the curves for the 200 ns and 400 ns rise time surges correspond with 

the experimental results published by Parrot (11) for an eight turn coil 

winding using surge rise times of 160 ns and 360 ns, although the exper

imental arrangement was different from the system modelled here. (Parrot 

used very short leads between the surge generator and a winding which 

consisted of 3.3 kV coils with eight turns each). Similar curves were 

also obtained experimentally by Petrov and Abramov (15) and Cornick and 

Thompson (17). 

It snould be noted that the interturn voltages can have two dis

tinct peaks. This was demonstrated in figure 9.5 for the irregularly 

shaped test pulse, but is also true for more regularly shaped pulses. It 

96 



INTERTURN VOLTAGE 

(% of 4 
applied 
voltage) .38 

36 

34 

32 

2 

26 

24 

22 

20 

18 

16 

14 

12 

10 

8 

6 

4 

2 

-----. 
400ns 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 11-12 

TURN NID1BER 

FIGURE 10.8 Peak interturn voltage vs turns for an llkV line end coil 
- various rise times 

97 



was found that the second voltage peak of the interturn voltage between 

the first pair of turns was slightly in excess of the first peak, for 

the fast rising surges. The difference between the two peaks varied with 

the losses in the model. For the 50 ns rise time the 10331e3s model 

produced a second peak which was 7% of the applied voltage above the 

first, while overestimating the losses by a factor of two gave the first 

peak larger than the second. The most accurate model, i.e. that which 

included the 103ses as calculated gave the second peak as only 1~ of the 

applied voltage above the first in this case. The reduction in the size 

of the second peak as the losses increase is due to the attenuation of 

the series component of the surge. Thus the series part of the surge 

diminishes the longer it remains 1n the coil. 

Since the second peak of this first interturn voltage is less than 

the first over most of the range of rise times used (it only occurred 

due to the 25 ns and the 50 ns surges), the first peak was plotted with 

the other peak 1nterturn voltages 1n order that the pattern of the vari

ation in magnitude of the peaks could be seen over the whole .range of 

the surge rise times. The magnitude of the second peak voltage is also 

plotted (in dotted lines) in figure 10.8, in the cases where it exceeds 

that of the first peak. 

The results shown in figure 10.8 show that the upper end of the 

range of surge rise times i.e. 400 ns was sufficiently large to estab

lish that surges with rise times of this duration and longer can cause 

neither large interturn voltages nor a substantial degree of non

uniformity in the voltage distribution within the coil. Even with this 

long rise time, however, the simple transmission line model for the coil 
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would be of little use in predicting the interturn voltages since it 

would give an interturn voltage of (22.4/400) = 5.6% between all pairs 

of turns, thus underestimating the problem considerably. 

At the lower end of the range of surge rise times i.e. 25 ns it is 

clear that very large interturn voltages and sUbstantial non-uniformity 

of voltage distribution can occur. In this case the simple transmission 

line model would predict an interturn voltage of (22.4/25.0) = 88.2% 

between turns, this greatly overestimates the magnitude of the voltages. 

Thus it is clear from a comparison of results from the simple transmis

sion line model and the new mUlticonductor transmission line model that 

the former is totally unacceptable for the purposes of design. 

From figures 10.2-10.6 it can be seen that the maximum voltage of 

the applied surge, i.e. 100j, is less than the maximum voltage appearing 

on the coil. The increase in voltage is not due to the surge impedance 

presented to the cable by the line end coil terminal junction, but is 

due to the aggregate effect of all the voltages travelling back and for

ward in the coil and in the cable. Since the travel time of waves in 

each section of coil is much less than even the short surge rise times, 

the true surge impedance of the coil cannot be found from the increase 

in voltage at the coil terminal. The true surge impedance of the coil 

can be found from the first element in the terminal junction scatter 

matrix for the line end coil since this will give the initial reflection 

back into the cable. However, since this true surge impedance does not, 

by itself, cause the maximum voltage on the coil, it is of little 

interest. 

An effective surge impedance can be calculated by assuming that the 
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voltage increase is due to the mismatch between the cable surge 

impedance and the coil effective surge impedance. This effective surge 

impedance is of use in system studies, however it should be used with 

care as it is frequency dependent. It is calculated using 

6.v 
... 

where 6V is the difference between the voltage at the line end terminal 

and the incident voltages. Zo and Z. are the cable surge impedance and 

the effective surge impedance of the winding respeotively. 

The effective surge impedance of the 11 kV coil is plotted in fig-

ure 10.9 against the rise time of the applied surge. There is a marked 

variation of this impedance with the surge rise time. 

The results obtained for the test surge, figure 9.3, showed that 

although the rise time was short (32 ns) the maximum voltage was limited 

to 120J of the applied surge peak voltage. When this result is compared 

to those for the differently shaped 25 and 50 ns surges it becomes clear 

that the effective surge impedance is dependent on the shape of the 

applied surge as well as the front rise time of the surge. (The effec

tive surge impedance of the winding to the test surge is included in 

figure 10.9 for comparison.) Therefore, as the effective surge impedance 

has both tne surge front rise time and the surge shape as variables, it 

is clear that the concept of coil surge impedance can be misleading and 

is no substitute for a full understanding of surge propagation in coils. 

The difference between the magnitude of the surge at either end of 

100 



-o -

EFFECTIVE 
SURGE 
IMPEDANCE 
(-11-) 

600 

500 

400 

300 

200 

100 

13·8kV 

)( ll.0kV (test pulse) 

25 50 100 200 
SURGE RISE TruE (ns) 

FIGURE 10.9 Effective surge impedance vs Rise time for various insulation levels. 

400 



the cable, combined with the difference between rise times at the switch 

and at the motor winding means that in specifying a surge, the point on 

the system where that surge occurs must be clearly stated. From the 

point of view of analysing the effects of surges in coils, the surge 

data should pertain to the shape and magnitude of the surge at the 

switching device. 

10.2. THE EFFECT OF INSULATION DIMENSIONS ON VOLTAGE DISTRIBUTION. 

10.2.1. Variation in the Insulation Level. 

Section 10.1 explained the effects on an 11 kV winding of switching 

surges of various rise times. It was decided to extend this work to 

include winding insulation levels other than 11 kV. To this end, coil 

insulation levels of 13.8 kV and 3.3 kV were used, since these are the 

upper and lower limits of the range of what are normally regarded as 

high voltage motors. The cross sectional dimensions of the coils used in 

the computation are shown in Appendix III. 

The voltage distributions shown within the line end coils of 3.3 kV 

and 13.8 kV windings which consisted of twelve turn coils were computed 

for the same range of rise times as before i.e. 25, 50, 100, 200 and 

400 ns. The resulting maximum voltage between each pair of turns is 

plotted for each of the voltage levels and shown in figures 10.10 and 

10.11. The voltages to ground on each turn of the line end coils for 

each rise time are shown in figures 10.12-10.16 for the 3.3 kV winding 

and figures 10.17-10.21 for the 13.8 kV winding. 

It is clear, from these results, that as the insulation level, and 

hence the thiCkness of the insulation increase, so do the interturn 
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voltages which are produced by the surges. The maximum interturn voltage 

generated in the 13.8 kV coil was 53~ of the applied voltage, compared 

with 40~ for the 11 kV coil. Both these voltage peaks occurred due to 

the 25 ns rise time surge. (It should be remembered that these results 

were obtained from coils whose insulation systems are representative of 

only one manufacturer. Coils produced by other manufacturers will prob-

ably give different results.) While the actual interturn voltage 

increased by 

[s3% x 13.8 kV 

~O% x 11.0 kV 
J x 100% = 

the interturn insulation thickness increased by 

( 1.0 0.6) nun 

0.6 nun 

(see Appendix III). 

x 100% 

66% 

67% 

Therefore in this case the safety factor is equal for the 13.8 kV and 

the 11 kV ooils. Whether or not the safety factor is adequate depends on 

the quality of the insulation and on the per unit magnitude of the tran-

sient surges in the system. 

In the oase of the 3.3 kV 0011 the maximum interturn voltage was 

32~, therefore the aotual voltage is reduoed by 

32% x 3.3 kV ] 

40% x 11.0 kV 
x 
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compared with the 11 kV coil, whereas the interturn insulation thickness 

is reduced by 

(0.6 - 0.5) mm 

0.6 mm 

(see appendix III). 

x 100% = 17% 

Thus for the coils used in this study the 3.3 kV coil would seem to have 

a higher interturn factor of safety than the 11 kV and 13.8 kV coils. 

However, it should be noted that the safety factors are based on the 

assumptions that the per unit surge magnitudes are equal for all three 

voltage levels and that the quality of the inSUlation is equal in all 

three cases. 

The quality of inSUlation is unlikely to be as good for the thinner 

insulation since it comprises fewer layers and therefore the effect of 

one defective layer is more serious than where a large number of layers 

insulate the conductors. This is why a larger safety factor is used in 

the 3.3 kV coils. 

10.2.2. Variation in Interturn Insulation. 

The increase in relative turn voltage with voltage level can be 

explained by the hypotheSis stating that: as interturn insulation 

becomes thicker the electromagnetic coupling between turns decreases, 

thus turn voltages become more dependent on the portion of the surge 

which travels in a series manner, i.e. turn by turn, through the coil, 

and less dependent on the portion of the surge which is transmitted to 

each turn by electromagnetic coupling. In order that the validity of 
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this explanation could be fully tested, the vOltage distributions for a 

coil whose insulation was as for the 11 kV coil except that the inter-

turn insulation thickness was increased by 50% (see Appendix III), were 

computed for surges of 25, 50, 100 and 200 ns rise time. These voltages 

are shown in figures 10.22-10.25 and the peak voltage between each pair 

of turns are plotted in figure 10.26. Comparing these interturn voltages 

with those for the original 11 kV coil (figure 10.8) shows that the 

effect of increasing the interturn insulation by 50% is to increase the 

maximum interturn voltage by as much as 24.4~. This result is signifi-

cant because at present E.S.I. interturn insulation standards (19) take 

no account of interturn voltage distribution (see chapter 11), therefore 

machine manufacturers may increase the insulation to pass a test level 

but in doing SO they will also increase the possible interturn voltage 

magnitude. An interturn test which did allow for voltage distribution 

would have a higher interturn test level for coils with lower interturn 

coupling. For example, coils which are made with broad conductors will 

have a large interturn capacitance arid so will have a better interturn 

surge capability than would otherwise have been the case. At present 

the E.S.I. test methods make no allowance for this. 

A measure of the non-uniformity of the interturn voltage distribu-

tion can be obtained by defining a non-uniformity factor (N.U.F.) given 

by 

N.U.F. = maximum interturn voltage 
average interturn voltage 

Non-uniformity factors for the various coils are shown in Table I. The 

standard deviation ~~ is also included to give an alternative measure of 
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non-uniformity. 

TABLE I 

Insulatio_n Level 

Surge 3.3 kV 11.0 kV 11.0 kV· 13.8 kV 
Rise 
Time NUF q;..1 NUF <:f.-I NUF q,-1 NUF 0;,-1 
(ns) 

25 1.265 3.282 1.332 3.697 1.356 4.635 1.363 4.983 

50 1.288 3.359 1.328 3.487 1.355 4.221 1.357 4.404 

100 1.293 3.299 1.295 3.334 1.319 4.061 1.326 4.179 

200 1.263 2.795 1.256 2.692 1.286 3.166 1.294 4.237 

400 1.176 2.033 1.173 2.090 - - 1.185 2.355 

• 50% extra interturn insulation. 

Column 1 of Table I and figure 10.10 both indicate that the maximum 

peak interturn voltage in the 3.3 kV coil approaches a maximum value as 

the surge front time decreases. The caUSe of this is the high interturn 

coupling in the 3.3 kV coil, due to the relatively thin insulation, lim-

iting the voltage difference between neighbouring turns. Thus any 

further decrease in rise time will only increase the average peak inter-

turn voltage and so improve the non-uniformity factor. This trend is 

not seen in the 11.0 kV and 13.8 kV results since the interturn coupling 

is weaKer and so tne maximum possible interturn voltage is not reached 

for the range of surges used here. In the 3.3 kV case, the maximum non-

uniformity factor was reached at about 100 ns. 

Figures 10.22-10.25 show that the turn to ground voltages in the 

coil with the increased interturn insulation have a greater tendency to 

remain near zero until the surge has reached that particular turn than 
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do the turn to ground voltages on the standard coil. The part of the 

curve wnere the voltage rises due to the arrival of the surge is steeper 

than for the standard coil. This supports the hypothesis that increasing 

the turn insulation leads to the series transmission of the surge 

through the coil gaining in importance at the expense of the shunt 

transmission. 

It should be noted that while general trends in the variation of 

surge distribution with various parameters may be predicted, as above, a 

detailed analysis is necessary if accurate predictions are required. 

10.2.3. Effect of Insulation Dimensions on Surge Impedance. 

An effective surge impedance can be obtained for the coils over the 

range of rise times as before. It can be seen from figure 10.9 that 

there is a considerable variation of this impedance with the rise time 

and also that the impedance increases with the insulation level. 

10.2.4. Conclusions. 

This latter result combined with the increased interturn voltages, 

means that the insulation levels need to be increased disproportionately 

with the operating voltage level, i.e. a doubling in operating voltage 

must be accompanied by an increase in the thickness of the insulation by 

more than a factor of two to maintain a constant safety factor. 

10.3. THE EFFECT OF NUMBER OF TURNS PER COIL ON VOLTAGE DISTRIBUTION. 

The model was used to predict the voltage distributions on coils 

with various numbers of turns, having identical insulation, due to the 

range of surges. The maximum interturn voltages appearing in the line 
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end coil of a winding are plotted in figure 10.27 for 4, 6, 8, 10 and 12 

turns per coil over the range of surge rise times. It can be seen that 

the interturn voltages are not sensitive to the number of turns per 

coil. There is, however, some variation, particularly for the very 

short rise times, but even here the 10 and 12 tUrns per coil values are 

equal, indicating that it is only in coils consisting of a few turns 

that any variation at all is seen. Only in the case of coils with as few 

as 4 tUrns per coil was there a significant increase in maximum inter-

turn voltage when compared to the 10 and 12 turn coils. 

The number of tUrns per coil also affects the effective surge 

impedance. It was found that in the case of short rise times coils with 

few tUrns cause a greater increase in voltage at the winding terminal 

than do the coils with many turns, i.e. the low turns per coil machine 

windings have a greater surge impedance, particularly at very low surge 

rise times. It can be seen from figure 10.28 that this trend is 

reversed for surges with greater rise times. It should be remembered 

that, while the surge impedance varies greatly with the turns, the 

larger surge impedances cause only a small increase in reflected voltage 

since the coil surge impedance is much larger than the cable surge 

impedance. 

10.4. THE EFFECT OF COIL SHAPE ON DISTRIBUTION. 

It has been shown in sections 10.1 and 10.2 how the voltage distri

bution in a coil of a winding varies with the dimensions of the insula

tion for various surge front times. In this section the variation of the 

voltage distribution with the shape of the coil will be examined. 
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The model of the coil makes no allowance for the complex shape of 

the end wihding of the coil, and so for the purposes of this study the 

shape will be defined as the lengths of the slot portions and the end 

winding portions of the coil. It is reasonable to neglect any effects of 

the coil evolutes since they will be small and also since they will not 

vary from coil to coil. The effects of the coil shape were investigated 

on coils with 11 kV insulation and with surges which had front times 

ranging from 25 ns to 400 ns. Three shapes of coil were simulated on the 

computer model and the resulting voltage distributions were compared 

with the results obtained in section 10.2. The three variations in coil 

shape were:-

(i) the slot length increased by 50~, 

(ii) the slot length and the end winding length increased by 20%, 

(iii)the slot length and the end winding length reduced by 20%, 

relative to the original 11 kV coil in previous chapters. Figure 10.29 

ahows the relative proportions of the coils. 

Figure 10.30 shows the maximum voltage appearing between each suc

cessive pair of turns in the line end coil due to surgee of 25, 50, 100 

and 200 ns, showing how the distribution varies with the shape of the 

coils. It can be seen that, in general, the voltage distributions due to 

the faster wave fronts are less affected by the coil shape than are the 

voltage distributions due to the slower wavefronts. This is confirmed 

by figure 10.31 showing how the maximum interturn voltages in the line 

end coil of different shaped coils vary with surge rise time. 
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The explanation of figure 10.31, showing that for the very short 

rise times the maximum interturn voltages become independent of coil 

shape, is that for shorter wave fronts the maximum interturn voltage is 

limited more by the mutual coupling between turns than is the case for 

longer wavefronts. This is because as the front time of the surge 

approaches the turn travel time, the surge front is spread over one 

turn, or less, and so the interturn voltage is the result of the whole 

of the front time of the series portion of the surge appearing across 

the interturn inSUlation. Thus, as the wavefront of the applied surges 

becomes smaller the interturn voltages which are produced become more 

dependent on the cross sect10nal dimensions of the coil side and less 

dependent on the time taken to travel along each coil portion. 

The results show that unless a machine winding is subject to very 

fast fronted surges (less than 30 ns) the coil shape does affect the 

magnitude of both the interturn voltages and the voltages to ground. 

It can be seen from figure 10.31 that the difference between curves 

(b) and (c) is minimal, indicating that it is the total length of the 

coil and not the proportion of its constituent lengths which is the 

determining factor of the interturn distribution. (Coils (b) and (c) 

have the same overall length to within 4%). Increasing the overall size 

of the coil in steps of 20% «d) to (a) to (c» increases the maximum 

interturn voltage for rise times above apprOXimately 30 ns. It is more 

likely, therefore, that high interturn stresses will be generated in the 

windings of high speed electric motors than in the windings of lower 

speed machines of equivalent rating and voltage level since coils in 

high speed motor windings have greater overall length because of their 
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large core length together with the large coil pitch (in mechanical 

degrees) which compensates for the smaller diameter of the slower 

machines. 

The results described above indicate that the relationship between 

interturn voltages due to surges and coil length, or indeed core length, 

is complex. If a simple relationship, which accounts only for series 

surge propagation is used then the resulting variation of interturn vol

tage with coil, or core length will be erroneous. This simplification 

has been used in a recent publication (17) to give curves of interturn 

voltage versus core length for various surges. The present work demon

strates that these curves are incorrect. 

The effective surge impedance of the winding is also affected by 

the change in shape of the coils. It can be seen from figure 10.32 that 

it is the ratio between the length of the slot portion and that of the 

end winding portion which has the major influence on surge impedance. An 

increase in the core length of the machine causes a decrease in surge 

impedance at low surge front times. The amount of variation in surge 

impedance should be kept in perspective since a large change in surge 

impedance can cause the overvoltage which is produced to change only 

slightly (see equation 10.1) e.g. a 400 ~ surge impedance at the end of 

a 75 I.L line will cause a reflection of 68.5% whereas a 500 n surge 

impedance causes a reflection of 73.9%. Thus in this case a 25% increase 

in the surge impedance will result in only a 3.2% increase in maximum 

voltage to ground. As stated previously, a knowledge of the surge 

impedance of a'winding is no substitute for a full knowledge of the vol

tage distribution in the coils. 
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CHAPTER ELEVEN. 

COMPARISON OF RESULTS WITH PREVAILING TEST STANDARDS. 

I~ is worthwhile to compare the voltages which can o~cur between 

turn!, as shown by the method of analysis described in thi2 study, with 

the ~~ltages which coils must withstand during the insulation tests. The 

most commonly used motor coil insulation test standard ~n the United 

King:om at present is the Electricity Supply Industry S~andard 44-5, 

I~su= 2, 1979 (18). This document details two types of :est, (i) the 

Rcu:~~e Quality Control Tests and (ii) the Type Tests. 

The quality control tests, or proof tests, state that ~r. the case 

o~ nair pin coils the interturn insulation should be tested Dy applying a 

vol:a~e of Vnbetween each pair of turns at power frequency ~or a period 

o~ 1: seconas, where Vn is given by 

wnere VL is the rated line voltage. Alternatively, where tne turns are 

no~ ~vailable a high frequency impulse of peak voltage JZ ~ x Vn may be 

appl~ad 5 times across the coil. There is an upper limit :0 the peak 

vol:a~e applied to the coil given by 

Vc = O.5(4VL + 5) kV (peak) 

wi1er~ Vc and VL are in KV. 

Tnus for a 12 turn, 11 kV coil the coil voltage to be applied would 

be 2~.5 kV peaK. If the distribution is linear (there is no stipulation 

aco~: ~he pulse shape and also, the voltage is applied aCr~!3 the coil 
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terminals) the interturn voltage would be 2.04 kV peak. These proof 

tests are carried out with the coils in their position in the motor core 

and so give an indication of the quality of the insulation after they 

have undergone the winding process. 

A sWitching surge of 3 p.u. and a rise time of 25 ns would give 

rise, according to the new analysis, to an interturn voltage of 40.1% of 

that surge i.e. 10.8 kV, which is well in excess of the proof test 

level. 

The E.S.1. 44-5 type tests state that a coil whose insulation sys

tem is the same as that used on the actual motor coils is to be used to 

test the type of insulation. The interturn insulation is tested by a 

voltage applied between adjacent turns of a coil which has been cut at 

an end winding arm. The interturn voltage to be applied is 

Vn = (1 + ~/3) kV (r.m.s.) 

which in the case of the 11 kV coil gives 

Vn = 6.6 kV peak. 

Then the voltage is to be raised to 150% of this value i.e. 9.9 kV. 

Clearly, neither of the two interturn test levels are as high as 

the the interturn voltage which is caused by a 3 p.u., 25 ns surge. In 

addition to this it should be noted that the type tests are not carried 

out on coils which have not been set in place in a winding i.e. they 

have not received any of the rough treatment which can occur during the 

winding process, and so may be in better condition than those in an 

actual motor. Also, surges which are more severe than the 3 p.u., 25 ns 
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surge could be applied to the motor terminals. The interturn voltage 

will increase pro-rata with the surge magnitude and also, as shown in 

section 10.1, as the rise time decreases. Even a 400 ns pulse of 3 p.u. 

magnitude will produce an interturn voltage of 4.6 kV which is much 

greater than the proof test level. Thus if a coil is damaged during the 

winding process, the proof test will not ensure than it can withstand 

even a 400 ns, 3 p.u. surge. It should be noted that a 3 p.u., 25 ns 

switching surge is equivalent to 5.25 p.u. appearing at the line end 

coil terminal. 

The recent Oil Companies Materials Association specification (23) 

dealing with interturn insulation provides a much more stringent proof 

test than E.S.I. 44-5. It is stated that a 3 p.u. 200 ns rise time surge 

is to be used to test windings and in special cases a 5 p.u. surge with 

similar rise time is to be used. While this is an improvement on E.S.I. 

44-5 it is no guarantee against surges with steeper fronts, even if the 

magnitude of these steep surges is below that which D.C.M.A. specifies 

for its surge. As yet no type tests have been issued by D.C.M.A. 

The advantage of an accurate method of predicting coil and turn 

voltages is that a coil or winding can be rated for a certain surge mag

nitude and rise time and so may be designed to withstand the surge con

ditions which may exist in the system. However, the surge capability of 

a coil is only one of many considerations in the motor design. Therefore 

in practice the surge capability, if specified at all, will be involved 

in a trade off with other design criteria to ensure that the best motor 

for the particular application is obtained. If it is found that a 

maChine cannot be designed to innerently meet the surge capability 
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specification, then protective devices can be applied. The decision 

whether or not to use protection should be based on an analysis of the 

type described here. 
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CHAPTER TWELVE. 

DESCRIPTION OF PROGRAMMING METHODS. 

12.1. INTRODUCTION. 

From the preceding chapters, it is clear that in order to calculate 

the voltages in the coils over even a short time period of say 1000 ns, 

many matrix multiplications must be carried out. In addition to this, 

the theory is developed in chapters 3 & 7 for coils with small numbers 

of turns (2 or 3) whereas in practice most motor windings are designed 

with coils consisting of a larger number of turns. ThUS, for say a 12 

turn coil the slot/end winding junction will be modelled by a scatter 

matrix of 24 elements square and the terminal junction by a matrix 26 

elements square. Therefore, since the model relies on a large number of 

calculations involving large matrices it was necessary to use a digital 

computer to execute the computations involved in predicting the coil 

voltages. 

The computer programmes whicn were developed to model coils can be 

separated into the three well defined sections:-

(1) The formulation of the scatter matrices. 

(2) The calculation of the impulse response of the coil or winding. 

(3) The convolution of the impulse response with the input wave shape 

to give the actual response. 

12.2. CHOICE OF COMPUTER AND LANGUAGE. 

All the computer work involved in this study was carried out on a 
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Digital Equipment Corporation PDP 11/45 minicomputer. The operating sys-

tem used on this computer was written in the 'c' programming language 

(24), it was therefore decided, in order to make the most efficient use 

of c.p.u. time, to use 'c' for all the coil modelling work. In addition 

'c' has the advantage of being more concise than other more commonly 

used languages e.g. Fortran. 

There are many good matrix inversion programmes on existence, many 

of which could have been used in the calculation of the scatter matrix. 

However, tne computer used in this study did not have such a programme 

available. It was decided that the the interactive nature of this com-

puter was an advantage which outweighed the disadvantage of not having a 

ready made matrix inversion programme. 

12.3. FORMULATION OF THE SCATTER HATRICES. 

The programme which calculates the scatter matrices from the admit-

tance matrices of the lines and the junction voltage and current connec-

tion matrices, initially constructs tne matrices 

and 

in the lossless case, or 

and 
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in the lossy case. 

Following this the programme carries out the inversion procedure on the 

first of each of the above two sets of matrices and multiplies the 

result by the latter to give 

(3) = 

or 

The construction of the admittance matrices is straightforward and 

is done by simply assigning the appropriate values of each submatrix to 

that of the whole matrix. 

The matrix inversion section of the programme uses the well known 

Gaussian elimination technique. The accuracy of the inversion programme 

was checked by multiplying the original matrix by its inverse. The nomi-

nally zero elements of the resulting identity matrix were found to have 

-13 
a magnitude of no more than 10 

inversion to be excellent. 

thus showing the accuracy of the 

A problem which arises ou~ of the use of this inversion method was 

that some of the elements in the leading diagonal of the original matrix 
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were zero, or nearly so. Thus it is not possible to divide the row by 

the magnitude of the leading diagonal element. This can be overcome by 

adding to that particular line another line from the matrix such that 

the leading diagonal element of the sum is non-zero. Due to the struc

ture of the matrices in question, such a line can always be found. (In 

other words the matrix is always invertible.) This operation is neces

sary only on the matrices pertaining to the terminal junctions in the 

winding, since the leading diagonals of the slot/end-winding junction 

matrices have no zero, or near zero, elements. 

The inverse of the first matrix is then multiplied with the second 

matrix as in equation 12.1 or 12.2 to give the resulting scatter matrix. 

The programme ESST, which carries out the above operations, is given in 

Appendix IV(a). 

12.4. THE CALCULATION OF THE IMPULSE RESPONSE OF THE COIL OR WINDING. 

This programme calculates the response of the coil to an input, 

which is an idealised impulse, entering the coil at its terminals at 

time t = O. The response at any point on the coil to this input is, due 

to the laCK of distortion in the multiconductor transmission lines of 

the model, simply a series of idealised impulses of varying magnitudes 

and with various time intervals between them. 

The basic idea behind the programme was to calculate each scatter

ing operation in chronological order and then put the resulting 

reflected impulses in to a store together with the number of the junc

tion to which they next travelled and the time at which they impinged on 

it. The store was then searched for the next scattering operation to 

142 



take place. A flow diagram for this programme is shown in figure 12.1, 

overleaf. 

( START) 

± 
Set time and 

(1) 
impulse and magnitude 

of initial impulse. 

,~ 

-. 

'v 

(ii) Take data with lowest "time" 

from STORE. 

, 

Multiply incident voltages by 
(iii) 

appropriate scatter matrix. 

,~ 

(iv) Put reflected data in stor'e 

with appropriate junction number 

Is 

(.,) No 
t > finish time ... , 

? 

FIGURE 12.1 FLOWCHART OF IMPULSE RESPONSE PROGRAMME. 

This simplified flowcnart gives only the broad outline of the 
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programme. Sections (i), (iii) and (v) are self explanatory and can eacn 

be implemented in one line of 'C'. Sections (ii) and (iv) however are 

complex and require some detailed explanation. 

Section (ii) of the programme searches through all the entries in 

the store to find the one with the lowest time. The store is then 

searched again to find any other entries which have the same time and 

the same junction number. In other words all the sets of incident waves 

which impinge on a particular junction at or about the same time are 

treated as a single set of incident impulses irrespective of where in 

the system they originated. 

The space reserved for eaCh entry in the store is 2n + 2 places for 

the magnitude of the the impulses (2n + 2 is the size of the incident 

impulse array of the terminal junction) plus a place eacn for the junc

tion number and the time of scattering. 

There is an alternative to the method described above. When the 

entries are placed in the store they could be added to any other entry 

which had the same time and junction number. However this would necessi

tate searching through the store for every entry stored as opposed to 

every retrieval as before and is hence more time consuming. Even 

although the latter method has the advantage of using less temporary 

storage space, it was decided to use tne former method as it is more 

time efficient. A flow diagram of this section of the programme is shown 

in figure 12.2, overleaf. 
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FROM SECTION (i) 

TIME 0 
n = 0 

NO 

JN = Junction Number(n)~--~----~ 

NO 

READ IN STORE (n) 

TO SECTION (iii) 

= n + 1 

NO 

ADD VOLTAGES 

FIGURE 12.2 F1mvchart of data extraction from STORE 
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Section (iv) of figure 12.1 puts the reflected voltages resul~ing 

from the scattering multiplication into the store together with ~ne 

number of the junction to which they are travelling and the time at 

which they get there. In the case of the slot/end-winding junction each 

scattering operation will produce 2 entries in tne store. A terminal 

junction scattering operation produces 3 or 4 entries in the store 

depending on whether or not tne coil in question is at the end of the 

winding. 

In the case of the single coil analysis it was found simpler to use 

a separate list of commands for each junction (0 - 4), than to use a 

general command list for all the junctions with complex conditional 

statements. In the case of the model for the whole winding a general 

command list could be used for junctions 1,6,11 ••• , junctions 2,1,12 .•• 

etc. and all the terminal Junctions which were not at either the line 

end or the neutral end of the phase. The flowchart of this section of 

the programme, in the case of a four coil winding, is shown in figure 

12.3, overleaf. The junction numbers and the travel times referred to 

in figure 12.3 are shown 1n the following diagram, figure 12.4. In 

order to negate the need for modelling the switchgear end of the cable 

by another junction, the refleotion from junction 0 to the switchgear is 

aocounted for by returning it to junction 0 after twice the cable travel 

time and multiplying it by the souroe reflection factor. 

The impulse response programme (LOSSCAL), which calculates the lossy 

impulse reponse, is listed in Appendix IV(b). 
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12.5. CONVOLUTION OF IMPULSE RESPONSE WITH ACTUAL SURGE WAVE SHAPES. 

12.5.1. Selecting the Turn. 

The programme described above calculates the impulse response of a 

coil or winding. The output is general in that it consists of the 

impulse response on all the turns at the specified point on the coil. 

The programme described in this section deals with the convolution of 

one turn voltage at a time. Therefore the first operation to be carried 

out is the retrieval from the general output file of the voltage 

impulses on the turn required. This was done using a programme named 

"getvolt". This programme is reproduced in Appendix IV(c). 

12.5.2. Adding Simultaneous !IIlpulses. 

The output of the impulse responses consists of impulse magnitudes 

and the times at which they occur. Since it is the sum of both the 

incident and reflected waves at the junction gives the voltage caused by 

the scattering operation, then two impulses must be accounted for at 

each time at each junction. A programme called "adsims" (Appendix IV 

(d», as the name suggests, adds together all simultaneous impulses, and 

so reduces the size of the data file to be handled. 

12.5.3. Convolution. 

The convolution itself is carried out in two stages. Firstly, each 

impulse in the impulse response is replaced by a series of impulses such 

that the addition of the series would give the shape of the actual 

applied surge. The magnitude of these series of impulses is in propor

tion to the magnitude of the impulse which they replace. The resulting 
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impulses are then sorted into chronological order and then the whole 

sequence is added to give the actual predicted response. For example, in 

the case of an actual input which is ramp shaped, each impulse is 

replaced by a series of equally spaced impulses of equal magnitude, i.e. 

(a) 

replaoed 
by 

Adding the impulses in (b) gives 

(0) 

which approximates a ramp shaped surge. 

I I I I 

The first stage of the convolution is carried out by programmes 

named "conv25", Icor1V50" etc. (the numbers represent the front times of 

the surges in question). These programmes replace each impulse of the 

impulse response by the appropriate impulse series. The output of this 

programme is then sent to a programme named "SORT" which sorts out the 

impulses into chronolgical order, since even with the steepest surges 

the front time is well in excess of the time interval between the 

impulses in the impulse response. The sorting programme taKes, by far, 

more c.p.u. time than any other in this section. The programme simply 

repeatedly searches through the data to find the impulse with the lowest 

associated time and then outputs it. Thus the output data consists ot 

the impulses in chronological order. It is possible, due to the nature 

of the data to be sorted, to modify this method to make it more 
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efficient by searching for the impulse w::h the lowest time value only 

in part of the data, thus saving c.p.u. ti=e. The "convolute" and the 

"SORT" programmes are listed in Appendix IV(e) and (f). 

12.5.4. Addition 

Following a further addition of simul:aneous impulses, the output 

impulses from the preceding programmes are repeatedly added to give the 

predicted waveform using "add", see Append:'x IV(g). 

12.5.5. Filtering. 

It was found that the data on the file representing the predicted 

waveform contained much more informatio~ ~han was actually necessary, 

and that in most cases two thirds of it could be disregarded by retain

ing only every third point. This was done using a programme called 

"filter", which is listed in Appendix IV(n). The output from "filter" 

can be sent directly to the existing grapn plotting procedures on the 

computer. Thus savings in both the c.p.u. :ime used by the plotting rou

tines and the storage space used by the da:a files are achieved. 

12.5.6. Interturn Voltages. 

All the programmes used in the convolu:ion procedure were used for 

each turn voltage required. Interturn volta~es were calculated by a pro

gramme "diff1" whicn subtracted one set of .:iata from another, and also 

found the maximum value of the difference. 

12.5.7. Command Level Programming. 

To enable the convolution to be carried out easily, a command level 
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programme was written which executed the programmes automatically. This 

was made possible by the nature of tne computer operating syst em . A 

line in a command programme such as-

programme < input ) output 

will run "programme" using tne file "input" as its input and the result-

ing data computed by "programme" is sent to a file named "output". Thus 

the command file used to execute the series of programmes descri bed 

above was as shown below. 

getvolt < impu14 e-response > f2 
adsims < f2 > f3 
rm f2 
conv25 < f3 > f4 
rm f3 
SORT < f4 > f5 
rm f4 
adsims < f5 > f6 
rm f5 
add < f6 > f7 
rm f6 
filter < f7 > waveform 

where "rm file" deletes "file". 

Thus tne file "waveform" contained all the points to be sent t o t he 

graph plotting routine. 

A further command level programme was al so written to enable t he 

previous command programme to be run repetitively so that the vol tages 

on all the turns of a coil could be predicted by writing only one com-

mand to the computer. This second command programme modified "comman d1" 

by altering "getvolt" to change the turn whose voltage was to be 

extracted from the general impulse respons e and als o alt er ed th e fina l 

output file name so that each turn voltage was in a different file . 
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Then "command 1 " was run and the process repeated as many times as was 

necessary. 

12.6. CONCLUSIONS. 

The set of programmes described in this chapter were written solely 

to test the validity of the new theory presented in the thesis. Woile 

more efficient programmes may be feasible, the optimization of the pro

grammes was not within the scope of the study. Thus the computer pro

grammes given here, adequetely fulfil their purpose. 



CHAPTER THIRTEEN. 

CONCLUSIONS. 

This study has shown that a need exists for a method of analysing 

surge propagation in stator coils in order that the voltages which the 

surges produce within the coils can be accurately predicted. The exist

ing methods of analysiS were reviewed. It was found that none of the 

existing analyses are capable of predicting, with acceptable accuracy, 

voltages within the coils. Further development of these analyses is not 

feasible since the winding models which they use are only tractable when 

assumptions, which invalidate them, are made. 

method of analysis is necessary. 

Consequently, a new 

The new method of analysis was developed initially for a two turn 

lossless coil. It was shown that the iron of the stator acted as a flux 

barrier and that distortion of surges due to it could be neglected if 

the frequencies contained in the surge were very high. The coil was 

divided into five sections each of which was treated as a multiconductor 

transmission line. The junctions of these multiconductor transmission 

lines cause reflections within the coil. It was found that these reflec

tions can be predicted using the scatter matrix technique developed by 

Agrawal et al (8). A oomputer programme utilising the new model was 

developed and used to predict voltages on the two turn ooil. Experimen

tal results for the two turn coil were obtained and, when compared to 

the computer predictions, they Showed that the model is capable of 

predicting voltages in the coil to a greater degree of accuracy than has 

been attained previously. 
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Tne model was extended to cater for multi-turn coils and the vali

dity was verified in the case of a twelve turn coil. Although the 

results from the multi-turn coil model were shown to be better than from 

any previous model, errors did exist in the predicted interturn vol

tages. 

To improve the accuracy of the model, losses were included. The 

original scatter matrix theory, developed by Agrawal et al was limited 

to lossless multiconductor transmission line junctions, therefore lossy 

lines, as such, could not be used. However, a method was developed in 

which discrete lossy elements could be included in the scatter matrix. 

The assumption that losses, which are distributed throughout the coil, 

can be represented by discrete lossy elements was justified by con

sideration of the time constants involved in the computations. The vol

tages predicted by the lossy coil model are significantly more ancurate 

than those from the 10ssless coil model. In particular, the predicted 

Interturn voltages are accurate to within a few percent. 

The model is capable, unlike previous models, of being used to 

predict voltages at any point on the coil. 

The waveforms of the interturn voltages, both measured and 

predicted, showed that a travelling phenomenon exists in tne coil. A 

voltage peak is seen to propagate, turn by turn, down the coil, undergo 

a reflection at the neutral end of the coil and subsequently return to 

the beginning of the coil, there to undergo further reflection. 

Although this travelling wave phenomenon clearly exists, it cannot be 

used by itself as a method of voltage prediction, since it exists 

together with a mutual coupling phenomenon. These phenomena must be 
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analysed together (as they are in this study) if accurate predictions 

are required. 

The coil model was used in the construction of a winding model. 

The results from this model showed that the first coil acted as a low 

pass filter to the surge and so no steep fronted sur'ges can impinge on 

the remaining coils. This confirms results from previous experimental 

studies. Since only the voltages on the first coil in the winding are 

of interest, and these only for a short period of time after the surge 

has arrived at the coil, only a few coils are needed in the winding 

model. The actual number of coils needed depends on the number of turns 

per coil and the length of time for which the analysis is required. For 

the 12 turns per coil winding, two coils were sufficient to give the 

turn voltages for up to 800 ns. 

Comparison of measured and computed turn voltages for the second 

coil in the winding showed that the model is not as accurate for the 

second and subsequent coils as it is for the line end coil. This is 

beoause the very high frequencies which are present in the initial surge 

do not exist in the voltages in the second coil, therefore the assump

tion that the core can be treated as a flux barrier is less valid than 

in the case of the first coil. Nevertheless the accuracy of the second 

coil voltage predictions is better than in any previous results. 

The model was used to investigate how the rise time of the applied 

surge affected the voltage distribution in the line end coil. This 

investigation showed that the magnitude of the interturn voltages 

increases as the surge rise time is reduced. This was expected since 

large interturn voltages have been Observed, in the past, only when the 
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winding was excited by fast fronted surges. The uniformity of thp 

interturn voltage distribution also decreases as the surge rise time is 

reduced. 

It was also seen that the effect of the losses on the predicted 

voltages increases as the rise time is reduced, even though frequency 

independent losses were used. The difference between the lossy and the 

loss less predictions of interturn voltage are only significant at surge 

rise times below 100 ns. 

Voltage distributions in coils with a variety of insulation levels 

were predicted by the model. It was shown that the fraction of the 

applied surge which appears between turns during the transient distur

bance is greater for the higher insulation levels. An increase in the 

thickness of the interturn insulation alone, significantly increases the 

interturn voltages which are generated. This is explained by the rela

tive importance of the series and parallel modes of surge propagation 

through the coil. As the interturn insulation thickness is increased 

the series mode becomes more important in determining the voltage dis

tribution. 

The concept of a winding surge impedance was shown to be of limited 

worth since surge impedance values are dependent on surge shape as well 

as rise time. However, it is recognised that surge impedances will con

tinue to be used in practice and the surge impedance values which were 

calculated for similarly shaped surges with differing rise times showed 

that decreasing rise time results in an increase in the surge impedance 

value of the winding. Increasing the insulation level was also found to 

increase the surge impedance. 
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It was demonstrated ~h:: the shape of the coil, i.e. the lengths of 

the slot and the end windi~g portions, have little effect on the inter

turn voltages for the very :~st fronted surges. For surge front times 

above 50 ns, interturn v~ltages are greater in the larger coils. The 

relative lengths of the slo: and end winding regions do not affect the 

interturn voltages. 

Comparisons between the possible interturn voltages occurring on a 

machine and the insulati~n test levels, as given by the commonly used 

Electrical Supply Industry ~:andards, show that the test levels are at 

present, inadequate. A =ore recent specification issued by O.C.M.A. 

(23) is based on a test sur~e which may be inadequate to ensure that the 

coil insulation is capac:e of Withstanding surges in practice. Test 

levels which adequately ens~re the ability of the coils to withstand 

fast fronted surges will =ake an analysis, of the type described here, 

essential in the design of coil insulation. 

The possibility of imp~Jving the accuracy of the analysis beyond 

that attained in this s:Jdy is hindered by the lack of accurate data 

pertaining to the coils. H=~ever, the shape and front time of any surge 

which may impinge on the =acnine winding in practice will not be accu

rately known, also the magr.::ude of the interturn voltages is sensitive 

to the surge shape, rise ti=e and magnitude, therefore a degree of accu

racy which greatly exceeds :~e degree of accuracy of the surge data is 

unnecessary. 

The analysis presentee nere was carried out using parameters which 

are fairly simple to calcula:e. For the lossless model only capacitances 

need to be computed. For tne lossy model reasonable assumptions were 
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shown to give values fo~ the loss elements which lead to results of 

satisfactory accuracy. Thus the lossy multi-conductor transmission line 

model combines good accuracy with simple parameter determination and is 

therefore a great improvement on previous models. The new analysis has 

therefore significantly imp~oved the understanding of surge distribution 

in coil. It is thought that it will be of importance in the design and 

testing of stator coil insulation systems. 

----------000----------
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APPENDIX I 

MULTICONDUCTOR TRANSMISSION LINE 

THEORY 

The theory is developed here for the case of a two conductor line. 
Losses are omitted. 

11//111 I III II 1/ 
I C,dx 

t 
L,dx 

JlQJ) Q.9Jl... , ___ ",_+d_",---.-._ 
" I,+dl, 

~x Mdx 

~.~~~-+-------~q~~ 
1 

Ldx / 

12 t;dx 

1 
7//777777777777 

14 dx _I 

FIGURE (i) Elemental section of 2 conductor line. 

From figure (i) above we have 

and 

},i'2 = -C2 ~x },V2 - C ~ x ~ (V2 - V 1) 
~ p ~ 

~ ~il = -(Cp + C1 ) ~Vl + C clV2 ~x 6t p ot 
and 

giving/ 

HS5 



",.giving 

~:~ = _ ~l + Cp -Cpl 
C2 + ~ 1.2 -C 

P 

Also from figure (i) 

~vl = -Ll ~ x ~~l - M ~x ~~2 

and OV2 = -Mdx ~l - L2 ax ~~2 

giving 

Dif feren tia t ing (2) w.r.t. x gives 

~, t~ = -Gl ~ 
~ 

~x v2 M ~ 

Differentiating (1) w.r.t. t gives 

~2. 

[~~ - - LP + C1 -Cp ~ ~Xdt -Cp Cp + C2 

Combining (3) and (4) gives 

= ILl M 1 fp _~ Cl 

~ L1J L- p 

or 
z 

(v) = (L)(C) ~. (v) 
Tt2 

Gl 
1 
~t~ G~· 

It can be shown [7] that for loss less lines in homogE:'neous 
media 

(L) (C) ... 1 (I) where (1) is the 
~ unit matrix u~ 

A ~ 

(1) 

(2) 

(3) 

.( 4) 

-)vl = vl ~ (x ± u.t) and v2 = v2 ~ (x ± u.t) where b (t) is the Di rae 
function 

From (2) 
• (5) 
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and also since GB = ~TI s (x ± Ut) 

Combining (5) and (6) 

rvil = +u rr:1 tzJ - ~1 

Therefore [ZJ = u ~1 u(L) = (C)-l 

U. 

giving (y) = (Z)-l =+CO-1 = uCC) 

167 

(6) 



APPENDIX II(a) 

Details of Two Turn Coil 

Nominal Coil Insulation Level = 606kV. 

Insulation Material 

Main insulation 2·6 mm 

Interturn insulation 0·32 mm 

3 Uninsu1ated subconductors 
7·1 x 3.75 mm. 

Resin rich glass fabric backed mica paper 
Relative permittivity 

fr = 5 

Coil Dimensions 

Admittance matrices 

6' SlO~ 

= 

r 0·14550 
L:0 0 06l03 

10.09103 
L.:0 0 06103 

l·Om 

-0.061031 
0. l455.EJ 

-0.06103"1 
Oo091Q1j 

NOTE: This coil was manufactured solely for the pu~posE,'s. of _ the 
study and does not represent the manufacturer's normal 
coil insulation dimensions. 
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APPE~DIX II(b) 

Details of Twelve Turn Coil 

Nominal coil insulation level = 11·OkV 

Insulation material 

Main insulation 3.1 mm 

Interturn insulation 0.6 mm 

Conductor size 6.3 x 2.0 mm 

Resin rich glass fabric backed mica paper 
Relative permittivity 

f.r = 5 

Coil dimensions 

j4--- O· 6m -4 

Admittance matrices/ 
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Admittance matrices 

l'y l Ib~0821 -0·0624 
~ sloEJ=I-0.0624 0·1324 

-0·0624 
-0·0624 

0.1324 -0·0624 
-0.0624 0·1324 -0·0624 

-0·0624 0·1324 
-0·0624 

-0-0624 
0.1324 -0·0624 

-0.0624 0.1324 -0·0624 
-0.0624 0.1324 -0·0624 

-0·0624 0·1324 -0·0624 
-0·0624 0·1324 -0,0624 

-0·0624 0·1324 -0·0624 
-0·0624 0·0821 

~ [tJ 
~ 

-0·0624 
0·1257 -0·0024 

-0·0624 0-1257 -0·0624 
-0-0624 0·1257 -0·0624 

-0·0624 0.1257 -0·0624 
-0.0624 0·1257 -0·0624 

-0.0624 0-1257 
-0·0624 

-0-0624 
0·1257 -0'0624 

-0·0624 0·1257 -0·0624 
-0.0624 0·1257 

-0·0624 
-0·0624 
0·1257 

-0·0624 



Interturn • 

'{'urn to cro:lnd 

( a) 

( b) 

( a) 

( b) 

Intgrturn 

• 

• 

• 

• 

( 310 t) 

• • 

• • 

Turn to ground (slot) 

( a) 

( b) 
• 

• 

• • 

0.003 

0.001 

0.01631 

0.00634 

Turn to ground (end region) 

( a) 

( b) 

• 

• 

Interturn 

Turn to ground 

( a) • 
( b) • 

Turn to ground 

( a) • 
( b) 

Interturn 

Turn to ground 

( n) • 
( b) 

Turn to ground 

( a) • 
(b) • 

• 

(slot) 

• 

0.00240 

0.00080 

().0748L~ 

0.OL1078 

0.01584 

(end region) 

• 0.::;0400 

0.00130 

• • 0.04157 

(slot) 

• • 0.0107':: 
O. r)076 f) 

(end region) 

• • 0.003 

• O.S010 
-

All dimensions in Mm. 
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[I 2.0 1 
11.0kV 
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APPE?mI ~C I V ( a ) 

E . ST 
double is, ,([ 12]L1 2], ,(YL26][26], matl[26]L26], cvLI3][2 6J, x , y , te m ~ , a, h, ~! 

d T ' [I'""[ '-J ' ] Yf l' r ') 'J [S 'J )' I:C') l ] - ,)/] G[ ')' J[ ""' J AL[r '· '~ [ '-'/J , e, _, C1 .:! .. 41),t , _no, mat ...... 6 ... ! 1': 4 ':> L •.• )! 4.:> .. 6 t ) ' ... .c::.-.J ... :. t 
2L26] e2.:.J, €!Ss; 

main e) 

int i,t I, J, k, m, q, p, h, n, turn; 
scanf ("I.d\n" , .r.tLll~n) ~ 

n " (tlll~n * 2 ) + 2; 
scanf ("i~e\n",t .ny[O][ O~J); 

for(i ~ 0; i ( turn; 1++){ 
t 0)'( J = 0; J ( tlll~lq JH){ 

s canT !. " ;~~\t " , i.i Y[iJ[j]):; 
" J 

!;;.canf(" \ n" ); 
;. 

~cal1f ( ";~e\n" J .Hi); 
tor ( K = 0; K ( 2; K++ ) { 

fore i = 0; i turn; i++){ 
fOl~(J -= 0; J ( tLn~ll; J+-;'){ 

'('([i + 1 + (K * turn)J LJ + 1 ~ 

;. 
} 

-, 
J 

'('([(turn * 2) + l]e(turn * 2) + 1] = Yf; 
cHOJ[ Oj = cv[(n/Z) - 1]en - 1] ;: ci[(n/2) - 1][n - 1J = 1, 
(vLO][O] = -1; 
fad i = 0; i ( (lin) - 1; i ++ ) { 

ciliJCi + 1J = ci(i + 1Je1 + (n/2 )J = 1; 
cv[i][i + 1] - 1; 
cvli + IJ[i + (n/2)] = -1; 

for(i = 0; i ( n; i++ ){ 
cv[(n/2) - 1][iJ = cv[(n/ 2) - 1J[iJ * -1.0~ 
lv(UjCiJ = cv[O][iJ * -1.0; 

f od i .. 0; i < n - 1; i ++){ 
scant("j;e ", &R[iJCiJ" 
} 

scanf(";~.a\n", &I':[n - llLn - 1]); 

tor< i :: 0; i ( n; i ++) { 
for(J = 0; J ( n; J++ ) { 

sCC:"Il1f(";~e \ t" I .~G[i)[Jj); 

;. 
sC <:lnf ( " \11 " ); 
} 

for(i " 0; i < n; l++){ 
fo r(J = 0; J ( n; J++){ 

it(~i = :: i)ADDCiJCJJ :: 1.0; 
tor(K = 0; K ( n; K++){ 

ADDCi][jj = (RCiJEK] * ttCKJCJ] ) , ~ (GC i J CK] • REKJlJ J ) + 

J' 
} 

} 

for(l - 0; i ( 11 / 2; i++){ 
for(J = 0; J ( n; J++ ){ 

mat(iJ[JJ :~ 0.0; 
tor (k = 0; K ( n; K++){ 

watCiJlJ J . (cyCiJCKJ * ADDCK)[JJ * -1.0) + ~atLiJ[JJ; 
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;-
'. J 

' . J 

fol'<i .. 0; i < 1"1 / 2; i ++) { 

fo r(.; = 0; j ( n; J+ +){ 
for (K = 0; K ( n; k++ ){ 

IIlett( Cn l 2) + i] [ JJ = ( ci[ i J O(j If ('f'{[k J CJ J -I- GCI.(] [ ,iJ» + rn 

at[(n/2) + i JLj J ; 

matl[(n/ 2) + illJJ; 

for(i - 0; i ( n; l ++){ 
mat[i][ i + nJ = 1. 0 ; 
for(J = 0; J ( n; J++ ){ 

} 

if(i == j)ADD[ i J[JJ = 1. 0, 
~l se { ADD[ iJ[J) = O. O;} 
for(K = 0; K < 11 ; K++){ 

ADD[ i ) l JJ ~ (G[ i ]e k ) * RCkJ [ JJ ) - (R [ l ] [ KJ • YY[KJ[JJ) + , 

fO )' ( i .. 0; 1 ( n/ 2 ; i++ ){ 
for(j ~ 0; j ( n; j++ ){ 

} 

= 0; i 
l' 01'( J = 

;. 

f or (k = 0; k < n; K++) { 
matlli J ( j J = (c vli][ KJ * ADD[K J [ J ) + matl Li](j J ; 
} 

} 

n, i ++ ){ 
0 ; J ( n; j++ ){ 
mat2[i] [ JJ = matC i Jej] ; 
;. 

I*****************INVERT START***************/ 
torC h = 0; h < n; h++ )mat[hJLh + nJ = 1. 0 ; 
for Ch ~ 0; h ( n; h++) { 

fOI' ( i "0; i ( n ; i++ ){ 
x = ma tChJLiJ; 
for ( j = 0; j ( 2 • n ; J++){ 

mat[hJ[J] ~ matlh )[ j ) .. (matll][ J] * x) ; 

;. 

a = 0.001 ; b = -0.001 ; 
If (matLh]eh] ( = 0, 01 &~ mat lh )[hJ )= -O . ul){ 

f OI' ( i :: h + 1, i ( 11; i++h 

} 

Y. :: matChJChJ; 

i1 (matli] [h J ) le -03 :: mat[ i Jlh J ( - 1 ~-u3 ){ 

f a r( j = 0 ; J ( 2 I 11; J++) { 

:;. 
h---, 

mat [hJl J J = ma tC hJl J J + matCIJLJJ; 

i = 11 -I- 1 ; 
;. 

f Oi~(i :: 0; i < 2 * n, iH)matLh][iJ - mat C!iJC1J h. ; 
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it(h ) OH 

- 0.0, 

for (i = h - 1; i )= 0; l ·· -){ 

X = mat[i][h:.l, 

} 

for(J = 0; J ( 2 * n; J++ ){ 

} 

mat[iJ[JJ = mat[iJlJ] - tmat[hJ[ J ] * X); 
if( matli][J] ( 1e-l0 && mat[iJ[J] ) -le-l0 && J 

1* ifCh )~ 24){ 
f 0 d i =. 0; i < h, i ++ ){ 

l,n"intfC"H '" i.d\I1", h); 
for(J = 0; J ( n * 2; J++) { 

prlntf( "l.e\t"; matLiJ[J]); 
;-

pl'i ntf ("\n") ; 
;. 

pdntf("-----------------\n"); 

} 

/-****************lNVERT END***************I 
for(i = 0; i ( n; i++){ 

for(J = 0; J ( n; J++){ 
r ~ 0.0; 
for(K = 0 ; K n; K++){ 

I = 1 + (mat2[i][KJ * mat[ KJlJ + n:.l ) ; 
;. 

pl'intfC"i.e\t", I); 
;' 

pl'int f (" \ n" ); 
., 
.J 

printfC"7.d\n " , tLll'n ) ; 
Torti = 0; i ( n; i++){ 

;. 

for(J = 0; J ( n; J++){ 
ess = 0 .0; 
forCk = 0; K ( n; k++){ 

temp = matliJ(k + nJ * matl[kJlJJ; 
ess = ess + temp; 
} 

pl'intf("i.e\t", ess); 
j 

pl'intfC" \ n" , ; 
} 
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APPB:mr x 1'1 ( b) 

LO ,C;;'; C1\ L 

'tlo~,t essl2Jt:Z8J[ 2[lJ, i~el 2e], 'v'eeC:iO), ti lliej 'ft, '1':::./ T:3 .1 a t temp,. tE? lllpl, ,,' :'::, T 4 
t VEE, RE, R[26J, 50[80][28J; 
main() 

int i, ru, J, pui, pot, 
scanf (" 7.c\\n"; .~X); 1* 
scant (" ;~ d\n" .t ·~ tur · n ) ~ 

if (X =" t\.l r 'n ) X = X * 2; 
w = (tu rn * 2 ) + 2; 
forCK = 0; K ( 1; k++)t 

k ! P .' h.l i1 , 'I ., t U i' n! X lsi g n ; 
X is the tUl' l'I ,d: IlJh i ch ti l e \'o 'lt dge 1S l ' eqLtll ' ed 1\'/ 

f t»' (:i. ::. 0; i { iii , i ++ ){ 
f 01 ' ( J "' t); J ( m; ~i ++){ 

scant ( ":'~e\t" ", ~essLkJ(iJ[JJ); 
} 

sc.:nf ("\n " ) ; 
} 

-r 0)' U - 0; 1 ( 111- 2; i ++){ 

for(J ~ 0; J ( m-2; J++ ){ 
scanf( " ;~e\t",. .~essL1J[iJ[ JJ ) ; 
>, 
J 

sC<:Inf"("\n"); 
} 

for(i - 0; i ( iii; i++){ 
scanfC"%e ", &RliJ ) ; 
"} 

·:.;card C "\n") ; 
p :; 0, 
50(0)[OJ = 100.0; 
f or(i = 1; i ( m; i+ + )~o[OjCi) = O.O~ 
so[O][mJ = 0.00; so[O]lm + 1J ~ 0.0; 
p++, ' 
lIJhiie(1-l < lOOH 

"time:.: solO][mJ; h = 0; 
for(i = 1; i ( p; i++) { 

i1 (soCiJ[ mJ ( t lme ) { 
time = so[iJlmJ; 
h :: i, 
]-

}-

for(i = 0; 1 ( m + 2; i++){ 
ve~[iJ = so[h]CiJ; 
50~hJC iJ = so[p - iJl l J; 
solp - l)[iJ = 0.00 ; 
} 

p--, 
f orti ~ 0; i ( p; i "~+) { 

itCsu[iJLmJ ( = (1.0001 ~ ve eLmj ) && soLiJ[mJ ).: (0. 9999 * vee LmJ ) ~& so( ~ 

JEm + 1J -- veelm + lJ) { 
for(J ~ 0; J ( m; J+ '~) { 

i. :: fJ ; 

vee[JJ = v~eLJJ + SOllJ[JJ ; 
"' J " 

0; J < fIl + 2; ~i++){ 
s oLiJ[ J] = SO LP - lJ~JJ; 
so[p - lJ[JJ = 0.00; 
]-
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} 

if (vee[m] < 131 U)t 
n ::. 01, 
:.t(veeLm + 1J ( = 1.0a-oJJ ,~l.i V~€:'lltl ... 1J ) :: '·1.0e-0::H, 

'I ., C) ; 

f1lse if (vee(m + 
i = 0, iJ j , 

~ . .. 5. i ,~ ,~ 'v'f1e[m , j , i] } = I~ ,i){ 

;-
t1 lse if(vef,![m + 

I :-: 0; 
1] < 10.1 .!¥& vee [lll + 1J \ '/ .'i ){ I 

" , 
J 

el~e if ( vee[m + iJ ( 15.i &1:1. I,'f.,oe lm ... 1J ) 1-4 . 9H 
'I 0: 0; 
" J 

.. i, 
n -:: m - 2; 
;. 

for(i " 0; i ( n; i+ + ) { 
l'e li J ,, 0 .00 ; 
ior (J = 0; J ( n; J ++) t 

" J 

temp = v2e[J] * ess [IJ[iJ(JJ; 
'(' eLiJ = l' e[U + temp, 
;. 

T1 = 2 . ~ , 12 :: 5.6; 'f3 ·, 5. ,~., Ttl :: 2 .3; 
~ :: vee[m .. U; 
:d (a :: " (). 0 : i a :: :: S. () :: <3, :;:; 10 . 0 :: ;:1 ,. - 1:1 . ()) { 

sign = 0; 
'f ol' (i :: 0; i < Iil~ i++){ 

if('i'e[ i J } 0 .0005 :: )'~ [i J 

~i<Jn :: 1, 
i :; m; 
} 

} 

ll(s:i.gil .. ,- IH 

-O.0005 ){ 

1or(i = u; i ( (01 " 2 )/2 ; i++)so(p ][:i.J = re (i + 1); 
so Lp][mJ :: vee(m] + Tli 
<j O[ pJCm + J.J = 1. () '" vee Lil'I '" 1]; 
pH; 
fo)'(i :-: () ; 1 < (0'1" 2)/2; iH);;oLpJCiJ .' l' eCi + ( 0}/2)J; 
s o(p][m] :: vee[ mJ + T1; 
so[pJCm + 1] :: 4.0 + vee[m , ~ 1J; 

if (v ee (m + 1J < 4 . 5)t 
pl"i !'Itt ("~e\t", veel mJ); 
",l EE :: «~:[0 ~ * vee LU ) + ( j~ [1 ] :* VE:!e[ OJ » /(RClJ + Fi t OJ .>~ 

~l'i nt 'f ~ "I.t;?\t" J VEE ) ~ 
tor(i ~ 2 ; i ( turn + 1; l++) ~ 

I"IEE :: «veeC:iJ '* RU '" tLl)'l1 " 1] ) 'r ('v' i:eLl t 'I:I.ll' '!) 

- 1] * RCiJ» / (k li] + RCi + tLll'n - 1]), 

+ R[m-2J ) '; 

pr' lntf( "~~e \ t' ! \,.IE£ ) ; 
;. 

I')EE :: «RCm-iJ it 'v'eeLm- lJ ) + O( Lm-iJ * veeLlIl-2]) ) / (f.:Lm-1J 

Ii r'l l1tf (" ;~ e )1" t VEE); 
p'dntf("%e\t", veelm]); 
i'\E = t (R L 0] :t l' e [1J) + (R C iJ \If r'e L 0 J ) ) / (R [ 1] + k C 0 J) ; 

pl' i ntf(" i~e\t", RE), 
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forCi - 2; 1 ( turn + 1; i++){ 
RE = « I' eCiJ * kli .;.. tll'l'n - lJ) ·l· (r·e[l ... tl.i l ' iI -

1J * R(iJ »/( R[iJ + RLi + turn - IJ); 

., 
J 

j.)nnU(" ;~e\t".' F.:E); 
} 

jJl'1ntt("l.e \ n ·· .t RE ); 
} 

p++, 
If(veeLw + 1J (= 0.1 && veelm + 1] )= -u.l) { 

soLpJ[O] = re[OJ * -O.~; 
uoLpJ(m] = vee[~J + 95 .2; 
soLpJ(m + 1] = 0.0; 
P++; 
uolpJ[OJ = re[m - IJ; 
so[pJ(mJ = veeLmJ + f4 ; 
solpJ(m + 1J = 5.u; 

} 

e15~ if(veeCm + i J ) 14.9 && veeLm + IJ ( 15 . 1) { 
so(p)[m - IJ = re[OJ~ 

else{ 

} 

so[pJCmJ = veelm] , ~ T ~ ; 

soCpJCm + 1] = veelm + IJ 5 .0; 
j.)++; 
} 

soLpJ(m - 1] = reLOJ; 
so[pJ[mJ = vee[mJ + T4; 
~o lpJ[m + 1J ~ veelm + IJ ,. 5.0; 
pH; 
soLpJ[OJ = re[m - lJ; 
soLpJemJ = vee[mJ + T 4 ~ 
~o[pJ[m + 1] = veelm + 13 + ~.O; 

else if (a ( = 1.1 && b 

10.9 :: a > 15.9 && a ( 16.1) { 
sign = 0; 

0.9 :: a < ~ 6.1 && a ) 5 . 9 :: u (= 1i.l && a ) 

fOI'(i " 0; i < I'tl; iHH 
11 (l'eCiJ ) 0.0005 :: r'eLi.J -0 . 000:5 h 

~ ign = 1, 
1 - m; 

.'. 
j 

if( slgn -- 1){ 

for(i = 0; 1 < (m .. 2)/2; i ,;.+)so LpJU . i] = r 'i::'liJ; 
soLpJ[mJ = veelm] + T1; 
uoLp](m + 1] = veeLm + 1] - 1.0; 

i orCi = (w - 2)/2; i m - 2; i , ~+)so[pjCi] = r eCi J ; 
so [p][ m] = veeLmJ + 12; 
s aLp][m + iJ = vee[m + 1J + 1.0; 
(H+; 

else ifCa (= 2.1 && a 1 q . , I I o. 
I I ~ (= 7 .1 && a > 6.9 : ; <.\ ( = 1:':: .1 
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, O. 9 :: a } 1·~. '7' ,~ .~ a ( 17 . 1) ,;: 

~:i.gn :.: O ~ 
for(l ;; 0; i ( m; i +~ ){ 

if(re[iJ > 0.0005 :: reliJ 
sign:: i, 

-O.OO Oi) { 

~ . . ' 

i ;; llq 
" 
J 

if{<,;ign - .. 1){ 

} 

for(i ~ (m - 2)/2; i ( m - 2; l ,~+ )so[pj( i J = ~e[lJ; 
soLpJ[mJ ;; veeLmJ + T~ ; 
SOLpJ[1ll + 1] - veeLIll + U .. i.0; 
P++; 
fo r(i ~ 0; 1 ( m - 2)12; i++ )s oLpJC iJ :: rHCiJ ; 
so[p][mJ ;; veeLmJ + T3~ 
sOLp][m + 1.] :: veeLlll + 1] + 1.0; 
1'>++; 
j . 

else 1 i (a <:: :;). 1 .~& a > :2. '1 :: <'l ( :: 8. i .:,,~ a 
. 9 :: a ) 17.9 && a ( 18.1){ 

sign :.: 0:; 
for ( l ;; 0; i < m; i++){ 

it(reCiJ ) 0 .00u5 :: r ' ~LiJ 
sign:; 1, 

} 

:i. :: Ill; 
" 
J' 

if(si ':,jll -- 1) { 

- O. (J005){ 

fOl~(i : : 0; i < ( Ill - ;012; :i.++)soLpJ(iJ;; r ' ~[iJ; 
so[pJ[mJ ;; vee[mJ + T3; 
so[pJ[m + 1] ;; vee lm + 1] - 1.0 ; 
p++; 
for,i :.: (m - 2)/2; 1 m - 2; i++)so lpJ[i] :: ~~(i], 
so(pJ[mJ :: veelmJ + T2; 
SO[pJ[ 1ll + iJ = v~elM + 1] + i.O; 
p++; 

else if(a (= 4 .1 && a 
.9 :: a ) 18.9 && a ( 19.1){ 

Slgl1 :. 0; 

3 . '1 :: a ( ~ 9.1 && a > S.Y :: a (= 14.1 ~~ a ) 1 ~ 

for (i ;; 0; i ( m; i++ ){ 
:i.f(r~[i ] } 0.0005 :: reCiJ ( -u .OUUS) { 

s ign:; 1, 
i ::. Til; 

} 

if(s igrl -- IH 
-t ol'(i :: 0 ; i { (. 01 - 2)12; :i.++ )~.o [pJ[l. + ( 01 /2 )] :: r'i;: Li]; 
so[p)[mJ = veeLmJ + Tl~ 
s olpJ[m + 1] ;; v2e Lm + 1] .. 4.0; 
p++. 
for(i ~ (m - 2)/2; i m - 2; i++)SO[pJ[ l ] :: reel]; 
s o[pJ[m] = vee[mJ + T2; 
SO[pJ[ 1I1 + lJ = 'lee Ch) + 1J - 1. 0; 
j.l++ '. , 
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IJl'intt("~JUt-iC TI OH NUMBER FAULT\t ~lunctl(jn 1'~l.I.mbel' - ~~ e\ii " ! v ~eLlll + 1 
:J) ; 

if(p > lOO){ 
I.wintf ("P tou big\n"); 
vee(mJ = 100000; 

printf("f' = ;~ct\n"f p ) ; 
pl~:i.rrtT( " ~ln. No. 0: !.e\n"" veetm + 1J); 
]-

pd nt't ("'i999\n") ; 
} 
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main() 

in t i, n , j, 
float a, b, 
.i :.: 9~, 
C\ ~ 1.0; 
sCZlni ( " ;~<.I\n", ,in); 
while (a ( = 9000){ 
sc~,nf ( "i. e \t", ,~a); 

pl'intf( "Xe " , a ) , 
for ( i = 0; i ( n + 1; i++){ 

sCCl.nf ( " I.e\t", ,!i.b); 
If (i : ::. j)lihl1tf( " ~~e\l1 " , 
} 

~ c;.;\l1f ( .. \ n " ) ; 
;. 

pl'i ntt ("'7'999\'11"), 
;. 
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iln- ),; 

l\~P t:: l i 1; I x ..I.Lig) 
Ll.D:::: U:S 

float a[2J, b[2 J; 
scanf ( " ;-'I;i 1.2 \ 1"1" j ,:'~! [OJ t }i<.~ L 1]) ; 

forti = 0; i ( 3000; i+ -~ ) t 
SC 'H.t' ("~~~ %t;' \ n".t ,~blOJ _, ,'!. JJL 1 J ) , 
if(b[OJ ~= 9999) i = 3000; 
el!.;2 if (b COJ i.~lOJ (:: 0.) ,~,~ <:\[OJ -- M O] <,: : ..::) { 

el se -t 

:;. 
pl~i ntf ( "999~' \ n" ) ; 

j-

a[1] = all] + b[l] ; 

!-H' i rrt -t( ";'e :~e \il"! LlLO] t cd.::LJ ); 
a[O] = blOJ , 
"d:'iJ " bl1J ; 
-'-
" 
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. ~. [ 

main () 
{ 

i nt i, J, ", t 'q 
float so(58J[2J, ~(2J; 
fodl< :.: 0; 1< ( 3000; K++ ){ 
scant(";~!t i. e , !1".t ,~~ (OJt ,~al1]); 

if(a[O] == 'i999 11 :: 3000; 
Ii' I se"~ 
1 :.: 0 .; 

f or ( .i "" 0; J 
I ',. ; , 

SO[.i][OJ :; a[Oj 
~" 
.' 

~ol"l][1 J = aUJ 
so[i J(lJ = aEl] 
s oC 1]( 1) = all] 
soli :Hi] = aU] 
soLIJ(1) = aClJ 
so[l ][1J = a[lJ 
50[ ",J[1] = alLl 
SOL I J [1] = a [lJ 
soli J[1 ] :.: all ] 

f 0)'( 1 = 0, i I Ij ... 
\ I , 

pI' i ntf ( .. I.e 
:;. 

;. 
} 

pl'intf( "9'i99\n") ; 
} 

J++ ) { 
+ (3.125 

)f u.oo; 
* 0.05; 

* OdS; 

* 0.15; 

'* o .1~; 
* 0.15; 
if OdS; 

* 0.15; 

* v.OS; 
i++){ 

~~e \ I1" ! 

'* J ) , 

1++; 
", ++; 
1++; 
j ++; 
1++; 
I H; 
1++; 
i ++; 
I ++~ 

s o(iJ[O] , 
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l\.~r;::":rIX 117 ( f ') 
SORT 

f l uat mal 600J[~J; 

i nt i.t f'.t J t I, 
for(i ~ 0; 1 ( P; i++){ 

scanf(" i; ~ ;~e\n" , ,~mal iJ[ O], ,~ m a[iJl1j) ; 

" :: 0; 
whil e( maCl](OJ ( 200U){ 

1 :.: 0; 

, 
.I 

forCi = 0; i ( 600 ; i ~ + )( 

if(m C'. [iJ[O] < ma C'I J[OJ)1 - i~ 

l-i l~intf(" ;~e Ze\n", loa ll ] [O ] , mal"l J[iJ); 
scanf("i;e i;e \ n", &ma[I]C OJ, ,~ma["IJ l1Jj ; 

i fCmaC IJl OJ > 2000){ 
1 :" 0; 
for ( J :: 0; J { 600 ; J ++ ) { 

f or t i = 0; i ( 600; i++ ){ 
if( maC i ]l OJ ( ma l\J(O] )l = 1; 
;. 

j.il~ intf ( ";~e :~e\ n" , mal"lJC 0J, lllaL1J[iJ)~ 

maCIJ[ OJ = 29Y9 .u; 
' . . ' 
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mai n ( ) 
.~ 

int i; 
'tloat sl2J, a; 
a .: 0 . 00; 
iorti ~ U; i ( 2000; i~+){ 

Arp~N'DI ~{ 1'.' (g) 
A r!~' 

scant" ("i~e I.e\n" t ,s;. ~ [OJ f t.is[ 1 J ) ; 
if(s CO J == 99Y9){ 

el se '~ 

:;. 

i - 2000; 
1-

sci ] = selJ + ~1, 

~ :: s[1J; 

} 

pl~i ntf ("999'j' \ n" ); 
:;. / 11: end */ 
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Illain( ) 
, . . ~ 
:i.nt J.; 

l\PP~~:DI X IX.1h ) 
. To'I T,TF.R 

double x, y, Z, WI t, ct, r, q; 
for(i = 0; i ( 700; i++){ 

} 

scanf (";~e l.e\nl.2 ;~e\nl.e ;{e\n" ., '~ . .i. , ,~y, I~:;: J '~\IJ, '~l' .1 ,~q); 
if(x == 9999 :: z ,, : 9999 :: l' :: 'I999){ 

:i. = 900; 
... 
J 

el s.e{ pl' intf("i.e I.e \ n", j., y;; } 
} 
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ABS'lRACT 

Steep fronted switching surges can cause severe 
stressing of the interturn insul ation in induction 
motor windings. 'Ibis may lead to failure . Experi
mental results show that severe non-linearity in the 
voltage distribution within the coil can occur. It is 
shown that an analytical method of quantifying int er
turn surge capability is required, if test methods and 
design procedures are to be used with confidence. Such 
a method is described and shown to conform well with 
measured results. 'Ibe use of surge protection devices 
is briefly considered. 

I NlROOOCTION 

'Ibe applica tion of a high voltage tr ansient to 
the stator winding of an induction machine causes 
interturn voltages which are in excess of those exper
ienced during normal running conditions. If the inter
turn voltage is in excess of the inter turn insulation 
withstand l evel, the insulation will break down. 

'Ibe magnitude of interturn voltage is dependent 
on both the amplitude and rise time of the transient 
voltage applied to the machine t erminals. For relati
vely slow transients (e. g . rise times of I ~s or more) 
the interturn voltage may be considered to be unifoniy 
distributed between the turns of any stator coil. For 
fast transients (e.g. rise times of 200 ns or less) a 
non-uniform distribution occurs and the inter turn vol
tage is much higher. It is therefore possible for a 
stator winding to fail in the interturn mode, when 
subjected to a fast transient, having a lower voltage 
amplitude than that for a slower transient. 

'Ibe occurrence of high vo~ge fast trans ients has 
been demonstrated by field tests on vacuum interrupter 
systems, where trans ient line voltages in excess of 
6 pu rated voltage, with rise times of approximately 
200 ns, have been recorded. Laboratory experiments 
have shown that rise times of 100 ns or less can occur. 

'Ibe foregoing illustrates the importance of asse
ssing the ability of a stator winding to withstand a 
prescribed surge wave. Ideally this should be done 
using proven design software at the machine design 
stage. To date this has not been possible: no relia
ble analytical models have been available. 

Kei th McLeay 
Parsons Peebles Motors & Generators 
Edinburgh, U.K. 

'Ibis paper r eports the results of a programme of 
experimental and theoretical work aimed a t determining 
stator interturn voltage distribution due t o fast tran
sients. 

EXPERIMENTAL INTERTURN VOLTAGE DISTRIBUTIONS 

'Ibe experimental investigation was carried out in 
order to examine interturn voltage di s tribution in a 
coil subj ect to transient voltages of various ris e 
times . Rise times of 1000 ns, 100 ns and 10 ns (1 ns 

-9 
= 10 seconds ) were applied to a typical 12 turn indu-
ction motor coil. Voltages were measured on each of 
the twelve turns . 'Ibe experiments were carried out in 
air with equipotential shea ths fitted over the slot 
portions to represent the iron core . Test results from 
coil s fitted in an iron core showed no significant dif
ference to those obtained from sheathed coils, which 
gives confidence in the method adopted. 

Examination of the wave leaving the coil and com
parison with the rise time of the wave entering the 
coil (see Figs. 1, 2 & 3) shows clearly tha t the coil 
scts as a low pass filter. Therefore the probability 
of any critical inter turn voltages occurring in any 
coil can be seen to decrease as the wave progresses 
through the winding. Although each coil can be trea ted 
as a low pass filter, and each turn has series induct
ance and shunt capacitance, individual turns cannot be 
considered as independent low pass filters, since this 
would be equivalent to treating the coil ss a l adder 
network. This can be seen to be invalid because each 
turn is inductively coupled with all other turns. 

Figures 1, 2 and 3 clearly show that, for fast 
transient voltages, the interturn voltage distribution 
is not linear and that, consequently, a l arge proportion 
of the applied voltage can appear be tween turns. Thus 
l arge fast transient voltages (such as those due to 
multiple re-ignition and volt age escal a tion in vacuum 
switchgear) may create inter turn voltages which are 
greater than those allowed for in us er s insulation 
standards and may lead to inter turn insulation break
down. In the case of the 1000 ns transient the inter
turn voltages are not l arge enough to critically stress 
the interturn insulation system: we shall, therefore , 
devote our attention to cases where transient surges 
have rise times below 1000 ns. 
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FIGURE 1 

FIGURE 2 

FIGURE 3 

VOLTAGE DISTRIBUTION DUE TO 
A 1000 ns PULSE 

VOLTAGE DISTRIBUTION DUE TO 
A 100 ns PULSE 

VOLTAGE DISTRIBUTION DUE TO 
A 10 ns PULSE 

Current informed op~n~on in Europe and the USA 
seems to be that inter turn test vol t age rise times 
should be stipula t ed in the r egion of 200 ns and that 
peak t es t coil voltages should be of the order of four 
to five times rIDS line volts. Whils t this would be a 
significant advance on present t est procedures, the r e 
sults of our experiments show tha t the proposed 200 ns 
rise times may be too long to simul a t e conditions which 
may occur in prac tice . 

However, i n order to assess, at the sys t em or mac
hine design s t age, the effec t of a given surge rise 
t ime and vol t age combina tion, a grea t er knowledge of 
surge propaga t ion in stator coils is required. Without 
this information, any proposal s fo r effec tive inter turn 
t es t procedures mus t be considered as somewhat specula
tive; hence the need for a general analytical method of 
quantifying surge distribution. 

COMPUTER MODEL : VERIFICATION AND RESULTS 

The results for one particular exper imental confi
gura tion may not be generally r epr esenta tive of other 
experimental arrangements or of any specific practical 
si tua tion. Consequently, no firm conclusions can be 
drawn from these tests, as they stand, other than that 
a probl em exis ts. Wha t is needed is a general method 
of predicting s t ator inter turn voltages which can be 
applied to any configuration of swi tchgear, cables and 
machines and which is valid for any realisable winding. 
This would increase our understanding of the problem, 
and provide a powerful analytica l tool for the avoida
nce of inter turn insulation failure. 

The conventional transmission line model, which 
visualises the surge arriving on the first turn, trave
lling along each turn in succes sion until finally leav
ing the coil, has been proven invalid by the tests . I t 
can be seen from Figures 2 and 3 , that upon application 
of the surge, a voltage appear s on each turn simultan
eous ly , al bei t with a differing magnitude, thus produ
cing high interturn s tres ses. As a consequence of this, 
it may be deduced that magnetic and e l ec tr i c coupling 
be tween turns plays an important part in the propaga
t ion of sur ges through a coil. 

A n ew theoretical approach using multiconductor 
transmission line theory has been found to be success
ful in predicting transient r es ponse within motor coils 
Thi s me thod is an improvement on previous methods in 
tha t it predicts wave propagation within the t urns of 
the coil as opposed to predicting t erminal conditions 
of the whole winding or a s ingl e coil. It thus allows 
prediction of the interturn voltage be tween any two 
turns, a t any point on t l.ose turns . 

The following three main assumptions ar e used in 
the construction of the model. 

1. The spectral content of the surge wave is of 
s ufficiently high frequency to r ender the iron 
core a f lux barrier. 

2 . These high frequencies render al l parame t ers 
frequency independent. 

3. The losses can be discounted , or at least can 
be lumped a t di screte intervals in order to 
make them tractable. 

These assumptions are considered to be valid and 
can be experimentally verified. 

A section of our model is shown i n Figure 4 (two 
turns are shown, although the pri nciple applies to any 
number) . 
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ground 

====;::::== Cgd Ie 

,0000000, 

====::!====Cpd x 
Ldx 

====::!====Cg dx Ld x 

~ ground 

""~------- dx ~I 
MODEL OF A TWO TURN 

SECTION OF A COIL 

FIGURE 4 

The response of the coil is constructed by calc
ulating the effects of a surge as it is propagated and 
reflected i nside the coil. The surge propaga t es a long 
the coil as in a multiconductor transmission l ine and 
with mul tiple r eflections at any discontinuities (e . g. 
at the iron/air interface and a t the coil t erminals). 
The propagation of the surge along each section of l ine 
can be calculated using the equa tions of multiconductor 
transmis sion line theory, and the reflections can be 
calculated using the scatter matrix t echnique developed 

by Agrawal e t al. l The method employed is essentia lly 
a lattice diagram technique which is used to compute 
the impulse response of the coil. Time-convolution 
with the input surge is then applied to obtain the ac t 
ual time response of the system . 

Figure 5 is a simplified schematic o f the experi
mental arrangement used to test the theory. 

The voltage appearing on each turn of the coil 
was recorded for a switching surge o f 30 ns rise time . 

t-O 

1 
TES T CIRCUIT FOR A SINGLE COIL 

FIGURE 5 

Correlation of the experimental r esult s with tho
s e obtained from the computer mode l is shown in Figur e 
6 . (In Fi gures 6, 7 and 8 voltage magnitudes ar e pre
s ented as a percentage of the vol tage a t the switch). 
The corre l a tion can be s een to be excellent, thus giV
ing confidence in model predictions. The singl e coil 
mode l used to produce the calcul a ted waves i n Figur e 6 
can be used as a building block in the modelling of a 
complete winding by simple r epetition and appropria te 
interconnection of each coil element. 

Since the iron core behaves as a fl ux barrier dur
ing fast transients, adjacent coils may be consider ed 
to have no mutual coupling, but are linked only by 
their physical electrical connections. This s eries 
nature of the wave propagation suggests tha t remote 
conditions (i.e. at the neutral end of the phase) do 
not influence the initial voltage distribution within 
the line end coils. This postulate is suppor t ed by 
the results of Figure 7, which shows the voltage dist
ribution i n the firs t of four series connected coils 
and is al mos t identical to that calculated and measu
red for a single coil shown in Figure 6. 

The effec t on line end coil voltage distribution, 
of introducing more coils into the model, diminishes 
as the number of additional coils is incr eased. There 
is, therefore, a l imiting number of discrete coil mod
e l s, above which the line end coil vol t age distribut
ion is unmodified by further extensions to the model. 
In practice this means that it is possible to simul a te 
complete machine windings without including every sin
gle coil in the model. 

~e computer model can clearly be us ed to invest
igate the influence of winding parameters and surge 
rise times on maximum interturn voltage. An importan t 
result of such an i nves tiga tion is shown in Figure 8. 
Figure 8 shows maximum inter turn voltage as a function 
of rise time for various turns per coil of an 11kV 
insulation sys tem and indicates tha t this voltage is 
not sensitive to the number of turns employed. Simil ar 
results are obtained for 3.3, 4.16, 6.6 and 13 . 8kV 
coils. Consequently, it is the authors' view tha t 
the interturn insulation withstand l evel, adopted for 
a par ticul ar Winding, should be decided with the rate 
of rise of a potential switching surge as a fundamen
tal parame t er. No exis ting s tandards t ake note of th
is, as far as is known. 

Due to impedance mismatch a t the machine termin
als, the maximum voltage to ground on the winding will 
be higher than the voltage generated at the switching 
device. The magnitude of the increase in voltage to 
ground appearing at the machine end of the cabl e can 
be used to calculate an effective surge impedance for 
the machine winding. (This impedance is not a true 
surge impedance since the voltage on the winding is 
de t ermined by the overall effect of a l arge number of 
wave refl ections inside each coil). Figure 9 shows 
how this effective surge impedance varies wi th the 
rise time of the switchi ng surge for a range of turns 
per coil for the llkV insulation system analysed in 
Figure 8. In spite of the assumption that the distri
buted coil parameters are frequency independent, the 
effec tive s urge impedance of thewinding can be seen 
to be highly dependent on the spectral content of the 
surge . An interesting aspect of our results is that 
surge impedance at low rise times varies proportionally 
as the insulation l evel (e.g. surge impedance of an 
" identical " coil insulated for 3.3kV is about half 
that of a 6.6kV coil). 

The prac tical advantage of a good theore tical 
unders tanding of surge propaga tion in motor coils is 
tha t the knowl edge can be applied at the design stage , 
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to assess whether specific coils can withstand steep 
fronted surges. There will clearly be a limit to the 
severity of surge that a given coil can withstand 
since coil parameters cannot be radically altered from 
those which give satisfactory running performance. 
Thus the interturn stress capability of the coil must 
be involved in a trade-off with other design criteria. 

Designing the coil to explicitly withstand steep 
fronted voltage surges is the most direct solution to 
high interturn stressing. An alternative approach is 
to use some kild of surge protection to ensure that 
surges applied to the motor coils have fairly long rise 
times. Figure 10 shows the effect on voltage distri
bution with series inductive protection. 
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Surge protection may prove to be difficult to app
ly in many circumstances, since the protection appara
tus will modify the system parameters and could well 
lead to an increase in the number, or severity, of 
switching transients. A substantial amount of work 
still needs to be carried out on the effects of intro
ducing surge protection equipment into high voltage 
motor circuits, before such equipment can be used with 
confidence. 

The inclusion of surge protection devices into a 
motor circuit may also increase the losses, or reduce 
the power factor, depending on the type used. These 
disadvantages, together with extra capital cost, sugg
est that in general the best solution to the problem 
will be to design a machine which is inherently capalie 
of tolerating steep fronted surges. 

CONCLUSIONS 

This contribution has demonstrated that fast 
transient switching of alternating current motors pro
duces severely non-linear interturn voltage distribu
tions which may result in much higher inter turn stress 
levels than is gere rally recognised. A gere ral theor
etical method of predicting such stress levels has been 
outlined and has been shown to agree well with experi
mental results. 

The theoretical method should be of fundamental 
value in assessing the surge withstand capability of 
machine windings and will be published in full in the 
near future. 

It is hoped that the preliminary results presented 
in this paper will provide some stimulus for a reali
stic appraisal of current inter turn test procedures. 
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'1'he di-strlbntion- of volt-age in fnd-uction 7-
~otor stator coils, due to the application : 
of steep fronted switching s urges, has 
aroused much interest in recent years amongst 
~otor manufacturers and users alike. This ' 
nterest has .been prompted by the increased : 

OCCurtence of winding failure in the l 

~nterturn mode. The increased use of modern l 
Ow loss cables has meant that surges are l' 

~r a n s mitted almost unaltered to the motor , ! 
n addition the undoubted a dv a nt a ges of 

vacuum s witchg e ar have l ed to their increased . 
~O~ularity in motor control systems, Thel 
,ab1lity of this type of switchg ea r to produce 
{epetitive steep fronted transi en t vOltages, ! 

o .... ever, has in some cases , led to stator I 
cOils being subject to more se v ere surge 
Conditions. I 
tt . i ls well known that steep front e d s urges 
~a n cau se high interturn stressing . Unless 
lator coils are des igned to withstand these 
~urges interturn failures, possibly leading ! 
o turn to ground failure, may occur. : 

'l'he continuing increase in the output 
~oefficients of modern motors has led to a 
endency to minimise the size of stator 

COils. Thus the inSUlation design of modern 
~hils leaves less margin for error, although 

e better quality of modern insulation 
!aterial has offset this to a considerable 

lClent. 

'l'his contribution shows that an accurate 
~~lhod of predicting transient voltage 
lstribution in the coils is necessary. 

tOlloWing a brief resume of pertinent work on ' 
dhe topic, it is found that further 
tevelopment of previous analyses would be 
~neffecti v e a nd that a completely new 
Q nalys is is r e quired. The d eve lopme nt of 
~uc h an analysis is outlin e d here a nd its 
alidity is experi mentally confirmed. 

DUe to the lack of und erstand ing of s urge 
ttopagati on in stator coils in the past , the 
ansulation testing of coils h as been car ried 
~u~ at volt ages which were se t at l e v e ls 
t h1C h may be e xc eede d in prac tic e. Curr e nt 
Il~st .sta':ldards are compared wi t h vol tage 
t St r~but~ons as pr edic t e d by the new th e ory , 
~ or various s urge s hap es a nd i n s ulation 

e Ve ls. 

~EVIOUS INVESTIGATIONS 

~ n the past , voltage distribution h as b een 
~~a~y.s e d b~ a n oversimplified mode l for the 

, ~' n 1 n 9 , L e . by mod e ll i n g the win din g 
l :the r as a simple tr ans mi ss ion line or as a 
9~dde r networ k. Neither of th ese methods 
1'1V CS accurate predictions of tur n voltages. 
~:rlhe r ~ e ve]opm nt of existing ana l y se s was 
~ t f aS lble , he refore a n e w approa c h to the 

r( bl t-: m ""as r eg ull ed. . . 

.Heriot-Watt University, U.~. 
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DESCRIPTION OF THE NEW THEORY 

'Assumptions and Approximations 

A rigorous analysis of electromagnetic fields ' 
in and around a stator winding during a ' 
transient di st u rban ce is certainly not i 
practicable, Therefore certain! 
approxi mations and assumpti ons mu st be made 
t o enable the ana lysis to d e ve lope. 

It h a s been s h ow n th a t, at h igh fr eq ue nd es , 
core irfn acts as a s hield to e l ect rom a gn e tic 
flux. It can therefore be ass umed that 
over the stator core length, the flux is 
confined to with i n the slot. This 
~ssumption, togethe r with the assumption tha t / 
l.ntercoil coupling in the endwinding regio n 
'is n eg ligible, means that c o i ls ca n be 
tr at~d independently since th ey influ e nce 
ea ch other only throug h their se ries 
connections . 

At the high frequencies associat e d with the ' 
surges of interest here (i.e. surges With/ 
front times below 1 us,: frequencies above 
IMHz) the s urge current in the conductors 
will be severe ly skin effect limited. ! 
Con sequently the in ter nal inductances of the 
c oil c a n be ne gl ec ted. 

In estimat ing the copper lo sses in the coil 
conductors, both skin and proximity effects 
must be taken into account. To estimate the 
skin effect it is assumed that all the 
curren~ flows in an outer layer the d epth of 
which 1S found from one dim e n sional theory 
i.e. skin depth, a, is given by , 

a -~ 
The proximity effect is es timated by 
mul tiplying th e losses , accounting for sk in 
effect, by a proximity factor , kp, such that 

R kpRa.c. 

It ca n be show n that for the dimensions of 
st ator coi l conductors and t h e ran g e

2
0f 

frequencies in question, kp is a constant. 

Al though, in r e a lity, losses are di s td buted 
ev nly along the coil conductors , it was 
found to be suffici n ly acc urate to account 
for their effec t by mode lling them as 
d iscrete re sista nce s at fi ve points on the 
coil. 

Mod e lling the Coi l 

The coil is vi s ualised as comprising five 
di sti nct sections as in Fi gure 1. Th e five 
sections are connected to each other at five 
junctions. Four of th ese junction s are at 
the poi nt wh e re a slo t secti o n me ets a n 
endwinding sec tio n. The fift h junction is 
the ter minal juncUon ... · h e r e the coi l 
t e r min als j oi n a t t he oil vo lu t e . 



The cross sectional dimensions of all coil 
sections , at the frequencies involved in 
a n a lysis, precl ude all modes of wave 
pr o pagation except TEM. Each coil section 
Can therefore be treated as a multi-conductor 
transmission line. Conseque n tly the five 
ju n ctions are seen as multiconductor 
transmission line junctions. The propagation 
of waves along multiconductor tran smission 
lin es i8 well understood for b oth lossless 
a n d lossy lines. However only lossless 
multi cond uctor transmission line j~ctions 
have been analysed in the literatUre. 

The relationship between the incident voltage 
waves on each line and the reflections which 
are caused to propagate from the lossless 
junctions is given by Agrawal et al as , 

(V ) re. ' ( S) ( V ) in (1 ) 
• • , • • ~ -~ : I • • 

where (V) re and ( ~)-irra'r: ' ~~e column vectors 
of the voltages on the conductors. 

(S) can be show n to be related to the 
transmission line admittances and the 
junction topology by 

.(S) ~ -lcvT 
(Ci) (Y ) X 

G ICv)J (2) 
(Ci ) (Y ) 

, 
!where (C v ) and (Ci) are the voltage 
connection matrix and current connection 
matrix respectively an d are determined 
entirely by the interconnections of the 
~ondu2tors ~t the junction. ..... , 

\' .. . !Equations (1 ) . and -,2) are valid only for 
~ossless -junctions. However a further 
~evelopment of the theory which includes 
~iscrete loss elements at the junction has 
how . ....b e e n . ...B chi eve d • - - Bot h cop per and 
aielectric losses can be included in this 
method. 
I 
cr eluding the losses in the analysis gives, 

I no. (V) re (SL) (V) in 

~here (St) is the lossy scatter matrix for 
~he junct~on and is found to be: 

I E(Cv)- (Cv ) ( R) eY) -(Cv) (G) "(J ) -\ 
!(SL ) I (Ci ) (Y ) + (C i ) ( G) • 

I 
f(Cv)-(Cv) (R) (Y) + (Cv) (G) ~ 

L (Ci) (Y) - (Ci) eG) ~ 
where eR) a nd (G) represent the copper a nd 
di electric losses respectively. 

·1 nth i s way, w a ve ref 1 e c t ion sat e a c h 
junction can be calculated taking account of 
losses. 

computer programmes were d ev loped to mode l 
the coil as sections of lossless 
multiconductor transmission lines 
interc on nected by lo ssy j uncti ons . This 
computer model can be used as a building 
block to mode l a compl te phase winding. Th e 
predictions from the computer model are 
compared with expe rimen t al res ults below. 

~ THE lNSTIT\.:TIO: . OF ELt:C, !'"ICAl [. : .GI :. ;: ;:r.: . ~.·E 

EXPERIMENTAL CONFIRMATION OF THE THEORY 

Only low voltage tests were practicable 
because of the necessity to remove some 
insulation to gain access to the turns. 

The result~ of the tests revealed that the 
theoretical turn to ground voltages on the 
line end coil, due to the application of a 
surge of irre9ula~ shape, followed very 
closely the measured tUrn to ground voltages. 

A more stringent test of the theory is the 
prediction of interturn voltages. High 
accuracy is more difficult to obtain for 
these voltages since they .a.,re_ calcul~.ted as 
the difference between two large turn to 
ground voltages. Figure 2 shows that the 
theory is extremely accurate in calculating 
both the shape and magnitude of the interturn 
vol tages . The th e ory can therefore be used 
to inve s tigate the effects of various system 
parameters on the voltage distr~bution in ~he 
coils and the results of this Inve s tigatIon 
can be compared to the pr e vailing standards 
for coil in s ulation. 

Figure 1 also s hows that s urge pro~ag ~ti o~ in 
stator coils is the result of two dl s t~nct 
ph e nomena. The progression of the voltage 
peaks shows series surge propagation. The 
fact that interturn volt ages appear at the 
end of the coil well before the p ea ks arrive 
d em onstrates that there is also parallel 
propagation due to interturn coupling . 

' Since the theory has been sho wn to be 
accurate, it can be used to predict voltage 
distribution due to various surges and on 

- .- coils with various insulation levels. 

EFFECTS OF SURGE RISE TIME ON INTERTURN 
VOLTAGES 

To investigate the varilltions in volt age 
distribution due to various surge front 
times, the theoretical model was use d to 
predict voltag es due to surges with front 
times varying from 25ns - 400ns. Front times 
below 25ns are unlikely to occur in practice 
and front times greater than 400ns will not 
cause severe interturn s t ressing. 

The peak voltage appearing between each pair 
of turns of the terminal junction of a 
13.8kV, 12 turn line end coil is plotted 
against the turn number in Figure 3 for each 
surge . These curves clearly indicate that 
the maximum p e ak voltage appearing across the 
turn insulation always occurs towards the 
n e utral e nd of the line e nd coil. In the 
ca se of surges with rise times belOW lOOns 
(O.lps) the maximum int e rturn v~ltage occ~rs 
b et wee n the final two turns ~n the COIL 
This is due to refl ecti on, of the serie s 
tran sm itted portion of the s urge at the e nd 
of the coi l. The resu lt that the maximum 
int e r turn volta ge (or a volt age of almost 
equa l mag nitude) occurs across sev e ral 
interturn spacings at t h e neutral e nd of the 
coil, for the case of the s l ower rise ti mes , 
indicates that the s urge front and its 
refl ec tion a re spr a d over a nu mber of the 
neutral end turns. 

It is em ph asise d that th vol tag 
distribution i s due only in part to the 
se ries propagation of the su rg e an d that a 
qu antitative analysis cannot be based on t he 
series propagation mode alone. 

--= ~· 1 · .: " l ,i , C" " :" •• 



The peak interturn voltages in Figure 4. show 
clear)y that maximum interturn voltage 
increases with decreasing surge front time. 
Thus the 5 p.u. 200ns test surge of the 
OCHAS standard, for example, will not ensure 
that interturn insulation can withstand A 5 
p.u. Burge of smaller front time. In fact, A 
Burge of well belOW 5 p.u. can CAuse greater 
Interturn streSSing than the test surge, if 
~he front time is short enough. . 

The ESI standard4 when applied to a l3.BkV 
~oil gives an interturn test voltage of 2.BkV 
~.m.s. or 3.96kV peak. To find the voltage 
which the OCMA test surge causes on this 
~oil, · Fi-9ur-e 3 -can ' be -us~"d. The mllnmum
interturn voltage for the 200ns surge is 25\ 
of the applied surge. The applied surge is 
that whicb is produced at the surge 
generator. '(The surge which actually appears 
at the winding terminal is greater than ' this 
due to ,a frequency dependent impedance 
mismatch effect.) In this case, the surge at 
the winding terminal was 157\ of the original 
surge. 

Therefore the 3 ' p.u. OCKA surge produces an 
interturn voltage of 

l3.8kV xJ!- 3 x 25\ x 
.. 5.38kV 

157\ 

EFFECT OF OTHER PARAMETERS ON IN'rERTURN 
VOLTAGE 

Other coil parameters can be altered in the 
model in order to discover the manner in 
which they affect voltage distribution. It 
was found that fast fronted surges produce 
maximum interturn voltages which are 
substantially indep,ndent of the number of 
turns in the coi~ This result and the 
effect of coil shape on voltage distribution 
will be reported in detail in a future 
publication. 

SURGE IMPEDANCE 

Figure 5 shows the voltages to g'round on eac h 
turn at the terminal junction of a 12 turn 
line end coil. The rise time of the s urg e as 
it left the switch was SOns (0.05~s). The 
increase in VOltage at the terminal of the 
coil is considerable. This increase in 
voltage is commonly thought of as bei ng due 
to a mismatch of cable and winding surge 
impedances. In reality the effect is the net 
result of many internal refl ec tions in the 
Coil. HOwever a n effective surge impeda nce 
can be calculated using ' the impedance 
mismatch concept. The variation of s urg e 
impedance with surge front time is shown for 
3.3kV, 11.0kV and 13.BkV coil in Figure 6. 

~lso included in Figure 6 is the s urge 
The 5 p.u. OCMA surge gives 8.97kV. lmpedance of an IlkV coil when s ubj ected to 
! the surge of irregular shape shown in Figure 
,Thus it can be seen that the OCMA s urge test _ 7. This indicates that the shape of the 

, stresses ,: the inter tu rn inSUlation much more surge, 'if , different from the cl ass ical short 
~ ', severely than does the ESI test. rise time and long tail, modifies effecti ve 
~ -I surge impedance. Consequently surge 
:, : EFFECTl>F ~NSULATION DIMENSIONS ON INTERTURN - - - impedance alone is not a reliable indicator 

~OLTAGES of overvoltage mag nitud es as it is h eavi ly 
, " ~ '. . '" - dependent on frequency. 

r.r h r e e ' , ins u I a t ion , 1 eve 1 s w ere _ use d _, t 0 
iinvestigate the effect of the insulation RECOMMENDATIONS AND CONCLUSIONS 

: ~Umensions. These were 3.3kV_, l1.0kV and 
p':3.BkV. In addition A fourth set - of It has been s ugg ested in this contribution 
pimensions was used to show the effect of the that the number and severity of surges which 
'interturn insulation dimensions alone. For motor windings must endure has in crel!!sed in 
this purpose the 11.OkV level was used but recent y ea rs. Present methods of analysis of 
!with 50\ extra interturn insulation. The surge propagation through stator coils are 
permittivity was kept constant throughout. , ~nadequate and cannot be developed further. 

'-,I ,- , I 
It was anticipated that the coils wibh A new general theory based on multiconductor 
)thicker inSUlation would produce the higher transmission line theory and scatter matrices 
p.u. interturn voltages, since the reduced ' was briefly described. The further 
interturn coupling would cause the series development of scatter matrices to include 
propagation mode to become more effective losses was also given, and a computer 
than the parallel mode. Figure 4- s hows this programme incorporating multiconductor 
~o be the case. In particular, the curves transmi SS ion line theory and lossy scatter 
re lating to 11kV coils, with diff eri ng '!latrices was sho wn to give predictions of 
'interturn insulations, ' sh ow that the lnterturn VOlt ages which reproduced the 
;i.nterturn voltage increases by 24.4\ due measured voltages with a high degree of 
solely to a 50\ increase in interturn accuracy. 
inSUlation thickness , ' .- . , 
I • 

Variation in interturn insulation clearly 
causes variation in interturn stressi ng, 
therefore allowance should be made for the 
anticipated voltage di st ribution during the 
design process. In interturn inSUlation type 
-tests, the test voltage is applied directly 
across a typical samp le of in te rturn 
insulation , so no allowance is mad e for 
voltage distribution. Thus a coil which has 
a severely non-l inea r surge di st ribution can 
pass the type test a nd yet may not be 
~dequately tested by the proof test s urge. 

The increase in interturn volt age with 
decreasing fron t time was expected a nd 
confirms the r es ults of pr e vious 
inv estigat ions. The non - lin ea rity of the 
di str ibution also increases with decreas ing 
rise time. 

The l a rg e r perc e ntage int ertur n volt a qe 
app e aring on the higher VOltage coils is 
clearly d ue to the decr eas ed inl eturn 
coupling caused by the incr e as ed in s ul a tlon 
thickness . Cons equ ently in t e rtur n in SUlation 
thickn ess must be increased by a factor 
greater than that by which t he voltage l e vel 
is increased if the same safety margin is to 
be maintained • 

. ;:"- , 



While the OCMA test levels are a significant 
improvement on ESI 44-5, they may not be 

,adequate where surges of very fast rise time 
exiRt. Type testing of interturn insulation 
takeR no account of voltage distribution. 

The surge impedance of windingR has been 
shown to be dependent on both surge shape and 
rise tilDe and is therefore of limited value 
as a machine parameter The surge impedances, 
calculated for surges with a smooth rise and 
long tail, show an increase in surge 
impedance magnitude with decreasing rise 
time. 

The investigation into the effects of coil 
' and surge parameters on voltage distribution 
has indicated various trends. However, tbe 
major benefit of the new method of analysis 
lies in its use as a design tool, which can 
be used to co-ordinate coil insulation to 
provide adequate factors of safety without 
overdesign. 
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