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ABSTRACT

This thesis contains a report of an experimental study of the
applica'i:ion of an Tmpulse Generator Simlator to the detection of pers
ma.nerrb. winding failures in relay coils, The sensitivity of a mumber
of failure detection techniques was examined on coils specially tapped
for controlled failures and on coils faulted by high voltage impulses,

.. Methods based on an examination of the induced coil oscillation were
- found most suitable for detecting permanent failures in coil windings,

The internal impulse voltage distribution along the coil winding
was examined for a 1} by LO impulse; the largest voltage gradient was
found to occur between the outer layers of the coil during the first

few microseconds of the applied impulse,



PREFACE

Failure of relay coils in Electrical Distribution Systems, from
excessive voltages induced by lightning and switching transients, has
i stimulated.the desire to incorporate high voltage impulse tests in the
1#specifications for selecting coils, Before these tests can be of any
value, a method is required for detecting and evaluating damage incurred
_within the coils during the high voltage impulse tests, This thesis
é'examines in particular the possibility of using low voltage impulses
~ from the Impulse Generator Simulator to detect permanent winding fail-
urese

The thesis is divided into four sections: Introductions Study
of Failure Detection Methods; Impulse Voltage Distribution within Goil
Windings Conclusions,

The first section is made up of four chapters, The first chapter
ioutlines the problem, while the remaining three chapters describe the
iechniques and equipment used for the study, The second section, Chapter
V to IX, describes the results for the failure detection methods and
gﬂconsﬁitutes the body of the thesis, The third section, Chapter X, des-
ibribes the internal voltage distribution within the coil, The fourth
Jsection, Chapter XTI, summarizes the conclusions of this study,

The author wishes to acknowledge the assistance of Professor
:VJ.P°C. MelMath in performing these experimentalnstudieso Appreciation
?is also extended to the National Research Council for the financial
assistance; to Pioneer Electric Iimited for donating a supply of coils to
this project, and tq Mr. RoL, Baglow, M,Sc,, for his assistance in proofe

reading this thesis,
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CHAPTER I
DEVELOPMENT AND STATEMENT OF THE PROBLEM

The advance in the electrical industry, after William Stanley
demonstrated the practical use of power distribution by alternating
current in 1886, was not accomplished without the growing pains which
normally accompany new developments, The transformer especially, the

—ifj_ﬁ key to this technique, plagued scientists for years by its resistance to
conventional analysis, The frequent failures of transformers in distribe
ution systems, resulting from excessive voltages induced by lightning and
switching transients, stimulated an intense study of the transient behave
iour of single-layer windings, Blume and Boyajian in 1917 reviewed these
earlier studies which predicted that the initial voltage distribution

- within the winding would assume an exponential form controlled by the
distributed capacitance, and experimentally verified this predicted ini-
tial voltage distribution (reference 11), With the advent of sensitive
instruments and the high voltage impulse generator, transformer design
improved tc the point that transformers could wi’bhstand the stresses
imposed by the environment, High voitage impulse tests were commonly
specified as g condition for the purchase of transformers in order to
dembnstra’be the ability of their winding to vﬁthstand high transient vol-
tages, Inspection of the windings after such tests s on dismantling the
coil, disclosed that failure had occurred during many of the tests, Since
individual inspection of the transformers was very costly, methods were
developed to detect these winding failures without dismnﬂling the

transformers, At the present time s the methods of failure detection are




capable of detecting failures occurring between adjacent turns in
singie«nlayer windings, However, theory and experimental techniques
were directed 'tcwards testing single=layer mndings s with only a few
exbens:.ons “bo nmltz.alayer windings,

C o as distrlbut:.on systems have increased in sigze and complexity,
‘relays have been incorporated as switcﬁes to protect and control the
various sectié.ns of the system, These relays utilize compact milbio

layer coils for efficient low power operation, and the use of the:. .

- coils-in new environmments has presented problems similar to those faced

byfransfqmer designers, \Th'e_ analjsis' Qf ’bhe behaviour of the « coils

has been s.ixfmlated b& means of network theory, and digital and analogue
-computers have been necessax;y to solve the resulting equations (refer=

’ ences 1, 2, 10, 11), An outllne of the mul'b‘ialayer coil theory and i‘t,s -

] assocn.a’oed a.nalys:Ls is g:wen in Appendix ”A" There has resulted in

‘ _mdustxy a- considera,ble interest in ext.endmg the; applica.tion of high

'voltage techniques to relay coils, smce, if the impulse generator could

be used to test the ability of" 'bhe coll winchng to withstand hlgh tranSm
o 1ent vol‘bages s the cost of develop:mg new equipmerrb and techmques would
’i;{ be greatly reduced, The demonstration of the ab:.llty of e‘lectric
appara.tus to withstand the: . impulse ’ces*bs is of lit'ble value in itself
unless adequate methods of detecting failures are ava.iiabla in conjunction
with the tests, Therefore, before high voltage impulse techniques can be
: ;ﬁr»" éxtended to relay éoils,, existing failure detection methods must be examined
to determ:.ne if :mq:rovement or revision in the technique is necessar'yo If
the required detection sensitivity eannot be satisfied by these techniques,

new methods mst be developed,




The main purpose of this study was to show the extent to which
the Impulse Generator Simulator could be used for detection of faults
incurred by high voltage impulse testing of multi<layer coils, To

- realize this objective, existing failure detection methods were modified

to suit the generator, and new methods were developed to increase the
detection sensitivity, In addition, the impulse voltage distribution
. along the winding was predicted from measurements taken at the end of
layers randomly selected within the winding,




CHAPTER IT
IMPULSE = FATIURE = DETECTION METHODS

High voltage impulse testing has long been recognized as a means
:ffof testing the durability of transformers to abnormal stresées s and the
desire to use this test stimulated experirﬁenta‘l and theoretical investe
igations to develop methods for detecting insulation failure that may

. occur during these tests, Present methods for detection of failures in
‘Tv'bransformers, 5‘3 stated in A.S.A. Standard =57, include "noise within
ii"f‘:t.he transformer; presence of smokej excessive current or drop in voltage
in the excitation circuit as indieated by magnetic oscillograms; failure
of a gap or bushing to flashover although the oscillograms indicate a
Ehopped waveg and presence pi‘ osciilations or other variations from the
expected waveshape as indicated by cathode ray oscillograms", DMost of
these methods readily revealed a majbr breakdown of the winding, but
failed to detect with certainty any small inter=turn fault (references
20, 31)0 However, techniques involving the cathode ray oscilloscope

‘vv_,aav*ebe'ex'l successful in detecting failures between adj’acent turns in the

'V'Q"V:rans'former winding, Articles describing the techniques used during the

" 1igh voltage impulse test are included in the bibliography, but will not
’>e' discﬁssed as their material i'sv irrelevant to the preéent subject
(references 28, 16), The oscillographic methods of fault detection
}fgﬂ'ztilizing low voltage techniques were modified for the Impulse Generator
‘Simula'bor and their capabilities and limitations examined during this

Jnvestigation,
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The Impulse Gensrator Simulator consists primarily of a large
condenser which is charged through a rectifier and a high voltage transe
former from a 110=volt altermating current source, and discharged through

a pulse forming network, The parameters of this network ean be controlled

' at will to yield a range of low voltage impulses which are limited to a

maximum peak value of 600-800 volts depending on the desired output
waveshape,

The low voltage impulse » used to energize the coils for the teéts,
will be defined before proceeding with the discussion on the fault detect-
ion methods,

IT « I DESCRIPTION OF A LOW VOLTAGE IMPULSE

The impulse voltage is defined by the Intermational Electroe

technical Commission as a "funidirectional transient voltage which,
without appreciable oscillations, rises rapidly to a maximum value and

falls, usually less rapidly, to zero®, Refer to figures 2«1 and 22 for
the following characteristics of the coil,

(a) Polarity, All experimental work performed for this

thesis used a positive pulse to ground,
(b) Peak value or virtual peak value if oseillations exist,

Refer directly to figure 2=2 for an flustration of the virtual
peak of an impulse,

(¢) Virtusl fromt time, Ty, This is defined as M.67 times
the time interval T between the instants where the impul se
amplitude is 30%, point A, and 90%, point B, of (virtual) peak
value®s The virtual zero is point C1, the extrapolation of the
line through points A and B to the zero line,




Tl = 1,67 T
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IMPULSE WAVEFORM SLIGHTLY UNDERDAMPED



(d) Virtual time to half-value, Ty, This is defined as

"The time interval between 0, and the instant on the tail,
ﬁrhere the voltage has decreased to half its (virtual) peak
valuet,
The standard A.S.4, impulse is described as a 13 by LO wave,
thereas the International Electrotechnical Commission recommends a 1,2

)y 50 wave, The values describing the impulse are measured in micro=

_:f.'seconds‘, 4 1% by LO impulse would then mean an impulse with a rise

sime of 1% usec, (microseconds) and a virtual time to half=value of
-50 usec, The A.S.A, tolerances allowed on the shape of the wave is
J0Z on the front time and 20% on the time o half value, Due to these
,ibefal tolerances; the front time was measured as the time between the
0% and maximum points of the impulse amplitude, The tail was measured
rom virtual zero to the point where the voltage decreased to one=half

ts maximum value,
IT = IT FATLURE DETECTION TECHNIQUES

A common procedure of failure detection for transformer windings
:};;;onsists of applying a reduced voltage impulse to the terminals of the
est coil, testing the coil with the desired high voltage impulse, then
sapplying the reduced impulse (references 6, 20, 31, 33), Oscillograms
f the reduced voltage impulses are recorded and later compared for dis-
" ‘repancies, An insulation puncture tending to transient arc-over wiill
wse a high frequency oscillation somewhere along the reduced impulse
weg any insulation failures, accompanied by a permanent carbonized

‘th between portions of the winding, will cause a deformation in the
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waveshape of this impulse wave, Very often differences are detectable

only if the oscillograms are superimposed upon each other, The best
results have been obtained by using a loosely coupled generator, that
.~18y a generator of small capacitance so as to have an inherently high

" regulation to changes in the impedance of the test piece, When this
method was extended to the Impulse Generator Simulator for a study on
relay coils, the reduced voltage was limited by the generator capacitance
vj‘::-"to a maximum peak voltage of LOO volts, Voltage oscillograms of the
f:-‘j‘impulse applied to the coil from the generator must first be recorded
for the coil in its natural or undamsged state, After completion of
the desired endurance tests, oscillograms of the generator output
impulse are again recorded across the coil terminals and compared to
those recorded previous to the endurance test, Any decrease in the
tail of the voltage impulse indicates a reduchion inm the coil impedance,
:r'esulting from internal failures, in the same manmer that was observed
on the reduced impulse during ’ées‘@;s on transformers, Since the voltage
waveshape across different coils are usually different even when the
jzig'éneratcr settings are identical, it is necessary to compare a pair of
jlj%-.@scillograms from each coil, Detection of permanent failures by this
fﬁbechnique is examined in detail in Chapter V enbitled "Experimental
fesults for the Voltage Oscillogram Fault Detection Method®,

A more sensitive detection test for transformers is obtained by
"Tf‘:sbsewing the current waveform across a shunb placed between the low
rolbage terminal of the test piece and the grounded terminal of the
tigh voltage impulse generator (referemces l, 5, 16, 20, 25, 26),

lormally this current waveform is obserwed during the actual high voltage




impulse tests, but tests have been performed by reduced full wave
impuises, However, at reduced voltages this test is less effective for
detecting transient arc-over that may occur in the winding, Oscilloe
- grams illustrating winding failures as low as 0,1 percent of the total
‘jﬁ:.‘transformer winding have been presented in a number of technical papers,

This current test was altered to “suit ‘the I‘inpulse Generator Simulator
».’_and invelved basically the same procedure as the voltage oseillogram
ff‘ffne'thodg except that a current shunt was added to the coil circuit, This
‘lfivf-j;urrent shunt mey be a resistor, capacitor, or inductance, The value is
’m‘b as critical as for transformer testing, since relay coils have a
elatively larger resistance and low value shunts are not essential to
?etain the balance of surge currents, When the two low voltage current
}scillograms obtained before and after the high iroltage impulse test are
ompared, deviations in the second oscillogram waveshape will result from
kxermanent internal failures incurred im the coil winding, It is important
’ha.t the same voltage is applied when recording both oscillograms, since

he inductive current is proportional to the integyal of the applied
;%5§lf£pltage, and any increase im the applied voltage will increase the current
'-’;;_:jlow accordingly,
This method fails entirely for chopped waves since at the instant
[ ehop, the time at which the fault is most likely to occur, the voltage

rops to zero and no rise in current can result to indicate a decreased
""""':"Lnding impedance, |

The more complex oscillographic techniques were not exploited since,

L general, they could not be applied directly to the Tmpulse Generator

mulator, A new approach was examined instead: a study of the effect of
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thanges in the coil winding structure upori the induced oscillation
rithin the coil. The impulse is applied between one of the coil tere

inals and the coil shell, and the output observed either between the

~ emaining terminal and the coil shell or directly across the coil

Ey‘."”‘,erminalso In the former method the observed impulse consists of the

ransmitted applied impulse, modulated by the induced internal

scillation, and is called the Transmitted Impulse Detection Method,

i this method the transmitted impulse is unaffected, but the amplitude

i ;nd frequency of the modulating oscillation are sensitive %o ehanges in

he coil winding, The experimental results for this method are 1nc1uded
n Chapter VII, In the latter method the internal oscillati_on is
omitored direetly and is 'called the Induced ‘Oscillation Detection Methoda‘
he experimental results for ‘bhlS method are included in Chapter VIII,
In order %o study the impulse«afailureadeﬁection me’chods for
ingle turn and layer fai‘lures, 1t was necessary to prov:xde coils with
mbrolled faults, The foLmnng chapter d.escribes the - pr@paratlon of

©ese coils, and the experimental ‘technique employed during the,; . besbts,



CHAPTER IIT

PREPARATION OF COILS AND MEASUREMENT TECHNIQUES

FOR THE RECURRENT SURGE IMPUISE GENERATOR
I11 = I PREPARATION OF COILS TESTED

&s previcusly stated, the objective of this thesis was to examine

. the detection sensitivity of a muiber of detection methods utilizing the

i Tmpulse Generator Simulator and to observe the impulse voltage distribubion
’}ﬂ‘f’-;i:f"?;hat resulted within the coil winding, Since this sbtudy required constant
probing inbo the interior of the winding to simulate various failures s it
was deeided to position taps at the ends of the coil layers so as not to
interfere significantly with the initial @aﬁa@i‘@ive and inductive dige
tributions, To debermine if the tapping prosedure, or in fach the taps
f“themselves, altered the impulse test waveforms s oseillograms of voltage
and current were recorded prior to tapping these coils and compared with
the oscillograms recorded after the coil was tapped, The superimposed
vesulis are shown in figures 3=1 and 3=2 for 2200 and 4200 turn coils

‘.f“'ij:f’jreapectivelyg hereafter designated as coils (1) and {(2)3 the oscillograms

»I:‘f};'_:_-mc@rdad before and after these coils were tapped correspond in each case,
| Al.‘h@ grid visible on 211 oscillograms enclosed in this thesis represents

1 1 om, square grid on the @@wll@wwpe sereenr, The technigue used in
_w_“;ahm‘:,ogranohmg and developing these oseillograms is deseribed in Appendix
i B,

- In order to gain access o this winding the bobbin end and proe

ective tape wers removed from ove end of the core and a mumber of layew



50 usec./cm, sweeps 100" fem, defl, 20 usec,/cm, sweeps 5 /cm, defl,

1% by 200 applied impulse , ,current impulse for
positive potential measured downward 1z by 200 applied impulse

positive potential measured wpwards

OSCILLOGRAMS FOR TAPPED AND UNTAPPED 2200-TURN COIL

FIGURE 3=1

The lower oscillogram represents the waveform after the coil was

»ff:fffj;pped, Armature core contained in coil shell,
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20 usec,/cm, sweeps 100" /cm, defl, 1 usec./cm, sweeps 2¥/em, defl,

1% by LO applied impulse ‘ charging current pulse

20 usec,/cm, sweeps 5V/cm, defl, 20 usec./cm. Sweeps 10V/cm. defl.

current waveform current waveform
armature core contained in armature core removed from
coil shell coil shell

OSCILIOGRAMS FOR TAPPED AND UNTAPPED L200-TURN COIL
FIGURE 3=2

The lower oscillogram represents the waveform after the coil was
ped, Positive potential measured downward, The current waveforms
wn are recorded for the 1 by LO applied impulse shown,




i
ends were separated from the remainder of the coil, - Taps composed of
wire identical to that used in the coil winding were soldered to rane
domly selected layers, and the soldered joints insulated by a coat of |
glyptal, The location of the:: taps was not known till after the come

. pletion of all tests as this information could not be obtainsd withoub

" dismantling and umrinding the coil, The tapped turns, numbered from

the top layer, were:
Coil 1 26, 205, L0O9, LT75, LBO, 67k, 845, 900, 1100, 1302, .
Coil 2 267, 582, 590, 91k, 917, 1239, 1246, 158k, 1918,

Only ons type of coil, classified as Q12280A by Pionser Electric
Iamited, was considered in this study, A photograph of one of the:
coils, along with its component parts, is illustrated in figure 3=3,

and an illustration of a tapped coil is shown in figure 3<lio

Since coils were not systematically wound a diagram was constructed
which indicated the positions of the turns and layers, and the size and
type of coil. imgu‘.!aritiésa The diagrams for coils (1) and (2) are
shown in f‘iguresv 3-5(a) and 3-5(b) respectively, and reveal the inconme

sistencies between coils, and more specifically, the inconsistencies

" between the layers in one coil,

When these coils were unwound it was found that no information
had been obtained concerning small failures, and ancther coil had to
be prepared to complete j:he: .. tests, However, this covil was not tapped
but the protecti&e tape and insulation wers removed to expose the top
‘-\:"‘ivilayer of the coil, in order that ‘shorts involving adjacent turns and

similar combinations could be tested,




TEST COIL AND COMPONENTS

FIGURE 33
bobbin
_ coil ‘
J shell
Y
l_E *' ¥ !15“_& core
P
[S \

DIAGRAM OF TAPPED COIIL

FIGURE 3l

i5
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DIAGRAMATIC REPRESENTATION OF UNSYSTEMATIC WINDING

OF REIAY COILS

FIGURE 3«5




17

Since the outer layer was only a part layer, another coil was

stripped to permit the voltage distribution to be examined along a
complete layer, The winding of the coil was removed from the core
__,3’nd sufficiently umwound to expose a complete layer, The winding was
':\:»‘T;replaced on the core shell and the insulation of a number of turns

7as removed to allow the voltage distribution to be probed along this

layer,

ITT = IT EXPERIMENTAL TECHNIQUE EMPLOYED DURING
THE TESTS AND MEASUREMENT INVOLVING
THE IMPULSE GENERATOR SIMULATOR

An impulse voltage was applied to the coil by the Impulse Gen-

rator Simulator,, as directed by the particular test or measurement,

nd the output transferred by means of a calibrated high frequency

robe to a Tektronix type 533 oscilloscope, To minimize ‘the effects

£ lead inductance and capacitance, the tapped coils were nﬁounted on a

igh block close to the generator terminals, Any stray capacitance
~arrounding this apparatus was kept as constant as possible by preserwving
;iile positions of the coil, generator, and oscilloscope for all tests,

 picture of the apparatus is showm in figure 36,
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CHAPTER IV

HIGH VOLTAGE IMPULSE TESTING

Two coils were subjected to high voltage impulses until they

collapsed, in order that they could be tested for internal damage by the

fault detection methods dessribed in Chapter IT, To evaluate the
reliability of the fault detection methods would require testing large

- numbers of coils, since many coils fail at high voltages without leaving

. enough carbon to produce a permanent failure at low voltages, Since a

sufficient supply of the coils was not available for proper evaluation,
some of the existing problems could only be indicated,

IV = I PREVIOUS HIGH VOLTAGE IMPULSE
TESTS ON THESE RELAY COILS

High voltage ﬁnpﬁisé tests were performed by"Pioneer Electric
Lﬁnited to establish the breakdowh insulation lewvel for the relay
coils, Uhen the coils were subjected to 1% by LO impulses, signs of

- insulation breakdown were observed in the range L=7 kv, (kilovolts) R
~and complete collapse of the coils was noted in the range 10=15 kv,

' The failure indicatiocns in the Le7 kv, range consisted of high free

quency oscillations at the beginning of the current waveform, while

total failures were accompanied by a collapse of the voltage waveforms,

- usually at the time when the applied voltage had just reached peak valus,

After total breakdown, the coils seldom withstood more than 5 kv,

impulse, The most frequent form of breakdown of the coil was either
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insulation failure between the coil terminals s Or insulation failure
between a layer of the winding and the coil shell,

No technique was available to determine whether permanent faila
~ures were formed at the completion of any portion of the tests, but
"the fact thab bhe coils would withstand impulses wp to 5 kv, after
total breakdown indicates that low voltage detection techniques may
not be applicable, The extent of the coil damage produced by the:
“bests was determined by dismantling and umrinding the coil,

The contact strength of the wire was tested by overlapping two
vpieces of wire and subjecting their intersection to a series of high
voltage impulses, Flashover occurred at approximately 17 kv,, but the
30ils were expected to fail well below this value, since the poor
bechnique used for winding the coils would weaken the insulation and

intensify the voltage distribution,

IV = II HIGH VOLTAGE IMPULSE TESTS PERFORMED DURING
THIS STUDY ON TWO 2200 TURN COILS

: Two 2200 turn coils were subjected to high voltage impulse tests
'nd oscillograms were recorded for both auils before and after bhese
::‘,ests by each type of detection method discussed previously, and later
ompared for discrepancies, Particular caution was employed to maintain
he same amplitude for the detection impulse for the imitial and final
.fvi:}.sic;iuograms to permit a detailed comparison between these oscillograms,
his difficulty could be overcome by assuming the behaviour of the coil
inear for small variations in the input detection impulse and normsle

zing the results with respect to the applied voltage, T].ae cireunit




spark gap _
switch Rg : iT
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Cl = inpuﬁ capacitance
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Voltage oscillogram recorded across Repy

Current oscillogram recorded across B@

HIGH VOLTAGE IMPULSE APPARATUS
FIGURE L=1
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diagram of the apparatus used for the high voltage tests is illustrated
in figure L=l (reference 1),

The first coil, desigmated coil (L), was subjected to a series
of high voltage impulses which initiated at 2 kv, s -inereased by 2 kv,
 steps t111 8 kv., then by 1 kv, steps t111 10 kv., ab which time bhe
coil failed, 4 3 kv, impulse was then applied successfully to the coilg
‘_:howeverg the coil failed when the impulse was increased to 5 kv, When
f’“:"»the 3 kv, impulse was reapplied, the coil again withstood the impulse,
ff"ﬁDscillograms illustrating these results are shown in figure L2 and o3
for voltage and current impulse waveforms respectively, The set of
vaveforms at the bottom of the figures illustrate the conditions before
she coil had faileds those at the center illustrate the waveforms Just
sefore and during failure at the 10 kv, level; and those at the top
1lustrate failure at the S kv, level, The current and voltage waveforms
if figures L=2 and Li=3 correspond directly,
When the coil was wmwound, burnt particles and carbon dust were

‘ound around the turns at the end of the first three layers, The volbage
::if’{'»i**obably flashed from this point in the winding to the low potential coil
%::fferminal, The type of permanent failure that remained in the coil was
| stimated from the results of the detection tests 9 illustrated in the
espective succeeding chapters of the varicus detection tests s to cone
. ist of é. mumber of turns in one, or possibly éll three, layers,
A second coil, designated coil (5), was subjected to & series of
imilar high impulse tests, but did not collapse until a 15 kv, impulss
38 applied to the coil, The voltage was reduced to 3 kve, and then

wcreased by 1 kv, increments till breakdowns however, unlike the first
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W

=3 kv, applied velbage impulse
=chopped 5 kv, woltage impulse
due to ceil failure

=9 kv, applied voltage impulse
=ghopped 10 kv, voltage impulss
due to ceil failure

=l, 6 and 8 kv, voltage impulse
waveforms before coil failure

FIGURE h=2

=3 kv, current impulse

=ghopped current due to coil
failure when 5 kv, volbage
impulse applied

=zurrent impulse for 9 kv, voltage
impulse
=zhopped current due to coil
failure when 10 kv, voltags
impulse applied

=gurrent waveforms corresponding

to ebove by, 6 and 8 kv, volbage
impulses

FIGURE ho3

VOLTAGE AND CURRENT OSCILLOGRAMS FOR HIGH VOLTAGE

IMPULSE STRESS ON FIRST COIL

A11 oseillograms have a sweep speed of 20 USST, /Gy
sured downward,

Positive poben
b




2l
| coil, this coil did not fail until a 12 kv, impulse was reached, This

procedure, beginning with the 3 kv, impulse, had %o be repeated a cone
siderable number of times before failure could be attained by a 5 kv,

- impulse, Further repetition of 3 kv, and L kv, impulses would not Lower

” this breakdown potential, o
Figures hely and k< 5 ﬂlustrate the voltage and current waveforms
. before and during coil failure, The two current waveforms shown at the
bottom of figure L=5 illustrate the current before the coil had collapsed
- under a h‘lgh voltage impulse, The center i;?.lusﬁration eorresponds to the
1 kv, veltage impulse shown in figure li=ljs The current waveform,
11lustrating coil f’ailure in figwe h@:»,g corresponds to the voltage wave=
form at the center of flgure hchg likewise, the two remaining waveforms
’wmsp@ndo

A current waveform was recorded at two oseiu@éé@p@ sweep speeds
for a li kv, impulse, at the stage when the coil required an impulse of
T kv, for breakdown, The first oscillogram, figure hmé  illustrates

the current waveform for g sweep speed. @f’ 10 usec, /em, - and the second

‘:vfl_:.:@s@ﬁ‘ﬂngram 3 T’hastrates this same waveform at a sweep speed of 50 usse,/em,
ifi:fiﬁ;j&s stated in the previous section, the initial osecillation at the beginning
of the current waveform is believed to act as a fault detector during high
roltage tests, but no further information was obtained during this study

o :e@ause ‘thers were no more coils available,

. When the coil was wwound the only signs of damage were burnd spots
m the edges of both coil terminals and a light sprinkling of carbon dush
m the top layer between and nssr the ¢oil terminals, It appeared that

he impulse current flashed between the coil terminals,
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Two types of coil failure were produced by these high voltage

tests, The first type, indicated by coil (i), was a minor failure in
the coil winding which would undoubtedly extend to layer failures and
;;’j.-}-eventually progress to adjacent layers with further applied impulses,
| until the coil was completely inoperative at low voltages, The second
type of failure, indicated by coil (5), would develop slower than the

- first type, but eventually would carbenize a path between the coil

' terminals sufficient to short the coil even at low voltages, The coil
 could probably be protected from this latter type of failure by a spark
gap placed between the coil terminals,




3 kv, voltage impulse after
Piprst coil failure

2 kv,/cm, vert, defl,

chopped voltage impulse during
first coil failure
2 ko /em, vert, defl,

1l kv, voltage impulse befure
first coil failure
S kVQ/c:m.o Vel"bg deflo

volbage wavelorms

FIGURE Leh

currsnt waveforms during and
after first coil failurs
5 yolts/cm, vert, defl,

current waveform corresponding
to voltage impulse at bobbom
of Figure L=l

5 yolbs/om, vert, defl,

currernt wavelorms befove
flrgt coll fallure
5 yolbe/eme: vért, defl,

voltage waveforms

FIGURE Li=B

HIGH VOLTAGE TMPULSE TEST RESULTS

A1l oseillograms have a 20 usew./cme sweep speede
Positive pobential measured dowrmarde
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""""" Current waveform for Current waveform for
a b kv, 1% by 40 a L kv. 13 by 110
high voltage impulse high voltage impulse
5V/em, vert, defl, - 5V/em, vert, defl,
10 usec./cm, sweep speed. 50 usec,/em, sweep speed

CURRENT WAVEFORM DURING HIGH VOLTAGE TESTS

FIGURE Li=6




CHAPTER V

EXPERTMENTAL RESULTS FOR THE VOLTAGE OSCILLOGRAM
FAULT DETECTION METHOD

V = I FACTORS GOVERNING SENSITIVITY OF DETECTION

The output voltage impulsey Eqy, from the Impulse Generator Simile
ator can be used to detect coil failure because the discharge rate of the

‘-;‘{f_ output capacitor of the generator pulse=forming network is affected by

. shanges in the coil impedance, The sensitivity of this method was found

50 depend on the equivalent circuit of he simlator, on the value of the

sapacitor in the circuit s and on the shape of the impulse voltage across

ihe terminals of the coil, These effects were studied ang pertinent

'esults are illustrated in figures 5-2 40 5=7, The three»wavefoms in

hese figures are arranged as followse the 'bop wavei"orm represents the

utput voltage without the coils the second and third waveforms illustrate

he output voltage for the coil with the armature core in the coil shell
nd removed respectively. Impulse waveforms for both circuits were
--dJjusted to yield the prescribed shape when the armature core was placed

» ;_‘a the coil shell and the coil was conﬁee‘bed across the generator terme
s,

The Impulse Generator Simulator can apply an impulse voltage %o

le terminals of the coil by either of the circuits shown in figure 5-1,

" a combination of these circuits, The voltage waveform produced by the

reuit of figure 5=1, was found to be more susceptible to changes in coil
pedance than the waveform from circuit S=kys since the former cireuit

clud.mg the coil has a higher output impedance, Figures 5-5-and 56

lustrate this difference between the two cirecuits,
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I L Ip
Rg ' v
E@ “_J,mcl g Rsh 4»02 Eo _______
T B shunt used in |
Re Chapter VI
—— e
FIGURE S5-I,
- i b
“ngA/v > > —
1%
o 4
Eo=m & §Rsh :": 6,
Fe
FIGURE Saly,
C; = imput capacitance ) Rg = series resistance
. -Cp = outpub capacitanse Rgy = shunt resistance
B, = oubpub impulse viltage  Ey = capacitor supply voltage
5 R, = current shunb Y, = output load (relay coil)
FIGURE 5esd

EQUIVALENT CIRCUITS FOR IMPULSE SIMILATOR GENERATOR.
AND TEST PIECE
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The amcunt of distortien in the oubput impulse for an impedance
change in the coil was found +o depend on the value of the capacitors
used in the generator cireuit, that is, on the ensrgy available from
the generator, Comparison of figure 5=2 for Gy equal to 0,12l uf,
(microfarads) and figure 5=5 for Gy equal to 0,25 uf, showed that &
larger deflection in the output waveform occurred with the smaller
input capacitor, The same effect on the voltage waveshape by the oute
put capacitor is illustrated for a 13 by 200 wave by comparing figure 53
for Cp equal to 0,01 uf, to figure Seli for Co equal to 0,11 uf, A
similar result is illustrated for a 1% by LO wave by figures 5=5 and 57,
Therefore, if the energy level is increased across the coil terminals 9 by
either Gy or G, the variatien in the impulse voltage for changes in the
coil impedance should be reduced, Capacitor Cq had a greater effect on
the sensitivity of the impulse than capacitor Cs, since the reduction of
the distortion in the impulse waveform when 01 ﬁas doubled was approximately
equivalent to the change when Cr was increased by tenfold, It was found

that a generator capacitor less than about 0,05 uf, was impractical becauss

- suecessive impulse waveforms were not identiecal,

The dete@tioﬁ"sensitivity was also conbtrolled by the impulse wavee
- shape across the coil terminals, A 1% by LO wave showed less deviation
from the unfaulted waveform than a 1% by 200 wave for identical inpub
and outpub circuit capacitors, sinece the coil impedance affects the decay

of the charge on the output capacitor, These waveforms are illustrated

in figures 5-2 and 5e3, Since detection of failures depended on sensing
a variation in the tail of the applied impulse s the 1% by 200 impulse should
prove to be better for failure detection than the 11 by 4O impulse,




FIGURE 5-2 o FIGURE 5=3
cwcu::c of figure 6&1 circuit of figure 61,
1% by LO impulses 1% by 200 mpulseb
C; = 0012k uf, Cy =0 1214 uf,

FIGURE 5l FIGURE 55
eireuit of figure 6<l, circult of figure 6<1,
1% by 200 impulses L by LO impulses
41 = O 12& u-fa Cl = OQ?S ufo
62 = 0011 u.fe GQ, = OoOl ufo

OUTPUT IMPULSE WAVEFORMS FOR NO LOAD, GOIL WITH CORE IN, AND

COIL. WITH CORE OUT RESPECTIVELY FROM TOP TO BOTTOM

All oscillograms have a verte deflo of 100 volts/cm. and a sweep
speed of 20 usec./cm,
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The test results cited in the following section are obtainsd
from voltage studies for similated permanent failures made on three
tapped relay coils s and indicate the capabilities and limitations of _

the voltage oscillogram fault detection method,

V = IT TESTS ON COILS WITH - CONTROLIED FAULTS

These tests were performed to study the distortion in the low

. voltage :meulse for various simulated permanent failures, The followe

. ing three coils were used for the . tests:e
& (1) 2200 turn tapped coil,
(2) 1200 turn tapped coil and
- (3) 2200 turn untapped coil,

Although oscillograms are included in each section to illustrate
per't:r.nent points, a number of oscillograms are enclosed in Appendix wgw
:for added referense, along with a table listing the tap combinations used
for each illustration and s table compiling all the tested tap combine
ations for coils (1) and (2) s With their respective size expressed as
. ..bhe mumber of turns affected and the percentéga of the total winding

. involved,
V = IIT TESTS FERFORMED ON A TAPPED 2200 TURN COIL

The winding structure of this coil is illustrated in figure 3»&(3.)
-nd a list of tapped turns is contained on page 1,

13 by Lo applied impulse, The gensrator was set Ho correspond to
he circuit shown in figure Sml(a) s and the circuit paramsters wore

djusted to the i‘oll@Wing valuess Cy = 0,12 uf,, Rg = 7h ohms, Rg = 130 chms,,



_i,f:f: the gensrator,
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and G2 = 0,01 uf, These sebtings for the generator yielded a 1% by Lo

impulse across the coil terminal when no taps were shorted and the
armature core was placed inside the coil shell, The impulse was applied
to terminal two of the coll, and terminal one was groundsd directly to

In all oseillograms 'bhe_ top waveform illustrates the impulse

across the coil when no failure was simulated, while the remaining

.- waveforms represent typical failures similated by shorting specific

taps, For instanse, the sesond wave in figure 58 {llustrates the

 reduction in the tail of the wave formed when taps 1 and 2 were

connected to simulate a layer fault involving 202 turns or 9% of the

‘wWinding,

Distortions produced in the voltage wave by a simulated fault
affecting approximately 9% of the winding, such as the second wave in
figures 5-8 and 5=10, indicated that detection of layer~to=layer faults
was independent of the position along the winding, The resulting wavee
forms were sufficiently distorted that layer=to-layer failures should

 be easily detected,

As the percentage of the winding failures was increased, the

f_:’:;.;;bail of the wave was reduced until, when about 50% of the winding was

iffected, the tail was almost totally removed and the latter part of
she wave developed a sinusoidal compoment, In all cases o the initial

orise was unaffe@f;edg but the amplituds of the 'applied impulse was reducéd,

Although failures involving less than 8,5% of the winding were
ot tested, it appears from a comparison of similated failures of various

égnitude that 8 1,2% failure may possibly be detected from voltags
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FIGURE B=6 FIGURE 5=7

cirguit of figure 6=l cireuit of figure 61,
1% by LO impulses 11 by LO impulses °

C1 = 0,25 uf, 02 = 0,25 uf,

C_ = P fo C = ® o
0 0,01 u 2 0,0l uf

Figures 5=6 and 5=7 display output waveforms

FIGURE 58 FIGURE H=9

1% by LO impulse for no failure 13 by LO impulse for no failure
9065 20, 21,8 and 3L.L percent 29,9, 39,9, L2.5 and 52,3 peroent
failures respectively fallures respectively

All oscillograms have a vert, defl, of 100 volts/am,
and a sweep speed of 20 usec,/cm,




- waveform, Other comparisons s Such as the third and fourth waveforms in

35
oseillograms, Comparison of the distorted voltage waveforms for 20%

and 21,8% failures, shown as the third and fourth waveforms respectively
in figure 5<8, illustrates that an increase of 1,8% in the winding

failure resulted in a definite increase in the distortion of the impulse

figure 5=9, indicate that winding failures involving 3% of the winding

should produce a definite deformation in the applied impulse, When

oscillograms were compared for failures which differed by only about

 0,25%, the difference bstwsen the waveforms was difficult to cbserve,

" The sensitivity of the btest is considered further in the seetion for

eoil (3),
Since the tests performed in section V = I indicated that

detection sensitivity should depend on the shape of the impulse wawvefoxm,

a 13 by 200 impulse was applied across the coil terminals,

;é by 200 appiied impulss, The values of the parameters of the

impulse generator were changed to: Cy = 0,22L uf,, Rg = 47 ohms,

An increase in semsitivity for the 1L by 200 wave, versus the 1%

- by 4O wave, is shown by a comparison of the 906% failure indication of

figures 5=1 and 5-10, The 1% by 200 impulse results in a greaber dise

bortion in the tail of the wave, and a lower peak amplitude, This

~ Indication was similar for all simulated layer failures examined, irre-

* rardless of their position within the coil, As the percentage of the

soll involved in the failures was increased in magnitude, the tail of

‘he impulse decreased accordingly, developing a sinusoidal shape when
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‘ ‘approximately 35% of the winding was shorted, Again, the initial rise

was unaffected, but the peak amplitude was reduced,
Although the waveform for these tests was produced with a genge

rator oubput capacitor of 0,11 uf,, the results indicated that an increase

: ~of 0,6% in the winding failure produced a definite increase in the dis=

""tortion of the current waveform, The detection sensitivity for ‘bhis

waveform is examined further in gection V= V for a smaller qutpu‘o genga=

. rator capaeitor,
V = IV TESTS PERFORMED ON A TAPPED L4200 TURN COIL

The Winding structure of this coil was illustrated in f.t.gure ,ywS('b)
nd a l:Lst of tapped turns is given on vage i,

The dete@mon sens:.tlw‘cy was reduced considerably for the tests on
his coils this mduc“blon ‘can be a%ributed to the mcrea.sad gener@tor otbe

ut eapacitor used durixag the. tests, and to the 1mreased :mee(dame of

he coil compared to that for the 2200 tuwm coll,
. ) .

1% by 4o appliéd_jgipglseo The value of the generator paramsters
“‘:& L= 0

or the civeuit shown in Pigure S=1(a) weres Cy = 0,25 uf,, Rg = Tl ohms, .

Ul o

s 8h = L30 ohms,  and Gy = 0,03 uf, The tests were performed as deseribed
“a section V = IIT of this chapter,

The laysv=to-layer failure s approximitely 7.,75% of the winding for
“1is coil; was easily detected and independent of the location of the
:':;‘.’Q;fjiz,ulﬁ within the winding, An $1lustration of a 7095% failure is shown in
gure 5=16, The reduction in detection sensitivity for sinmlaﬁed layer
dlures in the 4200 turn coil can be seen by cemparing figure 5«16 and

gure 5-8, The results for a 16,5 and 26,5 persent failure are shown in
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FIGURE 5=10 FIGURE 511
1% by LO impulse for no failure, 12 by 200 impulse for no failurs,
966y 2063, and 51,2 percent 9.6, 20, and 3L,k percent
failures respectively failures respectively

FIGURE 5=12 FIGURE 5<13

1% by 200 impulse for no failure, 1% by 200 impulse for no failure
2909, 39k, and 52,3 percent : and 8,8 percent
failures wespectively failures respectively

DISTORTION IN OUTPUT VOLTAGE WAVEFORM FOR FAULTS SIMULATED
ON A 2200-TURN COIL
A3l oscillograms have a verb. defl, of 100 volbs/ecm, Figure 5=10

18 a sweep speed of 20 usecs,/cm, while the remaining figures have a
mep speed of 50 usecs./cme
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figure 5=17, An 8=turn, or 0;195%, failure is illustrated in figure
- 5=ll and did not show any distortion in the voltage waveshape, A
7.68% failure is compared to a 8,05% failure in figure 5=15 and
illustrates a slight increase in the distortion of the impulse during
the 8,05% failure,

The impulse voltage was applied to terminal one of the coil and

S the pesults disclosed that the distortions in the voltage impulse for

layer failures were identical to those observed when the coil was

excited through terminal two.

1% by 300 applied impulse, The generator parameters were set at

' the following values: C; = 0,25 uf,, B, = 19 ohms, R = 2391 ohms,
1 8 sh

and Cy = 0,05 uf,

The waveform could not be formed with a smaller input capacitor
and, as a result, the detection sensitivity was not improved by uss of
the longer impulse, |

Detectability is demonstrated in figures 5=18 and 5-19 for faile
ures of 0,19 and 7.5 percent of the coil winding, The:. oscillograms
were formed by superimposing the waveforms of the unfaulted coil with

the one obtained when the coil was faulted, This method was not as

S acourate as photographing both waves on the same film, although in the

' "55‘f§Cf:ﬁj_f’ff-’factual test for failure, superimposition of oscillograms would be

required, The 0,19% failure was not detectable, whereas the 7,5% faile
ure produced approximately the same distortion in the impulse test wave-

.. form as was observed for the 1% by LO impulse,
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FICURE 5=1ly FIGURE 5-15
1% by 4O impulse for no failure 1% by 4O impulse for no failure
and 0,195 percent 7,68, and 8,05 percent
failure respectively failures respectively

FIGURE 5-16 FIGURE 5-17

1% by 4O impulse for no failure 1% by LO impulse for no failure
and 7,95 percent - 16,5, and 26,5 percent
failure respectively failures respectively

DISTORTION IN OUTPUT VOLTAGE WAVEFORM FOR SIMULATED FAILURES
o ' ON A L4200 TURN COTL

All oscillograms have a vert, defl, of 100 volts/cm, and a sweep
eed of 10 usec,/cme , :




Lo
by 350 applied jgpulsea The generator was reset using the

same circuit capacltors as Were used to yield the 1% by 300 mpulse‘,
Figures 6=20 and 6<21 contain illustratlons of 0,19 and 7,5 percen't
failures, The reduc'bion in the rise tim of ‘the applied 1mpulse did
not appear to make any usual differencs on fa:.lure detec'b:.on, and there .

S appeared to be no 1mprovemenb over the 1% by 300 :unpulseo

V = V DETECTTON OF SIMULATED FATLURES TNVOLVING ONLY
- A-FEW TURNS IN A 2200 TURN,COIL

For the - tests a 1% by 260 impulse, produced from a low capa= :
. citance circuit, was applied across the terminals of the coil, The
gensrator variables were adjﬁstéd to yieid: Cq = 0,12k uf,, Ry = L7 ohms,
By, = 7200 ohms, and Cy = 0,01 uf, The outer layer of the coil was
exposed by removing the protective tapeand - insulation off the wire
to insure good contach, | |
Systematic shorts, beginning with two adjacent turns s Were pro=
duced and the waveform for the faulted and unfaulted winding photographed
on one oscillogram, The deviation formed by shorting three adjacent
turns could be detected on the oscilloscope, if carefully examined, bub

1“".’fﬁfsﬂj_fvwa 8 difficult to reproduce on the oscillogram, This failure is illus=

‘ "v'-'»~*fQ{{:’,:_-bra‘bed in figure 5<22, and if the initial portions of these waveforms

are adjusted properly, a distortion can be seen in the tail of the

raveform, The results for several larger failures are shown in the
. remaining figures and indicate that failures of approximately 0.3% were
" lotectable as predicted by the earlier tests,



FIGURE 5-18 FIGURE 5-19
1% by 300 impulse for no failure 1} by 300 impulse for no failure
and 0,19 percent " and 7.5 percent
failure respectively failure respectively

FIGURE 5=20 FIGURE 5=21
3 by 350 impulse for no failure 3 by 350 impulse for no failure
and 0,19 percent and 7,5 pereent
failure respectively failure respeetively

DISTORTION TO OUTPUT VOLTAGE WAVEFORM FOR SIMULATED FATLURE
ON A L4200 TURN COIL |

- A1l oscillograms have a verd, defl, of 100 wolts/cm, and a sweep
speed of 50 usec./cms '

.res,rrm ‘
G
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FIGURE 5»22 : FIGURE _5’»23
1% by 200 impulse for no failure 1L by 200 impulse for no failure
and a 3-turn failure and a Teturn failure
respectively respectively

FIGURE =2l FIGURE 5-25
1% by 200 impulse for no failure 1t by 200 impulse for no failure
and a 15=turn failure and a 25=-turn failure
respectively respectively

DISTORTIONS IN OUTPUT VOLTAGE WAVEFORM FOR COTL WINDING FATLURES

A1l oscillograms have a vert, defl, of 100 volts/em, and a sweep
speed of 50 usec./cmo ' ,
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V = VI TESTS ON COTLS FAULTED BY HIGH VOLTAGE TESTS

The voltage oscillogram fault detection technique failed come
pletely to indicate that the coil had failed during the high voltage
tests, Oscillograms taken before and after the - high voltage tests
on coil (4) are shown in figufes 526 and 5-27 for the 1% by L0
detection impulse and in figures 5«28 and 5=29 for the 1% by 200
detection impulse, Both impulses were gemerated with a low generator

capacitor, Although carbon particles between a numbeyr of turns in the

- winding were found when the coil was examined, these results could be

interpreted to mean either that a permanent failure did not remain

| after the: tests, or that the failure was too small to be detected,
 If a permanent failure did result, the tests performed on simulated
failures would suggest that the failure would not involve more than
about five turns, To summarize, the - tests indicated that the coil
| winding could fail without the failure being detec’bed by the Voltage
Oseillogram Fault Detection Method,




FIGURE Sf26 FIGURE 5<27
1% by 4O impulse 1% vy LO impulse
. voltage across terminals voltage across terminals
of untested coil _ of tested coil

.

FIGURE 5-28 FIGURE 5=29
1% by 200 impulse 1% by 200 impulse
voltage across terminals voltage across terminals
of untested coil - of tested coil

OSCILLOGRAMS FOR VOLTAGE IMPULSE DETECTION METHOD

; A1 OSClllogramS have a vert, defl, of 100 volts/cm, and a sweep
peed of 20 uset,/cme Pogitive potential measured downward,



CHAPTER VI

EXPERTMENTAL RESULTS FOR THE CURRENT OSCILLOGRAM

FAULT DETECTION METHOD

B This system may be represented by one of the equivalent circuits
" shown in Figure 5=1, except that a current shunt is required in the
ground lead of the coil ecircuit, Two resistive shunts, ;oi‘ 151,0 ohms.
. and 15,1 ohms respectively, were used during the - tests té illustrate
‘::"“:"fthe effect of the shunt size on detection se_nsitivi’ﬁy, Both resistors
bf‘fk,:':}jwere found to be free of reactive compbnents to a frequency of 1.5
megacycles, but could not be checked beyond this frequency, The capa-
citors used in the resistorocapaéitor shunt combinations were assumed

to be of their nominal value, The voltage observed across this shunt

:is a measure of the coil current and the detection of failure by observe

ation of this voltage is called the current oscillqgra.mvfault detection _

nethod,
VI = I TESTS ON COILS WITH CONTROLLED FAULTS

The sénsit‘iviﬁy.. of the current Waveffomsi to péma,ném failures

n the coil winding was observed from sirmla‘ted. failures on the three
7~ :eoils used for the tests in the previous chapter, Although pertinent
iseillograms are illustrated in each section, additiomal oscillograms
re included in Appendix "D¥, along with a table speecifying the tap
& ombinations used for each simlated fault, Refer to Appendixz "G" for
table specifying the size of the sinmlated failures resulting from
he tap combinations on coils (1) and (2),
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VI = IT TESTS PERFORMED ON A TAPPED 2200 TURN COIL

_%af_ by .l.}.Q applied impulse, Oscillograms were recorded with a

vertical deflection of 10 volts/cm, and ai sweep speed of 20 usec,/cm,
- The magnitude and location of the coil failure had a greater influence
“ on the current waveshape than on the corfé8ponding voltage waveform,
Whereas the distortion in the voltage impulse was almost identical for
all failures involving the same percentage of the windixig, the current .
.f,::‘ waveshape behaved in a more complicated fashion, This difference in
- the waveshape for layer failures is evident by comparing the '9% failure
~ shown in figures 6=1 and 6=2 for a layer near the surface to figure 6=3
for a layer near the center of the coil, The waveform shown in figure
6=3 had a longer rise time, smaller peak, and a greater tail height,
This property is not peculiar to layer failures, but affects two and
three layer failures in the same manner, This is illustrated by come
paring the upper waveforms in figures 6-1 and 6=2 %o the waveform in
figure 6-li, The latter waveform was smaller and broader than the first
two, Especially obvious was the fact that the waveform for a two=layer
fi.,.-jfailure did not differ greatly from a single=layer failure near the center
;:of the coil in comparison to the striking difference between these two
{""‘fa.ilures when they involved layers near the surface,

The indications for layer failures for the current oscillogram
nethod were more obvious and convineing than those during similar tests
z;f:f:y the voltage osecillogram technique, Comparison of figures 6=3 and
=8 will exemplify this observation, _

To detex?mine the effect of the applied impulse voltage waveform
m the current detection technique, tests were extended to a 1 by 200

‘mpulse,
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20 usec./cm, sweeps 107/cm, defl, 20 usec./cm, sweeps 10V/em, defl,

FIGURE 6<1 FIGURE 6=2
‘ 1% by 4O current impulse 1% by 4O current impulse
lower - no failure lower = no failure

. center - failure of 9,85% of wdg, center - failure of 9,6% of wdg,
upper = failure of 20,2% of wds, upper = failure of 20,8% of wdg,

peak of failure of 28% of wdg,

20 usec,/em, sweeps 10%/cm, defl, 20 usec./cm, sweeps 10V/cm, dafl,

FIGURE 6-3 FIGURE 6=l
1% by 4O current impulse : 1% by 4O current impulse
lower = no failure lower = no failure
upper - failure of 9,5% of wdg, upper = failure of 18,2% of wdg,

DISTORTIONS IN CURRENT IMPUISE WAVEFORMS DUE TO SIMUIATED

PERMANENT FATILURES IN 2200=TURN COIL




| L8
12 by 200 applied impulse, The swesp speed for the. oscillograms
= 27 .

~was decreased to 50 usec,/em, The current waveforms were distorted in a

similar manner except that the current waveform for the 1 by 200 impulse
was on a different scale, The peak amplitudes were approximately equal

but a greater difference between the original and faulted wave did exist

~in the latter portion of the applied 1% by 200 impulseo' Comparison of

“figures 61 and 6=5 indicates that the faulted current during the 13 by

200 impulse was reduced below normal current sooner and produced a larger

distortion over the remaining portion of the wave than that observed for

the 1% by LO wave, resulting in greater detectability of failure, Faile

.-+ ures involving 9% of the windingi are illustrated in figures 6=5 and 6=6

for layers near the surfase, in figures 6=7 for a layer failure oneequarter
of the way into the winding, and in figure 6-8 for a layer failure near

the center of the winding, Two=layer failures are illustrated in figures
5=5 and 66 for layers near the surface, The dependence of the current
raveform on the location of the fault within the winding in the 1% by 200

impulse detection test was the same as that observed during the 1f by Lo
‘mpulse test,

VI - IIT TEST PERFORMED ON A TAPPED L1200=TURN COIL

g.ﬁ by QQ applied impulse, The oscillograms were recorded with a

‘weep speed of 10 usec,/cm, and a vertical deflection of 5 volts/cm,

A fajlure of 0,165%, or 7 turns, shown in figure 6<9, produced a

istortion in the tail of the waveform sufficient to give a definite

' ndication of failure, An example of a layer failure is shown in

igure 6=10 for a 7.5 percent failure and indicated that the detection
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50 usec,/cm, sweeps 107/cm, defl, 50 usec,/cm, sweeps 10V /em, defl,

FIGURE 6=5 FIGURE 6<6
11 by 200 current impulse 11 by 200 current impulse
lower = no failure lower - no failure
center = failure of 9% of wdg. center = failure of 9,5% of wdg,
upper = failure of 20% of wdg, upper « failure of 19% of wdg,

50 usec,/cm, sweeps 10V /em, defl, 50 usec,/cm, sweeps 10V/cm, deile

FIGURE 67 FIGURE 68
: 1L by 200 current impulse 1% by 200 current impulse
lower = no failure lower = no failure

upper = failure of 9,25% of wdge upper = failure of 9% of wdg,

DISTORTIONS IN A 1% BY 200 CURRENT IMPULSE WAVEFORM DUE TO

STIMJLATED PERMANENT FATILURES IN THE ’2200=’I‘U?N COIL
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sensitivity was approximately equal to that demonstrated during the
tests on the 2200 turm coil, The current waveform indicated only a
slight dependency on the logation of the fault within the coil winding,

unlike the results obtained with the 2200 twrn coil, When large faile

ures, of the order of 20% of the winding, were simulated, very large
.+ currents were produced and demonstfated the improvement in failure

‘ detection by this method compared to the voltage oscillogram method,

Similated failures, for the impulse applied to terminal two of

- ‘the coil; showed identical distortions to those produced when the coil

7 was excited through terminal one,

layer failures were examined with the armature core removed

from the coil and a 7.5% failure is reproduced in figure 611, Although

the current was approximately four times as great, the detection sensie
bivity was not wisibly increased over that when the armature core was
kept inside .the coil, The discontimuity in the waves was formed Whéﬁ
the input impulse was chopped to prevent the total current from. |
exceeding the rated value of the current shunt,

Various conmbimations of resistorecapacitor current shunts were

tested but did not appear to improve failure detection, E‘wthér‘ tes"&s.
' "':.Z,<,~f,j‘performed on current shunts are described in the following section,

. Distortions for a 0,165% failure, using 0,0067 and 0,1 uf, capacitors,

wre shown in figures 6<12 and 6-13 respectively,

1} by 300 impulse. The. . oscillograms were recorded with a de-

. Tection of 5 volts/cm, and a sweep speed of 50 usec,/em, The. - tests
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10 usec,/cm, sweeps 5° /cm, defl, 10 usec,/om, sweeps 5'/cm, defl,
FIGURE 6«9 FIGURE 6=10
1% by L0 current impulse 1% by 4O current impulse
lower « no failure ' lower = no failure

upper = failure of 0,165% of wdge upper = failure of 7,5% of wdg.

10 usec,/cn, sweeps 5V/cm, defl, 10 usec,/cm, sweeps 2V/cm, defl,

FIGURE 611 ' FIGURE 6-12
1} by LO current impulse 1% by LO current inpuise
lower - no failure lower = no failure

upper = failure of 7.5% of wdg. upper = failure of 0,165% of wdg,
: shunt capacitor = 0,0067 uf,

DISTORTIONS IN 1% BY LO CURRENT IMPULSE FOR SIMUIATED

PERMANENT FATILURES IN L200=TURN COIL
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did not illustrate any great improvement over the 1% by LO wave, Large

 values of capacitors had to be used to produce the 1% by 300 impulse

and resulted in a reduced detection sensitivity, A 0,165% failure is
illustrated in figure 6=1, and when compared with figure 6=9 for the .

1% by 4O impulse, indicates that the distortion was produced over a

greater portion of the total wave, yielding a more obvious displayg

A 15,9% failure produced a distorted waveform, approaching a square

wave, and is illustrated in figure 6=15,

3 by 350 applied impulse, The generator was set with. the same

A N input and output capacitors that were used to produce the 1 by 300

o impulse, In the illustration shown in figure 616 for a 16 percent

failure, the faulted current had a vertical deflection of 10 volts/cm, s
wher_eés the unfaulbed current has a vertical deflection of '§ volts/em,
égn@érison of figures 6-15 and 6=16 illustrates that the rise time of
the current waveform with the coii faulted is proportional to the rise

time of the applied impulse,

VI = IV DETECTION OF FATLURES INVOLVING ONIY A FEW
TURNS IN A 2200 TURN COIL

The 220Q turn coil whose outer layer was exposed for simulated

~failures during the detection tests by the voltage oscillogram method

was tested with similar simulated faults by the current method, A1l
oseillograms were recorded with a 20 usec./cm, sweep speed,

Oscillograms of a one=turn fault are illustrated in figure 6=17

for a 150 ohm shunt and a 13 by LO applied impulse and in figure 6-18

Gy



10 usec,/cm, sweep; 2V/cm, defl, 50 usec,/cm, sweeps 5V/cm. defl

FIGURE 613 FICURE 6=1l;
1% by LO current impulse 1% by 300 current impulse
lower < no failure lower = no failure

upper = failure of 0,165% of wdge upper = failure of 0.165% of wdge
shunt capacitor = 0,1 uf,

50 usec,/cm, sweeps 5'/cm, defl, 50 usec,/cm, sweeps 5'/cm, defl,

FIGURE 6=15 FIGURE 6e16
v 11 by 300 current impulse 3 by 350 current impulse
© lower = no failure lower = no failure

upper = failure of 15,9% of wdge upper = failure of 16% of wdg,

DISTORTIONS IN THE CURRENT IMPULSE WAVEFORMS FOR SIMULATED

PERMANENT FATLURES IN L200=TURN COIL




for a 15 ohm shunt and a 1} by 200 impulse, A slight distortion was
detected at the beginning of the wave in figure 6<17 as a result of
the expanded vertical scaling and the differences in intensity between
the two waveforms, However, this disbortion was very slight and was

not perceptible from the results of the 11 by 200 impulse recorded

. with a normal vertical deflection, as shown in figure 6=18,

Failures involving more turns were examined and the occurrence

of a l=turn or larger failure is easily detectable, A Seburn failure s

~ recorded across a 15 ohm resistor, is shown in figure 6=19 for the

" 13 by L0 impulse and in figure 620 for'the 1% by 200 impulse, The

oscillogram in figure 6=20 indicates a distortion over a greater pore
tion of the current wave and suggests that the current waveform was a
better detector ‘when a 1 by 200 impulse was applied across the coil
terminals,

A number of capacitoreresistor current shunts were examined,
and a 0,25 uf, capacitor in parallel with a 15 ohm, resistor was found
to improve detection slightly, |

Twosturn failures are illustrated for the armature core within

the coil shell in figure 6=21 and with the core removed in figure 6=22,

. Detection sensitivity was nob improved when the armature was removed from

the coil shell, The impulse generator was reset for the 1 by 200 .

impulse with a low circuit capacitance and l= and 2=turn failures were

examined for this shunt combination, These faiiwes are illustrated in

__Pigures 623 and 6-2L respectively and indicate that a slight distortion

* ocourred for a leturn short, Albhough this distortion is not sufficient

to enable this failure to be detected by superimposition of cscillograms




20 usec,/cm, sweeps 1'/cm, defl, 20 usec,/cm, sweeps 5'/cm, defl,

FIGURE 6-17 FIGURE 6-18
1% by LO current impulse 1} by 200 current impulse
o lower = no failure lower = no failure
,,,,,,,,, upper = 1 turn wdg, failure upper = 1 turn wdg, failure R
150 ohm shunt resistor 15 ohm shunt resistor

20 usec,/cm, sweeps 5 /om, defl, 20 usec,/cm, sweeps 5V fem, defl,

FIGURE 6-=19 FIGURE 620
'''''' ‘ 12 by LO current impuls 11 by 200 current impulse
lower = no failuvre ' lower « no failvre
upper = 5 turn wdg, failure upper = 5 turn wdg, failure
15 ohm shunt resistor 15 ohm shunt resistor

DISTORTIONS IN THE CURRENT IMPULSE WAVEFORMS FOR SIMULATED

PERMANENT FATLURES IN 2200=TURN COIL
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20 usec,/cm, sweeps 2/cm, defl, 20 usec./cm, sweep; 2'/cm, defl,

FIGURE 6«21 FIGURE 6222
1% by LO current impulse 1% by 4O current impulse
lower = no failure lower = no failure
upper « 2 turn wdg. failure upper - 2 turn wdg. failure
shunt « 15 ohm and ,25 uf, shunt « 15 ohm and ,25 uf,
armature core contained in coil armature core removed from coil

20 usec,/cm, swesps 10%/cm, defl, 20 usec,/cm, sweep; 10V/om, defl.

FIGURE 6=23 FIGURE 62l
1% by 200 current impulse 1} by 200 current impulse
lower = no failure lower - no failure
upper = 1 turn wdg, failure upper = 2 turn failure
. shunt = 15 ohm and .25 uf, shunt = 15 chm and ,25 uf,

DISTORTIONS IN THE CURRENT IMPUISE WAVEFORMS FOR SIMULATED
PERMANENT FAILURES IN 2200-TURN COIL
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with any confidence s 1t does illustrate the gain in sens:Lt:Lv:Lty over the

voltage oscillogram fault detection method,
VI = V FATLURE INDICATION FROM CAPACITIVE PULSE

Since neither the veltage nor current oscillogram method of fault
detectlon provided conclusive evidence of minor failure, tests were roe
peated to examine the possibility of using the capacitive pulse at the
beginning of the current waveform for fault detection, TFigures 6=25 and
| 6=26 illustrate the deformation in the charging pulse, when a 1% by LO
impulse was applied across the coil terminals for similated l=turn and
 T=turn failures respectively, Figures 627 and 628 present similar
| results for a 1% by 200 applied impulse, The oscillograms show the
considerable change that exists in the latter portion of the oseilloe
grams compared to that visible in the pulse, The pulse did not depend
on the shape of the waveform nor on whether the impulse was chopped or

not,
VI = VI TESTS ON COILS FAULTED BY HTIGH VOLTAGE IMPUISES

When the current oseillogram fault detection methed was applied %o
= the coils subjected to the high voltage impulses, only the results for
coil (4) indicated that a winding failure had occurred, Current os¢illo=
grams taken before and after the high voltage tests for this coil are
"f{"‘f;shown in figures 6=29 and 6-30 for the 15 by L0 detection impulse, and
in figures 6«31 and 6-32 for the 13 by 200 impulse, Both impulses were
produced with the ganerator set with low values for capacitors Gq and

Co of figure 5=1(a), The results indicated that the waveforms taken




after the high voltage tests were slightly larger in magnitude and
were representative of a failure involving aboﬁt four turns, |
Besides this indication of permanent failure, the capacitive
pulse was accompanied by a high frequency oscillati;m after the high
voltage tests, Since previous tests on simulated permanent failures
indicated that this pulse was unaffected by permanent failures, this
high frequency oscillation suggested that the pulse was affected by
voltage flashover that occurred in carbonized portions of the coil

Windingo

58
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FIGURE 6=25 FIGURE 6«26

1 turn fault 7 turn faulk
1% by 4O applied impulse 12 by LO applied impulse

FIGURE 6=27 FIGURE 6=28
1 turn faultd 7 turn fault
1% by 200 applied impulse 1% by 200 applied impulse

FAULTED AND UNFAULTED WAVEFORMS OF THE

CHARGING CURRENT PUILSE

The lower waveform represents the pulse for an unfaulted coil,

411 oscillograms taken with a vert, defl, of 2 /em, and a sweep Speed
of 1 usec,/cm,



FIGURE 6<2L o FIGURE 6-30
1} by 4O impulse 1} by 40 impulse
voltage across terminals voltage across terminals
of untested coil of tested coil

current waveform shown current waveform shown

FIGURE 6=31 ' FIGURE 6-32
1} by 200impulse . 11 by 200 impulse
voltage across terminals voltage zcross terminals
of untested coil " of tested soil
current waveform shown current waveform shown

OSCILLOGRAMS FOR CURRENT IMPULSE DETECTION METHOD

A1l oscillograms have a sweep speed of 20 usec,/cm, Figures
6=2li, 6=3L and 6=32 have a vertical defl, of 2V/em, and figure 6-30
has a verte defl, of 1¥/cm, Positive potential measured dowrward,




CHAPTER VII

EXPERIMENTAL RESULTS FOR THE TRANSMITTED
IMPULSE DETECTION METHOD

VIT - I DETECTION BY COIL TRANSMISSION OF VOLTAGE TMPULSE

Since neither the voltage nor current oscillogram fault detection
method provided conclusive evidence of minor winding féilufes, further
f:i study in this problem was required and a number of techhiques were investe
i igated: promising results were realized for the coil conceived as a two=
| terminal-pair network, The input terminal-pair wasvchosen as one of the
coil terminals and the c§il shell, while the output terminalupair
constituted the remaining coil terminal and the coil shell, The applied
voltage impulse excited the fundamental frequency of the coil which
‘modulated this impulse as it bravelled to the output terminals.
When a permanent failure develoﬁs in the coil, a portion of the
‘winding is shorted in which eddy currents are generated by the active
, flux, These eddy currents are accompanied by an épposing flux which
i;jlndlrectly alters the amplitude and frequency of the 1nterna1 oscillaw
v:ftlonso This failure detection technlque concentrates on detectlng these
baﬁchanges in the fundamental frequency of the coil, caused by winding
failures, rather than changes in the applied impulse as examinsd by’th@

former detection methods studied,
VII - IT SIMULATED FATLURES WHEN COIL EXCITED THROUGH TERMINAI (1)

Termiﬁal'(i) was defined in figure 35 of Chapter IIT as the tere

ninal leading to the outer layer of the winding, Initial tests were
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performed on a 4200-turn coily, with the armature core in and out of
the coll shell respectively, and were extended to the 2200-turn coil
to examine the detection sensitivity and its dependence on the applied
~ impulse waveforms. The oscillograms for this ﬁest and those in the
’¥ remaining sections of this chapter were recorded with a vertical dee-
‘flection of 100 volts/cm, and a sweep speed of 20 useéofbmo' Only
pertinent oscillograms are included in the discussion, butvadditional

- oscillograms are included in Appendix "EU,

. }200=Turn Coil

The parameters of the impulse generator were set with low values
for the generator capacitors to produce a 1 by L0 voltage impulse across
the coil terminalse The tests were performed with the coil shell grounded

to the impulse generator through a 150 ohm resistor.

Armature core contained in eoil shell, The transmitted 15 by 4O

impulse was moduiated by a highiy'damped oscillation of approximately

A 16 kilocycles when the coil was free from any failures. When a failure

of 0,165%, or 7 turns, of the winding was simulated by shorting taps
-ifnumber 2 and 3, a definite change was present in the modulating oscilla=
tion., Superimposition of the unfaulted and faulted waveforms for 0,165%
ind 0,195% failures is shown in figures 7-1 and 7=2 respectively. Larger
;;failures were accormpanied by an increase in the oscillation frequency, as
rell as the reduction in amplitude, and resulted in well defined indication
f coil failure., Figure T=3 illustrates a 7073% failure, which is typical

f any layer failure for the coil. The failure indications were found to




FIGURE 7=l FIGURE T=2
failure involving ,165 percent failure involving ,195 percent
of the total winding of the total winding
armature core contained in armature core conbained in
coil shell coil shell

FIGURE 7=3 FIGURE 7=l
failure involving 7,73 percent failure involving 2 loosely coupled
of the total winding turns of identical wirs

armature core contained in armature core removed from
coil shell . coil shell

FAULTED AND UNFAULTED WAVEFORMS FOR A 1% BY 4O TMPUISE
APPLIED BETWEEN TERMINAL (1) AND GCORE

OF };200=TURN COIL
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be independent of the location of the failure within the coil winde

ing °

Armature core removed from the shell, When the armature core

. was removed from the coil shell, the amplitude and frequency of the
| induced oscillation were increased and the detectionvsensitivity for
these oscillations was improved considera;bly° The' detection sensitivity
. inherent in this method is exemplified by the distortion for a 2-turn_
'ﬁifallures produced by looping two turns of wire around the coil and
;ffshortlng the ends, shown in figure 7ah Slnce these turns were only
| loosely coupled to the coil winding, a thufn failure within the
winding should be easily distinguishéda

The 0, 165 and 7,73 percent fallures were renexamlned for the
armature core removed from the coil, and 1ndicated a greater devistion
between the unfaulted and faulted osciilograms ovér‘a 1arger portioﬁ
of the waveform than was observed during the prev1ous tests when the
armature core was kept in the coil shell. These fallures are 111u8w
trated in figures 7-5 and 7-6 respectively.
In order to compare the detection sensitivity of this method
1?With that available by the current and voltagevoscillogram methods,

tests were conducted on coil (1),

2200=Turn Coil

The: - tests were performed with the resistance removed from the
il circuit and the armature core placed in the coil shell, The induced
scillation was similar to the oscillation observed with the resistance

n the coil circuit and the armature core removed from the coil shell,
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. Failures of 1 and 2 turns were examined and an illustration of a leburn

failure is shown in figure 7=7 for an applied 1% by 4O impulse, The
waveform with the larger oscillation is representive of the unfaulted
coil, The l= and 2eturn failures did not produce any noticeable change
in the frequency, but did damp the existing oscillabion sufficiently to
produce failure indications which are easily distinguished from the
unfavlted waveform, When failures were observed for chopped applied
impulses, the corresponding change in amplitude and frequency in the
coil oscillation was easier to distinguish, The result of a singlesturn
failure for an applied 11 by L0 impulse, chopped at 10 usec, s is i‘!.lustfated
in figure 7«8, Tests showed that the amplitude of the osecillation after
the impulse was chopped depended directly on the phase at the instant of

chop, The l=turn illustrations, shown in figures 7=9 and 7-10 for the

- unchopped and chopped 1% by 200 impulse respectively, indicated that a

l%- by 200 impulse yielded a greater contrast between the faulted and
unfaulted impulses than a 13 by 4O wave, This difference is apparent

from a comparison of figures 7-7 and T=9s Larger failures are indicated

.. by a marked frequency shift, These chopped 1% by 4O and 12 by 200 waves

o are compared in figure 7=113 their results are compared in figures 7-12,

The chopped 12 by 200 impulse approached a square wave and energized
oscillations of larger amplitude,
A comparison of the results of the two coils shows that the 4200

-~ turn coil had a lower nabural frequency than the 2200=turn coil: the

former was recorded as approximately 31 kilocycles, whereas the latter
had a frequency in the neighbourhdbd of 50 kilocycles, However, there
did not seem to be any difference in the detection sensitivity, The




FIGURE 7=5 FIGURE 7=6

failure involving ,165 percent fajilure involving 7,72 percent

of the total winding of the total winding
armature core removed from armature core removed from
coil shell coil shell

FIGURE T=T7 FIGURE 7=8
failure of 1 turn in 2200 failure of 1 turn in 2200
turn coil turn coil
armature core contained in armature core conbained in
coil shell coil shell

chopped input impulse

FAULTED AND UNFAULTED WAVEFORMS FOR AN 1% BY LO IMPULSE
{0 APPLIED BETWEEN TERMINAL 1 AND C ORE
The waveform with the largest amplitude at 20 useec, represents the

unfaulted waveform, All oscillograms have a vert, defl, of 100¥/cm, and
a sweep speed of 20 usec,/cm,




FIGURE 7«9 _ FIGURE 7=10
failure of 1 turn in failure of 1 turn in
2200 turn coil 2200 turn coil
1% by 200 input impulse : chopped 13 by 200 impulse

FIGURE T=11 FIGURE Tol2

comparison between a chopped comparison of the results of
1% by L0 and a 1% by 200 a 1% by L0 and a2 1L by 200
impulse , impulse

FAULTED AND UNFAULTED WAVEFORMS FOR AN IMPULSE APPLIED

BETWEEN TERMINAL 1 AND CORE

A1l oseillograms have a verb, defl, of 100%/cm, and a sweep speed
" of 20 usesc./cm, Armature cove contained in coil shell, HR
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frequencies were altered slightly when the coils were energized through
the other terminal,

Comparison of the oscillation with and without the resistance and
with and without the armature core in the circuit suggests that this

oscillation is dependent on the resonance between the coil inductance

-~ and the coll and generator capacitance.

VII - III EXCITATION OF THE COIL THROUGH TERMINAL (2)

The amplitude of the induced oscillation and the change in ampli-

tude due to coil failure were both increased by exciting the coil through

. terminal (2)o Initial tests were observed on a ,200-turn coil for an

unchopped and chopped 15 by LO input impulse and the results disclosed
that a 2=turn failure could be identified without superimposing the

oscillograms (see Appendix "E"), A change in frequency, as well as the

amplitude, was easily visible when the failures involved more than four

turns. The amplitude of the oscillations was found to depend directly on
the magnitude of the applied impulse, however no change in frequency could

be detected for variation of thevapplied impulse, Thére tests were com=

‘pleted by simulating minor failures on the exposed outer layer of coil (3).

The results of a 2-turn failure for an applied normal and chopped

fl%‘by 4O impulse are shown in figures 7-13 and 7-1l respectively, and

illustrated more positive failure indications than were observed during

the tests for the coil energized through terminal (1), These failures

....tere duplicated for an applied 15 by 200 impulse, shown in figures 7=15

mnd 7=16, and produced better indications than those observed for the I

y 4O impulse. Figure 7-17 illustrates the results for a 1i by 15 impulse
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FIGURE 7=13 FIGURE 7=-1L
2 turn failure 2 turn failure
1l by LO applied impulse 1% by 4O chopped impulse

FIGURE 7-15 FIGURE 7=16
2 turn failure 2 turn failure
1} by 200 applied impulse 1% by 200 chopped impulse

FAULTED AND UNFAULTED WAVEFORMS FOR AN IMPULSE APPLIED BETWEEN
TERMINAL 2 AND CORE OF 2200 TURN COIL

A1l oscillograms have a vert, defl, of 100¥/cm, and a sweep speed
‘of 20 usee,/cm, Armature core comtained in coil shell,




FIGURE 7=17

1% by 15 applied impulse
loosely coupled two=bturn
failure

FIGURE Tel9

i turn failure
A 1% by 200 impulse
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FIGURE 7-=18

3 turn failure
1 by 200 applied impulse

FIGURE 7-20

' 7 turn failure
1% by 200 applied impulse

FAULTED AND UNFAULTED WAVEFORMS FOR AN IMPUISE APPLIED BETWEEN

TERMINAL 2 AND CORE OF 2200 TURN COIL

A11 oscillograms have a vert, defl, of 100°/em, and a sweep speed

g of 20 usec,/cm, Armature core contained in coil shell.
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and indicates that, although the induced oscillations were of greater

- amplitude, the change in the oscillation during coil failure was

reduceds Tt appears that failure indication depends upon either the
rate at whic_:h the energy is delivered to the coil, or upon the total
energy supplied to the coil,

A leturn, hesturn and a 7=turn failure are illustrated in figures
7«18y 7=10 and 7=20, Failures in the order of seven turns s or greater,
changed the induced oscillation sufficiently to eliminate the need for
superimposition of oscillograms,

When the output terminals of the coil were terminated, the coil
oscillations were damped and the failure indications reduced considere
ably, ‘

Comparison of the results for the chopped and unchoppéd applied
impulses indicated that the applied impulse added nothing to the detect=
ability of a failure and, moreover, obscured any change that had occurred
in the amplitude and frequency of the coil oscillation, The problem was

to excite this winding and iridepéndently measure this oscillation, The

results of one method of observing this oseillation separately is discussed

in the following chapter,
VII » IV TESTS ON COILS FAULTED BY HIGH VOLTAGE IMPULSES

When the transmitted impulse method of failure debection was
applied to the two coils that were subjected to the high voltage impulse
tests, only the results for coil (L) showed that a failure had occurred
during the high voltage impulse tests, Figure 7=21 illustrates the oube
pub waveforms for the 1% by 4O and the 11 by 200 applied impulses for
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coil (L) before the high voltage tests, whereas figures 7-22 and 7-23
illustrate the results for these impulses after coil (L) was subjected
to the high voltage impulses., The reduction in amplitude of the modu~
lating osecillation was evident by visual inspection of the oscillograms;

the results of the 13 by 200 impulse being particularyclear, The results

.o for coil (5) did not indicate any signs of failure and are not included.




73

FIGURE 7«21 FIGURE T=22

1% by 4O and 1% by 200 1% by LO modulated
modulated outputs of output impulse of
untested coil tested coil

FIGURE 7=23

1% by 200 modulated

output impulse of
tested coil

FATLURE DETECTION FOR COIL SUBJECTED TO
HIGH VOLTAGE TESTS

411 oscillograms have a vert, defl, of 100‘9’/@@ and a sweep

" speed of 20 usec,/cm, Positive potential measured downward, Arma=

ture core conbtained in coil shell,




CHAPTER VIII

EXPERIMENTAL RESULTS FOR THE INDUCED OSCILIATION

DETECTION METHOD

VIIT - I DETECTION BY EXCITATION AT THE NATURAL

- COIL FREQUENCY

When an impulse was applied between either of the coil terminals
and the coil shell, an induced oscillatory voltage, similar to the
oscillation that modulated the transmitted impulse for the tests in the
previous chapter, was obtained across the coil terminals, The bottom
i11lustration of figure 8=l indicates the oscillations producéd across
the output terminals. - terminal two and the coil shell = when a chopped
1% by LO impulse was applied to the‘input terminéls = terminal one and
the coil shell, The center illustration of figure 8=1 indicates the
oscillation observed across the coil terminals when the same chopped 1t
by LO impulse was applied to the inpﬁt terminals, The oscillation
observed across the coil terminals was larger in amplitude and dis-
placed in time from the oscillation observed across the output terminals
of the coil,

The top waveform in figure 8-1 illustrates the oscillation
ff observed across the coil terminals when this chopped 1% by LO impulse
was applied to the input terminals of the coil and a lh=turn fault was
simulated on the'coil° Note that the positive voltage is neasured downe
S ward in these figures, and in a number df obher figures contdined in the

: thesis, since the negatives were printed in reverse by erroro‘ Figure 8=

illustrates the resulting waveforms for the induced oscillation when &
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FIGURE 8=1 FIGIRE 8«2

top = 1% by LO chopped impulse  top = 13 by 200 impulse result
result for a L turn coil (]arger waveform) compared

failure to that for a 1} by LO
impulse
center = 1% by L0 chopped impulse 7 turn coil failure
result for no coil faile
ure center = 1% by 200 chopped impulse
results for no failure and
bottom = Transm:.tted pulse for a a 12 turn coil failure
chopped 1% by LO impulse
(see previous section) bottom = 1% by 200 impulse results

for no failure and a 12
turn eoil failure

FATLURE DETECTION FROM INDUCED COIL OSCILIATIONS

A1l oscillograms have a vert, defl, of 5V/cm, and a sweep speed
~ of 20 usec,/cm, Positive measured dowmward,
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1 by 200 impulse was applied to the inpubt terminals of the coil and

li= and Seturn faults were similated on the coilg the waveform with the
reduced intensity represents the similated Li=turn failure, When the
similated failure was increased from L to 5 turns, the damping factor
was increased considerably and the frequency Waé altered slightly. The
waveforms in this figure cannot be compared to those in figure 8=l
because the amplitude of the applied impulses was different, The wave=
forms ab bhe bop of Pigure 8.2 illustrabe the results for Teturn fails
ures when the coil was excited by 1% by 200 and 1%— by LO impulses of
equal peak amplitude s produced with the same circuit capacitors in the
generator similator, The oscillations excited by the 11 by 200 impulse
had é, greater amplitude and damping factor than those excited by the
1% by 40 impulse, The center and bottom illustrations in figure 82
represent 12<turn failure indications for chopped and unchopped 1% by
200 impulses respectively., The unchopped impulse excitéd an oscillation
of a slightly larger amplitude for the unfaulted coil, and an oscillation
of a slightly smaller amplitude for the faulted coil, resulting in a
slight increase in detection sensitivity, These i1lustrations show that
the sensitivity of failure detection is suscepbible to the total energy
delivered by the impulse and to the impulse waveshape, or rate s by which
this energy is delivered to the coil,

When the positive side of the impulse was applied to the coil
shell and the coil terminal was grounded, the induced oscillation was
reduced considerably,.

Figure 8-3 summarizes the results of the tests performed on coil

(1) with an applied 1% by 4O impulse, The sixth waveform illustrates the
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FIGURE 8-3

first < oscillation induced in the coil
with the armature core out and &
20 turn fault

second = oscillation induced with the core
in and a 20 turn failure

third e~ oscillation induced with the core
. removed and no failure simlation

fourth « escillation induced with the core
in the coil and a resistance in
series with the coil terminzal

fifth == same as the fourth, except the
resistance is removed

sixth = 1% by LO applied impulse, 200 /cm,
vert, defl,

FIGURE 8=l

he and Seburn failure
1% by 200 applied impulse

FAILURE DETECTION FROM INDUCED COIL OSCILIATTONS

All oscillograms have a sweep speed of 20 uses,/cm, Figure 83

has & vert, defl, of 10V/em, and figure 8=k has a vert, defl, of 5V/om,

Positive potential measured downward,




applied 1%'by 4O impulse Whiie the fifth and third waveforms illustrate
the,induced’oscillations for the coil with no simulated failure and the
armature core in and out of the coil shell respectively, These compare
isons indicate that both the frequency and damping factor of the induced
oscillation were reduced when the armature core was removed from the
coil shell, The fourth waveform illustrates the induced oscillation
for the coil with the armature core contained in the coil, but with a 150
ohm resistor placed between the coil éhgll and the low voltage terminal
of the impulse simulator., This oscillation is identical ﬁo that modue
lating the impulse in the tests performed in the previous chapter when
the resistance was included in the coil circuit, This oscillation could
be damped out completely by increasing this resistance and would suggest
that this oscillation depends on the resonance between the combination
of the output generator capacitor and distributed capacitance of the
coil and the coil inductance, The second and first waveforms represent
the results for a 20<turn failure and the armature core in and out of

the coil shell respectively,

VIII = II TESTS ON COIL FAULTED BY HIGH

VOLTAGE TESTS

The resonant method of failure detection alsoc yielded favourable
results when coil (L) was examined for coil failure, but aiong with the
other mebhods, did not indicate failure for coil (5), Figures 8-5 and
8=6 illustrate the oscillograms taken before and after the tests for
coil (5) and show a reduction in the amplitude of the coil oscillation

equal to that for a L= or Ssturn failure,
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FIGURE 8«5 : FIGURE 8«6
oscillation across terminals oscillation across terminals
of untested coil for of tested coil for
1% by LO applied impulse 12 by LO applied impulse

FATLURE DETECTION FOR COIL SUBJECTED TO

HIGH VOLTAGE IMPULSE TESTS

A1l oscillograms have a verb, defl, of 5'/cm, and a sweep speed
of 20 usec,/cm, Positive potential measured dowmward, Armature core
contained in coil shell,
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CHAPTER IX
DISCUSSION OF THE FAULT DETECTION METHODS
IX « I VOLTAGE OSCILLOGRAM FAULT DETECTION METHOD

The tests performed on controlled failures showed that the greabest
detection sensitivity was obtained by voltage impulses with a long tail,

produced with low values for the civecuit capacitors in the Impulse Gene=

i:l'_;f rator Similator. A restriction is imposed by the generator on the

- minimum value for these capacitors since, if thefy are set too low,

successive waveforms will not be identical, blurring the escillograms.

The greatest detection sensitivi‘by was obtained during these tests
by a 1% by 200 impulse produced with the generator imput capacitor seb ab
0,125 uf, and the oubput capacitor set at 0,01 uf, A failure involving
0.32% of the winding, that is 7 turns in a 2200sturn coil, was detected
when the faulted and unfaulted impulse waveforms were photographed on ‘bhe‘
same oscillogram, In actual practice two oscillograms must be superimposed
and very meticulous technique is required to retain this degree of accuragy.

Comparison of the results for both the 2200~ and 4200-turn coils

indicated that this method depended on the impedance of ﬁhe coil tested,

" and that this method would only produce good results if the impedanse of

the coil was much less than the output impedance of the generator,
When this method was extended to coils faulted by high voltage

" impulses, it failed completely to indicate that the coils had failed,

even though the other detection methods suggested a failure of the order
of 3 or Iy turns, These tests justify the conclusion that the voltage impulse

is inadequate as a primary detection for failures incurred during high volte

 age impulse testing,
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IX = IT CURRENT OSCILLOGRAM FAULT DETECTION METHOD

The detection sensitivity of this technique depended primarily on

the same parameters as affected the voltage oscillogram techniques howe

~_ever, this method was more sengitive than the voltage oscillogram metho&o

i For instance, the distortion in the current waveform for failures involving

0,165% of the winding was eomparable to the distortion in the voltage
impulse waveform for failures involving 2% of the winding,

Tests performed on coil (3) showed that a twosturn fault in the

3 ;;:5, ouber layer of the 2200sturn coil was detectable when photographed on the

same oscillogram across a 15 ohm resistor for a 1% by 200 impulse applied

to the coil, This indication decreased when the shunt resistor was ine
creased to 150 ohms, Although the tobtal current increased considerably
when the aﬁnature core was removed from the coil shell, the detection
sensitivity was not affected, The results of the tests on the coils
faulted by the high voltage impulses indicated that a permanent failure
of the order of 3 or li twrms remained in the coil,

The distortion in the current waveform depended on the position

.- of the failure within the coil winding, Failures near the surface pro-

... Guced a distorted waveform with a faster rise time, indieating that the

" detection sensitivity would be greatest for failures near the surface

and decreasing for failures near the center of the winding,

Although the amplitude of the current for the coil with no simulated

. failure was proportional to the impedanse of the coil, the detection sensi-

bivity decreased only slightly when the detection tests were extended from
she 2200=burn coil to the L200=turn coil,
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The current pulse at the beginning of the current waveform was
shown to be of little value in detecting permanent failures and was
reduced by placing a capacitor in parallel with the 15=ohm shunt, The
greatest improvement in failure detection by the tail of the impulse
. Was observed with a capacitor of 0,25 uf, s Yielding a time constant of |
e i usee, for the shunt, When this time constant was increased to 15 usee,
the failure indication was poorer, Although this pulse had no value for

permanent failures, Pioneer Electric Limited found this pulse useful in

'”:'if:.;' detecting whether the winding was susceptible to transient arc=over

oo failures, This property was also shown during the tests on the coils

faulted by the high voltage impulses, and indiecated that further study
shovld be directed to this pulse as a failure dstector,

IX = IIT INDUCED OSCILIATION FAULT DETECTION METHOD

Although the Current Oscillogram Detection Method possessed suffie
cient sensitivity to detect most minor perignent failures, the indication
was not of a form to permit small failures to be easily apparent from com-

parison of the oscillograms, TFailure detection techniques, based on the

induced coil oscillation, were examined and were found to yield clearer
... indications of failure, Two methods for mondtoring this oscillation
' were discussed - the Transmitted Impulse Detection Method and the

Induced Oseillation Detection Method, Both msthods had similar detection
sensitivity, but the latter method made minor changes more readily visible,

Tests on controlled failures indicated that a ons=turn failure in &

2200=turn coil was accompanied by a reduction in the amplitude and an

increase in the damping rate of the cscillationsy larger failures wers
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accompanied by a change in frequency 23 wells, TFrom the results illustra=-
ted in the preceding chapters, it can be easily appreciated that the
sensitivity inherent in this type of detection exceeds that available by

the conventional current and voltage methods of failure detection, The

tests performed on the coils faulted by high voltage impulses verified

these findings, bub also indicated that the current waveform may have

nore potential if the current pulse is semsitive to failure by transient

. ATC=0VeY,

Comparison of the results for a 1% by LO impulse and a 1% by 200

’ applied impulse showed that the amplitude of the induced oscillation

depended on the waveshape of the impulse and on the energy delivered
by the impulse, Before any definite conslusions can be drawn about the
opbimum detection sensitivity, further tests on simulated failures are
required in which the capacitors of the simulator are varied while the
applied impulse is kept constant.

The amplitude of the induced oscillation was proportional to the
amplitude of the applied impulse, but this dependence was not as serious

as in the conventional methods of failure detection, since the rate of

" decay of this oseillation, affected by failure, was not affected by the

Further studies were not undertaken to exploit the possibility

of increasing the detection sensitivity over that already indicated in

... ‘the previous chapters, One possibility would be to test if the spectrum

.V'"anal;yzer could be used to determine the difference in energy available
or the frequency shift in the induced oscillation before and after the
coil was faulted.,




CHAPTER X
VOLTAGE DISTRIBUTION ALONG COIL WINDINGS

X = I VOLTAGE DISTRIBUTION TN TRANSFORMERS

AND SINGLE ILAYER COIIS

Theoretical studies, followed by experimental verification, have
yielded an insight into the intermal behaviour of single=layer coils,
and have led to an understanding of the impulse voltage distribution in
transformer windings, The initial distribution of voltage was found to
be governed by the capacitive distribution within the winding since the
magnetic field required a finite time to develop, Moreover, it was dise
covered that this initial distribution depended on a capacitive ratio, @,
which was defined as the square root of the ratio of total capacitance

to earth, Cg,.to the total series capacitance of the full winding, Cg,
that is o = /EJE;

The initial voltgzge at any point x along the winding, e<x)§ mege
sured from the neutral end of the coil could be calculated from the

following equation .(reference 12),

_ = (sirha x/I)
®x) = Fo 5T a )

where Eo = magnitude of the applied voltage
L = total length of the winding
x = distance measured from neubral

end of winding,

It is important to note that if the capacitance is not uniformiy

distributed along the winding, then o will not be z constant,
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This expression was derived for a unitestep of voltage applied
across the coil terminals, Similar distributions result experimentally
for waveforms with steep wavefronts, that is, the initial voltage grae
dient is dependent directly on the rise btims,

After this voltage distribution is established, currents will be
produced within the winding which depend directly on this voltage dige
tribution, The natural tendency of this initial distribution of currenb
growbh, bj redistributing the condenser charges, is towards a uniform
distribution of voltage, A noneuniform distribution of current results,
when the voltage becomes uniform, due to the presence of magnetic leakage,
Further redistribution of voltage s Yielding maximum voltage where the
minimum voltage was previously, is required to bring about uniformity in
the curremt distribution, These internal oscillations in resonant pore
tions of the winding are gradually damped out resulting in a uniform
voltage distribution, Since inbternal oscillations exist as a result of
voltage redistribution caused by inductive currents, their amplitude is
dependent on the decay time of the impulse, For short wavetails the
amplitudesof the lower harmoniss are decreased,

The total veltage to earth can then be represented by a harmonie

- series in space and time of the form

(o)
= L @ X o+ -
®(xs%) Bo ==+ B m;Um sin (m 1 x/L) cos wyh
Wp = angular frequensy of the mth harmonic

Uy = amplitude of mbh harmonic and is a function
of the initial voltage distribution

These equations, derived from the unitestep function, éan be modie

fied by Duhamel!s theorem to be applicable to a disturbing force of any
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mathematical form, Duhamelt!s theorem states

+
r(t) = eu(t)e(o) + feu(x)e'(tex)dx
0
eu('b) = response to an applied unitestep of voltage
e(0) = value of applied voltage at t=0
e¥(tex) = Pirst derivative of the applied voltage function
with variable t replaced by (tex),
r(t) = response for an applied voltage e(4)

The amplitude of the oscillations in practice is dependent on the

voltage distribution accompanying a particular waveshape, approaching

their maximum amplitudé for unit=step waves,

X = IT APPLICATION OF STANDARD WAVES TO MULTI=LAYER COILS

Knowledge of the impulse voltage distribution along the transformer
windings has furnished information mgarding the locations of highly stressed
?orfbions of the winding, Similar studies were pursued for the : mulbi-layer

coils in order to study the internal behaviour of their windings, The :

studies revealed a fairly uniform initial impulse stress distribubtion and.

.. subdued localized oscillatory stress regions, compared to those existing

" in transformers,

The voltage waveshape of particular interest is the standard 1% by

1O wave used in most impulse tests, This impulse was applied across the

. terminals of the coil and oscillograms of volbage recorded from the tapped

points along the winding to the neutral, Both terminals were used respect-

ively for the neutral in order that the tapped points would represent both
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the top half and the bottom half of the coils, Graphs were plotted from

these results to show the voltage distribution throughout the coil,
Figure 10=1 illustrates the applied 13 by LO wave along with the

voltages observed at the various taps for coil (1) with the core in.

- Figure 10=2 11lustrates similar results for coil (2), Figure 10=3

illustrates these voltages for coil (2) with the core out,

Tt was assumed that the first and last layers had approximately

 the same capacitance to core, thus the taps could be used to illustrate

" the voltage throughout the coil by reversing the coil terminals,

Graphs were plotted for voltage versus position throughout the
coil at specific times after the impulse was applied to the coil tere
minals, For example, figure 10=h illustrates the value of the voltage
at the 75 percent position of the total winding at 2, L and 5 micro=
seconds after the 1% by LO impulse was applied to the coil terminals,
Graph 1 illustrates the voltage distribution for coil (1) with the core
within the coil shell, Graphs 2 and 3 illustrate similar results for
coil (2) with the armature core in and out of the coil shell respectively,

The voltage distribution along the top layer of the coil for the

b':'-:'.armature core inside and removed from the coil shell was examined for

o exbreme variations of the voltage stress and is illustrated in figure

10=5, The top and bottom waveforms are indicative of the end turms in

the layer while the remaining waveforms represent the distribution taken

2t approximately equal intervals along the top layer., This figure indi-

 sates that the voltage distributed along a layer decreases uniformly as
shown on the graphs, bubt oscillates with time with the oscillation of

weatest amplitude appearing at the center of the layer,
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APPLIED VOLTAGE TERMINAL# 100¥cm
VOLTAGE AT TAP #lI 100%cm
VOLTAGE AT TAP #10 100Ycm
VOLTAGE AT TAP #9 |00Ycm

VOLTAGE AT TAP #8 [00Wcm

VOLTAGE AT TAP #7 100Vem

VOLTAGE AT TAP #5 |00Ycm

VOLTAGE AT TAP #4 100¥cm

VOLTAGE AT TAP #3 100¥cm

------

VOLTAGE AT TAP #2 100%cm

VOLTAGE AT TAP #]| 100¥cm

|%x40 IMPULSE VOLTAGE DISTRBUTION
FOR COIL | WITH CORE CONTAINED IN SHELL

APPLIED VOLTAGE REPRODUCED IN EACH OSCILLOGRAM
ALL OSCILLOGRAMS HAVE A SWEEP SPEED OF 20 USEC/CM

FIGURE 101
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- APPLIED VOLTAGE TERMINAL #| 200%m
—=~—== VOLTAGE AT TAP #|  |00V/em
™ VOLTAGE AT TAP #2 100V/em

T VOLTAGE AT TAP #3 100V/cm
TT———  VOLTAGE AT TAP #4 |00V/cm

OSCILLOGRAM DISPLAYING VOLTAGES
AT TAPS #5,26,47,48 & #9 |S

MISSING

VOLTAGE AT TAP #9 100VY/cm
VOLTAGE AT TAP #8 50V/cm

VOLTAGE AT TAP #7 50%cm
VOLTAGE AT TAP #6 50Y%cm
VOLTAGE AT TAP #5 50V/cm
VOLTAGE AT TAP #4 50V/cm

VOLTAGE AT TAP #3 20V/cm
; VOLTAGE AT TAP #2 20V/cm
e VOLTAGE AT TAP # | 20V/cm

ALL OSCILLOGRAMS HAVE 5 USEC/CM SWEEP SPEED

| 2x 40 IMPULSE VOLTAGE DISTRBUTION
FOR COIL 2 WITH CORE CONTAINED IN SHELL

VOLTAGE APPLIED TO TERMINAL #! FOR FIRST SET (#1—49)
VOLTAGE APPLIED TO TERMINAL #2 FOR SECOND SET (k9 — 41)

FIGURE 10-2




APPLIED VOLTAGE TERMINAL #I 200VYcm
VOLTAGE AT TAP #i 100Ycm

VOLTAGE AT TAP #2 [|00%cm

VOLTAGE AT TAP #3 |00Ycm
VOLTAGE AT TAP #4 100%cm

VOLTAGE AT TAP #5 [00V/em
VOLTAGE AT TAP #6 100V/cm

VOLTAGE AT TAP #7 [100V/cm

VOLTAGE AT TAP #8 [00VWcm
VOLTAGE AT TAP #9 [100Vcm

CHOPPED VOLTAGE AT TAP #9 f=125 kc
VOLTAGE AT TAP #9 100Vcm

VOLTAGE AT TAP #8 100Vcm
VOLTAGE AT TAP # 7 SO0V/cm
VOLTAGE AT TAP # 6 S0V/cm
VOLTAGE AT TAP %5 50V/cm
i VOLTAGE AT TAP # 4 S50¥cm
VOLTAGE AT TAP # 3 20¥cm
VOLTAGE AT TAP #2 20V/cm
VOLTAGE AT TAP #| |IOV/ cm

ALL OSCILLOGRAMS HAVE A SWEEP SPEED OF 5 PJSEC/CM

| x40 IMPULSE VOLTAGE  DISTRIBUTION
FOR COIL 2 WITH CORE REMOVED FROM SHELL

VOLTAGE APPLIED TO TERMINAL #1 FOR FIRST SET (#I-29)
VOLTAGE APPLIED TO TERMINAL #2 FOR SECOND SET (49- al)

FIGURE 30-3
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impulse volbtage

0 1 5
nsSetse e

measured at the 75 percent position of the total winding

MEASUREMENT OF IMPULSE VOLTAGE FOR THE

IMPULSE VOLTAGE DISTRIBUTION CURVE

FIGURE 10=l
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Sampies of voltage distribution taken
at approximately equal intervals along
the top layer of the coil when the core
is removed from the core

Samples of voltage distribution taken
at approximately equal intervals along
the top layer of the coil when the core
38 in the core of the coil

VOLTAGE DISTRIBUTION ALONG THE TOP IAYER OF THE COIL
FIGURE 10=5

A11 oscillograms have a 100" fom, vert, defl, and a sweep spead of
20 usec,/em,
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X = IIT VOLTAGE DISTRIBUTION ALONG MULTI=IAYER COTLS

Figures 10-1, 10=2 and 103 illustrate the osecillations that

occurred at the tapped points during the application of the impulse,

The = oscillations were found to be most severe towards the grdunded
end of the winding, Graphs 1, 2 and 3, on the other hand, represent

the voltage distribution along th? winding at specific times, The transe
ition of voltage distribution along the winding to the uniform state was
not accompanied by the strong oseillations as shown by transformers,
However, the oscillations were stronger when the core was removed from
the coil shell, The graphs illustrate fhat the oscillations, which
brought the voltage distribution to a uniform state, were in phase along
the winding preventing severe voltage stress from developing ovef a pore
tion of the winding,

Tt appears that the capacitance is so disposed through the winding
that the initial voltage is fairly uniformly distributed throughout the
winding, Comparison of this distribution to that for transformers would
indicate a low capacitance ratio, a , This would indicate that the
capaeitance between layers is comparable to the capacitance of the
winding to the core, or perhaps larger, This is true for all layers
except the first few top layers, Their increased capacitance allows
the voltage distribubion near the top layer to attain a larger gradient
during the initial portion of the applied impulse,

Moreover, the capacitance is distributed in such a mamner that
the initial voltage distribubtion is fairly uniform with respect “BQ the
turn=tosturn inductance, Since the winding of a coil has a small leake

age inductance, the remaining non=uniformity in the turn currents would
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redistribute itself without generating ar;y'-exbreme' resonant oscillations
within the winding, A still "f'urther" rédué‘bion in the magnitude of the
oscillations would ocg:ur due ﬂo the damping effect of the coil ’resis*bancea
Experiments have indicated ‘tha_t the ampiiiude of ths various harmonics is
reduced exponentially, depending on the effective resistanée of the coil
'. at that harmonic frequency, This resiStahce depends oﬁ the skin effect of
the copper and varies acéording. to the frequency of oscillation, It was |
shown in Appendix A that the amplitude of the distribution for the harme

onics depends on the resistance of the coil,



CHAPTER XTI

CONCLUSIONS

The Voltage Oscillogram Fault Detection Method was found inadequate
for detecting minor failures in the coils, The sensitivity of this
method would be greater for coils with a smaller internal impedance, bub
even then would not be as sensitive as the other methods studied,

The Current Oscillogram Fault Detection Method was sufficientiy
sensitive to detect failures involving two turns in a 2200-turn coil
when meticulous technique was employed in recording oscillograms before
and during the production of a controlled failure in the coil, If the
failure of coil (L) was typical of a coil failure from high voltage
impulse tests, then the Impulse Generator Similator would have to be
modified to allow the applied impulse to be easily reproducable, .

The two methods of failure detection based on the sensitivity of
' tpe induced oscillation to changes in the coil impedance yielded the best
indications of permanent failure, Single=turn failures in a 2200=turn
coil could be detected by superimposing the oscillograms; foursturn fail-
ures could be recognized without superimposing the oscillograms,

In some cases, it may be desired to determine if the coil has been
damaged by the high voltage impulse tests even though the coil dees not
fail during this test, Tt is doubtful if any of these methods would

o detect insulation puncture by transient arc-over unless a carbonized path

remained between the damaged portions, Possible methods of detecting this
type of failure were indicated by the appearance of a high frequency

oscillation super:‘i.mposed on the charging current pulse of the detection




current waveform recorded for £he faﬁlted coil; and by the change in the
oscillation at the beglnning of the current waveform observed prior te
coil failure during the high voltage 1mpulse tests, Fhrther study is
required to determlne if this hlgh frequeney osell_atlon ean be used té
detect tran51ent arc=over fallures.- | | |

The greatest voltage gradient w1th1n the 0011 winding durlng the
application of an impulse-voltage was found to occur between the outer
layers of the coil, When the tio 0011s were subgected to hlgh voltage
impulse tests, one of the coils failed by flashing from one end of the
outer layer to the coil shell, These tests indicate that the coils m&y
be most vulnerable at the outer layers, but a more detailed study of the

voltage distribution is desirable before firm conclusions are drawm,
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APPENDIX 4
MULTI-LAYER COILS
4 = I OSCILIATIONS WITHIN COILS

A knowledge of the response of the coil winding to an impulse is
of fundamental importance in a study of the effects of impulse volbages
from switching transients or lightning surges, If the rise time of an
applied impulse is very short, there is a negligible growth of magnetic
flux during the rise time and the coil acts essentially as a capacitance,
A period of contimual energy imterchange between the magneticv and
electric fields modifies this initial voltage distribution inte a dige
‘tri‘bu'bion-governed by both the capacitance and inductance of the winding,
This energy interchange is the result of highly damped oscillations which
can be represented by a complex series of standing or travelling waves of
specific frequencies, wavelengths, and damping factors,

The response of the coil to the impulse function may be represented
by a Fourier series inm which each term of the series represents the rese
ponse of a particular harmonic, The voltage in the coil for the n'th
harmonie ié a function of position and may be represented by the form
e En(x) cos (wm t) \

e(”’;g%)

where E space funstion of the mlth harmonie and
depends on the waveform of the applied
voltage and the characteristics of the

coil .

n{x)

V) =  frequency of n'th harmonic

% = time measured from the instant the ime
pulse was applied to the coil terminals
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A unigque spectrum of frequencies can be derived for each coil from
differential equations describing the internal behaviour of the coil,
The space functions of the fundamental and second and third harmonics

have been verified experimentally (reference 10, 11, 29),
A < IT DIFFERENTTATL EQUATTONS

The differential equations deseribing this voltags=current relas-
tionship in coils assume very complex forms, if simplifying assumptions
are not made in the analytical model, For a single=layer coil,

Ro Rudenberg used a model whereby a turn of this winding was bound to

the remaining turns in the winding by a capacitive and inductive network,
equivalent to that illustrated in figure A=1(b), The current equation
was derived by setting the decrease in the current flow in the n'th twn
equal to the charging current into the capacitanse of this turm to ground
and to the adjacent turns, The voltage equation was derived by considewre
ing the voltage of the n'th turn as that induced by the rate of change of
current in all the turns of the coils An effective inductance was
defined as the self-inductance of the n'th turn plus the sum of the
muetual inductances binding the remaining turn of the winding to this
turn, The effect on the voltage of the nith turn by the progressive
variation in the rate of change of current along the winding was negleched,
These simplified equations yielded a solution for the voltage and current
in the form of standing or travelling waves, which agrees well with expe-
riment, thus justifying the simplifying assumptions,

| This approach by Rudenberg was modified in this study to apply to

¢oil layers, rather than to turns, and two differential equationg in two
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variables resulted, In the derivation of these equations, simplifying
assumptions about the behavicur of the volbage within a layer had to
be made,

The difference in voltage between adjacent turns in the layer
was assumed to be small and the voltage considered to vary linearly
along the laysr, so that the further simplifying assumption could be
made that the layer was at a constant voltage squal to the average
value of the veltage in the layer, However, the experimental measure-
ments of the {roltza,ge distribution deseribed in Chapter X showed thab
the voltage was not uniform along the top layer bub oseillated, with
oscillatioms of greatest amplibude occurring at the center of the layer,

The effect of conductance between turns and layers and the
resistance along the layer was also neglected, Simse the resistive.
component of the winding is large, the results from this model must be
corrected for the effect of resistance,

The nomenclature used in the derivation of the equations was:

e, = average voltage of n'th layer

By = voltage induced in n'th layer by selfe
inductance of layer

8yy = voltage induced in n'th layer by mutual
:"Lndgctan@e to remaining layers of coil

W = Jlength of one layer of the coil winding

L

Gg ground capacitance per unit length of coil
conductor

ng = ground capacitance per unit length of coil
condustor for nith layer

G 5 = turn capasitance per uwnit lengbh of coil
condushor



The charging

layer is:

The charging

ers is:

itn

itn

itn

n

1]

B

n

s

)

1co

turn capacitance per unit length of coil
conductor for n'th layer

charging current to ground for n'th layer

charging current to adjacent layers from
n'th layer

self=inductance per unit length of single
tura

mitual inducstance between n'th and mith
layers

mutua‘l inductance between m'th and ntth
layer. When m = n increments coincide
and My, is the self-inductance of the layer

current through the ground capacitance from the n'th

s = d
1gn, = ngw aa-;a% ceo oAQl

current of the n'th layer to both its adjacent lay-

8y = & S(en = nu1)
Gogll [3,< n = ®ar1) | O( n?; 2 1)}

[R2

7

Cagll O [=(®ne1 = ®n) + (eg = eml)j]

~ —&t P
~
=Gt © (-1 = En) = (o = 2gs1)] !
DB i
L A
(7 SN
[ e %) = (5= Cma)] T
¢ W W g ;
GCthS ‘ L vl i o000 AF’?

p J
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- The total charging current from the n'th layer is equal to the

decrease in the current within the n'th layer:

O en

B
® CthB

e

A
G

|
{
i
5

‘/(enol = en) _ (g = €ney)]
P W W
& W
Dt

If this equation is divided by W and the limit as W0 considered,

then:

D% an i‘,v

2 B30,
XY

ooooAPB

The voltage variation along the coil is caused by magnstic inducte

ion, The voltage induced within the n'th layer by the self=inductance of

the nith layer is:

exﬂ =

-

A

ip

eacoA”h

The voltage induced within the n'th layer by the mutual inductance

to the adjacgnb layers is:

&) (iml)

The total induced voltage by the mwbual inductance to all ‘the

layers of the winding igs
€yn © “nm W oz

where m represents m'th hyem

2 i,

D T E

m#n

w 2 (oel)
5%

®un = U pgll et 4 % nel

Then the voltage induced in the n'th layer is:

m:.n
xnw 5T *

2L
Zf"mnwfa%
m#n

999@A§5

GOGQA"é

v




or
o i
n = S Wy reeetel
m
m=n

Dividing by W and considering the 1limit as W-~ O, then:

=y 8 f e
(:? 'n = o IM‘XNS _mm.u ls.b dS oeeoAa’B
DX J e ot

nt'th layer reduces to increment x
m'th layer reduces to increment s

when X = 8§ increments are coincident

M becomes self=inductance
Xy8

Equations similar to equations A-3 and A-8 have been solved by means
of Fredholm integral equations for single layer windings and the results
showed that the voltage and current distribution are sinusoided in time s
but not necessarily in space (reference 2), The space distribution for
single layer windings was shown to be determined by the form of the
mutual inductance function, The solution accounted for the total mutual
inductance and existed for either uniform or noneuniform winding parameters,
Non=uniformities in the winding, such as axial gaps or breaks and portions
with reduced turn density, were found to reduce the fundamental frequency
of the coil, If the resistive effect were considered, a damping factor
dependent on the position along the coil would result,

This method of solubtion for coil frequencies, if they were required,
would be extremely difficult since the actual coils were not identically or
even uniformly wound, If the winding parameters are considered constant 9
and the effect of the rate of change of the current differences between
layers neglected, equivalent circuits could be constructed from the solution
of these equations and then adjusted to compensate for the approximations

made in the coil representation,




Equation A=3 can be rewritten as:

di D e 2 23
= = - = soah=
nX Ce o b CeW AEbp x2 ° g

Equation A=6 is repeated for convenience:

'Q:.
H iy .

< D iy
= W Uy W
"en )‘n R) £ %

ot

m#En

By adding and subbracting the

term w, W g zn s equation A=6 can be written

o, S, w Eé%érin)+

oy
“n" MFE Y Lm %-“mwngf” m¥ o

= S 3l 9 (ige=ln)
aen [X ¥ %ﬂ}lnmj " I) En * E;-n-umw a-‘—s'rm so0ed=l0

Note that the coupling effect of all layers with n'th layer is
expressed as two terms; the first dependent on i, and the second on
the differense between the currents in the m'th layer and n'th layer,
If this coefficient is evaluated, it can be shown that it is the sum
of a number of elements of opposing sign and, except at high frequenciésg
the error in neglecting this term is very small, To this approximation,

Equation A=10 then becomes

“Sn = 1, W===6°,E== e06od=ll
L =A=
where A %um m#n

dividing by W and considewing the limit as W-- 0, Equation A=1l reduces

to

d €n _ 1 D ip
T X
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and if the parameters are considered the same for each layer
g i
f».%’ + ooooAc’lQ

==§====§;.~.:SL
o X

A = ITT REPRESENTATION BY AN EQUIVALENT CIRCUIT

If the effect of the mubual inductance is neglected, then equae-
tions A=-9 and A=12 may be considersd as approximate representations of
the coil winding, The combination of these equations yields an equation

for current or voltage of the form:

2 sl

e e 3 e
: = 10 sz + Gl : = 0 0o00h=13
o x2 8 TOoT R Ty@L 2 v

This equation can be solved by separation of variables and :}ields

a solubion of the following forms
e =Eel¥t giux 0o0oh=ll

This voltage oscillates simscidally in time and also in spa,c@.
along the extension x of the goil, Substitubting this solution inbto the
previous equation will yield an expression for the natural frequenciss
and for the wave density. |

This solution may be expressed as g travelling wave by settibg

¢ = &2 that is,
k1

'W['t, omgi;‘ ;
@&E@J A\ 0000 ‘32‘],{%}

Since the solution can be reduced %o a ghtanding wave or travelling
waveform, the coil may be represented by an artificial transmissien lins
of the form shown in figure A=l,, If mutual inductance is considered,
then the circuit must take the form of figure A-k,, As stated previcusly,
the resistive component of the coil cannot be neglected and the complete

equivalent cirecuit must take the form shown in figure Aeal@o
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LOSSY COIL
Gg = ground capacitance per unit length
Cg = layer capacitance per unit length
= inductance per unit length
M = mubual inductance per unit length

BEQUIVALENT CIRCUITS FOR COIL
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The construction and solution of these equivalent circuits
involve a considerable amount of work, The coil parameters would
have to be measured accurately, The self=inductance and mubual
inductances of any air core coil may be obtained from tables, Also,
it canbe shown that for each linear iron core coil there exists an
equivalent air core coil such that the mubual linkages are the sams
in both coils (reference 1), These circuits can then be solved
either mumerically or by a network analyzer. The former meﬁhod
leads to more accurate values of the natural frequensiesg the latter
is more rapid and lends itself well to investigabing the effect of
changes in circuit constants,

An equivalent circuit was not produced for these coils because
of the irregularities existing between the coils and between layers
of any coil, Thus, the destruction of one coil to obtain values for
an equivalent circuit would not necessarily yield suitable results
for another coil, These equivalent circuit representations have been
included to assist in the understanding of the coil behaviour and to

show that it is analogous to a transmission lins,
A = IV NATURAL FREQUENCY RESPONSE OF THE COILS

The ecircuit of figure A-lswould have a transient response very
similar to that for the actual coil, If the mubual terms were neglected
and a sufficient number of sections were considered the network response
would not change significantly, As the number of sections increased,
this network would approach a lossy transmission line, The differential
équations resulting from an elementary section of such a transmission

1ine are:
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Bext 03:‘&
E bR e

and 2 et oog 2 Bx,t
DX ot

If the voltage and current are assumed to be complex exponsntial

functions of time, then the equations reduce to:

5 @ ip (R + jwIL)i
SoXb o (R e s el B e =
T (R + Jowl)y + J5C T+ (R + JWL)Jo0 24

mu;’; b o WG ey,y = Te

Combining these equations would result ins

a2

umg;;:%; = 7Y ex,'i:.

The solution to this equation is of the form:

2 x  Jwt

ex,,t =EF e £

It is desired to reduce this expression to:
«0x JAx Jwb
e e

now ' JZY J

/z bsq;'%-j('s

Squaring both sides % + j% = a2 - 52 - 2jan

Equating real and imaginary components yields:

b
£ oooa«Aﬁ’l{i3
e
C) b i G :
-] m.—u ] i—: fﬂ‘n 7
e) / /t A A] oocoA L
o . 2. . 22
where- a= @10, 1=w$Il, | = W R™ €0
" 10p| 1=w104 | 1%2
4 2 ! 3
b = RC2 1=t T_Ci. = RLCICQ
2
A= (1 =w2ml) - w2R201




As a resulbt, the solution of the differential equation may

be written in the forms:

e = g "X X I
Xot

That is, the voltage is an exponential function of time and
position and is damped as it progresses along the coil,

When R = O the results reduce to:

e
13

- (15 “10o
E-“:j,/ 18 w?ml

a=0 and [3

Examining equation A»17 indicates that (5 will become infinitely
Jarge when
1.0’ =0
or w =1/ /I8

This frequency is called the critical frequency since standing
waves wiil not be produced above this frequency,

The space wave densities, 3 , are limited to specific values
that satisfy the boundary conditicns, Since the coil can be considered
as a shortecirecuited transmission line, the space functions have the
wavalengths given by:

A=¢/m where m = 3 X 2,1,600000000even indices
¢ = electrical length of coil winding,

The wave density would then be given as:

{3} = 2rm ooooAPls

¢
Substituting these values into equation A=17 and solving for
various values of m will yield the various natural frequencies of the

coil winding,
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If the coil develops a permanent failure, shorting a portion
of the winding, the natural frequencies will be altered accordingly,
This shift results due o changes in ¢ and @. However, a further
effect becomes prominent, The coil acts as a transformer with the
secondary short=circuited, Therefore s as the failure increases, the
effective secondary increases, and more current is required at the
input, Since failures reflect back into the main winding as an
impedance reduction, it appears that measurement of this input current

would provide a means of detecting coil failures,
A = V TRAVELLING WAVES IN COILS

As mentioned previously, the coil may be considered as a shorbe
circuited lossy transmission line subject to standing or travelling
waves, This section will consider the travelling wave solution,

In general the applied wave across the coil will not necessarily
be sinusoidal and, in this case, will consist of a specified impulse
wave, However, any wave form can be represented by a sum of simisoidal
oscillations by the Fourier theorem, The: .- sinusoidal components will
travel with various velocities depending on the frequency, If the
frequency is very low, then the veoleity will approach the speed of
light, As the critical frequency is approached; the velocity decreases
to zero. |

The velocity, v, is given by:

v =W/
where ® is defined in equation A<17,
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As the voltage wave travels along the transmission line its -
shape is altered since the velocity of the various frequencies differ,
The wave front may be flattened considerably since the frequencies
above the critical frequency are not transmitted, Tt should not be
forgotten that each of the frequencies propagated are attenuated by
the constant,.a. The coil response would be found by considering the
effect on all the components of the input wave, especially 'bhosé
approaching the critical frequency. Any failure in this case would
alter the velocities of these components,

No matter which of the solutions to the differential equations
is considered, the same conclusions may be arrived at, The standing
wave approach is more useful as it enables a direct comparison with
artificial transmission line circuits, Moreover, the natural free
quencies calculated from these circuits would yield information as
to the internal voltage distribubion of the coil and may be intere

preted directly for fault detection,




APPENDIX #B®
RECORDING AND DEVELOPING OF OSCILLOGRAMS

The Tektronix type 533 oscilloscope was used to display the
desired waveforms, and the oscillograms of these waveforms were
recorded from this display by a Dumont Oscillograph Record Camera
type 299,

It was found that an aperture opening slightly greater than
fli and an exposure htime of approximately C,7 seconds was best suited
for recurrent oscillographic work, When a time basge speed of 20 micro=
seconds/em, and a vertical deflection of 10 volts/em, were used, the
best results occurred when the intensity was set at a.point of medium
intensity, The intensity had to be adjusted slightly for other oscilie~
scope settings,

The film was develeped'by.an Eastman D=76 developer modified by
addition of borax, The developing time ranged from 12 to 15 mimtes,

It is noted that in an effort td¢ conserve film, some of *he
photographs were taken too close to one another and, as & resulb, some

prints included extraneous material which had to be retouched,




APPENDIX ®GCH

ADDITIONAL OSCILLOGRAMS FOR VOLTAGE OSCILLOGRAM

FAULT DETECTION METHOD

The coils used for these tests are illustrated in figure 3<l, page
15, and a detailed illustration of the winding is shown in figure 3«5,
page 16, The tapped turns for coils (1) and (2) are listed on page 1,

Tables C=l and C=2 list all the tap combinations tested for
coils (1) and (2) with their respective number of turans and percentage
of winding affected,

Table C=3 lists the page numbers of the illustrations for simule
ated failures shown in Chapter V and this appendix, their tap combine

ations, and their size expressed as a percenmtage of the total winding,




TABIE C=l

VARIOUS TAP COMBINATIONS FOR COIL (1) WITH THE NUMBER OF

TURNS AFFECTED AND PERCENT OF WINDING INVOLVED
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Tap No, of Percent of
Combination Turns Wdg affected
12 211 9.6
1=3 402 20,0
1=l 624 21,8
l"S 722 3!-!-0)4-
1=7 610 28,0
1=8 827 39,9
1=9 1097 52,3
1=10 893 42,5
1=11 1297 58,9
2=3 209 95
2al; 22 19,0
2”5 620 290 5
2=T 4126 20,3
211 107k 51,2
2=9 895 12,6
3"h . 217 9 '] 8
3=5 425 20,2
3"11 8721 hl.f;
Sely 198 9,0
5"7 192-‘- 89 8
7“’9 ’-169 2203
7"’8 203 90 5
8=9 270 12,8
8=11 hho 20,6
9=10 20h 9,7
9=11 179 8.5

383 18,2

10=11
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TABIE C=2

VARTOUS TAP COMBINATIONS FOR COIL (2) WITH THE NUMBER OF
TURNS AFFECTED AND PERCENTAGE OF WINDING INVOLVED

Tap No, of Percent of
Combination Turns Wdg affected
I=2 .315 7 ° 5
2'”3 8 e 19
3“‘)-!- 32}4 7¢ 72
5=6 322 7068
6=T 7 016
7=8 338 8,05
7::9 672 16 @
8=9 33k 7495
8=2 1102 26,5
8=5 667 15,9
e} 582 13,9
Ee o1l 21,8
5=G 917 21,9
6=G 1239 29,5
T=G 12146 2967
8=0 1584 38,7

9=G 1918 45,6




TABLE C=3

ILLUSTRATIONS FOR SIMULATED FATLURES ALONG

WITH THEIR SIZE AND TAP COMBINATIONS

12}

Figure Percent of Page
Noe Tap Combinations Wdg, Affected No,
Coil (1) = 2200-turn coil
1% by L0 applied impulse
5”8 1P29 39 hg 5 996, 20009 2800’ Bhoh 3h
5‘9 1”79 89 99 10 29099 39oh9 hzoSp 5203 Bh
5“10 2“39 79 11 905, 20939 5102 37
Cal 3=5, 11 20,0, 41,5 126
C=s2 5“79 3 9029 2003 126
0“3 7“89 9 905, 2203 126
C=l 8=9 12,8 126
C=5 9=10, 11 9sTs 8o5 127
C=6 10=11 18,2 127
33 by 200 applied impulse
5=11 1=2, 3, by 5 9465 20,0, 28,0, 3Ll 37
5”12 1“79 89 10 2939’ 39@&9 5203 37
5=13 5=7 8,8 37
Ca?7 3=liy 5 9485, 20,2 127
G°8 2-39 hg 5 9069 12919 29oh 127
C=9 lj=5 9,0 128
C=10 T=8 9.5 128
C=ll 9=8 12,2 128
(=12 9=10 9.7 128
C=13 10-11 18,2 129
Coil (2) = L200=turn coil
1% by LO applied impulse
5"’1)-1 2"3 0_919 39
5"15 5"'63 7"8 70683 8905 39
S=l6 8«9 7.95 39
5“17 7"9 3 8“2 169 59 260 S 39
C=1ly 3=6 15,2 129
Cel8 43 7,68 129
C=16 7=9 16,0 130
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TABIE C=3
(Continued)
Figure Percent of Page
Noe Tap Combinations Wdge Affected Noo
1% by 300 applied impulse
5=18 2=3 0,19 L1
5=19 12 Te5 41
C=17 T=8 8.0 130
3 by 350 applied impulse
5=20 2-3 0,19 M1
5“21 1‘“2 705 hl
C=18 8=9 7495 130
Goil (3) = 2200=turm coil
11 by 200 applied impulse
5=22 3=turn failure 0,13 L2
5=23 T=turn failure »38 L2
5=2l; 15=turn failure 068 L2
5=25 25=turn failure 1,15 h2
CoiYt (i) = High Voltage Tests Results
5=26 1% by LO impulse untested coil Iy
5=27 l? by 40 impulse tested coil Wl
5=28 1? by 200 impulse untested coil Ly
5=29 15 by 200 impulse tested coil Ly
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FIGURE C=l1 FIGURE Cw2

11 by 40 impulse for no failure 1% by 4O impulse for no failure
2062, and 41,5 percent 925, and 20,3 percent
failures respectively failures respectively

| FIGURE C-3  FIGURE Cels
1% bg'%o i?&u%ge:jfor no é’ailum 1L by Lo ndimpullzsg for n;b failure
65y @ o3 percen a «8 perce
failures respectively failures respectively

DISTORTIONS IN OUTPUT VOLTAGE WAVEFORM FOR FAILURES

SIMULATED ON A 2200=TURN COIL

A1l oscillograms have a vert, defl. of 1007/cm, and a sweep speed
of 20 usec./cm, ‘




of 50 usec,./cm,
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FIGURE Ca5 FIGURE Cab
1% by li0 impulse for no failure
9¢Ts and 8,5 percent
failures respectively

13 by 4O impulse for no failure
and 18,2 percent
failures respectively

FIGURE Ca7 FIGURE C=8

1% by 200 impulse for no failure 13 by 200 impulse for no failure

9485, and 20,2 percent

946, 12,1, and 29,); percent
failures respectively

failures respectively

DISTORTIONS IN OUTPUT VOLTAGE WAVEFORM FOR FATILURES
SIMULATED ON A 2200«TURN COTL

All oscillograms have a vert, defl, of 100"/em, and a Sweep speed
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FIGURE Ce§ o FIGURE C=10
12 by 200 impulse for no failure 1% by 200 impulse for no failure
and 9,0 percent and 9,5 percent
failures respectively failures respectively

FIGURE Cell FIGURE C=12
11 by 200 impulse for no failure 13 by 200 impulse for no failure
and 12,2 percent and 9,7 percent
failures respectively failures respectively

DISTORTIONS IN OUTPUT VOLTAGE WAVEFORM FOR FATLURES

SIMUIATED ON A 2200-TURN COIL

A1l oscillograms have a vert, defl, of 100¥/cm, and a sweep speed
of 50 usec./cm,
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FIGURE C=13
1% by 200 impulse for no failure
and 18,2 percent
failures respectively

DISTORTION IN OUTPUT VOLTAGE WAVEFORMS FOR FATILURES

SIMULATED ON A 2200-TURN COIL

FIGURE C=1ly FIGURE Ce15
11 by 4O impulse for no failure 13 by hO impulse for no failure
and 15,2 percent and 7,68 percent
failures respectively ' failures respectively

DISTORTION IN OUTPUT VOLTAGE WAVEFORMS FOR FAILURES
SIMULATED ON A 4200~TURN COIL
A11 oscilldgrams have a vert, defl, of 100Y/em, TFigure C=13

has a sweep speed of 50 usec,/cm, and Figures Celli and C=15 have a sweep
speed of 10 usec,/cm,
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FIGURE C=16

-
|4

= by 4O impulse for no failure
and 16 percent
failures respectively

FIGURE C=l17 FIGURE C=18
1% by 300 impulse for no failure 3 by 350 impulse for nc failurs
and 8,05 percent and 7,95 percent
failures respectively failures respectively

DISTORTIONS IN OUTPUT VOLTAGE WAVEFORM FOR FATILURES
SIMUTATED ON A }4200=TURN COIL
A1l oscillograms have a 100¥/cm, vert, defl, Figures C=16 and

C=17 have a sweep speed of 10 usec,/cm, and figures C~18 and C=19 have
a sweep speed of 50 usec,/cm.




APPENDIX ®D®

ADDITTIONAL OSCILIOGRAMS FOR CURRENT OSCILLOGRAM

FAULT DETECTION METHOD

Table Del lists the page numbers of the illustrations for simule
ated failures shown in Chapter VI and this appendix, their tap combine
ations, wherever possible, and their size expressed as a percentage of
the total winding,

The waveforms in figures D=1 to D=5 illustrate the results for
tests performed on coil (1) those in figufes D=7 to D=10 illustrate
the results for tests performed on coil (2); and those in the remaining
figures illustrate the results for tests performed on coil (3), The
armature core was contained in the coil shell for all tests, and a

current shunt of 150 ohms was used unless otherwise specified,




TLLUSTRATIONS FOR SIMULATED FAILURES ALONG

TABIE Del

WITH THEIR SIZE AND TAP COMBINATTONS
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Figure Percent of Page
No, Tap Combinations Wdge Affected No,
Coil (1) « 2200-turn coil

15 by LO applied impulse
6-1 3”&9 5 99859 2002 s h?
6=2 1=2, 3, 7 9.6, 20,8, 28,0 L7
6“3 7“ 905 h?
6").'. lomll 1802 )-!-7
D"l 5‘”7 9925 135
Dml h“; 990 135
D=3 2“33 3=h 9059 19,1 135
D-ly 89 12,8 135

1% by 200 applied impulse
65 1=2, 3 9.0, 20,0 L9
6=6 2“39 h 9059 1900 h9
6=7 78 9,25 49
6"8 h”s 900 hg
D“g 3“h 9085 136
D=6 10=11 28,2 136

Coil (2) = L4200=turn coil

1% by LO applied impulse
6:::9 6“7 0016 51
6=10 1=2 Te5 51
6=11 1=2 Ts5 51
6=12 67 0o X 51
6“13 657 0016 53
D=7 3=l 7,72 137
D=8 7=9 16,0 137
D=9 1=2 75 137
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TABIE D=l
(Continued)
Figure Percent of Page
Noe Tap Combinations Wdg, Affected Noe
1L by 300 applied impulse
6=1ly 6=7 0,16 53
6<15 5=8 16,0 53
3 by 350 applied impulse (
b=16 =8 16,0 53
D=10 T8 8,05 137
Figure Applied Percent of Page
Noe Fault Impulse Wdg, Affected Nose
Coil (3) = 2200=turn coil
6=17 1-turn i by L0 -+ 40L5 55
6=18 1=turn i by 200 045 55
6=20 S=burn 1% by 200 023 55
6=21 2wturn 1 by L0 009 56
6=22 2=turn f by 4O .09 56
6=23 l=burn i by 200 o0L5 56
6=2) 2eturn :LE by 200 $09 56
D=1l 3=burn by Lo ol3 138
D=12 3wturn % by 200 ol3 138
D=13 15=turn i by L0 869 138
D=1l Teburn 1% by Lo 032 138
D=15 T=turn 1% by 200 032 139
D=16 15=turn % by 200 69 139
D=17 1=burn 1 by Lo o045 139
D=18 Teturn 1 by 10 032 139
Detection by Charging Current Pulse
6=25 1=turn i by 4O oOh5 59
626 T=turn E by 200 032 59
6=27 1l=turn 1z by Lo o0L5 59
6=28 T=turn 1L vy 200 032 59
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TABIE D=l
(Continued)

Figure Page
No, Description Noe
Coil (i) = High Voltage Impulse Test Results
6=21 1% by LO impulse untested coil 60
6=30 li by LO impulse tested coil 60
6=31 15 by 200 impulse untested coil 60
6=32 15 by 200 impulse tested coil 60
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FIGURE D=l FIGURE De2

1% by L0 applied impulse 1 by L0 applied impulse
lower - ng failure : lower = no failure

upper - failure of 9,25% of wdg. upper - failure of 9% of wdg,

FIGURE D=3 | FIGURE Dely
13 vy 40 applied impulse 1L by 4O applied impulse
lower = no failure o Llower = no failure

center = failure of 9,57 of wdg,  upper = failure of 12,8% of wdge
upper = failure of 19,1% of wdg,

DISTORTIONS IN CURRENT IMPULSE WAVEFORM FOR FATLURES
STMULATED ON A 2200-TURN COIL

, A11 oscillograms have a vert, defl, of 10'/cm, and a sweep speed
of 20 usec,/em,
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FIGURE D5

1% by 200 applied impulse
lower -~ no failure
upper = failure of 9,85% of wdg,

FIGURE D=§6

11 by 200 applied impuwlge 0
lower « no failure ‘
upper = failure of 28,27 of wdge

DISTORTION IN CURRENT IMPULSE WAVEFORM FOR FAILURES

SIMULATED ON A 2200sTURN COIL

A1l oscillograms have a vert, defl, of 10V/cm, and a sweep speed
of 50 usec./cme



137

FIGURE D=7 FIGURE D=B

1% by 40 applied impulse 11 by 4O applied impulse
lower = no failure o ilower = no failure

upper = failure of 7,72% of wdg, upper = failure of 16% of wdge

FIGURE Dm9 FIGURE D=10

1% by LO chopped impulse 3 by 350 current impulse
lower = no failure ‘ lower « no failure
upper = failure of 7.5% of wdg, upper = failure of 8,05% of wdge

DISTORTION IN CURRENT IMPULSE WAVEFORM FOR FAILURES

SIMULATED ON L4,200=TURN COIL

A1l oscillograms have a verb, defl.of 5'/em, Figures D=7,
D8 and D=9 have a sweep speed of 10 usec./cm, Figure D=10 has a

sweep_speed of 50 usec./cm, Figures D=8 and D=-10 have a vert. defl.
of 10"/5:;,
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FIGURE Dell FIGURE Del2

1L by LO applied impulse 1% by 200 applied impulse
Jower = no failure lower = no failure
upper « 3=turn wdg, failure upper = 3=turn wdg., failure
150 ohms shunt resistor 15 ohms shunt resistor

FIGURE ’Du13. ) FIGURE D=1k
11 by LO applied impulse 11 by L0 applied impulse
lower = no failure lower = no failure
upper = 1S=turn wdg, failure upper - T-burn wdg, failure
15 ohms shunt resistor 15 ohms shunt resistor

DISTORTION IN CURRENT IMPULSE WAVEFORM FOR FAILURES
SIMULATED ON QZOOQTURN COIL
A11 oscillograms have a sweep speed of 20 usec,/cm, Figures

Dll and D=lly have a vert,/defl, of 1’ /cm, and Figures D=12 and D=13
have a vert, defl, of 5V/cm,
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FIGURE D=15 FIGURE D=16
1% by 200 applied impulse 1% by 200 applied impulse
lower = no failure lower = no failure .
upper « T=turn wdge failure upper = lb=turn wdg. failure
15 ohms shunt resistor 15 ohms shunt resisbor

FIGURE Del7 FIGURE D=18
1% by 4O applied impulse 1% by 40 applied impulse
lower = no failure lower = no failure
upper = l=burn wdg, failure upper = T=burn wdg, failure
shunt = 15 ohm resistor and shunt = 15 ohm resistor and
#25 uf, capacitor +25 uf, capacitor

DISTORTION IN CURRENT IMPUILSE WAVEFORM FOR FAILURES
SIMUIATED ON A 2200-TURN COIL
A1l oscillograms have a sweep speed of 20 usec,/cm, Figures

D=15, D=16 and D=17 have a vert, defl, of 5¥/cm, and Figure D=18 has
a verb, defl. of 2V/em,



APPENDIX WE®

ADDITIONAL OSCILLOGRAMS FOR TRANSMITTED IMPULSE

DETECTION METHOD

Table E<1 lists the page numbers for the illustrations of the simule
ated failures shown in Chapter VI and this appendix, their size expressed
as a percentage of the total winding, and the type of impulse used for the
test, The notation N and C are placed after the applied impulse to denote
a normal or chopped impulse respectively..

Figures Eel and E=2;illustrate the results for failures simulated
on a 4200=turn coil with a 150 ohm resistance in the coil circuit and the
armature core contained in the coil shell, Figure E=3 illustrates the
result for a 7,9% failure when the armature core was removed from the
coil shell,

The remaining illustrations represent the results for simulated
failures performed on a 2200=turn coil with no resistance in the coil

circuit and the armature core contained in the coil shell,
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TABIE E=1

ILLUSTRATIONS FOR SIMULATED FATLURES ALONG

WITH THEIR SIZE AND APPLIED IMPULSE

Pigure Applied Percent of Page
Noe Impulse Coil Wdg. Affected No,o

Coil excited through Terminal (1)

7=l % by LON L1200 0,16 63
7=2 by LON 11200 0,195 63
T=3 i by LON 4200 TeT2 63
Tesly E by LON 14200 »09 63
75 f by LON 1200 016 66
T=b 1§ by LOW 4200 7,72 66
T=T 15 by LON 2200 ~0l5 66
78 § by LOC 2200 .e0l5 66
7=9 i by 200N 2200 -0L5 67
7=10 1L by 200C 2200 ~0l5 67
T=11 Comparison of chopped 1L vy Lo and 1L by 200 67
7=12 Results of chopped 1% by 10 and 1% by 200 67
E=l i by LON 11200 7,67 13
E=2 § by LON 11200 Te9 13
E-3 % by hON 1200 7e9 13
Eely by LOC 2200 o0L5 143
E=5 1 by Loc 2200 209 1k
Beb 1z by 200N 2200 009 i
Ea7 1z by 200N 2200 »18 Uk
E=8 1% by 200N 2200 032 by
Coil excited through Terminal (2)
713 i by LON 2200 »09 69
T=1l i by LOC 2200 009 69
7=15 i by 200N 2200 »09 69
7=16 1 by 200C 2200 .09 69
717 i by 15N 2200 009 70
7=18 i by 200N 2200 s0li5 70
7=19 E by 200N 2200 020 70
720 i by 200N 2200 032 70
E=9 i by hO N&C 2200 »00 15
E=10 12 by Lo N&C 2200 209 5
E=11 1§ by LO N&C 2200 036 L5
Be12 % by LON 2200 o0L5 5
E=13 1 by 10C 2200 045 L6
E=1} 1% by 200N 2200 018 1h6
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TABLE E=1
(Continued)
Figure Page
Noe Description - Noe
coil (I4) = High Voltage Impulse Test Results

7=21 1‘%— by 4O and 1% by 200 impulses untested coll 73
T=22 12 by L0 impulse tested coil 73
T=23

1L by 200 impulse tested coil

73



FIGURE Bl ~ FIGURE Ee2

failure involving 7,67 percent failure involving 7.9 percent
of the total winding of the total winding
armature core contained in armature core contained in
coil shell coil shell

FIGURE E=3 v FIGURE E=ly
failure involving 7.9 percent failure of 1 turn in 2200 coil
of the total winding chopped input impulse
armature core removed from armature core removed from
coil shell coil shell

FAULTED AND UNFAULTED WAVEFORMS FOR A 1} BY LO IMPULSE
APPLIED BETWEEN TERMINAL (1) AND THE COTL SHELL

The waveform with the largest amplitude at 20 usec. represents‘
the unfaulted waveform, All oscillograms have a vert, defl, of 100 /eme

~and a sweep speed of 20 usec./cm, A 150 ohm resistor was connected

between the coil shell and the low potential terminal of generator.




FIGURE E=5 FIGURE E<6

chopped 1% by LO impulse 1z by 200 input impulse
failure of 2 turns in 2200 failure of 2 turns in 2200

FIGURE E=7 FIGURE E8
13 by 200 input impulse 1% by 200 inpubt impulse
failure of li turns in 2200 failure of 7 turns in 2200

FAULTED AND UNFAULTED WAVEFORMS FOR AN IMPULSE APPLIED
BETWEEN TERMINAL (1) AND THE GOTIL SHELL
The waveform with the largest amplitude at 20 useec, represents the

unfaulted waveform, All oscillograms have a vert, defl, of 100Y/cm, and
a sweep speed of 20 usec./cm, Armature core was contained in coil shell,




FIGURE E=9 o FIGURE E=10

chopged and unchopped input chogped and unchopped input

15 by LO impulses for 15 by 4O impulses for a
no failure loosely coupled two=turn failure

’ FIGURE E=11 - FIGURE E=12
chopped and unchopped input 1% by LO applied impulse
1% by L0 impulses for an I=turn failure

eight=turn failure

FAULTED AND UNFAULTED WAVEFORMS FOR AN IMPUISE APPLIED
BETWEEN TERMINAL (2) AND THE COIL SHRELL
The waveform with the largest amplitude at 20 usec, represents

the unfaulted waveform, All oscillograms have a vert, defl, of 100V/cm,
and a sweep speed of 20 usec,/cm,
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 FIGURE E=13 FIGURE E-1l

11 by 4O chopped impulse 1% by 200 chopped impulse
l=turn failure h=turn failure

FAULTED AND UNFAULTED WAVEFORMS FOR AN IMPULSE APPLIED
BETWEEN TERMINAL (2) AND THE COIL SHELL

Both oscillograms have a vert, defl, of 100 /em, and a sweep speed
of 20 usec./cm, The waveform with the larger oscillations represents the

unfaulted waveform, :



