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ABSTRACT

An experimental study of the factors
involved in the determination of the response time
of voltage dividers for H.V. impulse generators
is presented, with particular emphasis on thése

factors essential to the development of a circuit

for producing linear rates of rise,




PREFACE

The behaviour of power transformers when
subjected to impulse waves is presently one of the

major study areas in power transformer research

- programs. The stresses produced in a transformer

winding are completely dependent on the wave shape

and amplitude of the applied impulse wave, It is
therefore essential that an accurate measuring system
be used to measure the applied impulse voltage. Since
no measuring system can be perfectly accurafe, it is
essential that some measure of the degree of accuracy
be developed,

This thesis describes methods of determining
the accuracy of a measuring system with particular
emphasis on a practical approach using a volt-—time
curve for linearly rising voltage waves.

When a particular measuring system is thor-
oughly understood it can be used to study the shape of
the impulse waves applied to power transformers, in

particular the shape and duration of the voltage

collapse across a rod gap which is the most severe rate
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power transformer winding
undergoes.
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CHAPTER I

INTRODUCTION

The impulse test which has been widely used
for many years as a standard dielectric test for much

of the high voltage electrical equipment manufactured

is in many ways an unknown quantity.

Although the techniques for measuring the
standard impulse wave ¥ are fairly well developed,
fhe measurement of fast chénging impulse waves is far
from satisfactory. |

Typical of the fast changinglimpulse wave
is that of é chopped wave applied to the terminals of
a power transformer by means of chopping the full wave
voltage with a rod gap. Although this test is often
used, few people, if any, understand thoroughly what
happens during the chop. It is mainly,a measurement
problem and there are very few measuring circuits which

can adequately measure the time taken for the voltage

to collapse and accurately record the waveform during

the chop.

¥ The standard impulse wave has now been accepted by
the IEC in Europe as 1.2 x 50 us., This wave form
will very likely be accepted in North America in
the near future,




Since power transformer designers ére faced
with the problem of adequately insulating transformers
to withstand the standard impulse wave it is essential
that they know precisely the duration and shape of the
applied wave,

Since the waveform applied to the unit is
recoxrded by the voltage divider and associated compon-
ents it is essential that the divider record the
voltage as accurately as possible. If the divider does
not record accurately, it is possible that the applied
waveform may be much more severe than is indicated.

The I.E.C.¥ has adopted two parameters for
controlling the accuracy of a measuring system. These
are the '"response time" and "the time taken for the
response to settle down.'" They feel that limitations
placed on these two parameters will control the
accuracy of the measuring system, Creed has stated that
the time taken for the response to settle down is
meaningless and that another criterion should be adopted.
In any event the determination of the response time
of a measuring system is very important in defining the

usefulness of the system.

T Superscripts refer to references listed at the end
of this thesis,. '

* I.E.C. = International Electrotechnical Commission



The response time of the system can be
determined by calculation or by measurement. The
theoretical approach is quite complicated although it
does result in adequate results.

The experimental method which makes use of
a sphere gap volt—time curve is a method recently
developed by several authcrs in conjunction with CIGRE*
It is not precisely clear, however, exactly how the
volt—time curve is used to determine the response time
of a divider. An attempt at clarification will be
discussed in the text,

The volt~time curve for a sphere gap is
determined by applying a linearly rising voltage and
measuring the voltage and the time at which the sphere
gap breaks down for various rates of rise. A linearly
rising Qave is required since the response time of a
system is a measure of how much the output voltage lags
behind the input voltage when the input is a linearly
rising voltage wave.-

The development of a circuit which results
in a linear rate of rise of voltage is thérefore essen=—
tial in determining a volt=time curve or in calibrating

a divider in conjunction with a standard volt—time curve.

¥ CIGRE: Conference Internationale des Grands Reseaux
Electriques




AN

Such a circuit is not immediately obvious especially

if one is concerned with extremely fast rise tim

]

S.
A discussion Qf the esséntial steps found necessary
in the development of the circuit will be presented.
The calibration of two différent voltage
dividers is discussed and the features of dividers

essential to the accurate reproduction of an impulse

voltage wave are dealt with.




CHAPTER II

THEORETICAL CONSIDERATIONS

Standard impulse voltage dividers are

adequate for umeasuring standard impulse wave shapes

but as stated in the introduction, measurements of
chopped waves are much more difficult in that the
divider has to respond very quickly. This deviation
from the standara waveshape is the basis for a divider
study.

Two terms used in conjunction with chopped
waves are the time=to-chop and the time-of-chop. The
time-to-chop is the time from the virtual time zero
of the wave to the time where the voltage begins to
collapse. ihe time~of=chop is the time taken from
that point when the véltage begins to collapse until
the voltage reaches zero. It is essential that the
shape of the chop and the time—of-chop be accurately
measured.

Anothexr deviation from the standard waveshape
occurs at the beginning of the voltage rise as shown

in figure 2.1. The loop inductances which are inherent

in any impulse generator circuit will cause oscillations
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with the loading and/or stray capacitances and give

a 1 to 10 megahertz oscillaiion at the beginning of

the voltage rise. These oscillations can become quite
severe and may in theory reach twice the amplitude of
the final peak voltage. This, however, is highly
unlikely. Creed states that it is possible, due to
this oscillation, for an operator to heavily ovérstress
a test object.7

Measurement System Requirement

The response time and the time taken for the
response to settle down are the two main measurement
system requirements as adopted by the I.E.C,

‘The response time is the integral of the area

between an applied unit step and the normalized response

~to the unit step. This is shown on figure 2-2 for both

an oscillatory and non~oscillatory response. The response
time has the dimension of time, aﬁd it indicates how much
the output voltage from the measuring system lags behind
the input when the input is a.linearly rising voltage.
Cbnsequently the response time indicates both amplitude
and time errors for a linearly rising voltage, whereas,
for a voltage which rises to a peak value and then stays
there, or else decays slowly, the response time essen-
tially defines only the error in riﬁe time because the

output of the measuring system will still reach essen=-

tially the peak amplitude.6
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The I.EfC. has suggested that the response
time be not agreater than 200 nanoseconds,

Creed states that the second barameter, the
time taken for the response to setfle down 1s essentially
meaningless in tﬁat in some cases a system which has a
very long settling time will give excellent results for
fast rising linear waves. This parameter would be use-
ful only if full knowledge of the circuit were avail-—
ablé.é.

Faxo has suggested that a standard rise time
be_used as a criterion for specifying the measuring
system. He defines the.standérd rise time as

o .
Ts=( 17 g0) dt - 7947) =
Where gl(t) isothe derivative of the step response, and
Tm is the response timeé. This suggestion certainly
merits further inyestigation as it relates the require=-
ment of‘the divider directly to the problem the divider
is trying to measure’(i.e. a fast changing voltage wave),

If the accuracy of the measurement is to be
limited to recording the rise and the chop accurately,
the response time or the standard rise time could be a
sﬁfficient criterioﬁ for controlling the measuring

system, If the accuracy of the measurement of the prelim-

inary oscillations 1is also to be controlled, additional

criteria are required.

In transformer impulse testing it is felt that

the duration of one cycle of the preliminary oscillation
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will normally be so short that chances of an insulation
failure would.bé quite remote unless the oscillation
reached twice the final applied voltage. Since this
occurrence seems highly unlikely, it is believed that
the measurement of these oscillgtions is unnecessary.,

If it is hepessary to measure these oscill-
ations,4Creed suggests that some criteria may be
developed which would compare the shape of the step
response to the accuracy of the oscillation measure-
ments. |

There are several other divider requirements
which, although not cfitical, are nevertheless essential
to accurate mea§urements.

1, .The divider must be non-reactive. The voltage
and the curreﬁt in the test circuit must not
-substantialiy vary whén the measuriﬁg instrument
‘ié'switched off, |

2, It must be possible to calibrate the divider

| and its calibration must not change during
operation.

3. The residuél'inductance in aﬁy resistance or

capacitance element must be.negligible.13
4., The impedance drop in the lead from the point
at which the high voltage‘is to be measured to

the high voltage end of the divider must be
13

small.
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5, The impedance drop in the ground return lead
from the divider, due to either extraneous
ground current flowing in this lead or dividexr

' .y 13
current, must be negligible.

6. Oscillations set up in the divider circuit
(caused by capacitance from the divider high
voltage terminal to ground and lead and loop

. .o 13
inductance) must be minimized,

Techniques for Determining the Response Time

The response time of a measuring system can
be determined by two different methods. The first method
involves applying a unit step voltage measuring the result-
ing wave, and integrating-to find the difference between
the two. The second involves the use of the volt time
curve for a linearly rising wave. Both methods give
satisfactory results although the first is much more
complicated and difficult to apply. When the respoﬁse
time of a measuring system is accurately known, correction
of measured values for response time errors can be made.

Measurement of the Response Time of a Divider Using an

Applied Unit Step Voltage.

As stated before, the response time is defined
as the algebraic difference between the integral under
a unit step and the integral of the divider response 1o
the unit step. The response of the divider to a unit step

i.e. the step response of a measuring system) is
P p g

normally obtained with a zero impedance step generator.
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Thi§ neasurement does not necessarily indicate what
steepness of wave can be accurately recorded when

multipie reflections in the divider lead are caused

by a source impedance.‘ This would indicate therefore

that the effect of a series source impedance should also be
investigated.

Creed5 has developed several methods of
measuring the response time with and without a zero
impedance source. He accomplished thié by means of
chopping the voltage wave‘with a pressurized sphere gap
thereby obtaining a unit step.

In order to make a direct determination of
the response of é measuring system to a voltage from &
zero impedance source it is necessary to inject between
the two input terminals of the system a voltage step
having zero rise time using a zero impedance generator.
The oscillogram thus recorded provides all the information
needed to determine the output of the system for any
voltage~time function input.

There is no known method however of generating
a voltage step of zero impedance between two points
which are widely separated in space, It is therefore

o necessary to determine the step response indirectly.

Creed5 has shown in detail the method of

making this measurement. It includes a proposed standard

modification which would place the step generator on the
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groﬁnd plane directly under the high voltage input
termiﬂal of the measuring system. -The generator is
connec%ed to the input terminal of the system by a
vertical lead.

Creed5 also considers the effect of a damping
resistor located at the input end of the lead to the
top of the divider. If the damping resistor of the lead
matches its surge impedance,zo the response of the
measuring system can reach its steady state value in
a very éhort time providing a zero impedance source is
used. 1If, on the other hand, the source has an imped=
ance, an oscillation will be set up as the reflected
wave from the divider will not see ZO upon reabhing the
damping resistor.

In effect, the divider and its lead can be
looked upon as a variable impedance shunted across the
test object. 1Initially the impedance is 220 and 1t
willlreach a final value equal to the divider resistance.
The time taken for the effective impedance of the divider
to attain its steady state value is the determining
factor in deciding what is the minimum rise time that can

be measured, not the time taken for the unit step response

" to reach its steady state value. The time relating to the

divider impedance is a function of the degree of mismatch in

the divider lead damping and is therefore a function of the

source impedance. On this basis Creed suggests that




the time taken for the step response to settle down
provides an unsatisfactory criterion for the quality
of a measuring system.

From the above it can be seen that the
determination of the response time from a unit step
measurement is a tedious and difficult chore., It is
therefore desi:ablé to use some other method of
measuring the response time.

Measurement of the Response Time Using the

Volt-=Time Curve

Park and Conesl3 suggested that a volt=time
curve could be used fo determine the response time of
a system providing its shape could be accurately
detexrmined.

Creed discovered through extensive testing
that the volt=time curve for a sphere gap obtained
with a high impedance divider agrees very well with thé'
same curve obtained with a low impedance divider.l
Accordingly an accurate volt=time curve for any sphere
gap could be used in calibrating any voltage divider
of any impedance,

The use of the volt—time curve for determining
the response time of a measuring system is based on the
factvthat any measuring system can accurately measure

a steady rate of rise of voltage provided the voltage

14

rise lasts long enough, If a system is used to determine the
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volfétime curve for the particular gap in question, the
only error in the experimental curve should be the
measurément of the time to breakdown and this error is
by definition the response time of tﬁe measuring system.
The experimental curve will therefore be shifted verti-
cally from the volt—time curve by the response time of
the system.

It is helpfui to note that according to the
U.S. Bureau of Standards if the rate of rise is constant
between the 60 cycle breakdown voltage and the impulse
breakdown voltage,‘the rate of rise of voltage below the
60 cycle breakdown voltage has negligible effect on the
test,11

Members of CIGRE Study Committee #8 -~ Lightning
and Surges - have conducted an intensive investigation to
determine accurately the volt=time curve for a 60 mm gap
between 25 cm spheres. This committee has submitted to
the I.E.C. a volt—time curve for the gap which is repro-
duced in figure 2-3 - curve a.7

In order to determine the response time of a
divider therefore a volt%time curve for the divider in
question must be produced. The difference between this
curve and the CIGRE volt—time curve for any rate of rise
is the response time of the divider.

If the volt—time curve of a particular system

as determined using the 60 mm gap between 25 cm spheres







is és shown'on curve b of figure 2-3, the response time
of thé system would be equal to the vertical difference
between curves a and b as shown. In the example shown
the response time equals 50 nanoseconds.

Dividers and Their Characteristics

There are many different types of dividers
now in use., Some are quite satisfactory while others
are of no value other than for the measurement of
relatively slowly rising waves.

An uncompensated resistance divider is satis~—
factory for measuring fast changihg waveshapes only 1if
its resistance is low (in the order of 500 ohms). If
its resistance is high, (above 10 k) the impedance of
the divider becomes too high in relation to that of the
stray capacitances from the divicder to ground. It can
be seen that any stray capacitance to ground will bypa§s

some of the high frequency voltage components entering

the high voltage terminal of the divider. The recorded
voltage may therefore be considerably in error.

If a suitable form of capacitive grading is
used, the error can be minimized., The purpose of the

grading is to ensure that the ground capacitance from

any point on the divider is compensated by an equivalent
capacitance to the high voltage terminal. In this way,
all voltage components appearing at the divider high

voltace terminal will be measured at the low voltage
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terminal.

Depending on the degree of capacifive grading
‘exr can have a very short response
time, It is also possible as-stated above to eliminate
the effect of the stray ground capacitances by making
the actual resistance of the divicder low (in the order
of 500 ohms)., Dividers of this type have been success=
fully manufactured byyseveral laboratories. 1f the
physical size of such a divider is limited to reasonable
dimensions however the divider will only withstand
short duration pulses.

Chapter V will discuss the calibration of a
capacitively graded resistance divider and a low
resistance divider,

It is important to note that the high resistance

divider has stray capacitance to ground due to its

physical size, not its actual resistance. Creed verified
this bf making a small high impedance pressurized divider
and found the response time very small.l

The'pure papacitive divider has a ratio which
is incependent of frequency and consequently can be used
for both fast and slow transients. A problem arises
when it is necessary to use a length of coaxial cable
from the low voltage portion of the divider to the

oscilloscone since the termination of this cable presents

considerable difficulty. Special techniques can be




adopted which will give reasonable results. Wwhen
possible, connecting the capacitance divider directly
to the scope has proven very satisfactory.

The response of a standard resistance divider
can be sometimes improved by adding a series of
capacitors in parallel with the resistance. It is
essential in this type of divider that the RC time

constant of the high voltace arm be the same as the RC

time constant of the low voltage arm, This type o
- y
£
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divider behaves as a capacitanc
pulses and a resistance divider for slow pulses.
Any inductance present in any divider will

severely limit its usefulness in that its response time

will be drastically increased,

.




CHAPIER 111X

CIRCUIT PARAMETERS FOR LINEARLY RISING WAVES

Although many’authoré have shown results of
tests on small gaps very little is published on the.
circuit problemé encountered in acquiring a linearly
rising waveform for such tests. Chapters II1 and IV
discuss some of the problems that can be encountered
in this type of testing.

Accoiding to the U.S. Bureau of Standards13 it
is not necessary to acquire a linear rate of risé below
the 60 cycle breakdown voltage of the gap. Attempts

were made in this study however to eliminate all

‘oscillations on the rising portion of the wave. As a

result of this study, many features essential to
achieving a linear rate of rise have been discovered.

The discussion in this chapter and the next

'will frequently refer to various oscillograms. These

oscillograms will be shown on the accompanying figures.
In some cases several traces will appear on one oscillo-
gram. This was done since some difficulty was experi=-
enced in achieving consistent firing, particularly when

dealing with very fast rates of rise. These traces




will be numbered consecutively from the top. For
exanple, oscillogram 3=4~b--2 will be the second trace
on oscillogram b shown on figure 4 in Chapter II1I.
The timing wave, the calibration voitages,
the charge voltages and the oscilloscope attenuation
used fér eachroscillogram are given beneath the
oscillog:am. It should also be mentioned that the
frequency of the various oscillations mentioned in

this and the next chapter were measured from the oscillo-

-grams by means of an accurate horizontal measurement

device manufacturéd by Griffin and George Limited,
London, England.

The generator used was a 24=stage 2400 KV
generator with a total output energy of 30 KWS, A
discﬁssion of the measuring and recording'systems
will be given in Chapter V.

A study of the waveform obtained directly
from the generator was the first step in the investi-
gation. The divider used was a 46.2K.. 600 KV haefly
compensated resistance divider. The circuit used is
shown in fugure 3-1-a,

Although the waveform of oscillogram 3=-2-a
appears fairly smooth, when it is recorded with a

faster sweep as shown on oscillogram 3-2-b, definite

oscillations are evident. These oscillations were
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FIG 3=2-a

TIMING WAVE 10 MHz -

CAL. 150, 300 V
CHARGE 17.5 KV
ATTENUATION 50%

FIG 3=2=c
TIMING WAVE 10 MHz

" CAL. 100, 200 V

CHARGE 11.0 KV
ATTENUATION 100%

FIGURE 3-2 VOLT-TIME OSCILLOGRAMS

FIG 3-2-b

TIMING WAVE 10 MHz
CAL. 50 V

CHARGE 17.5 KV
ATTENUATION 50%
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measured to be approximately 10 Miz. A 10 Miz timing
pulse'and a 17.5»KV charging voltage was used forx
oscillograms 3-2Z-a and 3m2mbf

When the 60 mm gap used to determine tﬁe CIGRE
cuﬁve is placed across the divider as shown in figure
3-1-b, the resultiné waveform is as shown on OScillogram
3-2~c, Note that a 12 MHz oscillation occurs. A high
frequency oscillation-and a definite bend are quite
pronounced on the rise. Any attempt at calibrating the
divider using fhe»waveform of oscillograﬁ 3=2-C wouid
only result in an unacceptable error due to the serious
nonlinearity of the rise.

The bend in the waveform disappears for greater
cha;ging voltages. Since the generator energy is.propor-
tional to the charge voltage squared, a hicher charge
voltage increases the available energy which in tuxrn
affects the rise of the wave. This will be discussed in
greater detail later.

Pre~breakdown corona discharges at various
highly stressad points in the circuitry and consequént
energy loss across the 60 mm gap before the gap breaks
down cause sufficient loés in energy to result inAa
bend in the waveform. A hicgher energy would reduce the
probability of an output voltage dip.

The frequency of the oscillation after the

4

chop is fairly high (20 Miz) for several hundred
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nanoseconds after wﬁich it decreases to 12 MHz. The
high frequency oscillation on the wavefront is about
45 MHz.

In Appendices I and II loop inductances,
spﬂere gap capacitances, resonant frequencies and
damping resistances are calculated for a circuit which
will be discussed in detail later. The calculations
given do apply however to the present situation since
circuif dimensions are somewhat similar to certain

' sections of the circuit studied.

From these calculations which are approximate
only, some idea of the‘frequencies which can result
from the circuit parameters can be achieved.

The inductance of any of loop B, C or D on
figﬁre Al, page 106, combined with either of the gap
capacitances could result in a 12 MHz oscillation. It
would be very difficult to decide exactly which combin=
ation caused the 12 MHz oscillation without in some way
determining the parameters more accurately.

The circuit shown in figure 3=1 used to record
oscillogram 3=2-c consists of the generator, the 600 KV
divider and the 60 mm gap. The resoﬁant frequency of
the divider-gap loop comﬁined with the 60 mm gap capa-
citance would be in the range of 10~12 MHz. This is
most likely the source of the 12 MHz oscillation measured

on oscillogram 3-2-c,




26

The 45 Miz oscillation is much more difficult
to explain in that the paremeters weuld have to be very
small to account for such an oscillation. It possibly
is due to either some corona source or more likely to
the capacitanpe of one of the lines to ground resonating
with a loop inductance. Fox exampie, 1f the capacitance
to‘ground was about 1 pf and the loop inductance about
10 ph the resulting resonant frequency would be approx-
imately 50 MHz.

The rise shown on oscillogram 3-3-a taken using
the circuit of figure 3-1-b is actually quite linear

xcept for the 45 Miz oscillation. The charge voltage
for oscillogram 3-3-2 was 15 KV while that for oscillo~
I

gram 3=2-c was 11 KV. This explains why oscillogran

3-3—a is more linear than oscillogram 3~2-c. This oscill-

calibration data taken with this circuit. When the

charga voltage was raised to 20 ¥V the rise as shown in

0]

oscillogram 3-3-b appears to be somewhat steeper althoucgh

©

the hich frequency oscillation would as before cause an
unacceptable erxor in any calibration attempt,

Some data were taken at this point, however,
to permit a calibration curvé_to be determined and in

54

-

this way detsrmine th

©

(

fect of the oscillations., This

is especlally important in view of the fact that scome

‘measuring systiens. (i.e. oscilloscopes) may not be able
< b



FIG 3=3-a FIG 3-3=-b

 TIMING WAVE 10 MHz TIMING WAVE 10 MHz
- ZAL. 100, 200, 242 V CAL. 100, 200, 242V
~ CHARGE 15 KV CHARGE 20 KV
S ATTENUATION 100% ATTENUATION 100%

FIGURE 3-3 VOLT-TIME OSCILLOGRAMS




to record these oscillations. The results of the data
obtainad will be discussed in Chaptexr V.

‘It should be noted that the effect of the
“increased charging voltage is two-—fold. Not only does
it eliminate the bend on the rise but i1t also causeé a
faster rise. This results in a different point on the
voli-—~time curve

A stuéy of the oscillations on the waveforms
of osciliograms 3~4~a' and 3-4-b proves helpful Jn

obtaining a better understanding of some of the oscill~

ations present in this tyne of circuit, The circuits
used in this case are shown in figures'BmSma and 3-5-b,
A logding capac tor which was in fact the capacitive
portion of a 2400 KV resiqiéncewca;QCLtoncp divider
was placed in parallel with the generator in an attenmpt
to slow down the rise. The waveform of oscillogram 3—4-a
was taken using a 1200 pf loading capacitance as shown
in figure 3-5 ~5, while that of oséillogram 3-4-b was
taken using a 2400 pf loading capacitance as shown in
figure 3-5-b. Notice that the rise of oscillogram 3-4-D
has been appreciably slow ¢ down due to the increased
loading capacitance.

The oscillations mzasured on oscillogram
3—-4-a are a 5.5 MHz oscillation on the rise with a 1.5 Mz

major oscil 112t tion after the firing of the gap with a

superimposed 12 Mz minor oscillation., On oscillogram 3-4-b




llation on the rise reduces to 3.0 MHz with

¢}
[y

the os
the major oscillation aftexr the chop decreasing to

=

1.0 MHz and the superimposed oscillation decreasing

~to 10 MHz.

The approximaté circuit dimensions and assoc-
iated resonaﬁt frequencies are shown in figures 3-5-a

Notice that theyl.S MHz Qséillation and the
1.0 Mz oscillations can be accounted for by the com-
bination of the loading capacitor with the capacitor
divider loop, the reéultamt calculated frequencies
being 1.20 MHz and 1.00 MHz. The inductances and capa-—
citances are estimated from the data derived in the
appendices.,

The combination of the divider gap loop
inductance with the 60 mm gap capacitance results in
an estimated 13 MHz ocsillation. This accounté for the
measured osciliations of 12 and 10 Miz,

The cause of the 5.5 MHz and 3.0 MHz oscilla-

}.h

mmediately obvious but from the relation-

ship between the two it appears that they depend somewhat

Fy

tion 1is not

on the loacding capacitances. The loading capacitances
combined with some small stray inductance, possibly the
internal inductance of the resistance portion of the

RC divider used for the loading capacitor could causc

these oscillations.
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FIG 3=4=b
TIMING WAVE 10 MHz
CAL. 100, 200, 242V
CHARG: 10 KV
ATTENUATION 100%

FIG 3=4-a
TIMING WAVE 10 MHz
SAL. 100, 200, 242
“HARGE 10 KV
ATTENUATION 100%

. FIG 3=4~-c

7 “TIMING WAVE 10 MHz
AL, 100, 200, 242
THARGE 25 KV
ATTENUATION 100%

FIGURE 3=-4 VOLT-TIME OSCILLOGRAMS
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The charge voltage was then increased to.

increase the rate of rise and perhaps eliminate the

end evident on oscillograms 3-4-a and 3-4-b, The
result is as shown on oscillogram 3—4-c, The rise was

“indeed stee?ened but a severe oscillation appesared on
the rise, It is apparent from oscillograms 3-—4-a,
3;4~b and 3-4-c that any attempt at calibration would
be futile due to the severe nonlinearity of the rise.

It was decided at this point that a more

elaborate circult would have to be used., 1t was

decided to utilize an auxiliary sphere gap as suggested

o

1 . . ‘ .
by Creed” to try and acquire a linear rate of rise and

at the same time acquire a fast rising waveform, This

o))

is .therefore the subject of the next chapter.




CHAPTER IV

THE DEVILOPMENT OF A CIRCUIT FOR
LINEZAR FAST RISING IMPULSE WAVZES

The initial circuit used in this study was
as shown in figure 4-1,

rcult

e

this c

Hh

£

The principles of‘oneration o)
arevas follows. The impulse generator charges the
150 pf loading capacitor and simultaneously raises the
voltage across the series gép. When the breakdow:
level of the series gap is reached; the gap breaks down
and the voltage begins tb rise across the 50 K@ resistor.
This voltage rises very rapidly since the RC time con-
‘stant of the loading capacitor and the resistance of
the circuit is very low. The rate of rise can be in--
creased by decreasing the series resistance in the
circuit after the loading capacitor. When the voltage
across fhe 60 mm gap reaches the breakdown level the
gap breaks cdown. The voltage divider should theoret-
ically record everything that occurs arfter the series
gap breaks down.

A series resistor must be placed between the

impulse generator and the leoading capacitor. If its
= = I
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resistance is too lbw, the generator oufput will affect
the voltage across the 60 mm gap before the series gap
breaks down. This is because if.a low resistance series
resistor is used the time constant of the circuit is low.
The resulting waveform therefore will have high frequen-
cies. The impedance of the series gap to these high
frequencies is relatively iow compared to the 50 KL
resistor and as a result, significant voltage can appear
across the 60 mm gap prior to the breakdown of the series
gap. Conversely, if the series resistance in question

is high it Will essentially isolate the generator from
the rest of the circuit by providing a high output time
constant for the generator—resistor network and thus

a high series gap impedance. In this case the loading
vcapacitor will be the only significant source of voltage
after the series gap Ereaks down in the time range being
considered.

In fact, the serxies resistor can have any
large value, the only limiting factor being the voltage
drop across it. An excessively high value of resistor
will result in too low a voltage across the séries gap.
In other words, for a fixed charging voltage, the hicher
“the series resistor, the lower the available series gap
voltage. The solution for this 1is naturally a higher

charging voltage if it is available, otherwise, the

series resistance would have to be reduced. 1t is




w
N

important also to ensure that the series gap is large
enouch to supply sufficient over-voltage across the
60 mm gap and thus ensure consistent results.

The resistor between the bottom of the series

.gap and ground minimizes the voltage appearing across

o

" the divider before the series gap breaks dewn. Since

the series gap has a capacitance of approximately 25 pf

=

its impedance in series with the divider impedance will
cause a voltage.division such that a significant voltage
wiil appear across the divider before the series gap
breaks down. An appropriate choice of resistor will

eliminate this problem. Too small a resistor will result

h
]

in dinsu

[

‘ficient voltage across the 60 mm gap.

The problem is not critical for a large series
gap sincé the gap capacitance is loﬁ and 1ts gap imped-
ance is high. Any fairly high value of resistance will
then be adequate,

The resistors shown in figure 4-1 were not
chosen from calculated data but were rathexr those
resistors that were avaiiable.

The series resistor between the generator and
the loading capacitance was initially chosen as 650 ohms

while the resistor between the bottom of the series gap

and grcund was initially chosen as 50 Z ohms,

The 350 ohm resistor and the 293 ohm resistor




were intended to Be'used for damping'but subsequently
were found to be ineffective. The 650 and 350 ohm
resistors were water resistors while the 293 ohm resistor
was a nonminductive wirewound resistor.

The 150 pf loading capacitor consisted of a
115 KV class bushing mounted in a fairly small (4'x5'x6%")
steel tank. The capacitance of the céntre conductorAand
bottom conducting plate to the flange and the tank
megsured 150 pf.

The results of the measuremeﬁts made with this

circuit and the improvements that were made to obtain a

9

S

()

linear rate of rise will now be discussed,
Referxing to oscillogram 4-2-—a which was taken
using the circuit of figure 4~1 it can be seen that the

rise 1s fairly linear although there is a 10 M

1

e
$d

osc ation superimposed on the rise and after the chop.
From Appendices.l and II it is obvious that the 10 MHz
oscillation is most likely cauéed.by the inductance of
one of the smaller loops and the capacitance of one of
the sphere gaps. It is interesting to note that the

10 MHz oscillation appears throughout the waveform. It
occurs both bafore and after the sa2ries gap fires and
befere and after the 60 mm gap fires., It is therefore

not caused by the capacitance of the gap itself but more

likely by the capacitance of one of the spheres of the

series gap to ground,

7




1G 4=2-a

IMING WAVE 10 MHz
AL, 200 Vv

HARGE 24 KV
TTENUATICON 1005

. 71G 4=2-C

CUTIMING WAVE 10 MHz
"AL. 200 V

CHARGE 19 KV
ATTENUATION 100%

38

FIG 4-?-b

TIMING WAVE 10 MHz
CAL., 200 vy

CHARGE 19 KV
ATTENUATION 100%

FIGURE 4-2 VOLT-TIME OSCILLOGRAMS
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The voltage rise before the series gap breaks
down is cdue to the high value of resistance between the
series gap and ground. This resistance should be reduced

to approximately 10 Kfl . 7This was done later in the

development,

by
3

The series gap was set at 10 inches which means
that & linearly rising valtage of about 500 KV would be

necessary to break it down. Since the impulse generator

<

b= =

is a 24-stage 100 KV/stage generator, a charge voltage

of 24 KV would result in an iceal output of 24 x 2.4 MV
: ’ 100

or 576 KV which is close to the critical breakdown level

of the 10 1nch gap. Thls is further shown by the fact

that the voltage rise on oscillogram 4-2--a dips before

the s

(\)

ries gap breaks down. The series gap does not
break down on the crest cof the applied wave but ratxéx
fairly fér out on the tail. The phenomnenon will not be
as apparent when the 50 Knresistor is reduced since the
voltage rise should not be as pronounced.

A problem associated with a breakdown on the
tail of the wave involves synchronization of the record-
ing system with the series gap breakdown. If a highe
voltage 1s applied to the series gap, it will break aown
on the rising poition of the voltage at approximately

the same time each shot., If a lower voltage is applied

to the series gap, it may break down on the tail of the



applied wave. This results in very inconsistent firing
and presents considerable difficulty in recording the
60 mm gap voltage. COCnce again the bend in the crest of
the wa&e is evident. This bend which disappzsars for
higher charging voltages and thus higher circuit energy,
is also dependent on the 60 mm gap. This can be seen
by comparing oscillogram 4-2-a, taken using the circuit
of figure 4-1, and osciliogram 4-2=0, taken using the
circuit of figure 4-3 but with the 60 mm gap removed,
Apparently when the 60 mm gap is placed in the circuit
it introduces oscillation which, combined with insuffi-
cient energy and insufficient loading capacitance,
causes a bend in the wave., The bend can therefore be
eliminated by increasing the loading capacitance,
inicreasing the series gap and correspondingly‘the
charging voltage, eliminating the oscillation due to the
60 mm gap or removing any one of the series resistors
which would dissipate some of the available energy.

The following therefore will be an attempt to
eliminate the bend by studying the effect of various
parameters on the general waveform.,

As a result of the foregoing, the circuit of
figure 4--3 was further investigated. It should be
noted that in {his circuit all the damping resistors

were removed excluding the 1250 ohm resistor to allow
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for the greatest possible rate of rise. It should also
be mentioned at this time that grounding of the various
mDOﬁ“niS of all the circuits described in the text

-;.1

acde of 4 ft.x 8 ft.

=

was by means of a copper-ground plane n

©
2]

coDnD

pper sheets attached to wooden frames and clanped to-~

C. This ground plane is shown in figure 4-4. .

g}

ge the

w
-

The resultant wave 1s shown on oscxllo ram 4--2-c, Notice

[

s a 10 Mz oscillation before and after the

o

that there
breakdown of the 60 mm gap. This 10 MHz oscillation
céupled with the 60 nn aa§ oscillation are the two main
problems to be solved here. If the 60 mm gap is removed,
the resulting waveform is as shown on oscillogram 4-2-b,
thice that the 10 MH=z oscillatién is still evident.

This eliminates the éO mm gap as the main soﬁrce of the

10 MH/ oscillation, although it does cause the oscillations
responsible for the bend. It is hi chly unlikely that the
oscillation is caused by reflections since a total dis-
tance between components of 50 ft. would be necesséry to
iesult in a 10 MHz oscillation assuming a travel time of

1 ft. per nanosecond,

As stated previously, it was felt that the capa-
citance of tbe.series gap or of the spheres of the series
gap to ground combined with one of the loop inductances
was the major source of the 10 Miz oscillation.

~

An attenpt was made to damp out the oscillations

by placing a 500 ohm resistor between the loading capacitor
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and the ;eries gap. Notice from oscillogram 4=5=a that
the 500 ohm resisto; appears to effectively reduce the
prembreakdown oscillations although they are still just
barely evident. After the series gap breaks down
howéver, an oscillation is very prominent. The oscill-
ation was measured as 15.4 MHz decreasing to 13.1 MHz
nearer the peak.

TheVSOO ohm resistor reduced the rate of rise
such>f5at the oscillation appeared on the front. To
cfitically damp the oscillations originating from the
capacitance and inductance of the circuit it can be seen
from Appendix II that a resistor of approximately 2000 ohms
would be required. This would reduce the rate of rise
to an'unacceptable lével° The reason that the preébreakdown
oscillation seems to have disappeared on 4-5-a when com-
paréd to 4-2-b is mainly due to the faster sweep speed
used for 4¥5wa, Notice on 4-2-b that the oscillations
before the breakdown of the series gap are very small,
Upon close inspection of 4-5-a these oscillations are
still e?ident although reduced in amplitude slightly by
the 500 ohm resistor.

Notice from 4--5-b that when the 60 mm gap is
again placed in the circuit it once again introduces
another oscillation and causes a rougher waveshape,

An attempt.at damping the oscillation by means

of a filter was made., This is shown in figure 4-~6, The
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G 4-5-a FIG 4-5-4
MING WAVE 10 MHz " TIMING WAVE 10 MHz
L.200 Vv CAL. 200 V .

ARGE 19 KV
TENUATION 100%

CHARGE 19 KV
ATTENUATION 100%

G 4=-S=c

MING WAVE 10 MHz
Le 200 V

ARGE 2@ KV
TENUATION 100%

FIGURE 4-5 VOLT-TIME OSCILLOGRAMS
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result is shown in 4--5=c, The 700 ohm resistor dras-
tically reduced the rate of rise and the filter circuit
seemed to introduce more oscillations. Due 1o our

energy limitations it was decided that a filter circuit

8l

L

would not be possible. If more loading capacitance were

L

availabie, utilization of this method would probably be
possible,

| The components for the preceding series of
tests were arranged as shown in figure 4-4. There is
1ittle doubt that the loop inductances in this case are
somewhat gigher than they would be if the components
extended continuously outward from the generator. It

-

was therefore decided to rearrange the components in a

s

straight line as shown in figure 4-~7 and thexeby reduce
the loop inductances of the circuit. All damping was
removed except the 1250 ohm resistor from the generator
to the 1oadiﬁg capacitor.

Oscillogram 4-8-a shows the results with the

e

only a slight deviation occurring half way up. This

the first oscillation of. a series that is

jsi)

deviatior

i
p4e
0

evidant afte

H

the crest., This series is the same 10 MHz

(

oscillation previously discussed,
The results with the 60 mm gap included in the

circuit are quite satisfactory as shown on oscillogran

4-9-b althouch as above the oscillation on the rise is

(0]

still quite pronounced. Notice also the small oscillation




48

oo KY Drulpe g

GO g E AP —~

- COPPER G podido Permgie

FIGURE 4-7

_ARR s C L

o OF C ROy T C 0 g g

LQ £#/0L12R0 £ 2 B Ao pR A SD e T A A




40

FIG 4-8-=a FIG 4—-8-b
TIMING WAVE 10 MHz TIMING WAVE 10 MHz
CAL, 200 V CAL 200 Vv

CHARGE 20 KV

CHARGE 20 KV

ATTENUATION 100% ATTENUATION 100%

FIG 4-8~c

TIMING WAVE 10 MHz
 CHARGE 20 KV

ATTENUATION 100%

FIGURE 4-8 VOLT-~TIME OSCILLOGRAMS



introduced due to the 60 mm gap capacitancé.

Any attempt at damping the 10 MHz oscillation
on the front proved hopeless since too high a resistor
was required to damp the oscillation. The high resistor
would only slow down the front.

1t was decided at this point to find the effect
of increasing the resistance from the generato% to the
loading capacitor to 85 K.1. The resulting wavefornm
was as shown on oscillogram 4-8~c. This should be cémw
pared directly to oscillogram 4-=8-=b, Notice that the
only effect was to eliminate the initial voltage rise
seen on oécillogram 4-~8=~b, For the same charging voltage
the 85 K. resistor wiil reduce the available energy to
the remainder of the circuit. This meané that the
pfoblems caused by insufficient energy éhould be intensi-
fied. This is indeed thé case as is evident from
oscillogram 4-8-c, Notice that the bending caused by
the 60 mm gap oscillation is worse in oscillogram 4-8-c
than in oscillogram 4=~8-b.

A 621 ohm wirewound resistor was placed beiween
the 60 mm gap and the divider. Itwas realized of
course that this would prevent the divider from record-
ing the gap voltage but the effect of the resistor on
the measuring system was névertheless studied. The

effect of the change is shown on oscillogram 4=9-a,

50




CTIG 4=0-a FIG 4—-S-b

IIMING WAVE 10 MHz TIMING WAVE 10 MHz
CHARGE 20 KV CHARGE 20 KV
ATTENUATION 100% ATTENUATION 100%

FIGURE 4-=9 VOLT=TIME OSCILLOGRAMS
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Notice the very high first oscillation. It is apparent
that the 621 ohm wirewound resistor affected the

divider circuit in such a way as to give a serious
reflection. The 60 mm gap circuit which ﬁas pieviously
very near to a zero impedance circuit after the gap broke
down was changed to a finite impedance after breakdown.
Consequently, the reflection coefficients were changed
and severe oscillations resulted.

Returning to 4~8-c, oscillations of 44.5 MHz

and 10 MHz are measurable after the chop. Before the
chop there is only a slight high frequency oscillation
and a bend in the rise.

Oscillograms 4-8-c and 4-=9-b were both obtained
using the same circuit. Oscillogram 4-8-—c shows a rise
that bends slightly and oscillates to breakdown. Oscillo-
gram 4~%-b rises to very near breakdown then shows a
single oscillation just prior to breakdown. Once again
the loading capacitance has not sufficient energy stor-
age to produce a smooth rise to breakdown. The rise
appears to reach a certain value then a deviation appears
due to insufficieant energy. This deviation may appear in
the form of a bend or a single oscillation. The load-
ing capacitor then apparently recovers and the rise
continues until breakdown. A larger loading capacitor

or a higher charging voltage would help remedy the situ-

ation. The charge voltage in this work was limited by




.

the voltage rating of the loading capacitors
1t was finally decided that the only way to
obtain satisfactory results with the 150 pf loading

capacitor was to remove all damping and shorten the

P3

leads as nuch as possible, particularly the lead from

-0

[

the 60 mn gap to the divider which would reduce the
ehe“gy loss to a minimum. This was done with the
-
results shoﬁnbin oscillogram 4-10-a.
The difficulty that arose in this case was

4.

that the results were not consistent.

1)

his is best
illustrated by oscillogram 4-10-b which shows three

PN

consecutive shots using the same circuit.

oo

The inconsistencies were caused by two

problems. First, the hash at the top of all three waves

and the bending which is parti the

L—' .
0
c
ot
[&)]
=
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«
®
<
e
"
(O]
5
(-L
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centre waveform, are due to the lack of stored =2nergy.
Second, the initial rise that is of ruch higher ampli-
S 1, the initial hat 18 of ruch higher ampli

tude in the top waveform than in the other two is due te

divider, This stray counling in the top waveform causes
1 voltage such that the additional
voltage required for the gap to break down is less tha

it would have been if there were no preliminary voltage.

The enercqy recauired to produce this smaller voltage is

energy in the loading capacitor to create a smooth rise
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G 4-10=-2a FI1G 4=10-b
(IMING WAVE 10 MHz TIMING WAV 10 MHz
IARGEZ 20 KV THARGE 20 KV

[TENUATION 100% ATTEZNWUATION 100%

FIGURE 4-=10 VOLT=TIME OSCILLOGRAMS
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to failure from the stray voltagz. In the other two

cases, however, the stray coupling is not sufficient to

Because of these two different eff

obvious that the stray coupling is notl consistent since
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ppears on the first oscillogranm

itk

but does not affect the resu 11 in thes sccond or third
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dent upon the breakdown of the series gap. It does

not break down at exactly the same tim2 and voltage cach

time, as is well known. The time ancd voltage of brealc-

into

1

down have a very pronounced effect on the couplin

\0

the divider circuit.
The existence of the stray coupling between the

PR

two parts of the circuit is best illustrated by referring
1

to oscillogram 4--11-a which 1s the waveform resulting

from the circuit of figure 4-12, T
section of the resistance capacitance divider mentioned
in Chapter I1I and the 12,5 K water resistor is the

original 85 KQ water résistor which had deteriorated with

The oscillation on the rise of oscillogram

i

4-11-b~-2 1s obtained when the lead from the series gap

to the divider is removed. It is obvious therefore

that the oscillation is being capacitively coupled into

55
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_FIG 4-11-a FIG 4=11-b

_.TIMING WAVE 10 MHz TIMING WAVE 10 MHz
CHARGE 25 KV CHARGE 25 KV
ATTENUATION 100% ATTENUATION 100%

FIGURE 4-11 VOLT=TIME OSCILLOGRAMS
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the divider circuit. ?This oscillation is the same

‘as that appearing on the rise of oscillogram 4-1l-a,
The oscillation has been measured to be appréximately
10 MHz after the first few cycles, It is somewhat
greater at the beginning of the wave., This stray
coupling therefore introduces an initial voltage to the

=

divider. This voltage has superimposed on 1t the 101}

oscillation resulting from the series gap. The stray
capacitances are therefore the vehicle by which the
10 MHz oscillation appears at the divider. Later a
method of shielding will be discusSedAwhich will effect—
ively eliminate the stray Cou011ng;

Oscillograms 4--13-2z, 4m13wb, d-~34-~a and 4~14~b'

illustirate this point very well. Notice that the oscill-

b

3=~a and 4-13-b

ation on the rise of oscillograms 4-

taken using the circuit of 4-12 appear on the rise of

(s

oscillograms 4-14-a and 4-]14-~b taken using the circui
of figure 4-~12 with the 60 mm gap included. Notice
here also that the small high frequency oscillation on

the rising portion of the waveform caused by the 60 mm

It is apparent from the following discussion
that the resistor between the bottom series sphere gap
and ground is not critical if the resistor from the

generator to the leading capacitor is large. The

(‘.)

reason for this is,as indicated before, that with a larg

resistor from the Gnnerwtor to the loading capacitor the
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. FIG 4=13-a FIG 4-13-b

©. TIMING WAVE 10 MHz TIMING WAVL 10 Mz
ZAL. 200 V CAL, 200 v
CHARGE 20 KV CHARGZ 20 KV
ATTENUATION 100% ATTENUATION 100%

FIGURE 4-=13 VOLT-TIME OSCILLOGRAMS
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FIG 4-14-a FIG 4=14-b
TIMING WAVE 10 MHz TIMING WAVE 10 MHz -
CAL. 200 V CAL., 200 V -

CHARGE 20 KV

CHARGE 20 KV
ATTENUATION 100%

ATTENUATION 100%

FIGURE 4-14 VOLT-TIME OSCILLOGRAMS
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circuit time constant is such that the voltage across
the loading capacitor increases relatively slowly.
The impedance of the series gap to the resulting low

frequency voltage is very high., Thus little voltage

will be recorded at the divider. With a small resis-
tance from the generator to the loading capacitor the
circuit time constent is much lower, the accompanying

frequencies are much higher and the impedance of the

gap to these frequencies are lower. DMore voltage

will therefore appear at the voltage divi
The fact that the resistoxr from the series

gap to ground is unimportant when the resistor from

racitor is large is
verified by the following oscillograms.

Resistance from Series

Oscillogran _ Gap to Ground
410~ 9.5 X
41 5~2 3.5 K
4=15-=h 621 Ohms
4=16-a | 100 K
4-16-b Infinity

Each of the above oscillograms was taken with the series

resistor equal to 12.5 Kn . Notice that on oscillograms

z

4--10-b, 4-15-—a and 4-15-b no sic¢nificant voltage occurs

before the breakdown of the series gap other than the

voltage due to stray coupling. A slight preliminary
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\ 4~15=a FIG 4=15-b

ING WAVE 10 MHz TIMING WAVE 10 MHz

RGE 20 KV CHARGE 20 KV
ATTENUATION 100%

| ENUATION 100%
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15 d=]6e=a FIG 4=16=h

IMING VAVI 10 Mz ' TIMING WAV 10 Nliz
HARGE 272 KV CHARGL 20 KV
TTINUATION 1007 ATTENUATION 1007

FIGURZ 4=16 VOLT=TIMi OSCILLOGRAMS




voltage appears in oscillograms 4-16-a and 14-16-b
however, due to the exceedingly high resistance used
in this case. This can be identified as the low
constant voltage component up to the beginning of

the stray couplings on these two oscillograms.
Oscillogram 4-~2-a on the other hand which was taken
with 650 ohm resistor from the generator to the loade
ing capacitor shows a significant rise before the
breakdown of the series gap. The circui{ for oscill~-
ogfam 4--2-a had a 50 K resistoxr from the series gap to
ground. When this resistor was reduced to 9.5 K the
initial voltage was reduced to that shown in oscillo~=
gram 4=2-C,

The discussion will now revert to the problem
of the non-=linear rise. On oscillograms 4-10~b-2 and
4-10-b=3 where the stray pickup does not significanfly
affect the rise, the wave does not quite rise to its
peak smoothly. There is always the small deviation ox
oscillation neér the peak. This deviatioﬁ is known
to be a result of the 60 mm gap and insufficient loading
capacitance. This theory was confirmed by increasing
the loading capacitor from 150 pf to 225 pf by placing
a 50 cm sphere on the bottom of the bushing that was

being used for a loading capacitor. The results are

quite satisfactory. The resulting waveform is shown




on oscillogram 4-17-a. The high frequency oscillation
on the rise is due to the 60 mm gap.

Oscillograms 5-6=—a and 5-6-~b which were
obtained using the increased capacitance were used to
calibrate the divicer. The details and measurements
of the calibration will be presented in the next

chaptexr.

An

o

ttempt was made to slow down the rise in
order to cet another point on the 600 KV divider volt-
time curve for calibration purposes., Due to insufficient

.loading capacitance this was impossible. The wave would

.

not rise linearly to breakdown with any resiétance in
the circuit.

With 350 ohms between the series and the 60 mn
gaps, some calibration data were taken but since the
data did not appear at all satisfactory, they were not
included in this presentation.

At this point in the investigation 1t was felt
that a higher loading capacitance would glve even more
satisfactory results. First an 1150 pf loading capa-
citor made of two 4 ft. x 8 ft. sheets of copper fastened
to wood frames with four sheets of 1/2 inch plywood and

two sheets of 1/4 inch pressboard between electrodes was

used, This system was unsatisfactory due to corona

discharges at the edges of the sheets.

65




FIG 4=17-=a

TIMING WAVE 10 MHz
CHARGE 20 KV
ATTENUATION 100%

.FIG 4-17-c

U TIMING WAVE 10 MHz

CHARGE 41 KV
ATTENUATION 100%

FIG 4-17-b
TIMING WAVEL

CHARGE 26,2

FIGURE 4-17 VOLT=TIME OSCILLOGRAMS

ATTENUATION
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A 2400 pf loading capacitor was then used.
This capaciter was the bottom capacitance section of
a four-stage 2400 KV resistance capacltance voltage
divider. The resulting waveform is shown on oscillo-
gram 4m17wb. The oscillation on the rise and at the
‘peak of the wave is due to the stray capacitance
pickup from the series gap discussed previously, The

&

loading capacitor was then halved by two stages of
the resistance capacitance voltage divider. This
doubled the voltage ratingof the stack and consequently
ailowed a hicher charge voltage. The resulting wave-
form obtained using a charge voltaje of 40 KV is shown
onh oscilloaram 4-17-cC.

The oscillation or veoltage rise due tovstray
pickup does not cause nuch of a problem in this case
but a severe oscillation occurs on the rise. This

oscillation was created due to the increased loop induc-—

4o
N
@]
e
Py
jA3]
3
@]
®
)]
[ad
A
O
-
Pt
ot

tance caused by doubling the ca;
would therefore be best for calibration purposes to use
the circuit with the smaller loop, thexeby eliminating
the stray coupnling.

At this point a complete investigation of the
stray coupling was carried out. The loading capacitor

was again doubled to 2400 pf to give the maximum capa-

citance and thus the maxinmum energy availability. The
resulting waveform is shown on oscillogram 4-18-3a,




"IG 4=18-a
"IMING WAVE 10 MHz
"HARGE 25 KV
TTENUATION 100%

“JARGE 25 KV
[TENUATION 100%

68

FIG 4-18-b

TIMING WAVE 10 MHz
CHARGE 25 KV
ATTENUATION 100%

FIGURE 4~18 VOLT-TIME OSCILLOGRAMS
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1t was at this point in the investigation that the

cause of the stray coupling was discovered. As stated

3

reviously, the lead from the series gap to the divider
was removed., The resultinug waveform is shown on

oscillogram 4-18-b-2, Notice that the oscillations

o}

ue to strays are of the sane form as that on oscillo-

]

m 4-18-—za, Oscillograms 4=18—a and 4-18-b are a

Q0

)

X

repeat of 4-1l-—a and 4-11-b.

In order to verify that the coupling was notl

originating from the impulse generator, the lead from
the series resistoxr on the generator tc the loading
capacitance was disconnected. Oscillogrem 4-~18-C
shows a completely clean traée. The stray coupling
was therefore originating from the‘se;ies gan. The
combination of the capacitance oI
of thekseries gap to ground in conjunction with one

of the loop inductances caused a 10 MHz oscillation

" which was counled along with an initial component of
e :’ .

voltage bs stray ‘capacitances into the divider circuit.
= o iy
An 8 ft. x 8 ft. copper shield was built and

was placed vertically between the 60 mm gap and the

divider. With the 60 mm gap not in place and no lead

from the series gap to the divider, a series of oscillo-
ST 3
grams were taken. These are shown on oscillogram 4-—19-a.

Notice that very little coupling is evident. The 60 mm




.. TIMING WAVE 10 MHz
" CHARGE 31.5 KV

70 3

*1G 4-19-a FIG 4-19-b
“HARGE 25 KV TIMING WAVE 10 MHz
\TTENUATION 100% an CAL. 100, 200, 242V
CHARGE 26 KV
ATTENUATION 100%

FIG 4-19=c

ATTENUATION 100%

FIGURE 4-19 VOLT-TIME OSCILLOGRAMS
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gap was then placed in the circuit and all the leads

attached. Oscillogram 4-19-b was obtained,

5

N

ast and very

Notice that the rise is very

o]

linear. The 60 mm gap oscillation on the rise is still

©

evident but does not sexriously effect the linearity of

4

the rise., It was felt that these oscillations would not

bration. A series of

n
®

{

significantly affect the cali

aken which will be

L

calibration oscillograms was then
shown and discussed in Chapter V.

Attempts were made to reduce the rate of rise

n
=
o
0
e
0
H

by means of series resistors. Placing a serie
tor in the circuit drastically increases the oscillations
on the front. The wave in fact deteriorates to the
point where it is of no value. The damping resistor
required to dampen the oscillations would be so large
that fhe'wave front would be gfeatly 1engthgned and
the resulting.eneréy requirements for a linear rise
‘would Dbe greatef than that available.

The oscillations on the front can be best
shown to be caused by the 60 mn gap comparing oscillo-
grams 4-13-2a and 4-13-b with 4-l4-a and 4-14-b. The
oscillations do not appzar on bscillogram 4--13--a and

,

4-13~b when the 60 mm gap is not included They do

=i

o
DJ
s
1
bt
e
]
14
5_
0]
joi

however anpear on oscillograms 4-—-l4-a a

the gap is included. This argument is strengthened by

the fact that if a rod gap is used to replace the
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12

60 mm gap the waveform is clear of oscillations. This
can be seesn from oscfllogram 4-1%-c, The capacitance
between rods and from the rods to ground is much less
than for spheres and the oscillation on the rise would
therefore not be developed.

As a result of the foregoing it was found

that, with the loading capacitor available, the circuit

H

as shown in figure 4-20 would be the most suitable for
calibrating the divider. This circuit includes no
series resistors but does include the shizld to reduce
the stray pickup. There appears to be no easy way to
elininate the high frequency oscillation caused by

ny event the oscillation will not

(-L
x
®
(=)}
(®)
3
[te]
)}
.73 }
a
b
51
N

spreciable erxor in the calibration results.

circuit arrangement developad,.

In conclusion it 1s felt that an adequate

of rise can be achieved with the developed circult
but for calibration using much lower rates o
much larger Joading capacitox would.héve to be avail-
able.

Chapter V will discuss the calibration of

two dividers using the circuit dev=loped in this

chapter,
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TEVED

PHOTOGRAPH OF PART OF FINAL CIRCUIT ACH
FOR THE DEVELOPMENT OF LINEAR FAST RISING WAVES




CHAPTER V

CALIBRATION OF A VOLTAGE DIVIDZER
USING THE VOLT-TIME CURVE

The response time of a voltagebdivider may
be determined theoretically or experimentally as
discussed in Chapter 11, Sincé tbe theoretical approach
is so complex, the experimental‘metbod is wused in mos t
cases. The'expérimentai method involves the CIGRE volt-
time curve shown on figure 2-3., To calibréte a divider
by means of this volt=time curve, a.linear rate of rise
must first be obtained. As can be seen from Chapters 111
and IV, the development of a wave which has a 1inear'rate
of riée'is difficult to obtain. Once a linear rate of
rise is obtained, a series of oscillograms are taken for
Qarious Iateé of rise., These oscillograms are then
analyzed and compéred to the volt—time curve. This
chapter will deal with the analysis of the oscillograms
and the determination of the response time.

Analysis of the Oscillograms

The breakdown characteristics of a test object
under an idealized linearly rising voltage can be ex~-

pressed by the relationship between any two of the three

quantities: rate of voltage rise, breakdown voltage and
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time to breakdown.

B

The CIGRE working group decided as follows:

A3
Two quantities, the peak voltage and the rate of rise
are '
of voltage/ derived from each oscillogram. The peak

voltage 1s the maximum amplitude recorded on the

rise is the slope of the

o]
0
O
htd
}_l
=
o}
o]
[
Q)
::_?ﬁ,
3
joy
o]
=
o
('L
(]

O

=

best fit straight line through that portion of the
voltace rise which lies above the pzak valué of the
power frequency breakdown voltage (Upf) of the gap.
The best fit line is drawn in such a position that the
positive and negativé eviations oétween it and the
recorded trace are equal.

The deviation from 1ineérity is defined as‘
the time interval between the two'élosest parallel
lines which enclose the oscillation between Upf and

the peak voltage and which have the same slope as the

 td

best fit straicht 1

®

n

°

+

-t

ntea:

0
e

t 1

i
®

sting to note that for most of

the oscillograms that will be presented there is no

S

’_J.

measurable mean deviation. The mean deviation
probably somewhat dependent upon the quality of
oscilloscone and camera used for recording the oscillo-
aram. An inferior oscilloscope and camera would not

record the high frequency oscillations in as much

detail, and consequently, a smaller deviation would
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For the CIGRE determination‘of the volt=—time
curve, 1t was suggested that an average 5f a series of
tests bz taken for each point on the volt-time curve,
In this case it was felt that it would be nmore advan-

tageous to plot the results of each point since many

circuit changes and charging voltage changes were made

o

o

throughout to attempt to achieve a linear rise,.

In Chapter IV it was discovered that in order

L

to make a full study of voltage divicders it would be

ssary to have much more loading c

.

nece apacitance avail-
able., Since such was not the case, the divider could
only be calibrated at the fastest rise time that could

be achieved with the circuit components available, It

~1s obvious therefore that much further work can be done

o)

on determining the response time of the divider used.
With this thought in mind, attempts were not made to

achieve maximum accuracy by including temperature and

{

)]

’.‘l

[
‘<

pressure corrections. In any event the air &
~correction factor would not likely excesd 2%,

Determination of the Response

Cnce the time to breakdown and rate of rise
g < § a - 3 2 3 4 3 >
of voltage have been cetermined, it is a simple matter
to determine the response time by means of the CIGRE

volt—time curve. The experimentally determined time-—

to-breakdown 1s compared to that given by the CIGRZ

[©)

curve for the same rate of rise, The differenc




between these two values is the response time of the

CallOIKLJOJ of a 600 XV Compensated High-Resistance D _videx

ERPDEINY

The divider consists of a 46.2 KON resistor approx-

i

ube. The

L
W

imately 7 f£t. long, mounted in an insulation

divider has capacitance grading electrodes at the top and

bottitem 1o impreove its response time (see figure 5-1-~2),.
FY Fe =
The complete divider and oscillograprhic circuit

is shown in figure 5-1-b, The divider ratio is 628/1
At several times throucghout the testing described in
chapters II1 and Iv data were taken for calibration of
the divider,

The first set of data labelled A on page ©5
and shown on the oscillograms of ficgures 5~3 and 5-24
were taken using the circuit of figure 5-2-a., If we

2xr 1S

OJ

ivid

v}
OJ

g

assume that the response time of a voltage
constant for any rate of rise, the volt-time curve for
the voltage divider in question wiil be a constant

time increment below the CIGRE volt~time curve, shown
on figure 2-2 and replotted on figure 5~5, If the test
data are corréct, they should form such a curve. In
this case since the results as shown on figure 5--5

a
curve/do not form this curve, the results are therefore

unsatisfactory. Zven more obvious an indication is

that the epproximate response time indicated by these

results is in the order of 900 nanoszconds. Since a
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FIG 5=3=a
TIMING WAVE 10 MHz
CAL. 100, 200, 242
CHARGE 15 KV
ATTENUATION 100%

FIG 5=-3~-c
TIMING WAVE 10 MHz
CAL. 100, 200, 242
CHARGE 15 KV
ATTENUATION 100%
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o

FIG 5-3-b
TIMING WAVE 10 MHz
CAL. 100, 200, 242 V
CHARGE 15 KV
ATTENUATION 100%

FIGURE 5-3 VOLT-TIME OSCILLOGRAMS
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G 5=4-2a FIG 5-4-b

MING WAVE 10 MHz TIMING WAVE 10 MHz
.L. 100, 200, 242 CAL. 100, 200, 242 V
[ARGE 20 KV CHARGE 20 KV
‘TENUATION 100% ATTENUATION 100%

G 5=4~c
~-MING WAVE 10 MHz
“4L. 100, 200, 242
IARGE 20 KV
‘TENUATION 100%

FIGURE 5-4 VOLT-TIME OSCILLOGRAMS
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divider of this type is known to have a very low
b

are obviously erronecous. This demonstrates the result

of testing with a non-linear highly oscillatory rate

R

The second set of data labelled B on page @5

©

~determined from oscillograms 5-6-a and 5-6-bh were

wre 5-2-b, The

pie

taken with the circuit shown on T

data are shown on figure 55 curve b. These results

are quite consistent and show an extremely small

response time of thirteen nanoseconds. Due to capa-

-

citive energy limitations combined with inconsistent

0]

stray coupling, it was very difficult to get a series

ot
o
[% N
joo]
0]
c
h
h
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®
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ot
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o
e
e+
e
Y]
-
<
]
td
ot
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Q
0}

coupling did not resu
to result in a linear rate of rise, This phenomenon
was described in detail in Chapter I1II. The energy

losses du=z

o]
s
ft
=
o
joy
B3]
e}
>
o
L

~losses were also not consiste

to corona on the various leads affected the output

Oy

differently for each shot, With these points in min
only those oscillograms that rose to breakdown without
a bend in the rise were used for calibration. A

larger loading capacitor would be essential for a more

4

detailed study.

The third set of data labelled C on page 95
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FIG 5-6-b

TIMING WAVE 10 MHz
CAL. 100, 200, 242
CHARGE 30 KV
ATTENUATION 100%

FIG 5=6-a

TIMING WAVE 10 MHz
CAL. 100, 200, 242
CHARGE 30 KV
ATTENUATION 100%

FIGURE 5=6 VOLT=TIME OSCILLOGRAMS




the response time by approximately three nanoseconds
to sixteen nanoseconds as shown on figuve 5-5, curve C,
This is due to the increased ground capacitance result-

ing from the shield which bypasses more of the higher

(nominal) non=-inductive wire wound resistors. Zach

resistor was wound from number 30 wire on a 7/8 inch

form and was 13% inches long. The divider was con-—
stiructed similar to the one described in detall in

)

reference 13, The low resistance section of the

©
0

e

divider was constructed using bifilar elements of

Figure 5-10 shows the circuitil used for cez

brating the divider. 1Motice that the divider was




FIG 5=~7-a

TIMING WAVE 10 MHz
CAL. 100, 200, 242
CHARGE 26 KV
ATTENUATION 100%

FIG 5=7-c

TIMING WAVE 10 MHz
CAL, 100, 200, 242
CHARGE 33 KV
ATTENUATION

g8

FIG 5-7-b
TIMING WAVE

CHARGE 33 KV
ATTENUATILON

FIGURE 5-=7 VOLT-TIME OSCILLOGRAMS

10 MHz

CAL. 100, 200, 242

100%

Y




FIG 5-8-a

TIMING WAVE 10 MHz
. CAL. 100, 200, 242
. CHARGE 31.5 KV
ATTENUATION 100%

FIG 5=8-c

TIMING WAVE 10 MHz
CAL. 100, 200, 242
CHARGE 31.5 KV
ATTENUATION 100%

89

FIG 5-8-b
TIMING WAVE 10 MHz
CAL. 100, 200, 242
CHARGE 31.5 KV
ATTENUATION 100%

FIGURE 5=8 VOLT-TIME OSCILLOGRAMS
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o

This was dong

fast rising wave. The data.taken on this iivider are
E

izbellad D on page 85 and are shown on figure 5-5
‘ -

curve ¢. The. oscillograms uscd ars shown on flgures

U
1
[l
Ll
A
3
O

L

!
ot
N
°

.the divicder has a response time of fifteen nancseconds.

order would be expected for

-h
ot
o
s
)

A low response time of

a divider of this type since the low resistance essen-

tially minimizes the effect of any ground capacitance.

Most of the oscillograms used for calibration
of the dividers include a 100 volt and a 200 volt cali-

bration line and a 60 Hz breakdown voltage line which

olts for the

=N
N
N
0
<

is equal to a calibration voltagz of

down voltage line was 1o be used to calibrate if the

o]

rise was not linear but it was decided that only those

’

waveforms that rose linearly throug

woulcd be usecd.




FIG 5-11-a

TIMING WAVE 10 MHz
cAL. 100, 200 V
CHARGE 37 KV
ATTENUATION 50%

FIG 5-11-cC

TIMING WAVE 10 MHz
CAL. 100, 200 Vv
CHARGE 34.5 KV
ATTENUATION 50%

93

FIG 5-11-b
TIMING WAVZ 10 MHz
CAL. 100, 200 V
CHARGE 37 KV
ATTZINUATION 50%

FIGURE 5=11 VOLT-TIME OSCILLOGRAMS



FIG 5-12-a
TIMING WAVE 10 MHz
CAL. 100, 200 V
CHARGE 34.5 KV
ATTENUATION 50%

FIG 5~12-C

TIMING WAVZ 10 MHz
CAL. 100, 200 V
CHARGE 324.5 KV
ATTENUATION 507

94

FIG 5-12-b

TIMING WAVE 10 Milz
CAL. 100, 200 V
CHARG: 34.5 KV
ATTENUATION 50%

FIGURE 5-12 VOLT-TIME OSCILLOGRAMS
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CHAPTER VI

The two main methods of determining the

response time of a voltage divider are the step
sponse method and the voli-time curve method. Since

.y 3

the step response method is a lengthy and difficult

©

method; it is not satisfactory for the normal laborate

5
ory.

Utilization of the volt=time curve 1o deter-—

mine the response time of a voltage divider is an

e

of the volti=-time curve is based on the fact that a

volitage divider can accurately record a rate of rise

providing the rate of rise lasts long enough. For
the same rate of rise the difference between the
experimentally determined time to breakdown and that

given by the CIGRE curve is the response time of the

o

According to the U.S. Bureau of Standarxrds

(Park and Cones) the rate of rise need be linear only

. , 13
above the power frequency breakdown voltage of the gap.

=

(/)

Attempts at achieving a lineaxr rate of ri

over the complete rise were made here to permit a

complete study of the oscillations developed,
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The conclusions for this thesis can best be

presented in itemized form.

1.

The response time of a divider can be considered,
in most cases, tc be a sufficient criterion of

the voltage divider accuracy.

‘The impulse generator itself can be used to

achieve a fairly low rate of rise if sufficient
loading capacitance is available., For fast rates
of rise however, a series gap musti be used.

When using the series gap method, if only a

fairly low value of loading capacitance is

available, it is difficult to get good results
for any but the highest rates of rise since the

energy avallability is such that any series res-

-istance will cause a non=linear rise,

Increasing the load capacitance will allow for

"a decreased rate of rise since series resistors

can bé‘used, will allow for damping resistors
to eliminate oscillation ané will allow the use
of a filtering circuit.

The series gap must be adjusted to provide
s@fficient overveltage to the 60 mm gap to

ensure that it breaks down on the front of the

wave.
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The series gap must also be adjusted so that

the impulse generator output voltage is

" sufficiently high to cause breakdown on the

front of the wave. This is particularly
impoftant in synchronizing the waveform with

the oscilloscope sweep.

A series resistor must be placed between the
generator and the loading cépacitor to

isolate the generator from the main circuit,

Its resistance should be high enough to cause

a fairly slow voltage rise across.the series

gap and therxeby create a high series gap
impedance and accordingly a low voltage across
the divider before the gap breaks down.

The resistance between the series gap and ground
depends on the series resistor from the generator
to thé‘loading capacitor. If its resistor is
high the resistance from the series gap to
ground can be quite high. If the series resistor
is low, the resistor from the series gap to
ground should be low. The intent is to minimize
the voltage appearing across the divider before
the series gap breaks down.

The approximate frequencies of the oscillations

developed in the circuit are calculable as

shown in the Appendices.




10.

11,

12,

13.

14.

15Q

To reduce the frequency of the oscillations the
loop inductance and the gap capacitances must
be minimized. The loops nust therefore be as

small as possible., The gap capacitance can be

‘reduced by raising the spheres as high off the

ground plane as is practicable without increas-
ing the loop induc ance significantly.

Reducing the oscillations by means of dampihg
resistors is impossible for fast rates of rise
since the resistors required are too large to
maintain a high rate of rise. |

The 60 mm gap introduces a high frequency oscill=
ation which is impossible to eliminate withéut
seriously altering the circuit characteristics.
The series gap introduces a 10 MHz oscillation
which is transferred into the divider circuit by

the stray coupling menticned in 13.

Stray coupling which exists between the series

gap and the voltage divider can be substantially
reduced by means of a shield. The shield,
however, increases the response fime.

The high resistance compensated divider has a
response time of approximately thirteen
nanoseconds.,

The low resistance divider also has a low
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response time (approximately sixteen nanoseconds).

It can be used however only for short duration

work due to the liwmited divider size.




CHAPTER VII

FUTURE WORK

An extension of the work carried out in

this thesis is possible if adequate capacitors are
available. With the circuit conditions essential
fqr a linear rate of rise discovered in the work,
a complete calibration of the voltage divider
ﬁentioned over a wide range of ratés of rise would
be possible. This should be done to de{ermine the
divider response time more accurately.

The calibration of dividers with a very
large response time should also be carried out

since this type of divider is the type most often

used in industry.
Once the divider response time is accurately
determined, a study of fast changing voltages, such .

as the collapse of the voltage across a rod gap, can

be made, This is an essential study in the view of

the power transformer designers since the required
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insulation strength of the power transformer is so
completely dependent on the time-of=chop of a rod
gap. This study will not be simple but a complete

understanding of the voltage dividex would greatly

simplify the problem.




APPENDIX I

CALCULATION OF LOCP INDU T i
AND SPHERE GAP CAPACITAN

Many of the oscillations measured on the

oscillograms of Chapters III and IV are due 1o

loop inductances and sphere gap capacitances. This
section shows how these loop inductances and sphe
gap capacitances can be estimated.

Calculation of Inductances

(1) EBEquation for loop inductance.
The inductance of a rectangle of length a
and breadth b made of wire of radius r 1is

L = 2303 j4(a+b) log ,o 22 - 4a log ,o (a+d)

reneee

109 b's

~ 4b log |, (b+d)[+ 1 LN, [8 dTI) - (\+bi]hy

b 10

Where d= a2 + b2

and a,b and r ar= in centimeters.

(ii) Equation for the inductance of a single line

to ground.

‘ L=2x10" 1n D_ hy /metre

1. Standard Hencdbook for Zlectrical Zngineers.
Seventh Zdition, p. 53.

2. Elements of Power Systems — William D. Stevenson Jr.,
McGraw-Hill - P. 25




e line to ground in

o
oy

Where D dis the distance from
metres and ¥ is the radius of the conductor in
metres, now consider circuit Al which was the circuit

used for the set of data labelled C on pagz 95

)

In this circuit there are 5 loop C,

W
on
}...J
)
&
)
—
et
o
Q.J
">
!

™

D and = and 4 lines labelled a, b, ¢, d and e, Using

the above egquations the inductance of the loops and

lines are calculated to be:

Loop A = 34% nh

lLoop B -~ 18 nuh
Loop C -~ 10% pi.)
loonp D - 12 nh
Loop E - & ph

Line a - 5% ph’

o)
!
N
Y
i)
o

e - 1 puph

Calculation of Canacitances

©
9]

i Equation for the canacitance between snher
A A

For 2 equal spheres

O

f radius r (cm) at a

V]

distance & (cm) apart the charge per uanit

&

1. Static and Dynamic Zlectricity -— R.W. Smythe
' (McGraw Hill)
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o0
)
0 ="§~7/'6V5//7/§5 ya Cs et \/A/”‘Z?/
’ VS
where Custh g = <
=
oD 3
Therefore, C = & = @ = - 47 & S 25 5 {sed (g
V. ! P
ii) Equation for the capacitance of a sphere to ground.

23
I d 1
- PO 4 Zcas s e
Therefore, C = & - & = ‘T/'EP‘:ir;hcx e,
4 i -

MNow consider circuit Al once again.

Using the above equations

e
o
24
0]
7

Capacitance between two 50 cm spheres 6

]
-
et

between two 25 cm spheres 60 mm ap

Capacitance between a 50 cm sphere and ground

8L, feet arart = 28 of
2 Y X

-l

ground

Y
\e}
u
0
2]
n

e
oy
[
[
6]
jab)
o}

Carnacitance between a

F3

=
(2

1
-
=N

4o
iy

3% feet apa

The values of inductance and capacitance calculated

in this section are at best approximations. They

are sufficiently accurate however to calculate

+ freauencies that exist in the

various resonan

‘circuit.

Ko
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APPENDIX II

CALCULATION OF RESONANT FREQUENCIES
AND CRITICAL DAMPING RESISTANCES

This section shows the calculétioﬁ of the
resonant frequencies resulting from the capacitances
and inductances calculated in Appéndix 1. Also
shown is the critical resistance that would be re-
quired to damp'out each of the oscillations.
| The resonant‘frequency i§ given by

f = »i;iiif

The critical damping resistance is given by

e

R = =/

A resonant frequency could result from any

N

of the fﬁllowing combinations:
1. Inductance of loop A and lineva with the
capaciténce of the loading capacitance.
2., Inductance of loop B and line b with the
capacitance of the loading capacitance.,
3. Inductance of loop B and line b with the
capacitance of the series gap and of the
series gap to ground.
4. Inductance of loop C and line c with the

capacitance of the series gap and of the

series gap to ground.




5. Inductance of loop C aﬁd line c with the
capacitance of the 60 mm gép and of the
60 mn gap to ground. |

6. Inductance of loop D and line d with the
_capacitancelof the 60 mm gap and of the

60 mn gap 1o ground,

Estimation of ‘Parameterxs

in order to calculate the resonant frequen-

cies it is necessary to estimate the parameters to be

used since they are normally combinations of two of

the calculated parameters. Théy are'élso calculated

using idealized conditions. For example, all the

loops are not true loops but rather are loops made of

circuit componéﬁts. with this in mind the following
estimates are at best approximatiohs but most likely
fesui{,in fairly répresentative values.

Inductanée of 106p A combined with line a
(LA—2) equals 30 uh

also IB - b 15 uh

1C - ¢

10 ph
LD - d = 10 ph
The capacitance of the loading capacitance

is of course known:

c, = 1200 pf
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The capacitance of the series gap combined
with the capacitence of the series gap to
ground,
C, = 25 pf

tance of the 60 mn gap combined

with the capacitance of the 60 mm gap to
ground
C3 = 15 pf
Calculation of Resonant Frequenciles
: A 12 MR
= = = / (RrE
fl Zr/—r L/—)-Q_C," [
f ' Errr
5 = TR ped . VAl e B
2 27 S lm-s Co '
£ = —2t L 53MA2
3 27 Sl a.s Cy
!
£ = o = Jo M AR
4 LTS Lee C o i .
£, = —t = /3MhAKZ
27/l €5
£, = ' = i3rih2
ZW AD‘J C3
The above frequencies are basically those
estimated before either of the gaps break down. After
the series gap breaks down there is still a significant
capacitance from the bottom sphere to ground. Hence
oscillations may still be develcped. When the 60 nm
gap breaks down, the capacitance of the gap is
essentially eliminated.
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Calculation of Critical Damping Resistance

i
N
~=
Y
p

- Boé& o £ 8

R

1

2] =2 L,;--;_;. = 224‘ 53:'!’);475

CI
Ry = lo-5 < /540 ohbrrs
3 Z Z-&
c<
Ry & 2 /te-c — /26 Ohems
23 s

oy
Wn
1
B
~

which was

=
o]
O
|
Q
0]
a
+
0]
M
0]
o+
W
e
3
t
[
(1
Fh
o
0
(s
M
e
6]
]

=t
M

e necessary by the limited loading capacitance

iy

e

t

ha)

available, these damping resistors are p

e
Q

hib ve.

The use of any one of these resistors would decrease

*
oy
8]
H
2]
-

e of rise substantially and would also result

in a non-—linzar rise.
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