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SUMMARY

The measurement of high impulse voltages
necessiategs the use of a sultable voltage divider in
order to determine the peak voltage and the waveshape
of the impulse, Resisténae. capacitance or mixed (R-C
in series #r in parallel) dividers are used for this
purposn; The present thesis is a report on the work
carried out on the design and development of a 150 KV
damped capacitive (series mixed type) voltage divider in
order to be able to measure the output of 150 KV impulse
voltage generator already developed in the H,V. labo-
ratory of the department.

In designing the divider, its paremeters have
been fixed by treating it as a transmission line since
the high voltage arm is made up of many series elements
of resistance and capacitance, The matching of the low
voltage arm and the high voltage arm is also looked into
to achieve divider response without oscillations and
without reflections, The design ratio has been fixed at
1250, its capacitance being 35 pf and resistance being
115 ohms, ' |

The performence of the divider response is
studied with rectangular low voltage signals and with
step function. The divider ratio measured at low input

voltage is 1500, The rise time of the divider was less



than 30 ns and overshoot was less than 2/ when a
rectanguler pulse of rise time less than 100 ns

was applied to it. For an input of sgtep function

having a rise time of less than 10 ns, the response

time of the divider was less than 10 ns, The divider
was tested at 50 KV impulse voltage which it withstood
succesafully. A
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1, INTRODUCTION

The developments in the field of electrical
engineering during the‘present century have been tremendous,
Phenomenal increase in power demand at longer distances has
forced the transmission voltages to be higher and higher from
economics point of view, In the world 1100 K.V, transmission
lines are already in operation and in India 400 K.V, lines
have been built, |

A large number of expensive electrical equipments
are used for high and extra high voltages‘transmission lines,
It 18 necessary to ensure that such costly equipments are
capable of withstanding the overvoltages which are met due to
lightning and switching transients.

The power transmission lines and their associated
équipments are therefore frequently subjected to the high
impulse voltége tests which are performed by the use of
impulse generator,

Impulse generators upto 10 MV have been fabricated
for research, development, training and testing purposes. |
The measurement of such high voltages is carried out by
dividing the voltage with the help of impulse voltage divider
and measuring the divided low voltage by C.R.0. or by peak
voltmeter.
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Impulse voltages dividers are of many typesy the
simplest being a resiastance divider and is often used for
recording the sstandard lightning impulse., For recording
fast and slow transients a pure capacltive divider is used,
the advantage being that its ratlo is independent of fre-
quency. However residual inductances and capacitances of
the divider frequently introduce oscillations, Also its

high cost prohibits its use. A mixed divider of parallel
arrangements obtained by adding capacitors in parallel with

resistor units behaves as a resistance divider for slow
transients and capéoitor divider for fast transients. The
damped capacitive divider (series resistance - capacitance
divider) obtained by adding resistor units in series with
capacitor units is used for measurement of impulses of higher
voltages ( >1 MV ) because of better response than the above
mentioned dividers. It also enables the measurement of

super imposed impulse and power frequency voltages.

There waé a need of building of a voltage divider
of 150 KV impulse voltage because an impulse generator of
150 KV was designed and developed in High Voltage lab. of
this department for teaching, training and research work,
This dissertation pertains to design, development and
fabrication of 150 KV damped resistance-capacitance divider.
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In India only very recently high voltage compo-
nents such as low 10ss capacitors, low tolerance and high
stability resistors are being manufactured. Even then the
main difficulty for this work was the acquisition of high

voltage components,

In testing the impulse divider the main difficulty
come of the nonavailability of a single shot C.R.O.

1.1  Arrangement of the Thegla

sections
The thesis is divided in eight/which exe arranged

in the order in which the work was done.

Section 1 gives the introduction which explains
the nature of the problem and the arrangement of the thesis,

Section 2 gives the basic definitions used in
impulse technology.

Section 3 gives the literature survey which includes
the various types of dividers and the review of the work
done by other research workers in field of impulse voltage
‘meagurement, The various sources of error in the divider
and methods suggested by researchers to eliminate these

errors are discussed in this chapter.

Section 4 gives the design of 150 KV impulse
voltage divider, Firstly the general design considerations
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of a damped capacitive diﬁder are discussed. Secondly
the actual design of the 'H.Y. arm axvxdl L.V, arm of 150 KV
impulse voltage divider is given. |

‘S8ection 5. gives the fabrication of the divider.

Section 6 gives the experimental results and the
analysis of the performance of the divider at low voltage
signals and at high impulse voltage,

Section 7 gives the discussion of the experimental
results, |

Section 8 giveg the conclusion in which suggea-

tions are also put up for future work.

At the end references will bR are given,
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2, DEFINITIONS AND STANDARDS OF WAVESHAPES

Before discussing the impulse voltage divider it
is necessary to ‘descn'i'be' some important definitions related

with the impulse wave,

2,1 Full Tupulge Voltage [11[2103]

"Ideally an aperiodic transient voltage which risges
rapidly to a maximum value and falls usually lege rapidly
to zero, In fig, 1. a OCD is the full mpulse voltage wave.

2,2 Chopped Impulge Voltage

A transient voltage derived from a full impulse
voltage which is interrupted by a disruptive discharge
causing a sudden collapse in the voltage practically to zero
value, The collapse may occur on the front, at the peak or
on the tail, In fig, 1, b and ¢ the chopped impulse voltage
waveshapes have bean‘shqwn; In fig. 10 1tfchopped on front
and is shown by point X, In fig, 1. ¢ it is chopped on tail
and is shown by point Y, -

2.3 FEesk Valug

The maximum amplitude of the impulse is called
the peak value and the impulse voltage is specified by this
value. In fig. 1. a OE ig the peak value, |
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2.4 V4 Peak Valus

In some impulse voltage waveshapes oscillations
or overshoot may be present on the voltage time charac-
ﬁeristic. It the ampiitudé of oscillations is not greater
than 5 /. of the peak value and the frequency is at fast
5 Mc/s, or alternatively, 1f the amplitude of the overshoot
18 not greater than 5°/ of the peak value and the duration
not longer than 1 ps, then for the purpose of measurement
a mean curve may be drawn, as shown in fig. 2, the maximua
emplitude of which 1s defined as the virtual peak value,

In fig, 2 it is shown by OE,

2,5 ¥ave Front

It is the rising portion of the voltages time

charactericstic of the impulse voltage, In fig. 1laitis
shown by the portion 0C, .

2,6 Wave Tai}

It is the falling portion of the voltage time
characteristic of the impulse voltage, In fig. 1l a it is
shown by CD,

.For these definitions fig, 1 a is referred, .

i
\
j
!
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2.7.1 Y¥irtual Lront time(?,)

It is defined as 1,67 times the time interval 7
between the instants where the impulse is 30 percent and
90 percent of the peak value, If oscillations are present
on the front, ths points A and B should be taken on the mean
curve drawn through these oscillations, '

2.7.2 Virtual Origin of an Impulge Wave ¢ 0

It is defined as the instant preceding that corr-

osponding to point A by a time 0,57ys For oscillograms having
linear time sweeps, this is the intersection with the X-axis
of a sstraight line drawn through the reference points A and
B on the front.

2,7.3 Virtual Steevness of the Front

The virtual steepness of wavefront of an impulse
voltage is ths average rate of riw%ltago neagured between
the points on the wavefront where the voltage is 30 7/ and

90 7 of peak value EEEEEENANN
2.7.4 Yirtual Time of Half Value(T,)

The time interval between the virtual origin and
the instant on the tail when the voltage was decreased to
half? the peak value, In fig. it is shown by -point-P, »'r



A distinction is made between lightning impulses
and switching impulses on the basis of the duration of the
wavefront, Impulses with front durations from one upto |
some tens of microseconds are in general considered as
lightning impulses and those having front durations of some
tens upto hundreds of microseconds, as switching impulses,
In general switching impulses are characterized by consi-
derably longer total durations than those of lightning
impul ses.

20801 s ~¥§RC

It is characterized by 1.2/50 n sec. wave.

Toleranf:e& Peak value o +37/

Front time * 30 /.

Tail time + 20/
2.8.2 Standard Switching Impulge

It is characterized by a 250/2500 u sec. wave.

Tolerances: Peak value - +3/

Front time + 20/

Tail time + 607

(Time to half

value)



2.9 Rise Time

i

The high frequency characteristics of a measuring
system are described principally by Bandwidth B, by rise
time T,, or, in high voltage terminology, by response-time
Tres. Rise time has prevailed particularly in the field of
pulse techniques, The rise time of a voltage or current
pulse is defined as the time required for the quantity to |
increase from 10 // to 90 %/ of its final value, . ~ . In fig,
1 a it is shown by T.. .

Rise time of a system e.g. that of a C.R.0, is8
defined as the rise time Af the output voltage if an infinitely
step voltage step is applied across its input - in other words
the rise time of systems step response.

‘Until the term frise time® wés introduced, the |
quality of voltage dividers was commonly described by their
time constent. Small time constants insured a high upper
frequency limit,

A close relation exists between the rise time T.
and the time constant T of the exponeritial rise for a measuring
signal, Applying a voltage step vy (t) = V .u, (t) to the input

terminals of an RC circuit, shown in fig. 3 a, results in
an exponential r:!.se‘ of the output voltage:
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Thae risze time of the RC circuit is
‘I'r =R.2,RC = 2,2 ‘I‘c

Referring to fig, 3 b the time constant of the atep
regponss may be evaluated by means of the tangent at the
origin as well as from the integral

gz.s.ffzpﬂﬂ]m
0

-
ufo‘t/ncdt
o

udW[oulJ
" m RC

Here S corresponds to the shaded area.

2,10 Reaponse Timo

When the step function rings or exhibits significant

overshoot, *ime eonstant evaluation by tangent method is

quesuoua.b&egﬂaomus- of the wge dinennions in jigh

voltage test arrangements conaiderable lead industances

and stray capacitances are present and often cause super=
position of troublesome oscillations upon an exponential \

rige., A step response of this type is shown in fig. 3 c.



In order that these ‘cases may be described by a
tine constant. the term response time was defined to
represent the area enclosed by the normalised step response,

its final value 1 and the axis t = 0.

= f [ 1- h(t)] dt
1 T *TB" T‘l + vonsevs

2,11 Overghoof

when the step .runction rings, it L5 settled after
some time t0 a value known as settling value, The amplitude
of the wave above this settling value is known as overshoot
and is defined in percentsge. In fig, 3 o percentage
overshoot is A/B x 100,

2.12 Upderghoot

Similarly undershoot is defined as the amplitude

below the settling velue, In fig.3C percentage undérshoot
is defined as C/B x 100, '



3. LITERATURE SURVEY

In the meagurement of high voltages, it is ususlly
not possible to measure the voltages by direct oonneotioh
of a voltmeter, because conventional voltmeters are to great
extent, incapable of measuring such high voltages, 1In
gensral some indirect methods are used and the devices are
calibrated in such a way that the accurate voltage measu-
rement may be obtalned in practice. Indirect methods
generally used are sphere gap method and potential divider
method, Sphere gap method has certain disadvantages
over potential divider methods

1. By thisContinuous record of wvoltage can not be obtained,

2, _ It takes into account humidity, pressure, temperature,
proxinity of earthed objects to the testing site etc.
which are of statistical nature, These statistical factors

introduce some errors in the voltage measurement;.

Potential dividers used for the measurement of

impulse voltages are of many types.

3.1 Potential Divider
;} \'1

Potential Divider is basically a series combinééﬁon

of a high and low impedance, The voltage to be measured ﬂ:
A\
\

A
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applied across the combination and a drop across the

low impedance section is measured.

The simplest potential divider[al can be repre-
sented as shown in fig. 4.

let Vl » Total voltage across the potential
divider.
Vé = Sample voltage to be measured,
Vo = ﬂ#LZ'Z"-Vl
If only pure resgistance dividers are used it

becomes a resistance divider,

° wR PR
and V. = ﬁ" . '/
2 1* Ry 1
If only pure capacitors are useé it becomes a purely

capacitive divider, and
v 'Eﬁ‘e"
2 1+ 2 1

The sample voltage 1s normally.a few hundred
volts while the total voltage Vy is of the order of hundred
of KV's, Thus most of the applied voltage V, 1s dropped
across the high voltage arm impedance 21 of the potential
divider,

3.2 ZIypeg of Potential D;v;gern

There are mainly four types of dividers used for
the measurement of impulse voltages depending ﬁpon the
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rating of the voltage to be measured and its frequency.

(A) Resistance potential divider
(B) Mixed resistance - capacitance divider (Parallel-RC)

(C) Pure capacitor @ivider
(D) Damped capacitive divider. It is also called mixed

series resistance capaclitance divider,

3,2.1 W&M&l

| They are of two types., For lower voltages resistor
divider is analysed by neglecting the residual inductances
and distributed stray ground capacitances, For higher
voltages the high voltage arm of the divider becomes
bigger in size and the distributed ground capacitances are
also taken into account, Therefore two types of resistor

dividers are -

(1) Voltage dividers neglecting stray industance and

capacitances,

(11) Voltage dividers including their distributed stray
ground capacitances,

3.2.1.1 Resistance Voltage Divider Neglecting Stray
Sround Capacitance, -

| A resistive voltage divider consists of two
resistors Rl and R2 in series where ordinarily R1 ia large
compared to R,[fig.5].
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The divider’s attenuation factor is the ratio
of the voltage to be divided Vl(t) and the measuring signal
V,(t) that mccurs across the low voltage terminals of the

divider =~
V() R.+ R
Attenuation @ —&—3
factor

For measurements of fast impulse voltages the measuring
signal 1s transmitted from the divider to a C.R.0, through
a terminated coaxial cable, I: very rapid transients exist
and if the resistances have no distributed capacity and no
gelf inductance, the voltages will divide prOportionately.
but it is necessary in order to avoid ferlections at the
oscillograph end of the cable to have a terminating resistor
ag the oscillograph end equal to the surge. impedance of the
cable. Extra resistances‘in series with the delay cable
may be connected from the impedance matching point of view.

Pig. 6[a,b,c phows the circuits under three diff-

the
erent pogitions of impedance matching, Let us analyse/cct
of fig. 6a.,
R.+ R
attenuation factor a[“] - —1EZ-Q-
' _ R,
or voltage divider ratio n = uﬁ-gjﬁa
1t "2

The condition for impedance matching i1s =
Rié R

ZO - R3 &> ﬂl‘i'_ﬁg‘ . o.oo.“o\\\;p (1)

1" "2
-when Rl > RZ
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zo " RB*-I'E':T ocoot-(Z)

or Zo s R3 '.'Rt o.onno(B)
o.o R N ZO- Ra ooo--o(l“")

equation(4) gives the value of the impedance for termina-
tion at the input of cable.

Voltage across R, &8 < Vv,

. vz ﬂ-é:-ﬁ Vl ‘ ..-.-0(5)
- R,{Z+Ry) | | |
where  Z, = m [ ®.+ Rs) and R, betng
R

ice- zl - »1%:( Z,,-l- Rs)

from eq.5 " R,( 2 Ry)
Vz - 5%(217-{)}.771 _600000(6)

Let the voltage travelling towards the delay cable be VB

V, = m—z" - v, ceeeed(?)
Putting the value of V4 from eq. (6) in eq.(7)
R,£2.+ R.)
Vs W *R) 2

i.e, voltage arriving at the open C.R.0, plates

V, o= (hl) Vi eeeen(®)
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Since at the C.R,0, plates, electrically it is open

circuited, the totel voltage across the plates would be

2”5‘ 1030
R

V3(tm1) 'ﬁ"g V; .onoéo(g)
The reflected wave is almost completely absorbed at the
potential divider end, In practice

Zlvb Rl o Rl

-

« +Yoltage across deflecting plates 3 ﬁivl

For Cizrcuss 1]
- For this clrouit

Rr
L, = ﬂbandm -

It is observed that for impedance matching at both
endg =~
Z g = R“ &
also Z R3+ R2
sl

i.e., when cable is terminated at C,R,0. end with a value

of resistance equal to surge impedance of cable, the ampli-
tude of the divided wave will be reduced to half,
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Whan the duration of the surge is less than
1} s2C, & resistor divider may give mgo errors due to
stray capacitance, Therefore it is necessary to analyse
_the effect of distributed ground capacitance.

3.2,1.2 Resistance Dividerg Including Stray Ground
Wtswﬁt — _

At higher voltages the dimensions of R, are

significantly increased and the effect of distributed stray
ground capaotténéné can not be ignored, if the potentio-
meters have distributed capacity, they will not divide the
voltage proportionally at all instants,

These capacitances cause the step response to
possess a gradual approach to its final value, i.e. inhe-
rently large rése~times and response times. The eguivalent
ot for a divider with extended dimensions is shown in fig, 7.

(1) The high voltage arm is assumed to consist of N ele-

Py

mentary resistors R/i- »
(2) Each of these claments possesses its own parallel
stray capacitance C; = CL.N,

£3) Tne undesired elementary atray ground capacitances
Cg = Cg/N arise from the inherent electric field bstween
gach element and the #nviromment(floor, walls, nearly high
yoltage equl.mnt) at ground potential,
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The walues of distridbuted ground capacitance are
10 to 20 PF/m in gennralE In reality the ground capaci-
tance per wnit length will decrease from the top to the
bottom of the divider, but, as theoretical and experimental
investigations have shown,6a® uniform distribution may
frequent}y be assumed without excessive error even for

dividers of some meter’s length,

A voltage step arriving at the divider must
charge the ground capacitances Cg/N, The required charging
current delivered from the source diﬁinishes fyrom the
divider top to its grounded end, This loss produces a non-
linear voltage distribution that is frequency dependent
along the divider becoming more non-linear as the ratio
Cp/Cg grows more. unfavourable. i.e, smaller -as shown in
£ig.8.

After a period during which all ground capaci¥
tances are charged, a linear voltage distribution occurs in
accordance with the ohmic resistance pér unit length, The
divider acts like a ripﬁle reducing RC filter chain which
a¥tenuates especially the high frequencles, thereby inc-
reaaing tke output voltage rise-tinme. |

To avoid this detrimental influence, the capaci=
tive v01tage‘distr1bution must be adapted to the ohmic
voltage distribution or vice verca, These measures lead
to resistive capacitance mixed voltage dividers.

\



It has been noted that dividers with extended
dimensions exhibit a nonlinear frequency dependent voltage
distribution because of the diminishing charging current.
for the distributed stray ground capacitances. According
to Elsneésthe influence of distributed ground capa-
citances mav be eliminated by enlarging the parallel capa=
cltances g;. This is achieved by connecting additional

capacitors in parallel with the elementary stray parallel

capacitances qg. From £ig. [8] it is observed that an

ideal frequency response is achieved if the ratilo C%/Cg

becomes 1n£1n1tq[5], but in that case the divider would

~ be useless because of its high loading effects, Elaner

assumes a ratio C;:’J /Cg > 3 to be sufficient., Thus a divider

consisting of ten stages each having a ground capacitance

Cg = 10 PF requires a total parallel capacitance €, = 300 PF
and hence an elementafy parallel capacitance Cé = 3000 PF
- per stage. This comparatively high parallel capa~

citance may cause serious loading effects which restrict

the application of resisgtive - capacitive mixed dividers.

In addition, high voltage capacitors in order of 1000 FF

exhibit large stage inductances whicﬁ can not be neglected.

A mixed paraliel RC arrangemeht drvider“behaves
as a resister divider for slow transients and as a pure

capacitive divider for fast surges. The parallel capa=

1’)
[
“

g
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citances branch provides the path for most of the current
flow at high frequencies, Hence it is natural to consider
the divider when olmic bdranch is not there at all f.e, to
consider the dividers which are purely capacitive for
fast surges,

3.2.3 Cavacitance Voltage Dividex

Thess dividers ore of great advantage with systems
for very high voltages and high source :ulpadahou because
capacitance divider can be made of high impedance so that
loading of the source may de negligible. The typical
potential divider of capacitance type is shown £in £ig. 9 a,

The divider ratio w m %—5———
- » 7" 2.%

where ck » capacitance of the delay cable.
When ck is negligible in comparison with cl or t:2

The voltage across the delay cable is 2%{;1? Vye By

doubling of the voltage wave at the open circuited end of the
CRe0s, we have the voltaga across the C,R.,0, plates squal
to wa " Vys The reflected wave is absorbed with negli-
gible reflection at the fnput end, After infinite time,

the systen bdshaves as & puroe capacitance and voltage across
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the capacitance Cg gets stabilized. The ultimate value

of the voltage across the deflecting plates of C.R.O,
would be given by | C'J"c—q: 1V, because of the delay
cable. Thus the delay cable introduces a voltage differ-

"L
- GG V.
= T éf Cz) T+ T+ C)

where V3 = voltage across the deflecting plates of C.R.O.
Ir CZ>> c:)) Ck
Voo v 8,C.V
2= '3 = "‘l;L'
Ca

| c,C,V ' |
The voltage error [ ~ -;gkﬁl-] would be reduced

2
by transferring part of the low voltage capacitor to the

ence equal to -

C.R,0. end and connecting it in series with a resistance
equal to surge impedance of the delay cable., This is known
as the split capacitor arranggkmt.7

The condition for splitting the capacitor is -

For this condition, the initial and final ratios would be

the same,
- for
For capacitive dividers andsvery high voltages,

the primary capacitance can hot be assumed a f«mped element

22
but must instead be treated as transmission line,
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An eq, circuit is shown in fig. 10 in which
the high voltage capacitance Cl consists of a large
number ‘of elementary capacitors in series. The distri-
buted ground capacitances cause a ratio error in ¢apa~-

citance dividers also, but this is constant rather than
freq. dependent as in resistive di&iders.

The attenuation factor for rapid transients

as well as for steady state may be calculated as

(t) Cy+ € -
v‘m- L2 1]
, 1
This ratio exhibits a constant frequency independent error,

F9r example when C,= 38 ‘there will be a 5°/ error
mmmpared to the givan nominal ratio.5

/ 1.
/21. The above eqnatlon 13 valid only uptq/HHz treq.

'2. At highar frequancies residual 1nductances can npt
;& be neglected |

5. At higher frequencles ratio of capacitive divider

;ﬁg influenced by environmental effects, including divider
/' height, diameter and distance from a grounded wall.

The capacitor divider’s ratio is independent
of ffequéncy énd thus appears to represent the ideal
voltage divider for fast pulses, This is true only for
the pure divider. But the dividers are usually connected
to the source by leads that have inherent residual
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inductances, These inductances together with the capa-
citances of the divider, form a serieg ragonent circuit,

Bausing excessive oscillations in the step response., At

- relatively low voltages upto some 10 KV, lead inductance
| may be kept very low by'using minimum lead lengths

and coaxial lead design. The natural frequencles then
occur far beyond the upper freq. limit of the oscilloscope
and may thus be neglgcted.‘ Of course, medium and high
voltages do not permit coaxial leads. Oscillations free
behaviour may then be achleved by inter connecting damping
resistors in series with the high voltage leads and the
divider, However, this éttennated not only oscillating
frequencies but also high freq., components necessary for

‘ short regponse time,

Because of the low losses 1# the divider,
reflections at both of its ends cause travelling wave osci;
llations that eannot be attenuated by a lumped damping
résistor at the high voltage terminai%s_vntil recently,
existance of travelling wave oscillations limited the use

. of pure capacitance impulse dividers. But by distributing

the lumped damping resistor uniformly along the high

' voltage arm, these oscillations and the ringing caused by

the lead inductances may be sufficiently attenuated without
affecting the excellent high frequency properties of the

original pure capacitive divider,
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3.2.4 Dapped Capacitive Divider

The circuit of a damped capacitive divider is

‘ghown in fig{ 11 '1nuwhich‘the’damping raesistors are

distributed along the various capacitance units. This
affangeﬁenx is‘suitableAfor tests involving super impoged
power ffe@uency and‘sargq.voltage'measuremants[7]. It
has the advantage of having finite impedance at infinite
frequency, The regponse of such an arrangement on fast

surges corresponds tb that of a pure resistor divider.

The equivelent circuit of a damped capacitive
divider considering the residual inductences and stray
ground capacitances may be shown as in fig. 12,
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3.3 Sources of Error and thelr Elimination

The essential requirements for the divider is
that the wave-shape of the voltage to be measured should

 be taithfixlljr' reproduced on the os‘cillcgrap'h with a

reduction ratio which can be accurately determined.

The chief sources of error common to all types

of dividers area- [ Refe A 12)

(1) Residual inductance in any resistance or capacitance
eleméng. Oscillations in wavefront are caused by residual
indudtance in the H.Y. arm and inductance loops in the
connecting leads between the low and high voltage arms of
the aividers, [ Lii amd Lol 1 AF13)

(8) Stray .capacitanca:
(a) From any section of the divider to ground, I %)

(b) From any section of the divider to the high
voltage lead. [ cu, , c4. -]

(¢) Between sections of the divider,

(3) Imp#dance drop in the ground return lead from the
divider resulting from extraneous ground currents f£lowing

- in this field.

(4) Impedance drop in the comnecting lead between the
dividers end test object,
(5) Attenuation and distortion errors due to measuring

cable,
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(6) Errors due to cable termination,

(7) Errors due to layout of test set-up, The test object

is generally located not very clpse to the divider in
order to avoid the possibility of the divider distorting
the field near the object, Under these circumstances
the inductance of the loop formed by the divider and the

connections to the test object may cause considerable

errors.

(8) In practival impulse testing facilities, there is an
1nteraction‘between the generating system and the meagu-
ring system that precludes the possibility of generating
an impulse voltage of simple shape acrogs a test object,
The actual test voltage will have some distortion[121[13]'
This change is due to the interactions of the generator
impedance and the reflectionsfrom the impulse voltage

divigertt®l, |

(9) location of the cathode ray oscillograph near the
divider for direct connection across the low voltage arm
is undeadrable[lsl. since this introduces stray capa-

citance and inductive effects on the cathode ray beam,

3.3.1 Effect of Earth Capacitance

Bavis and Boudler[7][8] have studied'the per-
formance of a resistive divider on impulse voltages and
have shown the effect of the stray capacitance on the
recorded wave shape, Referring to fig. 7 the effect of
earth capacitance is twofold -
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(1) Tne effect of increasing time coristant R,C g 18
to lengthen the front? and "tail® and to reduce the peak
amplitude,

(2) PFor a given value of RyCgs the error in the maximm
amplitude increases as the tail length decreases,

Earth capacitance effect is shown in fig. 14
which i8 = 1f explanatory, |

The influence of earth capacitance on the
response of a resistive divider may be removed by placing
the divider in a uniform field, This may be accomplished
by -

(1) lLocating the divider in close proximity to the surge

generation,
(1i) Surrounding the divider with a resistive screen .’
(1i1)Providing a capacitive screen from an extended metal

electrodea at the high voltage end.

36342 gffectv of Ind\égtanoeiof Resistance and Capacitance
Elements and Copnecting leads,

Fisher[1°] has described methods for improving
the response of practical dividers, These include the use
of compensatory devices in the H.V, arm and wave-shaping

networks in the L.V, arm, Fig. 15 shows the improvements
obtained in the step response of a 21000 ohms resistance
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divider by using a line shield and a damping resistor,
The low voltage arm was the 75 ohm deflection cable and
its non inductive terminating resistor.

In the response with a simple shield (tig. 150
severe oscillations are produced by the inductance of the
connecting lead and the terminal capacitance of the shield
and the H,V,erm, In fig, ¢ these oscillations have been
damped .oﬁt by connecting a: 500 ohms resistor at the test
plece end ofthe line lead while in fig,(d) the oscillations
are damped owt by placing the 500 chms resistor between the
H.V, arm and the shield, Best results are obtained in the
arrangement of fig.(d) as only the capacitance of the shield
i3 fed through the resistor and in this position the damping
resistor has no effect on the divider ratio, By arranging
the shield in the manner shown in f1g.(d), the rise time was
improved from ,091 pm sec, to ,023 n sec,

The response of a divider e&ﬁe also be improved
by us:.ng a suitable wave-shaping network in the low
vdj,f,iage arm.If the fesponse:Wltage. as ‘deveiomd a'cross
a non inductive resistor, risea exponentially as in fig.16a
I the step response may be 1mproved by adding an
inductor in series with the lw voltage pesistor. F‘ig. 16
(a) and (b) show the response of a 10000 ohms divider
suitablo ror 3.,5MV, The H,V, arm consiated of aixty seven
resistor cards each holding 8 inch of resistance windings,
The ;cotal inductance of the H,V, section was about 270 )ﬂ-l

t
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and the total capacitance to ground was about 150 uF
Fig,.(b) shows the response where a 5 ohms non inductive
resistor in series with an inductance of .4 pH was used

" as the lew voltage arm, This arrangement improved the
rise time of the response from 33 1 sec. to .14 u sec.

If the divider Was an oscillatory step response impro-
vement in the general shape of the vesponse(not in the
rise time) can be obtained by the circuit shown in fig. 17,

3.3.3 Effect of Source Impedance of Step Voltage
Generator.,

The output voltage of a pulse generator under
capacitive loading depends upon its internal 1mpedanca.5
For a very small source resistor R1 (fig. |8 A) the voltage
step will be affected by rénging, whereas a very high value
increaseg§ the risestime of the output voltage, Therefore
we must have a critical value of source impedance so that
neither there are any oscillations nor any dropping in
the output. If the function génerator output is criti-
cally damped, error in the response of the divider will

be minimised,
3.3.4 Errors due to Cable

| An ideal cable is one which has no losses and
"whose surge impedance does not vaiy with £requency[113.
However all cables have some attenuation and their surge
impedance varies with frequency. The sources of cable

t
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losses are the resistance of the central conductor and
outer sheath of conductance and dielectric hysteresis
in the insulating medium used, losses are usually
eip‘ressed ag attenmuation in decibles per 100 f£t. at a
fixed frequency and in general the logarithm of attenua-
tion increases directly with the logarithm of freq,

The error in the peak value and the waveform

caused by the cable attenuation can be calculated by

computing the cerrection factor for the error in peak

measurements by measuring values of peak voltage at three
different lengthas L, 2L and 3L, The decrease AV in peak
voltage when the length is changed from L to 2L should be
the same as that obtained when the cable length is increased
from 2L to 3L, The average of the two values of AV is
added to the peak voltage obtained when a cable of length

L 1g used,

Bemleyl9)'fhs studied the effect of cable
termination. When the terminating resistor RT is not equal
to the surge impedance of the cable(neglecting C) the
voltage across Ry is [fig, 6b] |

m-ﬂn—-«-
V3 = ITT"%"‘ZO [ 1"" (8132) ZT + (alaz)"' 41‘2] es e <10)
R,- Z_
- where a = ~ 1
o , 1 ﬁl;—f- . If R > 7

Nl
.

©
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o
/ and the mpedgnca remains at this value for higher freg-

-32m
' Rp = Z
. T
% eE I
(>
Vl = applied voltage
Vz = voltage at the input end of the cable

T = delay cable length in micro-seconds

(A) When R&. - Zg

Then a, = 0, there are no reflections and V,= V3,

(B) When R;I.L ¥ zg_

Then a, # 0 and there will be reflections and

consequent error which will be a function of ”RT. Equation

10 is plotted in fig, 1¥sfor the three first reflections
as functions of Z/R.r'o

The cable surge impedance varies with frequency
and a fixed value terminating resistorcannot prevent
reﬂectio_ns[n] due to different types of surge. The
change in impedance with fregq. is introduced by the change
in cable inductance caused by non uniform distribution of
current in the central conductor and the sheath as the
freq. is increased, This is called gkin effect which also
courses a change in resistance with freq, Tkmrstoxi show

that the surge impedance of a nominal 50 ohms polythene
cable has a constant value of 55 ohms for frequencies
., 100 ke¢/s and below, Between 100 kc¢/s and 10 Mc/s there is

; a gradual change in its impedance from 55 ohms fo 50 ohms

’ .
" uencies, If such a cable is terminated in a 50 ohms for

/
|
I,
!
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resistance, there is a =mis-match of 5 ohms for all fre-
quencies below 100 k¢/s and an srror of about 5 /, would be
introduced when measuring slowly rising surges, square
waves or 1,5/40 sec. full surge vaves. If, say, & 55 olxs
terminal resis-tance is used, the error in the measurement
of slowly rlung surges or full waves would be reduced,

but &1t erTor of avout 5 /, would be introduced when messuring
steeply rising chopped waves. |



-3

4, DESION OF THE DIVIDER
4,1 QGeperal Design Aspects

Since the high voltage arm of capacitance

dividers designed for very high voltages consists of many
single capacitors with relatively large capacitance values,
considerable stray inductance must be assumed to oceur,’
Although the high voltage arm is frequently treated as a lumped
pure capacitance, it is actually a transmission line, As

is well known from transmission line theory, travelling

wave oscillations resulting from miltiple reflections will
occur if the line has low attenuation and unterminated ends,’}
Both conditions are fulfilled in capacitive dividers there

18 1ittle attenuation :I.n‘ the line by losses in the single
capacitance and their leads, and one end of the line is

short circuited by cz while the other end is at least

badly matched, Thus a voltage step at the high voltage
terminal will travel through the high voltage arm, be
reflected at the short circuited end, travel back to the

high voltage terminal, be reflected again and so on,

Depending on the losses of the line, m.ozi'?g or less atte~

nuated travelling wave oscillations will occur. The funda-

mental frequeney of the oscillations, wﬁioh may be of the
orderl of 10 MHz is caloulated, Beocause %hese oscillations

may not be attenuated by lumped resiato:fs at the input

of the divider, the continuously damped capacitive
i
véltage divider as shown in fig. 11 ¥ is used.
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Su;tablqlattqnuatipn is achieved if the
travelling waves that enter the high voltage terminal
d?bay'to negiigihiq'valua during their firat trangit so
that they cannot cause serious reflections, Zaengle
evaluated the raquired attenuation experimentally and
theoretically as ° | o

R ‘ustoa/”
Hence, the total ohmic resistance of the divider should
be 3 to 4 times greater than the surge impedance Zg=”/57§;‘
of the divider’s transmission line repregentation, At
very high frequencies the aapaciti?eiréactance of the
high voltage arm is greatly decreased, permitting:thtf
divider to act like a pure low ohmi¢ voltage divider,' The
minimum upper freq. 11m1t may then be calculated from the
eqn. for the bandwidth of resistive voltage divider

. ‘1%%8; o

. i ‘ |

which assumes an exponential yige of step response.
However, since attenuation will be chosen for the oriti-
cally damped case, a slightly greater bandwidth is £0und
in practice, The bandwidth can be accuratedy determinﬁ&
from the rise time of the experimentally measured res ‘pse
to a ‘step input, |

The practical realizatia? of impulse voltagmg‘
ow
dividers requires camponcnts with/beaidual 1ndnctance“u

, \

\

i
i
o\

T,
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exclusively (non-helical and fabric woven resistors,

broad band contactors and dise type capacitors and so on),
Total induotance must be reduced by skillful arrangement
of the system and by series parallel connections of com=
ponents, In NEEEEEESNNEE £ig. 1/ the elementary damping
resistors between capacitors consist of about ten parallel
individual resistors, In addition the low voltage capa-
citance C, is composed of several tens of parallel indi-
vidual capacitors that provide roughly equal inductive

time constants for the high and low voltage arms,

The deaign aspects are considered saeparately
tor H,V, arm and L,V, arm,

With reference to fig. 11 b of damped capacitive
divider, the design of the H.V., arm is carried out on the -
following lines. |

1, Determination of value of capacitance Gl

2, Evaluation of stray ground capacitance C
3. Residual inductinel, },g‘\{
4, Surge impedance Zb ﬁW
5. Damping resistor Rl ‘ i
6. Damping resistance of each unit Rl )
7. Value of each resistance in parallel arrangemfnt of a
unit, ¢&

I
/','

’ I
. . I 0"
Fo
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Uniform distribution of the elements has been
agsumed over the whole length of the network, so that it
can be considered as a transmission line of finite length
earthed at one end,

4.,2,1 Determination of value of C
The capaclitance of the divider should be very low

s o that it does not give any loading effect to the capa-
citance of the test object.

The fig, 18¢gives the simple electrical circuit of
the impulse generator, test object and potential divider,

Let‘ C, = Discharge capacitor of impulse generator
Ry = Registance for control of wavefront
Ro, = Resistance for control of wavetail
C;, = Capacitance of test object
B, = Cepacitance of divider
C;, = Capacitance of test object + divider
LA
Let The total capacitance of the generator be CL
Cp, =01 uF, [Taken from existing impulse generator]

25

[In the existing impulse generator two capacitors of .l\uF are
connected in seriesd and there are five stages. ;Jv The ‘Ebtal
capacitance becomes in series when they are d:lséhargir%g
and therefore ;‘; ‘&
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where V, = Output voltage across the test object
Vy = Inpulse generator input

) C ' '
B85 = 'Efafif" ( Assuming impulse generator
‘ L

‘ 1 efficiency to be 85%)
or 85 C1+ 85 CL - (:1

i.e., the capacitance of load which can be tested on the
existing impulge generator must be about é th of the
capacitance of the 1mpulée generator. for 85 / of effi-
ciency of the generator

c Ay |
i.e. cL ' 5—:& H g‘?ﬁ - 1076 X 10‘.3 ,JF

From the loading effect point of view the capacitance
of the divider may be closento be 1/50th of the total
load capacitance,

Capacitance of the divider .
CD L %Q - 35.2 pof .

This capacitance BD vonsists of high voltage
capacitance C, and low voltage capacitance C, in series.v,lisge
fhe low voltaé?/:(l: gpggi;agcieq hundred volts, Therefore
the capacitance of the L.’Y. arm is very Mgh in cbmpo-
sitfon to the capacitante of H.V. arm. Asm@im that the

attenuation from 150 KV is 150 volts is enough, We have

a divider ratio of 15%}_0_0_0 = 1000,
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If we assume the voltage across C, is V, and
voltage acroass the divider input = Vl-, we have

. G+ C
Attenmuation = -lq-z = 1000
or C, = 2000 C, |
A._c.... ’.
Al so CD= %%2 : w 3.2 (ag C1 and C2 are iq series)
Cy .+ 1000C D
Cu ¥ . L. - 35.2 .
lhe! 1 o
or  1000C, = 1000 x 35,2
5 = 35.23 p.t.
C; - = 35230 p.f,

Low inductance high tolerance ceramic capacitances of
voltage rating upto 20 KV are available, The number of
stages for 150 KV impulse voltage divider was chosen to be
15 including the L.V, arm, This will give voltage rating
of the divider to be 280 KV which has been chosen plrposely
as the volta_gc rating’ of the generator is expected to be
raised to 250 KV, Therefore the capacitanoe value of

each unit could be JA x 35.23 = 494.62 1., 1ntbhe ranse

of 500 to 550 p.f - '

; The actual values of the various ceramic cape-
ch/,i‘cora of 500 p,f. have been tested on LCR brs.dge. |
W A1l the capacitor
/ r}ave valuea in the range of 475 to 510 P,F,

‘rhe‘ average value of 14 capacitances
o « 490 P.F,
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and therefore capacitance c1 = %E—

» 35 P.F.

4,2.2 Calculation of Inductance L,

Each unit consisting of a capacitor and a
damped resistance is conslidered as a transmission line,
The 0scillations due to stray 1hductancaa can be suffi-
ciently reduced by arranging a mumber of resistance in
parallel, This can be treated as a thin cylindrical
conductor, The ground shield is considered as the return
conductor, The equivalent circﬁit becomes that of a
coaxial transmission line as shown in fig. 19.

Using the formula for aaleulating the inductance

26] [27
of a coaxial transmission line of two cylindrical shells, [

)
L azxzo"",(lw;.ia.-

where L = inductance of transmission line

ry = radius of inner thin cylindrical conductor
in the form of shell,
rp = radius of outer cylindrical shell,

ry and r, are selected keeping in mind the supporting
structure 5. physical mounting of resistances and capa~
cifances as well as the high voltage insulation level,

ry g 80 mm,

L = 2x10% %
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(2) Capacitance C, of the thickness of perspex pipe.
. ]
]
. .
(3) Capacitance C, between the outer of perspex pipe a

ground shield with air as medium,

All three capacitances are in series, | Capac
tance between two ¢ylindrical shell is given by [26)

C w2028
1080 T3
Ty
Where = €, = relative permittivity of the medium

between two shells.

r, = inner radius of the outer ghell.
ry = radius of inner shell,

The inner diameter and thickness of the perspex
pipe is selected to be 76 mm, end 8 mm, keeping in mind
the supporting structure.

ca - .-.QQ‘.L.Z_L. [ as medium is air and rela-
10830 %‘ [ tive permitting for air = 1,

- 253 PF/Km_o

C, = 2024 x 30 [medium being perspexjmj

logy o 3‘% for which €, =3.0

« 1.656 uF/Kn.

¢ o 4926
logn 80
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» .086 PF/KE.
C, = (C‘ and Cb in geries) in series Cc

¢

- +

in series C o
a

= 4355+ 1.6 6 in geries Co

- ,2010 in series 086

- e - 0053 P/,

= 85,3 pf/m.

4

Here length of divider = 1 meter

Capaci“tive Cg = 85,3 P-f.

4,2,4 Surge Impedance Z,
Surge impedance Zo is given by

z, =

g
_[a2dx 106 -
- "J8s5.30 x 1071
Ceom 35091 Ohm.

u'.Z'.5 el on o R‘ -

- 10707 to 1‘03.6 ohms,

l)ivid:l.ng this resistanoe into 14 units we have the resis~
tanca of each unit:
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= 7.69 to 10,23 o

Tharefore we can have & resistances of 47 ohms each in
parallel 4in one unit,

The total resistance of H.V, arm will be

4,3 Design of low Voltage Arm i

Careful design and construction of the loy vol
arm of capacitive divider is reguired to reduce tho’ ,\Pmra.\ﬂ
Because it is nexessary to use only a L.V, signal nﬁ\‘\th:
input terminals of the oscilloscops the voltage axga?or
ratio becomes very high and the capacitance of the f\)\.w
voltage arm is therefore high, There is a diawntlk%ﬁity at
the Junction of high and low voltage arm due to dugor\mt
impedances and when the signal travels through this; auno-
tion, reflections occur giving errors in the uameﬁ\gnt.

Error can be sliminated by terminating the \ ble
at the input at the C.R.0, end by & resistor equal to ge
impedance of cable and by equalising S :ime wnstan%@
for H.V, arm and L.V, arm, For same tine constants we \
must .haw | | )

RS  =RG |

2 A
Ry " a%ﬁ \ \
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Divider ratio

Divider ratio belng wvery high the resistance
R, has a very small value but compensates the large time
constant and response time that would be introduced by the
resistor Ry« By adding separate resistors in series with
each of the parallel cagpacitors forming the low voltage arm

the individual resistor value becomes in the order of a

few ohms and is readily available,

The value of resistance R2 obtained in the manner
as above is not enough to damp out the oscillations in the

17
low voltage arm, To reduce the oscillations -

(1) 1Inductance of the low voltage arm is reduced by'having

a large number of resistances and capacitances in parallel.

(2) Resistance RZ has got to be increased and optimi%ed
keeping same égductive time congtants and samercapacig%Ve'time
e .

S

constants of/high and low voltage arm, ‘ d\
| BN
(3) The conunectionaf the output cable to the terminals of\'

the low voltage arm should not allow magnetically induced
voltages to appear in #e loop across the terminals of the IR

: _ v 17
output cable, This is the reason to use coaxial cables,

The capacitance of the L.V. arm has been cal=
culated in the design part of H.V, arm which should be around

35 nf for a divider ratio of 1000, The inductance of the
L.V, arm is equal to the inductance per unit of high
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voltage arm which is equal to .0078 uH,

To make the RC time constants of both the arm
equal, we must have

R
Ra = Pivider ratio

= m"s‘ - Oll ohm
1000

with this low value of resistance R2 the osclllations

due to the inductance of L.V. arm will not be suppressed,

From suppressing point of view of the oscillations we
must have roughly their inductive time constants equal.

i.e. ;
-
_.1
- O
_ 2

Ny
QF Y Nt N
|

Therefore
= 114'01
09.6
S S X
L 7077 oms‘o

Therefore to match the two controversial condition R.:2 has
got to be optimised hetwwen .11 ohm and 7,77 ohms,

After fabrication W Ra value of 2.5 ohms was

decided by trial and error method during the testing of the
equipment,
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Practically the values of low voltage capa~-

which we have used obtained
citors are such that total Cz As 4t MF giving a divider

ratio = %?%Q = 1257
4e3.1 Wne_;szmla

The effect of the length of delay cable has been
discussed in literatwre survey, For our purpose we have
selected a coaxial cable of 50 ohms surge impulse of 2,5 ™.
length approx, which has hardly any effect on divider ratio.

It is terminated at input by a resistance equal
‘bO (Zi -~ Rz) Ohms. »

Let The input resistance = R3
= 50 - 2.5
= 47.5 OhBlSo
L Annr

At the end it should be terminated by a resise

tance equal to 50 ohms, By adding this terminating
resistance the response would be halved,
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5. BABRICATION AND CONSTRUCTIONAL DETAILS

After having arrived at the design vaiues of
registances and cgpacitances, the fabrication of them
was undertaken to be 14 units in series, Perspex was
chosen due to its good insulation and surface fracking

properties,
5.1 Fabrieation of H.V

The supporting structure for H.,V, arm is a 44 mm,

dia and 3 mm, thick perspex pipe which was cut into 15
pleces of 56 mm, length, After finishing the surfaces the
length of one plece wag left 53 mm. This gives us the
spacing for mounting the capacitors and resistors, At the
two ends of this plece two brass rings were fitted of 3 mm,
width and 1,5 mm thickness, The resistances and capa-
citances were fabricated in parallel, A unit is shown in

1. _
figyia) in which various components are marked by alphabets.

Al, AZ = Resigtance terminals

B, C = Capacitance terminals .

D-+ E, = Brass ring

An :ecuivalent electrical circuit is shown in fig.21 b

" ¢to make the physical structure more clear,

Inter~connection of units is made by 5mm, thick

perspex discs;yith the help of these discs all units are
connected in serles. OUne such disc is shown in fig, (a)

by point BN F, : : \

.Y ‘\
P i \
i o



~DISC

\ \
§ B N RE SISTA
il

BRASS RING

/
SECTION AT XX

(¢

FIG21§  CONSTRUCTIONAL DETAILS

GF A UNIT OF H.V. AfM -

{b)
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This fabrication was achleved to minimise the
length at the same time meeting the surface breakdown
eriterion. .The .overall length of H,V, arm consisting.
"of 14 units is 1 meter, The sssembly is put inside a

_perspex tube which gives it mechanical support, high
. insulation, shielding from dust ag well as to enable

further developméntal work,

The high voltage terminal is made of 9 cm, dia
aluminium cup o £ rounded cornors to avoid corona, Ildeally

it should be a sphere, The high voltage terminal can be seen

“in»photegraph no.l.

5,2 Fabrication of L.V, Arm

L.V. arm consist of similar one unit. Here the

'Capacitances are fabricated in parallel at the outer

periphery of perspex unit having reslistances in series of
each capacitance. The high voltage arm is electrically

connected in series to L.V. arm, The connections are

‘made such that they are easily approachable, The junction

a
| point is connected to central terminal of/ BNC connector

. is
through a resistance of 47 ohns ang/ fitted on a PVC pipe

piece., The lower end of L,V, arm is connected to the

metél surface of BNC connector,

The signal cable of 2,5 meter length and surge
impedance of 50 ohms coﬁnects the BNC connector to C.R.O,
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of the divider is ghown in

A photograph

photograph No. 1

177682
GFWTRAL LIGRARY VMIVERSITY OF RGGRY:.

BOWMGLE



150 KV IMPULSE VOLTAGE DIVIDER

PHOTO4.
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6, PERFORMANCE CHARACTERISTICS

Accurate calibration of the output signal of a
voltage divider can be made, provided the waveform of the
input voltage is given, Generally input waveform is not
known, Therefore oneshould proceed in the reverse sequencéi;
From a given, possibly distorted, waveform of the output
voltage measured by means of a C.R,0,, the actual waveform

of the input voltage has got to be determined, Obviously
this calculation will only be practical for output wave-

forms that can be described analytically in a comparatively
simple manner, An idealized input waveform, such as a

step functiona a rectangular pulse or a square wave is

generally employed to evaluate peak value and risetime
errors. <Ihe pulse should reach its peak as rapidly as
possible and have negligible drop on the +tail, In general
the rise time of the testing pulse should be five to ten
times as fast as the expected rise time of the divider
system under test, _The pulse should last at least as long
as it takes for the divider to obtain the steady state
conditions.

After discussing the performance at low voltage

and measures to be taken to improve the response, divider
i1s tested at high impulse voltage by the use of impulse

generator,
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6.1 Low Voltage Perfofmance

At low voltages the divider has been tested

with two low voltage signals of different rise time,
(1) With rectangular wave input of 80 ns rkse-time,

(2) With repetitive square pulses of 10 ns risetime,

6,1,1 Re@tangular Wave Input Responge

The circuit was arranged as shown in fig, 22a and

22¢ to gee the response of the pulse generator as well ag

of t_he divider respectively,
6.,1.1,1 Input

10 volts input of the pulse generator was fed
directly across the C,R,0, plates through the 50 obms
coaxial cable, The waveshape recorded on the C,R,0, is
traced in fig. 22b. & photograph of input was also takern and iS5 -

= hvdue '\\“ ‘?W\;w we . 4,
) The details of the input are as follows.

PO
Sweep = 200 ns/em
Pulse match = l.2 us
Rise time = 80 ns
Amplitude = 10 volts
6.1.1,2 Qutput

The above low voltage signal of pulse generator
is fed to the divider through the coaxiel cable as shown in
fig., 22¢c, The sample voltage across the L.V, arm of the -
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divider is fed to C,R.0, plates through the same 50 ohms.comwtia

cable, The output waveform recorded on C.R.0, is shown
in f£ig, 22d4. Output is also shown by actual photograph No.3.

The following observations are made from this

output,

(1) Oscillations are produced which are due to residual
inductances and lead inductances and due to mismatching
of pulse generator output impedance.

(2) Overshoot of the order of 5 times the amplitude

of the divided wave is obtained.

(3) Under shoot is double the amplitude.

(4) Sweep = 100 ns/cm,
| Pulse width = 1.2 ps,
Rise time = 30 ns,
Amplitude = .Q07 volts
Divider ratio = %%57
= 1430

Theoretical calculated divider ratio = .1257

6.,1.1,3 Measures taken to improve the regponse

As shown in fig, 23 this response can be improved
by considering three factors -~
(1) Source input impedance Rq.

(2) Damping resistor Ry.
(3) Parallel termination at C.R.0., end,
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6.1.1.4 Effect of Source Impedance R,

e

(a) .EL = 33 ohms

The over shoot and under shoot both are decoreased
nominally. [Fig. 24al.

(B) R

...L‘ = 50 ohms

Overshoot decreases slowly and the undershoot

diminishes to a greater extent, [Fig. 24b)

(¢) Ry = 100 ohms

AR

There is no change in the overshoot while
undershoot gets reduced further, [Fig, 24c]

() ;E; = 470 ohms

Overshoot is reduced to half and the undershbot
algo gets reduced to é very low value, [Fig, 244d]

E) R, = 1000
() -1“1 ohms

At higher values of [Ri > 470 ohms ] the wave

front becomes dropping and rise time is increased. [Fig.24e]

6.1.1,5 Effect of Damping Registors

The oscillations can be reduced further by using
damping resistances RD. The performance is obgerved at
different values of Ry,
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A, R:BIKOhm

From £ig. 25a it 1s observed that overshoot is

reduced too much and performance hecomes better,

Se—

The overshoot, undershoot and oscillations are
reduced to a great extent, The shape becomes almost a

replica of the input. [Fig. 25b]

C. RGEZKOhm

The front of the wave is lengthened and becomes

drooping. It is a case of over damping. [Fig. 25c].

The details of the output observed are
Sweep = 100 ns/cm
Pulsewidth = 1.2 n sec,

Rise timev = 30 ns
Overshoot w2/
- Undershoot a2/

6.1,1.6 §ggégg of Parallel Termination at C,R,O.

| | If the cable at the C,R.0, end 1s terminated by
a resistance Ry = o+ the voltage amplitude is halved.
[Fig. 25d].

6.1.1.7 Effect of Migmatching of Cable Input Termination

The best performance{[fig. 25¢] is obtained when
the meas-uring cable is terminated at the input by
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a registance of 47 n, This is the matched condition
of the L.V, arm with the cable., If this is mismatched
the performance becomes very poor as shown in fig. 26.

The performance is observed with two valuesof Rt'

(A) R > 47 ohns

From fig, 26a it is seen that when Rt is increased
from 47 ohms to 97 ohms by adding one more resistance of
50 olms in series of 47 ohms, HER the wavefg:gomes
drooping and rige time is increased, ,gv?ershaots and under-

shoots are WM observed.

(B) R! = O

Too much oscillations are observed and the per=

formance becomes very much poor. [Fig. 26bl.

6.1.2 Sﬁgﬁ Regponse

The actual step function is one having r«sestive
of the order of 1 ns, We have used repetitive square pul-
ses of rise time 10 ns, by a pulse generator available in
the Electronics and Communication Engineering Department,
University of Roorkee, Roorkee., The response was recorded
on a tektronix C,R,0, of the same department., The input
wave applied to the divider is shown in fig. 27a. Input
has the following characteristics =

Sweep "= 20 ns/em

Pulgewidth = 10 us

Rise time = 10 ns

Amplitude = 9 volts
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Oscillations in the input are observed for a period of

100 ns as marked in fig. 27a.

The output waveform using a damping resistor
of 2K ohm is shown in fig., 27 b.

Its characteristics are

Sweep = 20 ns/cm
Pulse width = 10 us
Rise time = 10 ns

Period of oscillation = 100 ns as shown in

fig. 27 b.

Amplitude = ,006 volts
Overshoot = 25 /
Undershoot =15 /
Divider ratio = %z
= 1500

The following points.. are observed.
(1) The rise time of the input signal and the output is same.
(2) The period of oscillation is same for input and output
which shows the performanée of the divider is quite
satisfactory.
(3) The overshoot and undershoot of oscillations are

increased as compared to rectangular input Signal of 80 ns

rise time to a value to 25 percent and 15 percent respect-
ively.
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(4) The divider ratio obtained with this signal of

10 ns rise time/'lSOO which is very close to the ratio
obtained with the signal of 80 ns rise time which 1is
1430,

Since the measurement of divider ratio was done
by visual observation and not by taking photographs, it

may contain large errors.

6.2 High Voltage Performance

Having analyséd.the low voltagé performance of
the divider it is subjected to high impulse voltage by
impulse generator available in the high voltage lab. of
the department, The.block diagram of the test set-up is
shown in fig, 28, A,C, input of 230V, 50 Hz is given
to M8 a charging cct; which gives high d.c. voltage of the
order of 30 KV, This voitage charges the capacitofs of
impulse generator cct. giving the sparking across the
sphere gaps resulting 1ppulse voltage across the divider
and the sample voltage across the low voltage arm of

the divider appears on the C,R.0, which is measured for

its amplitude and rise time-Actual test set up is shoun by
photograph No.4,

The operation of charging set and impulse

generator is discussed here in brief,

6.2.1 Operation of Charging Circuit

The circuit for charging the capacitors of
impulse generator is shown in fig, 29.
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Since “ye need high voltage D,C, supply
we have to have rectification techniques i.e. high
voltage D.C. is obtained with the help of rectifiers
from a,c. voltaée. We have option to-use half wave
rectifier cct, or voltage doubler cet, or Lockroft
Walton cct etc, Each type has its own advantages and
disadvantages. For instance a bridge rectifier needs

4 diodes and transformers, while voltage doubler cct
needs only two diodes(different rating than used in bridge

rectifier cct.). Similarly the rating of transformer
is also different for the same D,C, output in both
cases, Seeing the overall economy i.e. in transformers
and rectifiers, we-have-gelecteda-bridge rectifier, we
have selected a bridge rectifier configuration for

30 KV D.C, charging set.

When the switch K is pressed, the supply
voltage of 23C volts comes to the primary of 10& voltage
auto transformer, which is indicated by a red neon
lampl, . The output of the wvarial is directly fed to the
primary of high voltage transformer, and the voltage

fed is shown by voltmeter, In order to measure high
voltage of secondary side a miliameter is provided in
series with a high resistance, Its 1 mA full scale

deflection represents 28,5 KV for the existing cct.
over current relay in the load elrcuit, has been pro-

vided for the safety, When the current in the load
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cct, exceeds the present value, the normally cloged
contact N.C., gets open and thus the supply to the primary
side of varial is automatically switched off,

In impulse generator cct the capacitances
are charged in parallel through resistances and discharged
in series through spark gaps., The equivalent c¢ircuit of
avalilable generator is presented in fig, 30, The stagé
capacitors C afe charged in parallel through high value
ehargix}g resistors RB’ At the end of the charging period,
the points Ay B,,..es0.F will be at the potential of the
d.c. sou:-o@e. e.g. +V with respect to earth and the points
Fo Gyeeoeoeso L will remain at earth potential, The die-
charge cf the generator is initiated by the breakdown of
the spark gap AF which is followed by simultaneous
- breakdown of all the remaining gaps. When the gap AF
breaksdown, the potehtial on the point A changes from +V
to zero and that on point G swings from zero to «V owing

to the change on capdabtor AE, The potential on B remains
+V during the interval the gap AF sparks over, A voltage
2V, therefore appears across the gap BG which immediately
leads tc its brealldown, This breakdown creats a potential
difference of 3V across CMj the breakdown process, therefore,
continuous and £inally the petential on L attains a

value of 5V,
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FIG30: IMPULSE GENERATOR CIRCUIT
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The measurement by high voltage is done in
two steps,

(1) Measurement with sphere gap taking into account
the atmospheric pressare and temp. and neglecting
humidity effect,

(2) Measurement with impulse potential divider,

The impulse generator output is applied across

the two spheres which are used as voltmeter, One s-phere

-

Availaste
is at high voltage and the other is earthed./‘Sphere of

available 5 cm, diameters were used, The tests cect. is
shown in fig, 31.

Taking air density factor into acoount and
neglecting humidity breaRdown voltage Vg is given by
Vg = Q)Z

where 6>= 755- . %;%:E
The P is atmosphere pressure in mm, of Hg and t is temp.
in %. |
' Vg = Brealidown voltage at pressure p and temp. t.
V a Breakdown voltage at which the sphere gap
setting givés 50 / breakdown at normal
pressure and 20%¢ temp,
The experimental readings for one value of high impulse

voltage are given in table 1.
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Table 1
s.No. | D.C, Crarging | Nomgnal output | Gap Setting
Voltage inK
1. «38 x 28,5 10.83x 5 61??
= 10083 =3 5"’015

50/, Bpeakdown voltage | Air density 50/, Breakdown
in KViye Measured) factor. Voltage. (astual)
47.6 928 47,6 x .928
= 44,17 KV,

% The standard calibration table of KV peak versus the
sphere gap has been taken from the book by *Abdullah and
Kuffel®.’

6.2.2,2 Meagurement With Divider

The actual output voltage 44,17 KV is applied
to the divider for its calibration., It was observed that
divider withstood 44,17 KV impulse in respect of insu-
lation etc., but we could not record the output wave
due to very low intensity of the response. The photo-
graph was also not possible on a simple C,R.,0, Use of |
a single shot C.R,0. would have made it possible to have
the photograph but nonavailability of single shot C,R,O,
-was a handicap for recording the high voltage response.

impulse
Also, the present g/ generator was not in a position
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produce voltage saste: 50KV due to the slow PIV
rating of the diodes used in the H,V, D,C, supply.
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7. DISCUSSION
7.1 low Voltage Performance

In order to evaluate the performance of the
divider its response towards a L.V, step function was
neoessary, Since the internal resistance of the step
function generator Ry influences the response character-
istics as discussed in 3,3,2, it was necessary to find the
ceritical internal resistance of the source which experi-
mentally is found to be 470 ohms, In fig, 24 the response
characteristics for various values of Ri are ghown, It
can be seen from fig, 24 4 that R = 470 ohms is the value
of the critical internal resistance of the gignal-of the

pulse generator,

In £ig, 24 4 in which the response of the
divider 1s given for Rye 470 ohms, it can bs seen that
there are oscillations of the order of the response
magnitudc which were further reduced by putting demping
resistance, For the best performance the value of damping
resistance was 1470 ohms, Actually from the design con-
siderations point this value should have been very small
as the damping resistors are already put in the divider
throughout its length in series with the capacitances,

But practically it is more due to the fact that in
the design considerations we have chosen an earth shield
near the divider giving to equalise the earth capacitances

o

‘



65~

from top to bottom, Practically we have not used the

shield and$hus ground capacitances have reduced to a
large extent, the earth now being at quite large distance,

S

cmd  from Ry "U/—_g;- » the value of the damping
~ resistor R, will increase correspondingly.

The contribution of the residual industance is
expected to be the same as calculated with a ground shield
because the measured value of the inductance without the

ground shield was .14 ).xﬂ as compared to the calculated
value of ,11 )‘.\H.

Therefore high voltage of Jamping resistors

ugsed practically to damp-out oscillations is in agreement
with theoretical predictions.

It can be seen from fig. 25 and 26 that 47 olms
is the optimum termination to be used at the input of
cable which confirms the theoretical value and the mis~
matching of the cable termination results in poor per—
formance of the divider confirming the theoretical
congiderations outlined in design aspects.

The overshoot and undershoot observed are of
the order of 2/ which are tolerable.

| The divider is supposed to be subJected to
lightning impulses of the rise time of 1.2 us + 30/,
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Its performance is found quitevsatistaetory for the signals
of having the rigetime of 80 ns and 10 ns as can be seen
from f£ig, 25b and 27b, Therefore it can be predicted

that its perfermance for the impulse wave, for which it
has been fabricated will be better than the performance

for 80 ns and 10 ns rise time waveforms,

The divider ratio rér rectangular low voltage
signal is found to be 1430 and with a step function is
found 1500 from fig. 25 b and 27 b:Wtheoreticauy |
it 18 1257. The agsumptions,made in caleulating the
theoretical ratio, and the inherent recording error of
the C.R,0, [ least count of C.R,0. being ,002 volts]
account for this difference, Other sources of errors
discussed in the chapter of literature... Survey are also
responeible for the difference. |

Another limitation of this teclnique is the
risetime of oscilloscope amplifier which is in the range
of 10 « 20 ns, It is possible that the rise time of the
divider is short compared to the rise time of the ampli-
fier or the applied step volfage in which case its high |
frequency response should be considered very good.
However the analysis of the response characteristics at
h:l.gh voltage would give a more true picture of perfor-

mnance.
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High Voltage Performance

The impulse generator output was calibrated at
t 50 KV as given in article 6.2.2.1. An impulge of
I was applied to the dividar.

The divider successfully withstood the voltage
1either the response was succe#stully Observed visually
jue to low intensity of impulse it could be photo-
1ed on a simple C,R, 0., With a simple C.,R,0, recording
wpulse wave of 1,2 us risze time is not easy and it
Lres sophisticated single shot C.R.0, which has proper
ratic preset adjustments to take the photographs as
as the divided wave appears on C,R,0., Therefore the
voltage calibration could not be carried cut,



=68~

8. ONCIUSION

‘1, The 150 KV impulse voltage divider will enable the
measurement of output impulses of the 150 KV impulse
voltage generator,

2. The rating of the impulse voltage divider can be
increased to at least 250 KV,

3. The L.V. performance analysis indicates that the
divider performance at high voltage will be acceptable
for lightning and switching surges.

4, From low voltage performance it is observed that an
external damping resistance would be desirable for high
voltage performance, The vagﬁés of this resistance could be
decided by further developmental work.

5. 7The high voltage calibration of the divider shouidvbe
carried out using single shot C,R,O,

6. Measures can be fouhd to improve thes high voltage
response,

7. With the help of the measured response characteristic
for a step function input and the actual measured divided
wave analyasis could be caﬁriedout to arrive at the actual

input waveform,
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