CHAPTER : 5

EFFECT OF DAMPING RESISTOR ON CRITICAL FLASHOVER

VOLTAGE USO AND VOLTAGE DISTORTION ON AC WAVE

5.1 General

The method of measurement of voltage distribution across
the test object is discussed in uetail in Chapter Number-4.
The transferred impulse voltage on AC terminal of the test
object was measured at points A and B usinyg damped capaci-
tive voltage divider as well as resistive voltage divider.
As discussed in Chapter-4, in the case of capacitive con-
trolled rod-rod gap, saﬁe difficulties were faced in the
~measurement of lightning impulee transferred voltage UA'
Hencg, it was felt necessary to adopt a method of indirect
calculation Of voltage U,. The magnitude of voltage U,
should be derived without connecting any divider, because,
once an element is connected between terminal A and earth,
the circuit configuration and response of the circuit to
fast rising pulse changes and hence on account of self and
stray capacitance of the divider the measured value of yol—
tage U, may not be aécurate. Thus it was a must to verify
the accuracy of the measured voltage Up. It' is more import-
ant to verify this for the case of capacitive controlled
rod-rod gap because large difference exists between voltage
Ua and UB. Because of this large difference the actual
voltage stress across the longitudinal insulation will be

less. In the case of rod-rod gap the difference between

voltages U, 2and UB i1s very small. Hence, if the damping

resistor is connected between the terminals of the test
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object and the supporting capacitance C,, then the voltage
stress across the open gap is not affected much in the case
of rod-rod gap.

The indirect method adopted for estimating voltage UA is to

derive critica; flashover voltage USO‘ with and without ,dam-
ping resistor R forec equal to zero (oc = IAE/U;#U;C
where UI*is impulse voltage amiIJ;cis peak value of AC
voltage, iflfiéiﬁ equal to zero, oc ~I5 ‘zero). To derive
Usg of a given test object it is not necessary to connect
any divider &t point A and hence the stray capacitance to

earth does not play any role in deriving Ugy Voltages.The

most popular Up and Down method was used to derive USO

voltage of the test object. This method is described in

this section.

The measurement of critical flashover voltage and standard
deviation sigma was done for capacitive controlled rod-rod
gap and rod-rod gap electrode configuration. The results
are analysed and discussed at depth in the following sect-
ions. Comparison of measured and calculated transferred

impulse voltages is also discussed.

If the damping resistor is connected between the terminals
of the test object and the supporting capacitance CZ‘ it
introduces an error in the measurement of transferred imp-
ulse voltage (voltage UB) on AC terminal and hence this
leads to an error in thé compensation of the voltage drop
on AC terminal. Also the voltage distribution across the

-+

test object is affected. These two phenomena leads to an
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'error in deriving actual Uggo voltagé of the test’object.The
method of calculation of total reduction of voltage stress
across the test object because of such type of circuit co-

nnections is discussed,

Finally, if it is a must to connect a damping resistor bet-
wenn the terminals of the supporting capacitor and the
High Voltage teséing transformer, the question that arises
is, how to protect the high voltage testing transformer?
The time constant of the circuit can be increased either
by increasing the value of the damping resistor or by co=-
nnecting an additional capacitor across the terminals of
the testing éransformer. The effect of additional capaci-
tor (C3) on the voltage distribution across the test ob-

ject was also studied and the results are discussed in

this chapter.

5.2 Up and Down method/149/

The Up and Down method is more ‘ard more frequently used in
dielectric testing because of its simplicity and accurecy

for Ugg. In IEC publication 60, only the estimate of Usg

is discussed. But there also exist estimates of sigma,

and of the variances of Ugg and sigma/lSl,fSZﬁi5§/f

It is widely known that in comparison with the interpolat-

ion method, the Up and Down method enables to estimate U50

with smaller number of voltage applications when the esti-

mation of reliability is assumed to be the same7149/.

“

Various laboratories have used different methods like in-'
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terpolation method, Up and Down method, exterded Up and
'Down method and sequential Up and Down method. Digital com-
puter simulation technigue was used to clarify the relation
between testing method and estimation of reliability. It
was clearly shown both theoretically and experimentally
that when the number of test voltage application is finite,
the estimate of ¢ obtained by the interpolation method is
greater than the true value and that obtained by the Up

and Down method is smaller/149,152/.

Having chosen a voltage step called d (also known as O U)
this method consists of applying a series of test voltages.
The result of application of any impulse determines the
voltage for the next one; if it is a breakdown, the next
impulse voltage is applied at one step lower, and if it is
a withstand, one step higher. Figure 5.1 explains the mo-
dality of this metnod. whe first significant voltage level
is selected as being the first one giving a result diffe-
rent from tne preceeding series. Only this one and the fo-
llowiny ones are taken under consideration in the calculat-
ions. These so called "“significant tests" should be made at
voltage Uy, kK being the inﬂex of the voltage levels, the
first one corresponding to k=0 is Uy The estimation pro-

posed by wuvixon and Mood/150/consists in forming n; and ni

(the total number of withstands and breakdowns at each vol-

tage level Up), calculating,

NO = % ni and

[}

1
Ny f N, and then working with only the
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method (ref.149 ).




159

n;z or n]J; values giving the smaller of Ny and N;.

The estimates of Ug,, sigma and their standard errors are

" n
given by the formulas: ( /N read as “estimate of"):

A A
U ;—_U_+dx 1 a— 1 LI AR AR I A (501)
50 o) N —_—
1 2
2
N, X B, -~ A
”,(‘ = 10620 X d l 21 l -+ 00029 LA AR RS (502) )
’ N
1
with

‘.\!Var (USO) = G x 9/ Ny cerecnan (5.3)
 var (¢ .=  Hx 9/\[&? ceereees (5.4)

If N, £ Ny,
A Al 1
I o S———— N EEEEEREY (505)
U50- Uo+d)( e + 2
e}
A N. x B - A
& = 1.620 x 4| -2 20 °+o.029]..‘.... (5.6)
Ny
l/ <
with A = £ k no
Q - k,f k
|
_ 20
Bo = % Knk

/Var (USO) = G x 9 /\/No (5.7)
H ox /,/NO (5.8)

G and H can be derived from Figure 5,2

n

\/Var (s)

In practice, witi some tens of signiricant impulses, the



160

.24 .
=
P—/““.—
,,_‘L———’///

.9

8.1

.7 4

-6

0.5 T T T L) Y T T T Al v T

0-2 0-4 o6 08 10 15

d
L e
s

Figure.52 Vvariation of variance coefficiets G and H
for the “Up and Down” method (ref.149).




le6l

formulas are only correct if

2
N, B, = A N . B _=A
L ek 200 0 50
Nl . No
; d .
And 0.5 < - 1.7 cevesencas(5.9)
o

As it can be seen from figure 5.2 it is desirable that the

A
voltage step 'd' should be roughly equal to o .

Tnese limits are respected if after ten or more significeant
impulses, the number of Uy values used is 3,4 or 5. Other-
wise d/f is probably out of the limits specified and

must e modified/149/.

5.3 Measurement of critical flashover voltage and sigma
As discussed in the earlier section the aim of this study
wes to estimete tne transferred impulse voltage U, accu-
retely, and to study the effect of damping resistor and
supporting capacitance C, ©n tne critical flasnover vol-

tage Ug of tne rod-rod gau and canacitive controlled rod-

0
roa gap. ‘ne circuit connection shoun in figure 4,1 were
used for the measurement of voltage Ugye +he applied imp-
ulse voltaye to terminal O oL Figure 4.1 was measured us-—
iny demped capacitive voltage aavider (). The ¢ao spacing
used for tnils study was not of much importence as the aim
wes only to study the effect of verious elements which are
recuired vhile conauctin, bias voliage test for the prote~

ction of the high voltage testiny transformer from trans-

sient overvoltages on USO and standerd deviation sigma,
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It has been reported in the literature/151,152/ thet in
the case of Up and Down methoxd 95% confidence limit of USO
can be easily obtained when number of applied impulses are
more than or equal to 30. Hence, to get reqguired accuracy of
the results for each combination of damping resistance and
supporting capacitance fifty impulses at 25 seconds inter=
vals were applied to the test object to derive U50 values,
The voltage step d (also known as O U) for lightning imp-
ulses was taken from 2 to 3% of 3he approximately estimated
value of U50 and for switching impulses the voltage step

was taken from 4 to 6% of the approximately estimated value

of USO'

The l&bora£ory conditions and layout of the various eguip-
ments shown in Figure 4.1 were maintained more or less same
to obtain a set of sufficient results. The atmospheric para-
meters were recorded at 10 minutes interval., Average value
of the atmospheric parameters were taken for applying corr-
ection factors kg and Kh according to IEC publication-60.
The measured 503 discharge voltages Ugg reported in tne fo-
llowing sections are corrected to tnose applicable for st-

andard reference atmosphere Ey dividing by Kd/Kh. The stan-

dard reference atmosphere is:

Temperature ty = 20°C
Pressure bo = 1013 mbar

g _ 3
Humidity Hy = 1lg water per m~.

5.3.1 <Capacitive controlled rod-rod gap

The layout of the capacitive controlled rod-rod gap is
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.shown in Figure 4.9a. The Up and Down method was used to
derive Ugg and sigma, which is already discussed in detail

in section 5.2.

5.3.1.1 Lightning impulse voltage

The compleée bias test circuit was arranged according to
Figure 4.1. Lighéning impulses having a waveshape of 1.38/
56 microseconds were applied to the impulse terminal D of
Figure 4.1. The power frequency voltage was not applied,
i;e. oc is equal to 0.0. Fifty impulses were applied to

the test object at 25 seconds interval to derive Ugo*

Figure 5.3 gives voltage USO as- a function of damping res-
istance R for various values of supporting capacitance Cye
the test object capacitance Cl was 600pF. Figure 5.4 gives

the same results when test object capacitance C, is

1
1200pF (only one electrode gap shown in Figure 4.9a was
used for C;= 1200pF, the open gap spacing of rod-rod gap
was 550mm). For both the cases Ugg increases with the inc-
rease in the value éf damping resistance ard it decreases
with the increase in the value of supporting capacitance
Cy. To highlight this phenomena more effectively, percen-
tage increase in Ugg with respect to damping resistance is
calculated, the results are given in Figure 5.5 for the
test object capacitance equal to 600pF. The percentage
increase of Ugg in case of ligﬁtning impulse (LI) volgage
is as high as 23% when a damping resistance of 8.56Kilo Otms
is connected between the terminals of the test object and

the supporting capacitance (for C, equal to 19800pF). Since

the curves are nonlinear, it is difficult to say what happ-
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{tigure.4.5a )

i
780 :
I
, f g
760 Lightning impulse voltage (L1}
wave shape = 1.38/ 56.0 p sec. /
Capacitance €1z 600 pf / /
740 f
|
720
I 700
>
* 680 -
a /o
640 o ~ e
4 -+
] , ; g
620 / — -
’ i
600 h ; -f -
® C2 = 6600 pF |
x C2 = 13200 pF i
560 +— +C2= 19800 pF — -~ ————| ————{— - —
|
| |
560 l . | |
0 1 2 3 4 g 6 8 9
Damping resistance, Ko  ——
Figure. 5.3 Ugg (L) as a function of damping resistance,

Cq1 = 600 pF.




165

Capacitive controlled rod rod gap (figure 4.9qa)
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Capacitive controlled rod - rod gap (figure. 4-94)
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‘ens when the value of damping resistance R is large. Of-
course one can get an idea about the error introduced in
deriving the actual critical flashover voltage or withst-
and voltage of the test object by not connecting the supp-
orting capacitance C& directly at the terminal of the test

object.

5.2.1.2 Switching impulse voltage

The same capacitive controlled rod-rod gap shown in Fig-
ﬁre 4.9a was used to derive Ugy for various values of damp-
ing resistance and suéporting capacitance C,. Switching
impulse wave shape was 250/2750 microseconds, Fifty impul-
ses were applied for ~ eacn case at 25 seconds interval.

The atmospheric parameters were recorded at 10 minutes in-

tervals,

Figure 5.6 gives Ugy as a function of damping resistance
for various values of supporting capacitance C2 for test

object capacitance equal to 600pF. The increase in U is

50
nonlinear with the increase in damping resistance R. The
curves obtained for three different valges of supporting
capacitance C, are parabolic and parallel to each other.
Figure 5.7 gives the same results for test object capaci-
tance equal to 1200pF. The switching impulse voltage wave
shape for Cl=1200pF was 259/2700 microseconds. The percen-
tage increase of Ugg with inérease in damping resistance

is shown in Figure 5.5 for Cy= 600pF. The percentage in-

crease in Ugg for three values of supporting capacitances

6600pF, 13,200pF and 19,800pF is nearly same for a given

-

value of damping resistance. The increase in Ugg is appro-
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Capacitive  controlled

rod - rod gap ( tigure. 4.9 a)
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‘J;imatei§'ié%iéﬁéﬁ:démping.tésiétance of 8;56 Kilo Ohms 1is
connectedvﬁe;ween the terminals of the test object and the
supporting éapacitance C,. This ig approximately 2.3 times
less compared to the case when lightning impulse voltage is
applied. As seen from Figure 5.5 . the percentage increase
in Ugqg for damping resistance greater thanw7 Kile Ohms is
very small. Almost a saturation has reached for damping re-
sistance R equal to 7.0 Kilo Ohms, i.e. further increase in
‘damping resistance does not -lead to increase in Ugqe How-
ever, it might be necessary to verify the characteristics
of the curves for damping resistance greater than 8.56 Kilo
Ohms. Since maximum availakle value of high voltage damping
resistance was only 8.56 Kilo Ohms, further tests could not

be conducted.

5.3.2 Rod-rod gap!

5.3.2.1 Lightning impulse voltage

The electrode arrargement shown in Figure 4.9b was used to
derive U50 of rod-rod gap having an open gap spacing of
770mm. The wave sha&pe of the lightning impulse voltage was
1.08/47.0 microseconds. Fifty impulses were applied to

the electrode system at 25 seconds interval to obtain USO

for each test set up conditions. The voltage step was equal
to 3% of the estimated Ugg voltage. Figure 5.8 gives Ug,
voltage as a function of daemping resistance for various

values of supporting capacitance. The curves are more or

less linear, i.e. the value of Uso increases linearly with

the increase in damping resistance. Many times it was also
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. bbserved that Ugg for higher value of damping resistance is

lower than that obtained for lower value of damping resist-
ance (the difference was within +1.5 to + 3.0kV), theore-
tically this is not correct and nence many times the test
had to be repeated even three to four times to get the co-
should be higher

rrect value of U i.e. the value of U

50 50
for higher value of damping resistance or it should be at-
least equal but ﬁot less. This difference may be because of
the statistical variation of USO' It is worthwhile mention-
ing here that, when the test was conducted for various va-
lues of supporting capacitance C2 and damping resistance R,
the atmospheric parameters were not same because of change

in day ard time. Hence, this phenomeéna may be also attribu-

ted to the variations in the correction factors Ky and K

given by IEC publicetion-60.

Figure 5.9 gives tne percentage increase of U50 as a funct-

ion of damping resistance. The percentage increase in Ugq

"

is maximum Q.7 per cent when damping resistance of 8.56
kilo ohms is connected between the terminals of tne test
object and the supporting capeacitance. This is negligible
compared to the case of capacitive controlled rod-rod gap.
Hence, it may be concluded that in the case of c¢isconnect-
or type open gaps, (which represents rod-rod gap) the pla-
cement of & damping resistance in the bias test circuit is
not important. it may be connected between tie termindls
of the disconnector and the supporting capacitance Cza

so that the severity of the chopped wave is not dangerous

for the winding insulation of High Voltage power frequency
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Rod - Rod gap contiguration {figure 48b)
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test transformer,

5.3.2.2 Switching impulse voltage

The same electrode configuration, shown in Figure 4.9b, was
used to derive Ug, of rod-rod gap but having an open gap
spacing of 500mm. The open gap had to be reduced from 770mm
to 500mm because of flashovers occuring from live electro-
de to earth while deriving 50% discharge voltage Ug,. It
was decided to reduce the open gap clearance instead of
increasing the height of the horizontal rod-rod gap elect-
rode configuration to prevent flashovers to earth. The
switching impulse voltage waveshape was 238/2655 micro-
seconds. Fifty impulses were applied at 25 seconds inter-
val to the impulse términal D of Figure 4.1 at voltage
step AU equal to sigma (i.e. 6% in case of switching imp-
ulses). Figure 5.10 gives USO voltage as a function of
damping resistance for various values of supporting capa-
citance. The difficulty which was encountered in the measu-
rement of Ugqg voltage ;n case of lightning impulse voltage
was also noticed in the case of switching impulses and
hence the test had to be repeated for certain values of
damping resistance and capacitance C,. The percentage in-
crease of USO voltage is given in Figure 5.9. The percen=—
tage increase in Ugg is between 1.3 and 2.3 per cent when
dampiny resistance of 8.56 kilo Ohms is connected between
the test object terminal and the supporting capacitance

C, ranging from 866.66pF to 3800pF. The COﬁclusion drawn
in case of lightning impulse voltage is 2also vélid for
switching impulses, and hence in this case also one can

connect the damping resistor between the test object ter-

.
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minal and the supporting capacitance Cz.

5.4 Comparison of measured and calculated U50

For both the electrode systems, before obtaining U.. with

50
supporting capacitor C2 and/or damping resistance, first

Usg of only rod-rod gap and capacitive controlled rod-rod
gap configuration was obtained by earthing point A (refer
Figure 4.1). This gives Ugg, of only the test object gap.

In other words, this is the test circuit layout used while
conducting the equivalent bias voltage test on the test
object, i.e. a sum of two voltage components specified by
the relevant standards is applied to one terminal the oppo-
site peing earthed. USO voltage was obtained this way and
then this value was compared with the Ugg voltage of the

same test object when connected as per circuit given in

Figure 4.2, i.e. Bias Test circuit.

5.4.1 Capacitive controlled rod-rod gap

The USO for lightning and switching impulse voltages for
capacitive controlled rod-rod gap was obtained by earth-
ing point A (refer Figure 4.1), and also when supporting

capacitance C, is connected in the circuit (Uc,*). When

50
supporting capagitor C, is connected in the circuit, the
part of the voltage USO* appears across the power frequency
terminal of the test object and earth. This voltage, Ugs
can be calculated using the following formula (damping

resistance R = (0.0 Ohms, in this case voltage Up is same

as voltage Ug):
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<1

Ug = EIzaz x Ugg* ceesssssssssss (5.10)
where C,= test object capacitance in pF, Cz = supporting
capacitance in pF and USO* is the 50% discharge voltage of
the test object when supporting capacitor C2 is connected.,
Now U of only test object (i.e. when terminal ‘'A' is
earthed and o¢= 0.0) is known, and it should remain more
or less same, When supporting capacitor C, is connected
(without any damping resistor, i.e. in this case the damp=-
ing resistor may be connected between the supporting cépa-
citance ard tne terminal of the high voltage testing trans-
former ), tne percentage of voltage which will appear at

the terminal A or B can be calculated. Based on this Ug,*

can be derived theoretically as follows:

U. .. of only gap
U50*= 50 ® & % 8 0O H Ve e s (5.11)
1- 4
C1+C2
C .
1 gives the per unit voltage UB when an impulse voltage
Cl+C2

is applied to the impulse terminal D of Figure 4.1. By using
this philosopny USO* voltage was derived theoretically and
results are compared. Figure 5.11 gives the calculated
USO* ana measured USO* voltage for lightning and éwitching
impulse voltages (the test object capacitance C, was 600pF ).
It is seen from this figure that the measured value of USO*
is approximately 4.5 per cent more compared to the calculat-
ed USO* for both lightning impulse and switching impulse

voltages. Figure 5.12 gives the measured and calculated
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Capacitive controlled rod-rod gap

(tigure 4.9a)
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Capacitive controlied rod - rod gap { tigure 4.9a }
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Ugg* voltages when test object capacitance is 1200pF. In
this case also the measured values are higher by approxima-

tely 4.5 per cent.This difference may be explained as follows:

When terminal ‘'A' is earthed to obtain USO of only test ob-
ject gap, then one terminal of the test object is live and
other is at earth potential.However, when supporting capa-
citor C, is connected, the other terminal of the test obj-
ect is earthed through the supporting capacitor C2. In this
case the other terminal of the test object is not directly

at earth potential and hence the electrode field configur-
ation is not same compared to the earlier case., This effe-~
ct may be also because of the stray capacitance. It may be

stated that the measured values of USO are accurate.

Figure 5.13 gives the measured and calculated values of
' USQ for various values of supporting capacitance C2 for
rod-rod gap for both lightning and switching impulse volt=
ages., The value of USO* voltage for various values of supp-
orting capacitamnce C, was calculated using formula (5.11).
The capacitance between two rods was of the order of 1ll.5pFE
For lightning impulse voltages the measured values of Uso*
are approximately 3.8 per cent higher and for switching ime
pulse voltage the measured values of Ug,* are approximately
6.5 per cent hiéher. The percentage differenoe between mea-
sured and calculated Ugg* remains approximately same irres-
pective of the value of the supporting capacitance C2 for ,
both lightning and switching impulse voltages.
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Rod - Rod gap Contiguration
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‘5,5 Comparison of measured and calculated transferred

impulse voltage Uy

In Chapter-4, the method of measu}ement of transferred im-
pulse voltages Uy and Uy have been éiscussed in detail. To
verify the accuracy of the measured voltage U,., indirect
approach was adopted for both types of electrode configu;
/rations shown in Figure 4.9. The accuracy of the measured

value is compared with the calculated value in the follow-

ing sections.

5.5.1 Capacitive controlled rod-rod gap

5.5.1.1 Lightning impulse voltage:

/

Figure 5.14 gives the percentage of measured lightninq im-
pulse transferred voltage UA as a function of damping re-
sistance obtained for various values of the supporting ca-
pacitance Cy for capacitive controlled rod-rod gagpg. This
voltage was measured using damped capacitive voltage divi-
der as well as resistive voltage divider for both lightn-
iny and switching impulse voltages. The magnitude of volt-
age Up does not decrease with the increase in supporting
capacitance C, (for a given value of damping resistance

&) theoretically this is not correct, the voltage U,
should have decreased with the increase in supporting ca-
pacitance Cj- However, because of the measurement diffi-

culty the voltage U, remeined tne same on account of the

divider capacitance and/or stray capacitance to earth.

On account of the above mentioned difficulty in the meas-
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Capacitive controlied rod ~rod gap ( figure - &4.5a)
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urement of the transferred impulse voltage U,

voltage obtained

. indirectly

the voltage UA was calculated based on U50

for various combinations of supporting capacitance C2 and

the damping resistance. For damping resistance equal to

zero Ohms, the percentage of the transferred impulse vol-

tage at point A or B can be calculated as follows:

C
Percentage of transferred impulse = =m0 X 100%
C, +C,+C
- 1 2" cwd
voltage UB :
00’0‘00'0(5012)
Where €y - = Test object capacitance in pF
Cc, = Supporting capacitance in pF
Cova™ Divider Capacitance inp¥F

For a given value of supporting capacitance C2(R=O.O Ohms )
the U50 value of the test object is known. It is cbserved
that wnen damping resisctance is cconnected between the test

object. terminal and the supporting capacitance C2, the USO

increases. Theoretically this increase in USO with resist-
ance is on account of the different voltage distribution

across the test object capacitance Cj. and the series com-
bination of damping resistance and the supporting capacite-
ance. Hence the difference in Ugy With and without damping
resistance plus the transferred impulse voltage giveﬁ by

equation (5.12) should be the voltage of point A, i.e. volt-

age Up when damping resistance is connected between the

terminals of the test object and the supporting capacitance.

Figure 5.15 gives the percentage of lightning impulse tra-

nsferred voltage Up calculated based on Usg voltages for
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Capacitive controlled rod -rod gap (figure 49 q)
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various values of damping resistance and supporting capaci-
tance. The calculgted voltage UA increases with the incre-
ase in damping resistance and decreases with the increase
in supporting capacitance. The percentage increase of light-
ning impulse transferred voltage at point A is of the ord-
er of 19.0 to 22,6% when damping resistance of 8.56Kil Ohms
is connected. The percentage rate of increase of voitage
at point A is much high with the increase in damping resis-
tance.. It may be concluded that fof lightning impulse bias
testing, it is incorrect to <dnnect the damping resistor

between the terminals of the circuit breaker and the supp-

orting capacitance Cye.

5.5.1.2 Switching impulse voltage

Figure 5.16 gives the percentage of switching impulse tra-
nsferred voltage UA measured at point 'A' using damped
capacitive voltage divider as a function of damping resis-
tance R for various values of Cj. he results obtained are
little better than the case of lightning impulse voltage.
In figure 5.15 the calculated percentage of switching im-
pulse transferred voltage U, for various‘values of damping

resistance R and capacitance C, 1s alsoc given.

It is seen from the results reported in Figure 5.15 and
5.16 that for supporting capacitance of 6600pF, the calcu-
lated and measured values of voltage U, compare very well.

fiowever, with the increase in supporting capacitance Cy

the difference in the measured and calculated values of

-

voltage Up increases with the increase in damping resist-
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ance. The measured value of switching impulse transferred

voltage UA when damping resistance of 8.56 Kilo Ohms is co-

nnected is approximately 0.7, 3.6 and 5.4% higher compared
to calculated value when supporting capacitance is equal to

6600 pF, 13200 pF and 19800 pF respectively.

As discussed earlier, when divider is connected at terminal
A to measure voltage U,, the circuit configuration is ch-
anging and also while measuring lightning impulse transfe-
rred voltage UA(refer figure 5.14) un-usual relationship
between measured voltage UA with damping resistance is ob-
served, For measuring U50 values no element was connected
in the circuit at terminal A, Hence, the difference between
the measured and calculated voltage U, is on account of
the error in the measurement of voltage Up. This measuring
error is much lower as compared to the measuring error ob-
served in the measurement of lightning impulse transferred

voltage Upe.

5.5.2.1 Ldightning impulse voltge

Figure 5.17 gives a set of curves of the percentage of li=-
ghtning impulse transferred voltage Up @s a function of
damping resistance for various values of supporting capa-
citance. With the increase in damping resistance R, the
voltage Uy is increasing and it decreases with the increa-
se in supporting capacitance. The curves for various valu=
es of supporting capacitance C, are parallel to each other,
but the percentage increase in voltage U, is not linear

with the increase in damping resistance. Figure 5.18 gives
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Rod - Rod gab configuration ( figure 49b)

For Switching Impulses (SD)
6 C2: 866.66 pF
Qc¢2 = 2600 pF R
4.0 +—- OC2= 3800 pF S R I S S

For Lightning Impulses (LI) /
O C2 = 866-66 pF ! /

R\

X 2z 1300 pF //
T +C2 = 2600 pF //
% /
z 30 —t - - --c~)~”
g . C2= 86666 pE, LI
% / L c2:= 1300 pF LI
© | 2= 2600 pF LU
¢
~3
L]
/ |
|
e SR
{
8\ i
b
B
>
! 1

s q | i ‘ !
g | | 6 ]6 pfo 5l —a
: A a2
Y 1.0 €y & ! T
&
) I S

] £,51

ez =269 P
, 51
g a ] C2=380 PF =
o N ,
g w
0 1 2 3 4 5 6 7 8 85

Damping resistance, K{L ——

Figure. 517 Variation of transferred voltage Up (LI and SI)

as a function of damping resistance,
rod- rod gap.

+




1380

Rod - Rod gap Configuration {figure 49b)
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a set of curves of percentagerf lightning impulse transf-
erred voltage UA calculated based on the USO values as a
function of damping resistance R for various values of su=-
pporting capacitance C,. The calculated value of voltage UA
increases linearly with the increase.in damping resistance.
The measured voltage at point A when a damping resistance
of 8.56 Kilo Ohms is connected is 3.8 per cent of the app-
lied impulse voltage (C, = 866.66pF) while the calculated
value of voltage U, is 1.97 per cent, i.e. nearly fifty

per cent of the measured value.

5.5.2.2 Switching impulse voltage

Figure 5.17 also gives a set of curves of the percentage <f
switching impulse transferred voltage U, as a function of
damping resistance for various values of supporting capaci=
tance. In this case the rate of increase of voltage U, with
the increase in damping resistance is very small as compa=-
red to the case of lightning impulse transferred voltage
UA. The calculated switching impulse transferred voltage

UA obtained based on U50 values for various combinations

of damping resistance and suppﬁrting capacitance is given
in Figure 5.18. The measured voltage UA when a damping re-
sistance of 8.56 Kiloc Ohms is connected is approximately
0.8% (C, = 2600pF), while the calculated voltage Up is
2.23%.

5.6 Reduction of transferred impulse voltage UB

As discussed in Chapter~3, because of the capacitive coup-
ling between the test object capacitance and the capacit-

ance connected on the AC terminal, part of the applied



192

impulse voltage to terminal D of figure 4.1, gets transfe-
rred on the AC terminal. This causes voltage distortion on
the AC wave. 2ecause of the opposite polarity of the imp~
ulse voltage, the magnitude of the AC voltage applied at
the instant of impulse voltage reduces. On agccount of this,
tne test object gap is not stressed to the desired test
voltages. The voltage depression on AC wave is equal to the
transferred impulse voltage on AC terminal. Hence, to stre-
ss the test object gap tou the reguired test voltages, the
magnitule ot power freguency voltage is increased by an
amount equal to the magnitude of the transferred impulse

voltage on AC terminal.

If the circuit connections for bias voltage test is made

as shown in Figure 4.1, one will measure the voltage UB

and compensate for the voltaye drop on AC terminal. If this
is tne case, it would be necessary to study the reduction
of the transferred impulse voltage Uy Cadused by incorrect
location of the damping resistor. Since there is no prob-
iem in the measurement of voltage Uy Dy using damped capa-
citive voltyge divider, the percentage reduction in volt-

age Ug is derived from the results reported in Chapter-4.

Figure 5.19 gives a set of results of percentage decrease
in volcade UB as & functiorn of damping resistance for va-
rious values of supporting capacitance. The test object
capacitance was 600p¥. As seen from this figure, in the
case of switching impulse voltages, the voltage Uy does

not vary witn the insertion of damping resistance, it
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Capacitive controlled rod -~ rod gap ( figure 4.9a)
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gives a straight line relationship. While in the case of
lightning impulse voltage the voltage UB decreases with the
increase in damping resistance. The percentage decrease in
lightning impulse transferred voltage UB is approximately
2.39, 1.0 and 0.6 for supporting capacitance 02 equal to
6600pF, 13200pF and 19800pF respectively when damping resis-
tance of 8.56 Kilo Ohms is connected between the test ob-
ject terminal and the supporting capacitor C,.

Figure 5.20 gives a set of results of percentage decrease
in voltage UB as a function of damping resistance for rod-
rod gap electrode configuration. For this type of electrode
configuration also, voltage UB does not varyfor the case of
switching impulse voltages by increasing the value of damp-
ing resistance. While in the case of lightning impulse vol-
tages, the voltage UB decreases with the increase in damp-
ing resistance. The percentage decrease in voltage UB is
approximately 0.21, 0.265 and 0.19 for supporting capacita=-
nce C, equal to 866.66pF,1300pF and 3800pF respectively
when damping resistance of 8.56Kilo Ohms is connected betw-

een the test object terminal and the supporting capacitor G-

The percentage reduction of the transferred impulse voltage
UB because of damping resistance in the case of disconnect-
or type open gap is almost negligible.However, in the case

of capacitive ocontrolled rod-rod gap,for lightning impulse

bias test;the error introduced in the measurement of voltage
Uy is large and qannot be neglected. For the test object ca-
pacitance equal to 600pF,the required value of the supporting

capacitance will be of the order of 8300pF,for this value of
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suppdréihgaéépaéziér Cz; the error in the measurement of
voltage UB will be of the order of 1.44% when dénpiné res-
istance of 8.56 Kilo Chms is connected between the termi-

nals of the test object and the supporting capacitance,

5.7 Total reduction of voltayge stress aross the test

-

o

objéct

It has been established now and proven that the correct
test circuit for conducting bias test should be as shown
in Figure 4.2. However, if the bias test circuit shown<in
Figure 4.1 is used, one should knéw the total errxor intro-
duced iﬁ applying the test voltages to the test. object.The

error introduced is on account of the following two main

aspects:

2. The voltage distribution is affected by connecting a
damping resistor between the test object terminal and
the supporting capacitance. Higher the valwe of damp-
ing fesistance, lesser is the voltage applied across

the test object {error e;).

b. The error introduced in compensating for the trans-
‘ferred impulse voltage on AC terminal i.e. the error
in the measurement of voltage Uy, wnich is ultimately
added to the required power frequency test voltage.
This error also increases with the increase in the

value of damping resistor (error e,).

For lightning and switching impulse voltages the total
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error can be easily calculated by using the results given
in Figures 5.5 and 5.19 for capacitive controlled rod-rod
gap. In the case of lightning impulse voltage, the error
el‘for C, = 6600pF and R = 8,56 Kilo Ohms is of the order
of 19 per cent of the applied lightning impulse voltage and

the error e, is 2.39X of the power frequency voltage.

. . Total error in kv = e; + e,

19
= impulse voltage X
100

+ power frequency 2.39
peak voltage 100

" The error el mentioned above is derived based on the U50

values of the test object with and without damping resist-

ance connected in the circuit. The error e; 1s obtained by

measuring the voltage Ug with and without damping resist-
ance. When the withstand voltage test is conducted on the
longitudinal insulation, the gap will be stressed less by

an amount of voltage equal to the total error e, +e,.

Thus,

Actual Voltage Stress ac~ = Impulse voltage + power freg-

ross tne breaker is ency peak volcage - Total
error in kV

The corresponding errors introduced in the case of switch-

ing impulse voltage is of the order of 10 per cent (error

e;). The error in the measurement of voltage Uy is almost

negligible {(i.e. error e, = 0.0%).

Similarly, the total error for the case of rod-rod gap can

be derivea by using the results given in Figure 5.9 and

5.20. For lightning 4impulse voltages the error e, for
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C2 = 866.66pF and R = 8,56 Kilo Ohms is of the order of

0.65 per cent of the lightning impulse voltage and error

e; is 0.21 per cent of the power frequency test voltage.

The corresponding errors introduced in the case of switch-
ing impulse voltage is of the order of 2.3 per cent (err-

or el). The error in the measurement of voltage U, is al-

most negligible (i.e. error e; = 0.0).

5.8 Standard deviation sigma and their variances

The estimation for calculation of standard deviation sigma
was proposed by Dixon and Mood/150/. The formulae for cal-
culating sigma, variance of U50 and variance of sigma are
given in section 5.2. The measured stanpdard deviation é>

will converge to tne true value s when the number of vol-

tage applications is infinite. However, the measured stan-

dard deviation is biased when the number of voltage appli-

5 oot

cations are finite. As described ear}ier the number of ime-
pulses apglied to the rod-rod gap and capacitive controll-
ed gap for obtaining USO were fifty for béth lightning and
switching impulses. The value of stanaard deviation é? P
the variance of Ugg and the variance of é>' are summarised
in Table 5.1 to 5.3 for various values of damping resist-
ance -and supporting capacitance C,. The voltage step for
lightning impulses was taken as 3 per cent of the appro%in
mately estimated Ugq value and for switching impulses the
voltage stepAwas taken as 6 per cent of the approximately

estimated U50 value. However, inspite of accurate estimat-

ion of starting voltage U, for many cases it was observed
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and the

A
variance of g  for capacitive controlled rod-rod

gap for switchaing impulse volteges, C
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TABLE:5,2

Standard deviation 9’, the varience of Uggy @nd the va-
A

riance 0f 4  for capacitive controlled rod-rod gap for

lightning impulse voltages, Cl=600pF.

——————_ — T {—— -y V" W - J]] Vo s oo W T i . W W7 W 7 o . o Voo o s ol WO . D o Shaw oo i L S S D . S W e e W S, W oot o

Capacit-  Damping g ., " o

ig: sziup ZiiéSt' ggo Uso Usg Yso
Kilo .

________________ NS e
1 — 0.0 564.34 1.8527 0.4001 0.4607
2 6600 0.0 644.6 2.3487 0.4837 0.5885
3 6600 5.05 672.5 2.7296 0.554  0.7003
4 6600 6.64 718.5 3.7649 0.7398 1.114
5 6600 8.56 765.17 6.3 1.1833 2.369
6 13200 0.0 626.2 1.805 0.3848 0.4471
7 13200 5.05 652.2 2.3377 0.48923 0.5887
8 13200 6.84 726.5 - — -
9 13200 ©.56  754.0 3.0:2 0.6034 0.7997
10 18300 .0 60c.5 1.857  0.39917 0.4601
11 19800 5.0 629.3 2.297 0.4709 0.5812
12 19500 6.54 683.0 1.8169 0.3931 0.4598

13 18s00 £.56 742.0 3.4325 0.6658 1.016
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Standard deviation 2’, the variance of USO

A
and the variance of ¢ , for rod=-rod gap

electrode configuration for switching

impulse waves

- - ———

—— o — -

Sr. Capaci- Bam;? ing z s Var 50 \{Varg'
No, tance :ﬁ:gt' Uso  Uso =
C, MF KV 50 50
Kilo Ohms
1 866.66 0.0 327.47 3.148 0.6675 0.783
2 866.66 . 1.716 327.54 3.553 0.74189 0.8811
3  866.66 3.64 328,75 3.5923 0.7476  0.8922
4 866.66 5.05 332,76 3.9968 0.8192  1.0067
5 866.66 8.56 ' 334.Q 3.1209 0.6491 0.7784
6 0.0 0.0 304.0 2;9296 C.638 0.7322
7 2600 0.0 327.19 3.334 0.6901 0.8336
8 25600 1.716 328.09 3.374 0.7169 0.83513
9 2600 3.46 328.77 2.8687 0.6195 0.7172
10 2600 5,05 329.5 éaﬁﬁ3 Ue5462 0.6191
11 2600 8.56 330.347 2.873 0.609 0.7122
12 3800 0.0 324.7 4.33 0.87125 1.127
13 3800 1.716 326.5 3.231 0.685 0.7993
14 3800 5;05 328.5 3.247 0.681 0.8066
15 3800 B.56 330.0 3.1587 0.656 0.7833

- S T T S S I~ ——
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that the ratio gﬁ was either less than 0.3 or greater

than 1l.7. For~sf;h cases, the voltage step d was changed
and the test was repeated to derive USO and 2? to satisfy
the condition 0.3 <.i£ <1.7. Whenever, the test was re-
peated, the value U;g remained more or less same, only the
number of voltage steps applied were changing based on the
chosen voltage step-d. The average value of sigma in case
of switching impulse waves were 2.808, 2.276 and 4.056 for
capacitance C, equal to 6600, 13200 amd 19800 pF respecti-
vely for test object capacitance equal to 600pF. For light-
ﬁing impulse voltages the average value of sigma were
3.789, 2.38 and 2.35 for supporting capacitance C2 equal to
6600, 13200 and 19800pF respectively for test object capa-
citance egual to 600pF. For rod-rod gap, the average value
of sigma in case of switching impulse voltages were 3.4822,
2.9736 and 3.4916 for supporting capacitance equal to

866.66, 2600 and 3800pF respectively.

5.9 Protection of high voltaye testing transformer

The protection of high voltage testing transformer in case
flashover occurs across the longitudinal insulation was
discussed at depth in Chapter-~3. It was concluded that the
time constant of the circuit should be increased in order
to reduce the severity of the chopped voltage by connect-
ing high voltage damping resistor between the terminals

of the test object and the supporting capacitance C2.
Higher the value of damping resistor, the severity of the

chop reduces. However, the conclusion drawn in Chapter-4

is contradictory to what has been discussed in Chapter-3.
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From the testing point of view and as per the systems re-
guirement, the damping resistance should be connected bet-~
ween the terminals of the high voltage testing trarsformer
and the supporting capacitance. Then the question arises,
how to protect thehigh voltage testing transformer? By Co-
nnecting the damping resistance between the high voltage
test transformer and the supporting capacitance, still the
time constant of the circuit can be increased by increasing
the value of R, However, one cannot go on increasing the
value of damping resistance because of the following reas-

ons.

) 2
l. The I R losses increases witn increase in R

2. The sphere gap is uscd tou protect the High Volt age tes-
ting transformer from high transient recovery over-vol-
tages. Wnen the open gap flashes over tne sphere gap
will flashover, and because of high short circuit cu-
rrent, thne relay will operate ard power supnly to the

testing transformer will be disconnected.

.
lHowever, if the value of damping resistance ® is very
high, the short circuit current may not be sufficiemnt
for the relay to operate, under such circumstances,
the transforrer will remain under dead short circuit
for longer time till the opera or trips it menually.
Also, because of hign impedance, premature arc extin-
ction may takes place because of insufficient ionisat-
ion of the arc path which causes overvoltages upto

twice tne test voltage value. ‘Tnis 1is very dangerous
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and should be avoided.
3. The dimensions of the high voltage damping resistance
will increase witin the increase in resistance, the

laboratory dimensions may not permit this.

Because of the above mentioned difficulties it was decid-
ed to increase the time constant of the circuit by conne-
ecting high voltage capacitor Cz as shown in Figure 5.21.

The capacitor C,; can be connected only if the high volt-

age testing transformer has sufficient current rating.

Thus, by connecting an additional capacitor C3, the prote-
ction problem of winding insulation of the high voltage

testing transformer can be sorted out, but one has to stu=-
dy the effect of capacitance C3 on the voltage distribut-
ion across the longitudinal insulation. It was aimed to

study this by finding USO with and without capacitor C3.
Table 5.4 gives Ug, values for rod-rod gap and capaciti-
ve controlled rod-rod gap electrodes configuration. The
maximum difference in USO with and without capacitor C3
is 0.288 per cent, It may be concluded that the capacitor
Cy has no effect on USO of the test object and hence there
is no harm in connecting capacitor Cj for tne protection

of high voltage testing transformer. The value of Cz will
be decided based on the current capacity of the high vol-

tage testing transiormer. Higher the value of C3, lesser

is the severity of the chopped wave,
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TABLE :5.4
U50 Voltage with and without capacitor C3
Electrod Upn o KV % variations
Sr. configurf Impulse 50° i
No , wave  with without UsQa=Usyg
- ation v C c % 1
~ 3 3 U [’
u 50A %
50A Usop
1 Rod-rod Lightning 458,72 457510 0.222
gap impulse
c2=1ZOOpF
c3=l3OOpF
2 Rod-rod  Switching  330.82 331.6Z - 0.242
gep impulse
C2=3.20£}§)F
C3=1300pF
3 Cepaciti~ Lighwning 625.0 626.30 - 0.208
ve cont- imoulse
rolied -
gap C,=13200pF
4 Cepaci~  Switchang 642,15 644.00 - $.288
tive impudise
concro-
lied ©2=6600pF
gap

C3=66OOpF

T — - - ——" - - T " " - "V d—, Wo— - - 7t W - " - S D A0 S W T Y M i S S S i e e e e i Tk A K1 e Sl s M Bk et
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SJ.E)Conclusion s |

The crltlcal flashover voltage ﬁso wés derived‘fgr capéci-
tive controlled rod~rod gap and rod-rod gap electrode con—

figuration for both lightnlng and switching 1mpulse waves.
The valwe of damping resistor R and capacitance Cq ‘was, -
varied, and few sets of results were obtained and analyséd.
The procedure for establishing the correct value of light-
ning impulse and switching impulse transferred voltage Uy
and the total reduction of voltage stress across the lon-
gifudinal insulation when damping resistance is connected
between the terminals of the test object and supporting

capacitance is discussed.

*

Some of the important conclusions drawn from this study
are as follows:

1. lightning impulse voltage imcreases with increase

U
50
in damping resistance and it decreases with the inc-
rease in supporting capacitance Cgp for -capacitive

controlled rod-rod gap. The percentage increase of

~U50 is as high as 23 per cent when damping resistor

of 8.56 Kilo Ohms is connected between the terminals
of the test object and the supporting capacitance.

The increase in Ugg value is not linear with the in-

crease in damping resistance.

2. U switching impulse voltage also increases with in-

50
crease in damping resistance and it decreases with
increase in supporting capacitance for capacitive

controlled rod-rod gap. The percentage increase in

Usgg for three values of supporting capacitance
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6600pF, 13200 pF and 19800pF is feirly the same for
a given value of damping resistance. The increase
in Ugg voltage is approximately 10 per cent when
damping resistor of 8.56 Kilo ohms”is connected bet-
ween the terminals of the test object and the supp-

orting cépacitance Cj-

It seems when damping resistance R is greater than
7 Kilo Ohms, tne increase in Ugy Switching impulse
voltage is reaching to & saturation level, i.e.
further increase in damping resistance does not

lead to increase in Ugg for capacitive controlled

rod-rod gap.

USO lightning impulse voltage increases linearly

with increese in damping resistance for rod-rod gap,

The percentage increase in USO is maximum 0.7 per
cent when damping resistance of 8.56 Kilo Chms is
connected between the terminals of the test object
and the supporting cepacitence Cy. This is negligi-
ble as compared to tne capacitive controlled rod-

rod Gap.

Wnile conducting bias voltage test on rod-rod gap
the damping resiscor may be connected between the
terminels of the test objec¢t and supporting cepaci-
tance, so that the severity of the chopped wave

is not danyerous for the winding of the -High Vol;

tage test transformer.
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U50 switching impulse voltage also increases with in-
crease in damping resistance for rod~-rod gap. The per-
centage increase in Ugg is between 1.3 and 2.4 per-
cent when damping resistance of 8.56 Kilo Ohms is co-
nnected bhetween tihe test object terminal and the supp-
orting capacitance C, ranging from 866,66pF to

3800pF.

The measured values of U for capecitive controlled

50
rod-rod gap are approximately 4.5 per cent more as

compared to the éalculated Usg for both lightning and
switchiny impulse voliages. This is attributed to the

different field configurations because of change in

circuit connections.

The measured values of Ugg for rod-rod gap &re appro-
ximately 3.8 per cent more as compared to calculated
Ugg for lightning imvulses and 6.5 per cent for swit-

ching impulses.

For capacitive controlled rod-rod gap, it is not
possible to measure the lightning impulse transferr-
ed voltage Up accurately even by using damped capaci-

tive voltage divider,

The percentage increase of lightning impulse transfe-
rred voltage Up is of the order of 23 per cent when
damping resistance of 3.56 Kilo ohms is connected betw~
een tne terminals of the test object &na supporting
capacitor for capacitive controlled rod-rod gan.

dence, it is incorrect to connect a damping resistor
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12,

13.

14.
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between the circuit breaker terminal and the supp-

orting capacitor while conducting bias test,

For capacitive controlled rod-rod gap the calculated
ang measured values of switching impulse transferr-
ed voltage U, differs only between 0.7 and 5.4% for a
supporting capacitance <, ranging from 6600 pF to
19800 pF when damping resistance is varied from 0.0

Ohms to 8.56 Kilo Ohms. This variations may be attri-

buted to the measurement problem,

The measured lightning impulse transferred voltage
UA for rod-rod gap, when a damping resistance of
&.56 Kilo Ohms is connected is 3.8 per cent of the
applied impulse voltage (C2 = 866.66 pF), while the
calculated voltage Uy is 1.97 per cent, i.e. nearly

fifty per cent of the measured value.

The measured switching impulse transferred voltage

u, for rod-rod gap is more or less indeperdent of

damping resistance. However, the calculated volt-
age U, increases with the increase in damping re-
sistance.

If the dampiny resistor is connected between the
terminals of the supporting capacitor and the test
object, it leads to an error in the measurement of
voltage Up which is required for compensating the
voltage drop on AC terminal while conducting bias
voltage test. For capacitive controlled rod-rod

gap when test object capacitance C1 is equal to
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l6.

17.
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600pF, the error in the compensation of voltage drop

will be approximately 1.44 per cent which is too
large (C2 = 8800pF).

while conducting bias voltage test on circuit break=-
ers (C1A= 600pF and C, = 13200pF) when a damping re-
sistor of 8.56 Kilo Ohms is connected between the
terminals of the test object and the supporting ca-
pacitor, the longitudinal insulation of the circuit
breaker will be stressed less by approximately 20.4
per cent of the lightning impulse voltage and 1.0
per cent of the power frequency voltage while con-
ducting lightning impulse bias test, and will be
stressed less by approximately 10 per cent of the
switching impulse voltage while conducting switch-

ing impulse bias test,

While conducting bias voltage test on rod-rod gap
when a damping resistor of 8.56 Kilo Ohms is conn-
ected between the terminals of the test object and
the supporting capacitor C, (C, = 866.6pF) the lon-
gituainal insulation will be stressed less by appro-
ximately 0.65 per cent of the lightning impulse
voltage and 0.21 per cent of the power frequency
voltage while conducting lightning impulse bias test,

ard will be stressed less by approximately 2,3 per-

‘cent of the switching impulse voltage while conduct-

ing switching impulse bias test.

The‘average values of standard deviation sigma for

switching impulse waves were 2.8, 2.276 and 4.056
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Eoi-cééacitance C, equal to 6600, 13200 and
19800pf respectively for test object capacitance
equal to 600pF, and for lightning impulse voltage,
the average values of sigma were 3.39, 2.38 and
2.35 per cent for supporting capacitance C, equal

to 6600, 13200 and 19800pF respectively.

For rod-rod gap the average value of sigma for
switching impulse voltages were 3.48, 2.97 and 3.44
per cent for supporting capacitance C, equal to

866.66, 2600 and 3800pF respectively.

For the protection of high voltage testing trans-
former, an additional capacitor C; ©2n be conn-
ected in parallel to the High Voltage testing
transformer. This will reduce tne severity of the

chopped wave on the testing transformer,



