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This dissertation describes the work performed to assess the
usefulness of a withstand test for determining the quality of porcelain
cap and pin insulators.

Porcelain cap and pin insulators have been in use on high voltage
transmission lines for close on one hundred years.Despite this long
period of service not all problems associated with this kind of insulator
have been ironed out.This is true for both the quality of the insulator
it. 'lIf and the method that is employed to determine its electrical
characteristics.

The experimental work performed is in the form of dielectric
puncture tests.To this purpose the insulators were immersed in SF, .
several batches of insulators were tested in accordance with differing
criteria.

The results are analyzed statistically and are compared to the
outcome of puncture tests perfor ned in oil in accordance with SABS
specification ’ 77 of 1971(11

A modified withstand test is proposed which gives meaningful

results



PAGE iii

In memory of my late father Hans K.O.Diet/ 1919 -1987?

To my mother for all her patience and encouragement



ACKNUUiim m t NTS

| arknnwindge with grstitudB the help fjiven to me by all persons
ind instutions who in one w<iv or another cuntribucecl towards this

dissertation.My particular tfv?r.ks qo to :

Professor J.P.Revoders,uv supervisor,for his guidance throughout
the whole course of this project.

Messrs.R.Macey and P.Sneddon from Cullinan klecthcal for
providing me with technical information on cap anu pin insulators.

S.A.U.Ceramics for supplying free of charge all the insulator
specimens required for the experimental work.

Ihe staff of the Electrical Engineering Workshop of the

University for their assistance.



ACKNOWI t DGMt NTS

1 acknowledge with gratitude the help given to me by all persons
and instutions who in one way or another contributed towards this

dissertation.My particular thanks go to :

Professor J.P.Revndere.my supervisor.for his guidance throughout
the whole course of this project.

Messrs.R.Macey and P.Sneddon from Cullloan Electrical for
providing me with technical information on cap and pin insulators.

S.A.G.Ceramics for supplying free of charge all the insulator
specimens required for the experimental work.

The staff of the Electrical Engineering Workshop of the

university for their assistance.



AAGE v

PAGt
IMTRGDi al'l|t]|Vj 1
Oirit C1RIC t)RFAK»nUji\l Uf PtjRCI-L.VI\ INSULA fURU
?:) Puncture or dielectric Breakdown 5
of Solid:.
?:/)i actors iJetermining the Intrinsic Strength U
of Porcelain Insulators
?:0) Puncture of Cap and Pin ( Clevis b
and fonyue »Insulators.
IV uICC! | TI) ASSIICIATFI) WITH IHt 1 tf.CiTRICAL
H NCTt Kl It Sl
>:i) >enerFj| Drawbacks of the Electrical 1?
Puncture 1est
3:2) The Puncture lest in o1! 13
<3) The Steep Fronted Impulse Voltage H
Juncture Test
OBJECTIVES AMD TECHNIQUES OF TUf EXPf RIMI\T
<®!)  Objectives of the Experimental Work 16
6:2) Experimental Procedure 17
6:3) Choice of suitable lest Parameters 19
6:6) The Puncture lest in SI* 21
6:5) Spe nfications of Test Circuit and 2
Power Supply
6:6) Partial Discharge Measurements 25
OBSERVATIONS AND RESULTS
5:1)  Frequency Distribution of the Punctures 27
as a Function of the applied Voltage
5:2) Statistical Analysis of 1, f( Vs) 31

5:3) Flashover and Corona Inception Voltages K J]



92

PAGE vi

PAGE

5:4) "Clean1 vs/'Pnlluted” In .lators If

5:5) Breakdown uf Test Data in Accordance !
with Batch number®..

5:6) Partial Discharge Activity/ within the A
Insulator as a Eunction of the applied
Voltage.

57) Physical Damage to the Insulator due to 43
Puncture.

5:8) Comments on other recorded Data 46

DISCUSSION

6:1) Assessment of the )xperimantal 48
Procedure:The Puncture lest in Gil vs.
that in SEs .

6.2) Analysis of the Frequency of Punctures 5?
an a Function of Vg .

6:4) The Influence of auxiliary Parameters %
an the Breakdown Strength of insulators.
6.1:1) The Insulator Current 56
6:3:2) Partial Discharge Activity. 56
6:4:3) "Clean" vs."Polluted" Insulators 57
6:3:4) Divergence in Puncture Voltages 58

between Insulators from different
manufacturing lots.

6:4) 4,0 KV vs.10,0 XV Interval Withstand 58
Tests ?

CONCI1+510N 60

APPENDICES

1} Peferences A7

2) The Power Frequency Puncture Test A5
in Oil

3) lest Parameters employed for various A5

Series of Insulators.



Specifications of auxiliary equipment.

Settings of Partial Discharge

Measuring Equipment

1XPEHIMf INJAI Ht SUITS

List of abbreviations employed

6:1) Puncture as a Function of the
applied voltage

6:2) Insulator Current as a Function
of the applied Voltage.

6:1) Corona and Flashover Inception
Voltage

6:4) Partial Discharge Activity

6:5) lime to Puncture

Derivation of the Normal Curve as used

in Chapter s:1



PAGE 1

1 INfRUDUC fIDN

Lap and pin insulators of various shar es and sizes have been used
since the end of last- century,concirrently as mechanical supports and
electrical insulators on pylons of high voltage transmission lines.

Although the replacement of insulator strings by long rod insula-
tors has been on vogue in Europe and the Midnie East since IWb.cap
and pin insulators are still widely used elsewhere.(H) Strings of cap
and pin insulators are in general more economical than the former
Also the replacement of damaged specimens is simple.

The main disadvantage of cap and pin insulators is their suscep-
tibility to dielectric breakdown when subjected to high voltage
stresses.Verification m the form of a duality assurance test is
therefore required to prove adequate resistance to puncture under
service conditions, ihe "Puncture Test in Oil" as prescribed by
SABS-r;.’, BSS-137 and IEC-$83 is employed to do this.(l)

The verv fact that puncture of the insulators does take place is
an indication that a number of inherent faults are unresolved.This
concerns both the design of the insulator and the demerits of the
standard puncture test.

The purpose of this dissertation is to establish meaningful para-
meters and test conditions for conducting dielectric strength tests
on cap and pin insulators.

The dissertation begins with a review of the physical event of
dielectric breakdown or puncture of solid dielectrics.Particularly
Puncture in porcelain is nf interest.The design and structure of can
and pin insulators is su- h that additional factors which decrease the
intrinsic puncture strength of r.he porcelain become perceptible.

This review is followed by a discussion on the limitations of the
puncture test in its present form.Problems of both a general nature
and those pertaining to specifics of the puncture test in oil will
be considered.

A second method of perfuiming puncture tests is by using steep
fronted impulse voltages.This method has been tried out in various
laboratories but does not enjoy unreserved support. (s, 10. 11]

lhe experimental work is exclusively centered around a method

for performing puncture tests with the insulator or test specimen
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immersed in SEg .Various procedures to this end are investigated. The
desired result is finallv obtained by performing voltage withstand tests
at various discrete voltage levels.In total insulators were punctured.
there are no published authoritative statements on breakdown
mechanisms within porcelain.An in depth investigation of these
mechanisms will require a major effort on the part of electrical
engineers and material scientists and is beyond the scope of this
dissertation.An identification of the causes leading to head punctures
in cap and pin insulators is however beneficial to the experimental work.
To this purpose variables such as the current of the insulator and the
partial discharge activity inside the insuiator are recorded as a
function of the applied voltage.
The experimental work is followed by a statistical evaluation of
all tne relevant, data and a discussion of the results.Of particular
interest is the comparison of puncture in oil with puncture in SF-O.
Puncture tests in oil are not part of the experimental work of
this dissertation. Tests using oil as immersing medium were performed by
two parties outside the Department of Electrical Engineering of the

University of the Uiltwatersrand,namely:

1) The Department of Electrical Engineering,University of
Cape Town.[21

?) Die instituut vu Elektronika.Universiteit van Stellenbosch.[<]

Both partius employed the same type of insulators as was used by
the author of this dissertation.A direct comparison of the results is

therefore possible.

N.H. Unless stated specifically otherwise all voltages and currents are

expressed in effective nr H.M.S.values.
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?) OIEt ECTRfC BREAKDOWN CE PORCtLAIM INSULATORS

2:1) Puncture or Diolectric Breakdown of Solid",;

fht* definition of puncture as given by SABS specification 177 is:
"Puncture is a disruptive Discharge through the insulating parts
( of a glass or ceramic overhead line insulator ) that produces
permanent loss of dielectric strength.MI"

A more apt explanation of the phenomenon of puncture or
dielectric breakdown in solids is given by R.Coelho (2):

"In a sufficiently high electric field.mater.ais break down,either
abruptly oi gradually,with the formation of one or several conducting
spots in the sample. This process is irreversible in a solid. The breakdown
field depends inter alia on the nature and composition of the sample,
its shape.on its environment and on the way in which the electric field
is applied.

for solid insulators the brea<down fields usually observed range
from below 10 cm to about y x 10" V/cm.Although ipparently large
on a macroscopic scale,these fields are in fact very low on the atomic
scale.1Cs V/icm represents 10 ?v/ Angstrftm and this clearly indicates
that except under very special laboratory conditions breakdown never
results from the direct action of the field on the atoms and molecules
of the material.

thuti,electrical breakdown is a collective phenomenon,whereby
energy is communicated to the constituent molecules by other particles
such as electrons or ions which have acquired enough energy in
the field,"

In practice this means that, the intrinsic strength of most solid
materials is seldom obtained due tu the presence of impurities which
markedly lower the electric strength.(A]|

Two basic processes which could initiate breakdown are thermal
instability and collision breakdown.

For thermal instability the current density and power generated in
a local region of high resistance increases out of bounds if the
heat dissipation exceeds the rate at which heat is conducted away from

the region.
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Collision breakdown is a heading used to describe intrinsic
breakdown processes such as the purelv intrinsic and avalanche
breakdown.

In the actual collision process ionizing collisions produce electron
avalanches which constitute high electron density paths.

R.Coelho (5) further suggests that it is not known beyond all
doubt as to which breakdown mechanism occurs.Regardless of the
initial step, the deve:r lent of the breakdown event involves a local
dissipation of energy from the excited carriers into heat through
excitation of lattice vibrational modes.

The failure itself is in the nature of a fused path,the size of an

ordinary pin.through which the current discharges.(7)

2\Z factors determining the intrinsic Strength of Porcelain Insulators

The quality of porcelain used for high voltage insulators is
determined by its electrical and mechanical breakdown strengths.The
factors governing these two parameters are interdependent and can
corif’ cl with one another. In practical terms this means that if any
parameters are changed to improve the electrical characteristics.then
this is at the expense of mechanical strength and vice versa.

he quality of porcelain is influenced in particular by the compo-
sition,porosity and firing temperature of the raw material as well as
the density of the finished product.Other factors to be considered
are the dielectric constant.the loss angle tan (i and the electrical
resistance.

The short time dielectric strength in particular depends on the
density of the ceramic,its thickness and porosity.The dielectric
strength nf poorly vitrified bodies is reduced by as much as 25%
because of the minute voids contained in their structure. Th« ionization
voltage of entrapped gas contained in the structural pores is lowered
by the presence of moisture.Once initiated.the ionization and partial
electrical discharge within the pure leads to localized heating with

resultant localized degradation in the resistivity.leading to the
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ultimate failure of the insulation.While this process needs time to
develop it can be accelerated bv applying a sufficiently high voltage
and by a localized high concentration of electric field.(51

F.Clarke 15) distinguishes between intrinsic puncture and puncture
caused by thermal runaway, fo separate the regions in which each kind
of puncture occurs the concept of a "Transition Temperature" is usid.
this is that temperature above which an abrupt, change in the
temperature/property relationship of the ceramic is observed.Above
the transitnn temperature specific properties of the porcelain degrade
at a faster rote.Distinction must be made between the mechanical,
conduction and dielectric breakdown transition temperatures.Only the
latter two quantities are of interest here.The actual transition
temperatures determined for dielectric breakdown and resistance vary
from 85 C to 12?°C with an average value of 10/ C.Above this
temperature the porcelain is characterized by a conducting rather than
insulating property and the puncture is of a thermal nature.Below the

transition temperature breakdown is of an intrinsic nature.

2:i) Puncture of Cap and Pin (Clevis and Tonjup) insulators

Cap and pin insulators consist of a single shed of porcelain or
toughened glass with several skirts underneath.the no.of skirts used
being dictated by operating environments.

Each insulator is cemented to a metal cap above and a metal
Pin below.such that several units can he joined together in ball and
socket joints to form an insulator string. The no.of units in the string is
chosen to suit the system voltage and the level of pollution likely to
be experienced.

According to SABS V/ MI both "Cap and Pm" .md "Clevis and
Tongue" insulators are Class s insulators.This implies that the length of
the* shortest path through the insulating material does not exceed
half the length of the dry arcing distance.Insulators of this kind are
not puncture proof and need verification by testing to prove adequate

resistance to puncture under service conditions.
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For purposes of this dissertation "Cap and Pin" insulators are
considered to be identical to "Clevis and fongue" insulators.This
assumption is certainly justified as for as the respective electrical
characteristics are concerned and also holds for the pertinent
physical dimensions, ihe only discernible difference between che two
types of insulators is in the shape of their respective suspension
couplings as is suggested by their designation.

Before proceeding to elaborate on the electrical attributes of
these insulators it is useful to list the main specifications of the test
specimens used in the subsequent experiments. These are yiven in
TABLE 1 below. A cross section of this insulator together with its main

dimensions is given in Fig. 2.1 on Page 1 16

Insulator type: L /Q LC Clevis & longue with limited
movement. SAG order No. 19-0jA5.

Diameter 191mm
String spacing 146mm
Leakage distance (min) 210 mm
Net weight 4,5Kg
Rated Mechanical load 70 KN
Average flashover voltage Dry A KV
Wet 55 KV
low frequency punct.voltage 90 KV

Composition of Porc elain

Ball clay 5%
Klaus clay 13%
Feldspar 27%
Silica 50%

IABIl 1: Mechanical and Electrical Characteristics of Insulator
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A thorough literature survey on the subject of puncture in cap
and pin insulators as well as related topics wf.s conducted by the author.
None of the engineers and ceramists who contributed their findings and
conclusions to the journals and books consulted by the author has
identified "The Mechanism" which causes puncture in cap and pin insula-
tors. The question whether punctures in cap and pin insulators are
of an electro-mechanical nature.are initiated by partial discharge
activity or are caused by any of the more conventional mechanisms such
as thermal instability or intrinsic failure is still unanswered.

This seems to confirm the notion of N.Coolho (t) that for practical
purposes the mechanism initiating the breakdown process differs
significantly in the various cases,but as soon as this initiating step has
occurred,breakdown develops in a very similar wav and observation of
the breakdown spot does not help very much in establishing what type
of breakdown has taken place.

In addition to what has been said about the breakdown of solids in
general and that, of porcelain in particular.cap and pin insulators have
certain constructional features which affect their resistance to
dielectric breakdown.

A study of Fig.2:1 on Page 7shows that the top surface of the
insulator pin and the area surrounding the sharp edge of che same can
be identified as a multiple boundary value problem.Dielectrics of
different relative permittivities are involved.These are formed by the

following substances:

1) The actual body of porcelain between cop and pin.

2) The cork nr felt, pad between the pm head and the bottom
surface of the insulator head.

3) The concrete interstices

<) The concrete interstices are not of uniform quality and
contain oval air pockets up to mm long. These are due to
assembly procedures.A thin layer of air is also present
between the felt pad and the bitumen layer in the insulator

head.

The problem becomes even more complex when it is considered that
porcelain by its very nature is a non homogeneous substance.
In addition to the above mentioned points,the sharp edge of

the pin is simultaneously the point of highest mechanical and electrical
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stress.(H) fhe probjbility is therefore high chat a local defect in the
porcelain at or near the sharp edge of the pin will initiate breakdown.
Some of the factors causing such a defect have been mentioned
in Ch.2:?. This breakdown will occur at a voltage which is lower than
that at which puncture would occur at other spots in the insulator.

In practice three paths of dielectric breakdown occur in cap and
pin insulators.These are shown by tracks A to t in the following

sketch.'

El

y|q.7:2 Discharge-tracks in Cap and Pin Insulators

Head punctures Vide tracks A.B.L

Puncture tracks following the above three or similar tracks
originate at the pin and proceed to the rap by "eating" their way

through the porcelain.
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Zj Shed Runclures

This is a compusite puncture path which goes partially through
the porcelain of the insulator shed and partially along the
surface. ( Flashover).

Its presence can be explained as follows: the sheds of cap and
pin insulators are designed in such a way that under normal operating
conditions in air. puncture is preceded by breakdown in the form of
flashover.[1%

In determinig the short time dielectric strength of solid insulations
it is therefore practice to immerse tno dielectric test assembly in an
insulating liquid such as mineral oil.The oil or other insulating medium
raises the flashover level of the test specimen to the extent that now
in all cases except at voltages in excess of 1-0 KV puncture precedes
flashover. This assessment is valid for insulator type U 70 LC and differs
for the various types and sizes of insulators.

Hopwood [IB) makes the following comments on this phenomenon:

"Insulating oils of low permittivity,such as transformer oils.are
not suitable. ( as immersion medium ) since the division of voltage
between the oil and the much higher permittivity porcelain results in
overstressing the oil which can break down and the ensuing discharge
results in failure of the porcelain.external to the cap and pin,by a
combination of localized electrical and thermal stresses." While at first
mgght this comment appears to he restricted to flashover it is never-
theless also valid for shod punctures.

The flashover voltage of the insulator when immersed in mineral
oil is higher than the combined partial puncture voltages of the oil in
the vicinity of the insulator pin and the porcelain of the insulator shed
nearest the edge of the cap.

The end result Is a discharge as per path D1-D? as is shown in

the porcelain and the Ir.imersing medium. Thi failure mode usually starts
when partial breakdown of the oil takes place.

fo minimize the occurrence of this kind if puncture the relative
permittivity of the insulating medium should be more or less equal to

that of the insulator porcelain.
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% Hashgver: Vide track t.

This is the third kind of breakdown caused tlv the
electrical collapse of the immersion medium. lhe flashocer arc

follows a crazed path across the insuiator.spanning can and Pin.

In some Instances this severely damages the glazing ol the shed.

Although this is no breakdown in the sense of puncture.the

electrical symptoms are Identical.,«melv a short circuit once the
arc is established.

Here it should he noted that damage to the rim of
on insulator shod resulting from a fragment breaking away.and
damage to the insulator by the heat of a floshnver are not

considered to be a puncture.Pl

m western Europe and the Middle East cap and pin insulators
have heen widely replaced by long rod insulators as the standard
Insulation employed on high voltage transmission lines.

Ihe undisputed advantage of longrod insulators is that by virtue
of their construction ie.a solid stalk of porcelain they arc puncture
proof.Another advantage is that of long creepage distances.! ongrod
insulator assemblies are however more expensive than equivalent strings
of cap and Pin insulators, mis accounts for the popularity of the latter
elsewhere.The replacement of damaged cap to Pin insulators in service
is simpler than when the same procedure has to be performed on a
longrod insulator assembly.

Compared to toughened glass.porcelain insulators do not shat :c
When puncture occurs.lielectrlc breakdown merely results In a narrow
discharge chonnel.The mechanical stability of the insulator Is reduced
but not to the extent that an imminent mechanical collapse of the

assembly takes place.bringlng down the line.
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The puncture test is < sample test performed on insulators
taken at random from batches offered fur acceptance bv the electricity
supply authorities in order to verify the characteristics of the insula-
tors and to determine the quality of the material used.(61

The main drawback of the puncture test irrespective of which
method is used to employ it.is that it. is a random sample destruction
test.Ttne volfage across the test specimen is raised until breakdown
takes place.lhis is done to compare the quality of the specimen's with-
stand characteristics to a preset norm.

Routine production testing of newly manufactured insulators
involves subjecting them to a voltage withstand test.This test which is
conducted in air on a pass or fail basis has to be conducted at a
voltage which is lower than the flashover voltage of the insulator
concerned.More it must be remembered that the design of an insulator
shed is such that the puncture voltage is higher than the flashover
voltage.

Consider for example insulators of typt U /QIC which will be used
in the subsequent experimental work.The nominal puncture and dry
flashover voltages for this insulator are given as % and 65 KV
respectively.|61

The routine withstand test Is conducted at ;o KV and the voltage
is applied for an uninterrupted interval cf 4 minutes.The pass rate
varies between H2% and %% and differs significantly from hatch to
batch.! 191

Whereas the afore-mentioned test eliminates all faulty insulators
which puncture at a voltage of /0 KV or less.no exclusion is given for
insulators which would puncture at voltages between 70 and 90 KV.

To eliminate these,a puncture test using a dielectric immersion medium
( e.g. mineral oil ) needs to be performed.This approach is impractical
for routine production testing because of the elaborate procedure that

is involved. “BR Chapter i:? below.



Specification SABS 1771 [1] is not helpful in resolving the above
mentioned contradiction apart from stating that the specified puncture
voltage of a Class B insulator must exceed its dry flashover voltage
by an "acceptable" margin.

Iwo standard methods of performing dielectric breakdown tests
are en vogue: Both have certain drawbacks as regards their imple-

mentation.

i:/ lhe puncture test in ml

As mentioned in Ch.i:1 it is necessary to immerse the insulator
test assembly in a dielectric insulating medium when performing a
puncture test.The reason for doing this is to suppress the development
of corona and electrical discharge which is invariably formed even at
voltages substantially below the puncture voltage.and ultimately
cause* flashover.(Sl

The procedure for implementing the puncture test in oil is
detailed in SABS-17/.Details of how to perform this test are given in
Appendix 7 on Page A.}j.

The following problems are observed when performing puncture

tests in mineral oil or related dielectric substances:

Impurities in the oil cause tracking leading to the deformation of
the electric field.This can bring about premature flashover at a
voltage below that at which breakdown of the insulator would

otherwise occur.

/) Under the given testing conditions,corona and electrical dis-
charge preceding the dielectric breakdown is not eliminated,
although the actual inception voltage of its formation is much
higher than observed when similar tests are carried out in air.
Once started.however,corona growth in oil Is much more rapid
and intense than in air. Again.this can cause \remature
flashover.lb)

The problems of tracking and corona can be suppressed by

increasing the conductivity of the oil or hv increasing Its relative



PAGE V,

permittivity. ( lhe oil is 2-4 compared with ¢ for poicelain.)
ideally the Srof the insulator is equal to that of the immnrsint] dielectric.

Several methods can be employed to achieve this:

Steam treat the oil sc as to obtain a more highly conductive oil
water emulsion.lt is however almost impossible to keep the
properties of this emulsion unchanged fcr any length of time.
Water particles tend LJ agglomerate and precipitate over the

surface of the insulators and on the wall of the vessel.|81

2) Use additives such as Creosote and Para-Cresol to improve the
conductivity of the oil.Problems are experienced with the medium

and long term chemical stability of the resultant mixtures.[4|

3:?) fhe Steep fronted Impulse voltage Puncture Test.

Air and other gasses have the property that there is a finite time
lag between the instant of application of sufficient voltage to cause
breakdown ( of the gap ) and the actual physical breakdown.|Ts] The
same is true for solid dielectrics.However the time lag of the latter is
generally much smaller than that of air.

This property is used to perform puncture ( and flashover ) tests
by applying steep fronted impulse voltages to solid insulators.If *he
voltage-time gradient of the applied voltage is steep enough then in
theory breakdown of the solid dielectric should occur before flashover.

Ihe following observations were made when employing this

technique:

1) The puncture breakdown rate varies greatly with the type of
insulator.

?) Puncture breakdown never occurs at the first application of

impulse voltage: in all cases it occurs after several pulses have
been applied repeatedly,

i) The initial application of the voltage due to the steep fronted
rise causes discharges within the insulator which penetrate the
porcelain. This growth of internal discharges continues if similar
impulse voltages are supplied in succession,which finally lead to

breakdown. This gradual erosion with each application of voltage



also leads to a decrease of th*? time delav when compared to
puncture on a single voltage applicatton.After a multiple voltage
application the effective thickness in th" final stage of break-

down is vt'rv small due to the accumulated erosion.[9,1 ij

u; When flashovcir occurs,a large fraction of the surge generator
energy during discharge goes into the arc over the surface of
the insulator. The heat of this arc causes a crazed path over the
surface and thereby possibly reduces the insulator fleshover
voltage by virtue of forming a slightly conducting track in the

glazing.110)

n) The fact that several voltage applications are necessary for
puncture to occur seems to confirm the notion of Park and Cones
o1 that it is the initial rate of rise of voltage which matters
rather than the greatest rise.

ie puncture breakdown of an insulator is considered to
take place in that region of the V-t curve where the puncture
voltage of an insulator is lower than the flashover voltage.If
such a steep fronted voltage is applied that this re' uirement is
met then puncture breakdown is expected to occur withuut fail by
the first inpulse voltage. The maximum attainable voltage-time
gradient is limited bv the available energy of the omploved

in,pulse generator.

Also this wav of performing puncture tests has several short-
comings some of which have already been mentioned in the above
observations.\o relevant standards on how to perform the test are
available in any of the Standards publications.Parameters such as the
voltage-timn gradient tr be used .tort the no.of voltage applications

are not specified.
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4:1 UbjHCt.ivios of t.tip | xporimental Work

The objectives of this dissertation are to establish a relevant
experimental technique that enables a manufacturer to set quality
standards concerning the electrical withstand capabilities of cap and
pin ( nr clevis and tongue ) Insulators.

As has been specified in Ch.Z:2 on Page s+ the quality of the
pthcelain mix employed directly determines the electrical strength of
the finished product.The mechanical requirements are primarily dictated
by the physical stress exerted nn the insulator assembly by the weight
of the transmission line condut tor.This consideration is of utmost
importance in assessing the overall performance of the insulator.In the
ensuing experimental work the emphasis is however purely on the elec-
trical characteristics.

Some of the problems that lead to the dielectric breakdown of
cap and pin insulators have already been discussed.Despite various
shortcomings inherent in the puncture test.it is at present the only
significant means available for inspecting the electrical withstand
characteristics of solid ins”®.ators.A nun destructive quality assessment
would be infinitely more preferable but is as yet unavailable.

Problems that are enccuntered when conducting the test in oil
are the presence of corona and the concomitant flashover.as well as
partial breakdown of the dielectric immersant around the insulator
shed.Therefore the search is on for an immersing medium in which these
undesirable side effects ran be eliminated entirely or suppressed to a
degree so as not to affect the puncture tests.

To the knowledge of the author no puncture tests of this nature
have been performed in insulating gas other than air. The following

experiments were therefore conducted in Sulphur hexe-fluoride ( She )
at a pressure of 400 kPa. abs. 3Fes has a high dielectric breakdown

strength despite a low relative permittivity of approximately 1.



U2) Experimental Procedure

The bulk of the experimental work Look the form of voltage
withstand tests which were conducted at various discrete levels in

accordance with the following criteria:

1) Start at 80 KV and Increase the voltage in steps of 10 KV for each

following test.

2) Use a two minute ON / two minute Off or 11 duty cycle at each
test level.
3) Repeat this cycle until puncture occurs.

The rate of voltage rise is clamped to either b KV/sec.or '0 KV/sec.
Df the 2ii insulators that were tested in total.160 were subjected to the
above mentioned routine.

The following variables were recorded so as to assess their

influence on the dielectric behaviour of the insulate..

1) the applied voltage level y s

2) The current of the insulators,! L<as a function of the applied
voltage.

3) The corona inception and flashover voltages.

U Partial discharge activity within the insulators.

b) Observation of breakdown current waveshapes.

6) Time to puncture.

/) Influences on the puncture volt. <.. as caused by the rate of rise
of voltage.

To determine the Influence of factory "Pollution" on the puncture
voltage of the insulators,tests comparing sU clean to 60 polluted insula-
tors were conducted.

According to manufacturer's information there are appreciable
quality differences between the various batches of insulators.|19)

To investigate this point comparative studies were performed on sets of

insulators from three different batches.

A post mortem was carried out on 70 insulators which punctured in

the head.These insulators were cut open such that the puncture path
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WJ mid barn ,n U,b wav tne exact localitv of the discharw channel was
,l.abl,shed.Normallv no post mortem was required nn shed punctures
because the extent of damage caused by the disct,arqe currenh was
discernible to the naked eye.
1 statistical arrivals of the followioq variables was performed:

Ihe frequency distribution of head punctures as a function of

a)
the applied voltage.
w lhe frequency distribution of shed punctures as a function of
the applied voltage.
o] me current of the insulators as a function of the applied voltaHe.

Porcelain Insulators cf the type u /Ore were chosen as test
specimens because of their ready availability from manufacturer s stock

convenience the insulator test specimens are divided Into

>
1
9 " 11 - 1:15
. 2.1 - 2:16
: 1"
31 - 511
4 20
41 - 4:20
5 50
51 - 5:30
6 0
6:1 - 6:30
7 50
8 71 - 7:30
81 81 - 8:7b
8:A - 8:0

N.B. lhere is no correlation between manufa. turer's batch no

and the designation adopted above.
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Except, for tests which were porpformed on "perluted" insulators,
the test specimen were prepared hv "washing dishes." To this purpose
the insulators were cleaned in a warm water hath using a detergent.

( TEi BMII ) To remove traces of detergent the cleaned insulatevs were
rinsed thoroughly in warm water.A minimum drying period of hours
was observed prior to testing.

For tests performed on polluted insulators the test, specimens
were taKen as is: ip, in the factory soiled condition in which they were

delivered ov the manufacturer.

i Ghoire of suitable rest Parameters

In compliance with Bfj specification 92J (Section for
"Assured disruptive Discharge Voltage Tests" the voltage should be
applied to the test object starting at a value sufficiently low to pre-
vent any effect of overvoltages due to switching transients.It shoulo be
raised sufficiently slowly to permit accurate reading of the measuring
instrument but not sc slowly as to cause unnecessary prolongation of
stressing the test object near to the test voltage." These requirements
ire in general met if the rate of rise of voltage aoove /V of the
estimated final test voltage is approximately ZVsecond of this voltage.

Ihe voltage should be raised in this manner until a disruptive
discharge occurs on the test object, no value of the test voltage

reached just prior to the disruptive discharge should be noted.

The above procedure assumes certain prerequisites which can not
always be adhered to when performing high voltage tests in practice.
Puncture tests In oil using U 70 Ic insulators |2|] have yielded breakdown
voltages varying from HI? to 160 KV.It is therefore impossible to meet
the requirement that the rate of rise of voltage should he | sec.of the
Ti% puncture voltage.

ilimilarly.a voltage withstand test performed at one single voltage
level as is commonly done in routine production tests is inconclusive in
itself.The only data that can effectively bn garnered from this test is

whether the insulator has passed or failed.
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Since the emphasis here is on the establishment of an " Experimental

technique",various approaches using different

criteria were explored,

'he withstand test method described in Ch.4:Z was finally adopted

because:

S

two different modes causing head puncture were identified.

The first one leads to an almost instantaneous breakdown of the
insulator. This mode appears to he of an intrinsic nature and is
triggered by impurities or mechanical faults in the insulator
head.Because of their almost instantaneous nature these punc-
tures are unaffected by the rate of rise of voltage.

Observation of the ellipse on an ERA discharge detector has
identified the second mode as one which appears to cause a
"Treeing" process in the porcelain insulator head.This mode is
characterized by the presence of well developed partial discharge
activity,which all of a sudden increases rapidly and steadi.y;ie.
it "tifts-off" when puncture is imminent.up to the instant that
breakdown actually occurs. The time from "Lift-off" of the partial
discharge activity until failure of the insulator takes place is
finite.Dependant on the magnitude of the applied voltage this
varies from a few seconds at. 80 KV to a fraction of a second at
IXf) KV.The voltage at which this mode is initiated is easily passed
by and missed entirely when the applied voltage is raised
continuously at a rapid rate.

It is therefore preferable to set the voltage at a fixed level
and to perform a withstand test.Nevertheless it must be
remembered that withstand tests performed at voltage spacings
of 10 KV lead to rounding errors of + 5 KV of the chosen setting
when determining the puncture voltage.

Apart from the applied voltage a whole battery of variables
was monitored.(Vide Ch.4:2 Page 16 for details.) The recording of
this data was simplified using voltage withstand tests.It was at
times near impossible to observe all the instruments simul-

taneously when the voltage was raised continuously.

tests conducted early on in the experimental phase showed that
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with the voltage clamped to a fixed voltage lev M puncture
occurred within two minutes of applying the voltage or not at all.
This was the cose irrespective of how long the voltage was
maintained in excess of two minutes.For this reason a two minute

DM cycle was chosen.

4) Ihe two minute OFF cycle served as a rest period between the

various withstand tests performed on the same insulator.

5) Voltage withstand tests furnish puncture voltage data in discrete
form.lt is therefore possible to draw up histograms which depict
the frequency distribution of puncture occurring at a certain

voltage.

Various other avenues of performing puncture tests were
explored before the author decided to settle for the above mentioned
procedure.ln particular the puncture tests of Series 6 insulators should
be mentioned here. Those tests were performed using a continuous 1 min.
GNvs.no OFF time duty cycle; i.e.The voltage was applied continuouslv
for a duration of 1 min.and was then raised in increments of UK\z
to he next level without observing a rest period.

A comparison of the results using the two methods is given in

Chapter 5.

4:4 The Puncture lent in 5FA.

The somewhat greater ease with which nas can be handled is a
convenience when using Sf* as the immersing medium for puncture tests.
There are no messy residues when an insulator is retrieved as is the
case with oil. This advantage is offset bv the higher capital outlay for
gas handling and recycling equipment.

At a pressure of 40lJ Kpa absolute the breakdown strength of
SFA is more or less equal to that of mineral oil.However, the relative
permittivity of gas is unity.The electric field around a cap and pin
Insulator immersed in is higher than in oil under Identical
circumstances. This infers that partial breakdown of the gas will occur

at a lower voltage than in oil.

/| Tx it



4:5) Specifications of IBHL Cirruit, and Power Supply

The experimental work is carried out by testing one insulator at a
time in a pressure vessel of ?,7 m3volume which is filled with Si, All
tf?sts were carried out at a gas pressure of 0)0 kPa aba.

rite maximum output voltage of the test transformer is 77> Kv.

Ilhe insulator or test specimen is suspended inside the test vessel
by means of a girder made from angle iron.

A pictorial representation of the test vessel and gas handling
equipment is given in figsA-1 and U\? on Page 7S.

*he principal piece of equipment of the electrical test circuit is
the power supply.This is in the form of a single phase high voltage
transformer which is mounted on the top right hand side of the pressure
vessel as shown in Fig.4:1.The main specifications of the transformer
are listed in Appendix u on Page A7.[?0j

The test transformer is fed by a motor controlled supply trans-
former.with a secondary voltage range from 0 to 1000 V.

me f.est circuit which was employed in the following experiments

is given in fig.4:3 on Page 24.The following details should be noted:

Hie high tension terminal of the secondary winding is connected
to a set uf busbars inside the pressure vessel.The return terminal of
this winding which is earthed via current transformer CT 1 (Ratio 1:1) is
formed by the casing of the pressure vessel. The secondary winding of
CT i is wired to a mill-ammeter on the control desk.CT 1 is unfortunately
connected in a way as to register not only the possible insulator
t.uiient but also the parasitic capacitive current of the pressure vessel,
fhe latter quantity is almost 10 times as large as the former.for this
reason the basic transformer circuit was expanded to the configuration
as employed in Fig.4:3.

in the circuit of fig.4:3 on Page /4 the current through the test
specimen is isolated from the total current by the insertion of a second
current transformer CT ? (Ratio 1:1).CT | is mounted physically inside
the test vessel.The primary winding is wired between the pin of the insu-
lator specimen and the wall uf the pressure vessel.The secondary winding
is terminated by an insulated gasket on the pressure vessel.The connection
between the test vessel and the control desk is achieved by means of a

co-axial cable.



J iil Test vessel in the "Sll:MI <\s High Vultage lest Facility

of the University as used for the | xnerimentul Work.

i ig /«/ Gas Mecyrling fquipment



lor.t vessel in the "SIfcMfNS High Voltage Test Facility

of the University as used for the Fxperimental Work.

Fig Gas Henyclmg | guipmnnt



PAGE: 2~.

INSULATOR

CO AXIAL CABLE

TO DVM
R & SCOPE
CT 1

CT2 T3

Fiy Ai 1PGI rircuir.

HT G-tih voitage Lt»sL LrnnrifnrmiT
CcTmM Current transformer installed by manufacturer (R«jtio 1:1)

CT? Current transformer which is physicallv installedin test vessel.(Ratio 1:1)

CTi Isolation transformer at point ofinstrumentation ( Ratio 1:1)
F Ferrules ( Black Ferrite Beads )

C Surge suppression capacitor

R Voltage sampling resistor

A summary of the pertinent specifications of those instruments is

given in Appendix Aon Page A



Insulation between the high tension circuitry and the recording
instrumentation is improved bv termination the coaxial cable with a
third CT ie.CT j of ratio 1:1.

Cf Sin turn is terminated by h surge suppression circuit and a
10 Ohm shunt resistor.The surge suppression circuit consists of tv.-c.
black ferrite beads and a capacitor of 100 pF.rhe voltage across the
resistor is monitored by a digital voltmeter and a storage oscilloscope.

To eliminate leakage currents due to differering earth potentials
selective grounding is omploved.

All auxiliary equipment, is energized through a mains isolation
transformer so as to shield the instrumentation against dl/dt and
dV/dt spikes.

These eleaborate protection measures were adopted because the
employed digital voltmeters continually failed and malfunctioned on the
occurrence of a puncture.The problem was finally traced to the power
supply of the instruments concerned which lacked any form of surge
protection.The use of batterv operated DVM's overcame this problem.

A list of the auxiliary equipment employed together with the main
specifications of the individual Instruments is given in Appendix kon

Page a 7

[:6i Partial Discharge Mc.isun'mrnt.s

Partial discharge measurements were performed on 80 insulators
so as to establish in what measure such activity is responsible fnr
initiating dielectric breakdown.These measurements were performed
using an ERA Model i discharge detector.

The tesf circuit employed is shown in Fig.4:4 below. lhe following
factors must be uum-* in mind when taking readings.Cmls the high
voltage arm ot a capacitive voltage divider.This capacitor is mounted
inside the gas tank of the high voltage supply transformer. ( Cm 9pF).
ror maximum sensitivity of reading CKv.,,ere Cxis the capacitance
of the test specimen,In this case a cap and pin insulator.('x is given as
ibU pf .when Lht* parasitic capacitance of the test vessel is taken into

consideration, fhe resultant sensitivity is therefore low.|?1|



The correction factor Qa(.f x Unom”«9 determined bv usintj

n discharge simulation unit.

Procedure of calibration and other relevant data concerning the

partial discharge readings are given in Appendix 5 on Page A

H.T.

Cm
Cp

Cx

H. TO-OISPL AY -

Termination via
coaxial cable
os in Fig.t:$

Circuit employed to measure nartic.l discharges

Migti tension transformer

High tension arm of capacitive voltage divider
Parasitic capacitor formed ty tost vessel and HI
input unit of fcHA discharge detector.

Capacitance of tost object ie. Insulator



b) OBSERVATIONS AMD HbSUITS =

Q1) hrnnut?n('y Oistribution uf Puncturnb as a 1unrtiun of the Applied

VolLnow

The following results were obtained for the Sii insulators which

tested experimentallv:

Ratio of head to shed punctures 1

Average puncture voltage of all insulators 118,1 KV

Ten insulator* did not puncture M| due to steady state flash
over at voltages in the vicinity of 1  sv ese are therefore not

reflected in the following statistics.

a] Head Punctures
No.of punctures 175
Minimum puncture voltage 80 KV
Average puncture voltage 1142 KV
Maximum puncture voltage 150 KV
Standard deviation 172 KV

b) Shed Punctures

No.of punctures 48

Minimum puncture voltage 110 KV
Average puncture voltage 131,7 KV
Maximum puncture voltage 150 KV
Standard deviation 9.7 KV

Vide Figs. 51 and 5:2 on Pages 28 and 29 respectively for the

frequency distributions of the above results.
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The following points have boen noted from the histograms of

Figs.5:1 and 5:? as well as the results.

1)

2)

Head punctures peak at KV.the voltage at which 0% nf all
failures namelv punctures occurred.'he frequency of puncture
occurring drops off rapidly on either side of this voltage.

A similar pattern is observed for shed punctures which have a
peak at 1511 KV.

Onlv 20% nf all puncture:, m i-urred at voltages helow 110 KV.This
figure ignores the failure rate of the routine production test
which easily amounts to it) 9 vw% of the total number of insulators
tested. For details of the routine production test Vide Ch.1:1
Page 12

\o punctures of either head or tvhed type were recorded for
voltages in excess of ISO KV: ic.”ll insulators failed at or below
ISO KV.

As a rule Vp HO KV i7" the threshold voltage in excess of which
shed punctures invariably occur.Mead punctures have however
occurred at voltages as high as IN) KV.Conversely.shed punctures

have been observed at 110 KV.

The individual results are given in Appendix 6:1 on Pane A 13.



5:2) Statistical Analysis of 1 - F(V J

The current of each insulator of the batches ¢ to fl was measured

so as to establish a link between current flow and puncture mechanisms.

[
— lev %l - min - av - max - sd !

80 166 0.85 0.90 0.96 0.021
90 165 0.94 1.01 1.08 0.028
100 U2 1.05 1.12 1.19 0.051
no 12/ 1.16 1.25 1.52 0,056
120 100 1.26 1.56 1.41 0.059
150 \ 1,5/ 1,46 1.55 0.045
i) 12 1.65 1.57 1.66 0.051
150 2 1,58 1.65 1.73 ) .
TABLE 2: Statistical evaluation of insulator current as a function of

the applied voltage.

applied voltage withstand level in KV

V lev . .
no.of samples used in computing the average current and
%
the standard deviation.
. minimum current
min
average current
ov .
maximum current
1 max

standard deviation of current

Curves depicting 1 1 1 as a function of the applied
mii av max

voltage are given in fig.5:1 on Page 12
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The insulator current. i% made up of two components,namely ¢ imall
conduction current which is in phase with the applied voltage A
dominating capacitive current which leads the voltage by 90 .

To establish the magnitude of these components.capacitive and tan (- )
measurements were recorded for 15 insulators using a logarithmic Lf.R
bridge. Cav $251t 0,5 pF. Tan (f ) averages out at O.Ottor an
applied voltage of 1?0 KV the average insulator current is 1.3i. mA.

( Vide Table 2,Page 31),hencE:

1, X sin(arctan<O.Q<f)l (1.05mA or 50 uA
J,iu x cos|arctan(o.o/«) l.tn mA
cap
if the conduction current component is neglected then It [CQp

and the measured insulator capacitance can be verified as follows:

C

wC WVupp

where:
insulator current in mA
Vv applied voltage in KV
capacitance in pF.
4gain consider the case of V
then C

The discrep«nrv in the result for the two methods is :

356 - 32,5 8.7 %
15.6
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The insulator current is made up of two components,namelv a s
conduction current which is in phase with the appiied voltage and r.
dominating capacitive current which leads the voltage bv 90 .

To establish the magnitude of these components.capacttive and tan (=
measurements were recorded for 15 insulators using a logarithmic ICR

bridge. CQV 325t 0.5 pF. Tan (- ) averages out at O.OLFor an
applied voltage of 120 KV the average insulator current is 1.34 mA.

(vide Table 2.Page 31).hencl :

1 . i,v* x stnlarctarKO.OMI 0.05mA or 1 uA
Cond, x cos(arctan(0.0/«)| . mA
cap

If the ('onduction current component is neglected then || Ica

and the measured insulator capacitance can be verified os follows:

lr - L — » c- -V
I wC A Vupp Vapp

where:

| insulator current in mA

A applied voltage in KV
app . . . .
C ipacitance in p‘.

Again consider the case of Vl% V/0 KV and -1.34 mA

3185 x 1.34
then C - vn 356 pf

Ilhe discrepancy in the result for the two methods is
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The results in TABLE 2 and Fig.5:T show that the Insulator current
is an almost linear function of the applied voltage.The insulator current
does vary as a function of Vs but is stable;!?. There are no hysteresis or
other factors present which distort the readings when the voltage is
lowered and reraised.As can be seen from the individual results in
Appendix 6:2 on Page A IH.this does not imply that the current readings
for the various insulators are necessarily Identical.The 1, ¢( Vs)
curve on Page 32 shows that variations nf ¢ 0.03 mA occurred around
the average values curve over the whole range of test voltages.

UP to and until puncture occurred no appreciable increase in the
current readings was discernible to the naked eye.Once puncture had
taken place the current rose sharply to the steady state short circuit
current. The transition from maximum voltage stress to steady state short
circuit current takes place within one quarter cycle of the supply voltage
frequency;ie.in less than s mB.This pattern of development was observed
for punctures of both the "instantaneous" and "Treeing" type.

The current waveforms of both the insulator current and the
transition into short circuit were observed on a storage oscilloscope.!?
Is sinusoidal and leads the applied voltage by 90°.Fig.3:4 on Page 33 shows
the events leading to a head puncture. Tho magnitude of the resultant
short circuit current which is aiso sinusoidal is limited by the impedance

of the power supply, in this case | pp 6UU mA or b-ms « 213 mA.

Tpy short circuit cuirent. waveform of a jhed puncture is distorted

by the floshover as is shown in 1ig.5:3.

On both of these figures the high frequency damped oscillations
are caused by corona discharges.

The individual results of 1, as a function of V$are given in

Appendix 6:2 on Page A 13.
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.U Current waveform of a liuatl puncture

I iq Current waveform of a shed puncture.
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fjg S< Current w.n,vfurm of a huaii puncture

I jrj Current, waveform of 'ihorl puncture.
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5:3) Flasnover and Corona Inception Vohages

a) Flashover

The flashover activity of all 733 specimens was investigated

giving the following results:

No.of insulators which flashed over 80
Minimum inception voltage 100 KV
Average inception voltage 1?0.0 KV
Maximum inception voltage 157 KV
Standard Deviation 9.7 KV

"f lashover Inception Voltage" implies that voltage at which partial
flashover occurs:ie.Flashover occurs with subsequent extinction of
the arc.

Sporadic flashover was observed on 8U insulators for voltages
ranging from 100 to 150 KV.Once flashover had been initiated at a
withstand voltage level it re-appeared in the following tests which were
performed at higher voltages.Sporadic flashover with attendant extinc-
tion of the arc provided no obstacles to puncture testing.Once the
140 KV withstand level was reached flashover however appeared in the
form of a short circuit power arc which encompassed both cap and pin

by following a crazed path across the surface of the insulator.

b) Corona

The coronaic behaviour of a sample of 141 insulators comprising

all the insulators from batches b.7 and 8 was recorded.

No.of ins.on which corona was observed 44

Minimum inception voltage 70 KV
Average Inception voltage 10b.4 KV
Maximum inception voltage 120 KV
Standard Deviation 9.17 KV

Ihe presence of corona could be heard but was also visible on the
storage oscilloscope In the form of damped sinusoidal oscillations of
short duration.An example of this are the oscillations on the left hand

side of Fig.5:4 on Page 55.
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Corona appeared at. voltages below the ashover level in the
range from 90 to 110 KV.As the results of Appendix 6:3 show,corona is
in manv instances a precursor to flashover.For 6% of the tested insula-
t rs an excessive build up of corona was observed at voltages as low
as 90 KV.The resultant level of activity was such that the readings on
the DVM and oscilloscope went wtldlv out of control.The applied voltage
was then lowered to zero and reraised after the two minute OFF time
interval.By then this phenomenon had disappeared.Occasionally however
it reappeared with undiminished intensity.The ultimate puncture voltage
was not affected.[his is possibly a conditioning effect associated with

the presence of dust particles on the insulator surface.
"Glean" vs."culluted" insulators
Puncture tests were performed on ‘Al "Polluted" insulators.
The results are compared to a representative batch of 5 "Clean"
insulators."Polluted" insulators fui the purposes of the experiment

implies factory soiled /Junwashed insulators.

Ratio of head vs.Shed punctures:

Clean insulators 43:11 Polluted insulators 39:11

Ins. -V -min V—aw !max %3Sd

Cl hp M 80 '13.7 140 16.8

Cl sp 11 VO 134.5 190 8.2

Pl hp 39 80 105,4 130 17.6

Pl sp 11 110 176.4 140 10.3
1ABL1 3

Comparison of puncture voltages "clean" vs. "Polluted" insulators

Cl hp Clean insulators.head punctures

Cl sp Clean Insulators,shed punctures



Pl hp

p min.

p av

O max

< < < < Z

sd

Polluted insulators.head punctures

Polluted insulators,shed punctures

No.of samples
minimum puncture voltage (in KV)
average puncture voltage (in KV)

maximum puncture voltage (in KV)

standard deviation (in KV)

PAGb

fhti frenuencv distribution of those results is given in Figs.5:6

to 5:9 on Payes 39 and 40 respectivelv

90
100
no
VO
HO
HO
1%)

TABII: = Evaluation of I,

<

lev

80

90
100
110
120
130
140

fABI 1 S: Evaluation of [

Y mm - av
u; 0.87 0.90
44 0.9/ 1.02
40 1.08 1.13
v 121 1.25
35 1.32 1.36
11 1.44 1.49
2 1,61 1,615
] - 1.73

| 1

n, * min °av
46 0,87 0.91
42 0,98 1.03
35 1.09 1,14
27 1,22 1.26
20 1,34 1,38
1 1.48 1.51
2 1,63 1,65

- max

0.94
1.06
1.17
1,29
1,41

1.52
1.62

« f(V$ ) fnr clean insulators

- max

0,95
1.08
1,19
1,32
1,42
1,55

- f(,Vs ) for polluted insulators

- sd

0.018

0,021
0.022
0.025
0,029
0.027

lsd

0.016
0.022
0.025
0.078
0,024
0,024

0,021
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The abbreviations used in Tables Uand 5 are the same as those
employed for Table ? on Page 31.
With reference to Batches 1to s as given on Page 18 the following

insulators were used in performing these experiments.

Clean Insulators: Nos.4:1 - 4:30 57 -030 71 -T724
Polluted Insulators: Nos.b:! - 5:20 6:1 - 6:30

5:5) Breakdown of 'est Data in Accordance with Batch Numbers

4 record of manufacturer's lot numbers was kept for insulators
of Series s.(he 81 insulators which comprise hatch s are made up of
insulators coming from 21 different manufacturing lots. The no.of sam-
ples per lot was therefore too small to produce any meaningful sta-
tistics.44 insulators belonging to three different lots were however
identified and tested. Fourteen of these insulators belonged to batch
/M while 15 insulators each belonged to lots 7C and 15 respectively.

All of these insulators were manufactured in 1979.The year of
manufacture together with the lot nn.are printed on the insulator shed.
The characters of the lot numbers are interpreted in the following
manner: The numeral indicates the month whereas the aloha numeric
character identifies the day of manufacture.eg. /M is the 13th working
day in July.

4 statistical evaluation of the results obtained from testing
batches 7H.7C and 15 is given in lable 6.

Batch No N (f \Y,

-mm ~av "max ~sd
5 hp 5 80 120 150 26.5
15 sp 5 120 14 150 114
n: hp 13 80 113 140 18.0
7C SP 2 120 129 170 0
/M hp 10 80 115 140 16.5
™ 3P 4 131 130 130

[0}

14Hi | ¢: Evaluation of Data in accordance with manufacturer's lot nos.
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Tho abbreviations used are the same as those i"- >loyed in TABLE 3
on Pagn 37.

Five insulators from batch 15and one from batch /M did not
puncture at all.Flashover made further testing impossible beyond the
withstand level of 130 KV.The following insulators were used in perfor-

ming the above experiments:

Batch 15 gy * 8:.?77?
Batch 7C: 8:07 and 8:3? - 8:65
Batch /M: s:01 - 8:05 and 873- 831

The individual results are recorded in Appendix 6:1 on Page A 16.

5:6) Partial Pi:,charge Activity within the Insulator as a Function of

the applied voltage

In addition to the recording of other data partial discharge
measurements *ere carried out on all insulators pi batch s.ihe results
do not lerd themselves to a rigorous analysis but have yielded some
very interesting observations on the internal behaviour of the insulator

Partial discharge activity in one form or another was observed in
o\ of the insulators tested.Mo definite pattern between puncture
voltage and p.d.activity could be establ bed.The observed p.d.activity
was usually very sporadic and random.

The following points were noted:

1) The magnitude and density of the observed partial discharges was
distributed eoually between both +ve and -ve cycles of the
sinusoidal voltage wave.

?) In some instances p.d.activity in the »ve half cycle exceeded that
in the -ve half cycle either in magnitude or frequency and
occasionally both.

3) Certain insulators have a p.d.inception voltage of less than 50 KV.
Once initiated p.d.activity is well developed.

U The presence of p.d.activity on its own is not sufficient evidence
that breakdown is imminent.This point is discussed in more detail

in the following Chapter.
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5:7) Physical Uamaae uf t.he InsulnLor duo to i'unrt.uir

f\ post mortem w<« conducted on 70 insulators which punctured
in the head.

To this purpose the insulator shed was knocked off and the
metal cap was cut open.Dopendiny on how well it was developed,the dis-
charge channel caused a localized mechanical we '<spot.This channel
was laid bare bv applying several blows from a heavy hammer.Occaslonally
the insulator shattered in sucn a manner that the discharge Channel
could not be located.

An analysis of the location of puncture paths yielded the following

frequency of occurrence:

1) Corner uf cap to sharp origv of pin w
2 Centre of cap to centre of pin 7
5 Centre of cap to sharp edge of pin !
U Side of cap to stem of pm i
> Side of cap to sharp edge of pin ?
b) f xact location not established L

fig.5:10 shows the various locations which were identific d.( The
KW to the numbering is in accordance with the above list.) It is seen
from the above dissection data that 85% of all punctures start, cr
terminate at or near the sharp edge uf the pin.dome typical discharge
tracks are shown in figs.5:1 <on Ptges M and 'SSrespectively.

The thickness of porcelain in the insulator head vahei, Tom
17,0 to 19.0 mm.1he following frequency distribution was observed for

s5 head punctures.

d m mm 160 165 170 175 180 185 19.0 195
Mo.nf ins. 10 3 a 11 10 16 U 2



tm.V.10o Spoc”ic locat.innr, of ht'rid punctures
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10 mm

AR

\ig.S:H

Kigs.b:1Q.*:11.5:1? anti 5:13: Discharge tracks in cap and pin insulators



Discharge tracks in cap and pin insulators
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5:8) Comments on uthor rnnordud Dola

The rate of rise of volttit’'H is fixed at either 5 KV/ser:.. or
10 KV/sec.For the insulator withstand tests as performed,the vo'iage
was raised in a rnndom manner bv alternatively using the fast and slow

modes.The fnllowirui points were noted:

1) When the voltage was reraised after a withstand test nu insulator
broke down at a voltage below that of the last performed test,
irrespective of the rate of rise of voltage.

The breakdown voltage of head punctures is unaffected by the

rate of voltage risk.

The insulators of Batch 7 were subjected to the standard tes-
routine of ? mins.(IN |/ mtns.QFF up to 12U KV. Those insulators which
had not punctured bv then were retrieved and subjected to a new
series of tests.This time withstand tests using a 5 min.On / S min.Off
dvitv cycle wem performed at 100,110 and 120 KV respectively.The
tfi.tt cycle for 1?0 KV is repeated until puncture occurs.None nf the
test specimen failed at 100 or <i0 KV.AH failed at 120 KV with times
varying from 1to XOminutes/he latio of head vs.shed punctures is 5:1

Trie individual results that were recorded for this procedure
are given at the end of Appendix 6.1 un Page A 15.

As has already been mentioned in LitV<>on Pagt 21,Insulators
6:1 to 6:20 were subjected to withstand tests using a < .inute On , no
rest period or rnr,tinuous duty cycle while the voltage was raised in

increments of UKV.The following results were obtained:

Total mi- of puncturns <0

RuMo of vs.ahnd punctures or i AS)
i‘pa(! F'onLtoi

No.of punctures 21

Mir'mum puncture voltage on KV
Average purr ture voltage 1C/..S KV
Maximum pun. t.ure voltage 11? KV
Standard deviation 17,0 KV
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h) aShed fuMctutcMi
Mu.of punctures 9
Minimum punctv'o voltage 112 KV
Average puncture voltage 1P8.9 KV
Maximum puncture voltage HO KV
Standard Deviation 6,9 KV

carly experimental work showed that punctures occurred within

two minutes of clamping an insulator to a fixed discrete voltage or not

at all.L.The results confirm this hypothesis.

The only exception to this rule are insulators from Batch ( or

Series 7 )which were subjected to the routine described on Page 46.

The ndividua! results that were recorded are given in Appendix

6:5S on Page A 3U.
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6 ) DISCUSSION

6:1) Asiiossmonl of the (xperimenW | PronnciurH: |he Puncture Tent in Oil

vs.that in 5F »

As has been mentioned in Ch.3:1 the puncture test despite all
its shortcomings is at present the only means available to perform
electrical quality tests.

The significance of uhe reported experimental work is that
puncture tests have been performed in Sf-g Instead of oil.

the problems that are encountered w,ten conducting the punc-
ture test in SF" are the same which ere present when performing it in
oil.Specifically these are the presence of corona and the concomitant
flashover.as well as the partial breakdown of tne dielectric immersant
around the insulator.

Before discussing the effect of these phenomena on the
breakdown voltage of insulators in more detail.the puncture tests as
performed in will bn compared to puncture tests in oil.The latter
tests were performed by two independent parLies outside of the
"Department of Electrical Frgineering" of the University of the W it-

watersrand,namely:

Ilhe Department of Ilectrical Engineering.University of Capa
Town 1,.

Die Instituut vir Elektronika.Universiteit "-an Stellenbosch (4).

In both cases insulators of the type SAG 1 9 - 0 ur U rt) LC were
used in performing the experimental work.These are of the same type as
used by the author.A direct comparison of results is therefore possible.

The following points should however be considered:

1) N either ur the other two parties performed withstand tests but
roifii' applied voltage in accordance with BS-9Z3 which
proce s detailed in Ch.4:3 on Page 19.
The nt. test samples is small,3/ for Stellenbosch and 2 x 11 for

Capo Town.Mo record of manufacturer's lot No.is kept by either
party . Neither is it known whether the insulators belonged to one

and the same batch or not.
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The results of Stellenbosch are somewhat misleading in that

they have been combined with those obtained bv Croucher [?] from

UCT, although the latter used different test conditions.

TABLE 7 on Page bO compares the results obtained .or puncture
n oil vs.those performed in gas.The experimental conditions have
econstructed as far as possible.The following points were
ed:

The ratio of head to shed punctures for SF* compares well with
the results obtained for oil.

The range of puncture voltages,the average puncture voltage
and the standard deviation are identical in all three cases.This
is true irrespective of whether SFs or oil was used as the
immersing medium and despite the differing test criteria that
were employed bv each party,

The average voltage for shed punctures was found to be 130 KV
for SFg .Croucher (2) obtains values of 13?7 and 154 KV for ?
series of test.The resistivity of oil in each case was 3 * 10

and 4,7 x 106 Ohm-m respectively.

The following four points are observation.', of a more general

f.as is easier to handle than oil.This lias already been postula-
ted in Ch.4:4 on Page ”1 and is substantiated by the experimen-
tal work.

Irrespective of the measures that are adopted to maintain the
purity of the oil,it ultimately becomes polluted with use.ln
contrast hereto the impurities in the gas can be filtered out
during transfer from storage tank to test vessel and vice versa.
The presence of a power arc across the insulator occasionally
causes parti d dissociation of the Stg and the formation of free
fluorine.

Flashover in air does not attack the surface of the insulator
whereas flashover in oil badly injures the insulator surface.18)
The same event takes place in s .lhe dry flashover voltage

in air for insulators of tne type SAG 19-0345 is given as sb KV.

In contrast hereto flashover in oil and SFg were observed only
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Insulator Type

Batch size

Insul.medium

Resistivity of
oil in Ohm-m

Rel.Permitt.
of ins.medium

\Y/
P mm.

P av.

p max.

Vv
P sd

Ratio uf head
to shed punct.

Comparison of puncture tests in Gil vs.SF

CAPE TOWN 1 :APL TOWN 2 Stellenbosch

SAG
19-0'45

Transf.oil

UJ x in

?.0

Vi?

150

V.7

9:?

SAG
19-0US

Transf. oil

5x 10

100

121

162

15.9

5:6

SAG
19-0345

37 ?

Sunfl.Uil

8 X 10

3.25

70

155 ¢

[ 7,u 19 ]

Wito

SAG
19-0345

233

SF  gas

80

118,1

150

17.2

175/ 8

av for Stellenbosch is meaningless since isolators .vith v>

155 KV were considered to be "Unpuncturable"

lhe abbreviations have the usual meanings employed in TABifrS 1 to 6.

for voltages which were in excess of 110 KV.

The damage to the insulator shed can be accounted for in the

following manner:The flashover arc is better developed at the

higher voltage due to the bigger short circuit current. The resul-

tant power arc follows the path of least resistance which due to

the high breakdown strength of the oil and SFR is across the

surface of the shed.The end result is a crazed path of damaged

glazing.



The problems associated with the puncture test in SFg are much the
the same as when the test is performed in oil.

Xs is borne out fcv the ahu> e comparison between oil and SFg
e-orona and the elej* real discharges preceding the n.electric breakdown
are not eliminated wiien using Si6é .t'larke [01 claims that the actual in-
ception voltage of 1 u formation is much higher in oil than observed
when similar tests are carried out in gas,in particular air. The observed
corona formation voltage in SFDvaries from 70 KV to 1?0 KV with an
average value of 106 K hi Vide Ch.hiib .Page F6 for details ).

Unfortunately neither M.f Crourhor [?| nor J.P.Holt/hausen [<]
from Stellenbosch paid any attention to this aspect so that comparative
figures for oil and 51$ are not available.Nishi |fl]l found that corona in
oil starts at approximately '00 KV and develops rapidly.He does however
not mention whether this value is fixed or varies with the model of
insulator.

What has been said above for corona 'can be applied mutatis
mutandis to flashover.ihe range of fiasbover voltages varies from
100 to ISO KV.However 60 of the RC) insulators which displayed flashover,
did so sporadically at the average value of 1?20 KV.( Vide Ch.5 fa.Page

and Appendix 6:3 for details.) Again comparative values for flashover
voltages in oil and SF% are not readilv available.

The average breakdown voltage for shed punctures is 13? KV
with a range from 110 KV to 11>0 KV.Hopwood 11R) and others have shown
tliat with the relative permittivity of equal to unity the electric
fie'd in the gas will be higher than in oil.Partial breakdown of the gas
( and hence shed punctures ) wiii therefore occur at a lower voltage.

( Vide Ch.2:3.Page S fur more detailed discussion ,f this problem.)

Nevertheless us has been mentioned earlier on in tnis Chapter
the breakdown voltages for shed punctures compare well to identical
results of puncture tests performed in transformer oil.[21 A study of
HABIT / shows that the above results also compare we!) with puncture
tests conducted in sunflower oil.

It will be shown in Ch.6:2 that the maximum applied voltage for a
quality assessment of insulator U 7(i tC need be no higher than 100 KV.
lhat value is below the flashover level of the insulator and the partial
breakdown voltage of 51§ at MID kHa..while the possible presence of

corona can be ignored.
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From thti above mentioned results and comparisons it can be
inferred that the breakdown qualities of SFg are nut inferior to those of
transformer oils despite the differing values in the relative perm ittivi-

ties of the two substances.

6:2) Analysis of the 11egunncy of Pui.cturns as a Function of Vs

According to the information given to the author by a leading
South African ceramist i19],the frequency distribution of insulator
punctures as a function of the applied voltage should have the charac-
teristics of a normal distribution.

figure 5:1 nn Page 28 shows that this is only partially true since
the frequency distribution for head punctures has the features of a
bimodal frequency curve with maxima at 90 and 120 KV respectively.

To assess in how far the recorded data differs from that of a
norma distribution the following technique is employed.

A study of the histogram of fig.5:1 reveals that ti frequency
distribution of head punctures over the voltage range 100 - 150 Kv is
that of a normal distribution with a peak at 120 KV.That this hypothesis
is justified can be verified in the following manner:

1) Calculate the average puncture voltage and standard deviation
for head punctures using only the data recorded for the voltage

range from 100 to 150 KV. lhis gives the following results:

\o.of punctures H3

Minimum puncture voltage 100 KV
Average puncture voltage 120.6 KV
Maximum puncture voltage 150 KV
Standard Deviation 11,55 KV

Draw a normal curve with u 120,0 KV and (T 11.55 KV which is
superimposed on the histogra.. of Fig.5:1.The peak value of this
normal distribution coincides with the no.of punctures at
u - 120 KV;ie.96 punctures.

Vide Fig.6:1 on Page 55 for the result.The details of deri-
vation procedures are given in Appendix / on Page A 52.

\.B. The histograms of |igs.5:1 and u:1 are identical.
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70 80 go 100 110 120 130 UO 150 160
Puncture voltage in KV-*-
i Iqs6;) hrp<iuencv disyriDution uf hnarl punctures V/SjH normal (distribution
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TABLE 8 below gives a comparison of the frequency distribution of head
punctures as drawn in Fig.5:1 and the corresponding no.of punctures
cc culated for the same voltage according to the normal distribution

derived above.

Juncture Recorded Normal Puncture Recorded Normal
voltage D ata Distribut. Voltage D ata Distrib.
80 K 0 120 54 54
90 18 2 130 36 37
100 U 12 HO 9 1?
110 28 M 150 4 2
120 56 54 160 - 0

1MUE 8: frequency distribution of head punctures.Comparison of the

recorded data to that of a normal distribution.

from TABLE 8 and the histogram of fig.5:1 on Page ?8 the following
points can be noted:

1) Ine frequency distribution ( of head punctures ) for the voltage
rang? 100 to HO KV is fully encompassed by the curve of the
derived normal equation.

Z) The no.of punctures at the fringes or' the spectrum ie for Vp«

100 K and VpA"HO KV exceeds the value calculated for the normal
distribution.An inspection of TABLI 8 reveals that the worst
discrepancy between recorded and calculated values occurs at

the 80 and 90 KV level*;.

At the top end of the spectrum any differences between the
recorded data and calculated values are of little importance.

In contrast hereto the well defined peak of 18 insulators at 90 KV
at the lower end of the spectrum indicates the presence of irregula-
rities in the quality of the tested insulators.

Two factors distort the results at either end of the spectrum.



1) Mo punctures occurred at voltages below sU KV.This is to be expected
since all test specimen had been subjected to and passed the
routine production test as detailed in Ch.3:1 on Page 12 This test
is however only performed at a voltage of 71 KV and therefore
gives no indication of the freguencv distribution for punctures
occurring at voltages below that level.

2) At the top end of the spectrum the results are distorted bv the

presence of shed punctures.

In contrast to what has been said abuot the freguencv distribution
of head punctures that of shed punctures follows a normal distribution
with u 1i2 KV and IT - 9,/ KV;ie.very steep flanks

The purpose of a guality test is to eliminate faulty specimens,in
this case cap and pin insulators whose dielectric puncture strength is
below a pre-set norm.The question arises: What is this norm ?

The analysis of data pertaining to insulator punctures is by its
verv nature a statistical process as can be deduced from the results
and the subseguent discussion.lt is therefore logical to specify guatity
criteria wnich have been deiiveti from statistical pai <meters.In the
above mentioned expose an attempt is made to assess how far the
recorded data confirms with the requirements of a normal distribution.
Consider the following specification:

Raise the test voltage of the routine production test to 90 KV.

A routine production withstand test performed at 90 KV may not eliminate
all the faulty insulators.However,all the insulators which either because
of an inhomogeneitv in the porcelain mix or mechanical dcfects are
responsible for the inordinately high number of punctures at or below

90 KV are dispensed with.

Furthermore the frequency distribution of Fig.6:1 fur voltages
between 100 and UO KV follows that of a normal distribution.

Hv coincidence 90 KV is the ouncture voltage specified by the

manufacturer for insulator 19-0345 or model i /0 IC.17]



6.3) The Influence of auxiliary Parameters on the brn*Kdown Strength

nr Imiulm.nrq

6:3:1) the iosulutor CuiTeitL: Observation of both the magnitudes and
waveshapes uf the insulator current yields no information to the
actual puncture mechanism.The insulator current is a very stable para-
meter of the applied voltage up to and until puncture occurs.it is of

littie use in identifying the snort term breakdown mechanism.

v.j:?) Partial L)r chargc Artiv:i.y: the partial discharge mechanism that,
was observed when testing insulators has already been described in
Ch.A:3 on Page ?0.

The presence of partial discharge activity has lea to the identi-
fication ut punctures caused by rreeing. This mod') was observed in five
"isolators prior to puncture.

In all five cases partial discharge activity was initiated at
approximately 70 KV and was well developed in both half cycles of the
voltage wave once the first voltage withstand test was performed at
80 KV.Hor “>ample,a peak discharge level of 165 pC was measured for
in«Ajlatur fl-.SI at 80 SV.The partial discharge activity remains stable for
a few seconds once the voltage has been raised to the desired level,
then suddenly increases very rapidly in both magnitude and density;ie.

ifts-O ff". This increase is maintained up to and until puncture actually
occurs.Although the increase happens very rapidly the time to puncture
is finite.For example.Insulator %:/ needed b seconds to complete the
cycle from "Lift Offf to puncture.This time becomes progressively '9ss
tne higher the voltage at which the"Treeing"mode occurs.At no instance
in time was an increased Insulator current observed during the "Lift-'Jff"
cycle.

lhis phenomenon can be accounted fur ,n the following manner:

When a sufficiently high voltage is applied between the insulator
electrodes.then the presence of a minute air filled crack in the porce-
lain henri leads to the inception of partial discharges. The relative
perm ittivity of the gas ( -iir ) in the cavity is lower than that of the
surrounding porcelain.The field strength in the cavity is therefore higher

than in the dielectric.Accordingly under normal working stress of the



insulation,the voltage across the cavitv nay exceed its breakdown value
and partial discharges occur in the cavity.(?61 When the gas in the
cavity breaks down,the surfaces of the insulation form the cathode and
anode and the full applied potential appears across the remaining thick-
ness of the porcelain.The partial breakdown in the cavity is of a
sporadic and intermittent nature since it is dependant on the instan-
taneous value of the applied uoltage.

The breakdown of the remaining porcelain in the head is there-
fore due to "Freeing" or crack propagation rather than overstressing of
the dielectric.As the crack propagates and the thickness of the
porcelain decreases partial discharge activity increases in both
magnitude and density.

Since (ha electric field between the cap and the pin is highly non
linear the identified Treeing mode is a complex interaction between the
applied voltage and the concomitant partial discharges as well as the

presence of cracks or voics In the porcelain.

"Clean" vs."Polluted" Insulators: The results as analyzed in Section
seem to indicate that the performance of polluted insulators is

inferior to ciean ones. Two observations appear to confirm this:

1) Ihe average puncture voltage is reduced by pollution for both
head and shed punctures.

?) The frequency distribution of puncture voltages is more scattered
for polluted insulators than for clean ones.( Vide Figs.5:6 to b:9

on Pages 39 and 40 respectively.)

Pollution promotes the growth jf corona.Hence the no.of shed
punctures is likely to on higher for polluted insulators than for clean
ones.The ratio of head to shed punctures is 43:11 and 3911 for clean and
polluted insulators respectively.

Surface pollution has nothing to do with the puncture performance
of Insulators. The inference is therefore valid that a batch of poor
insulators was tested

The comparative values of average insulator currents are iden-
tical for both clean and polluted insulators.The minimum and maximum

insulator currents for voltages in excess of 110 <V are higher for
polluted than clean insulators.There is however no correlation between

these Increased current values and the puncture voltage.
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6:1:4) Oivbrypncoii in Punctures VulLayu': UutWK'eu Insulators from
idit'fercjnt, MnnuCicluriuy lots: fhv purpose of these experiments is to
“Stablish whether there is a notirahle divergence in the frequency
distribution of puncture voltages when the test results of insulators
taken from various manufacturing lots are compared to one another.

A study of Table ¢ on Page 41 does not confirm this.

Fifteen insulators each,taken from three different manufacturing
lots ie. a total of 45 insulators were tested.lt is therefore debatable
how representative and reliable the results are _

Insulators of batch 15 were found to be exceptionally puncture
proof. This is confirmed by the high average puncture voltages tor both
head and shed puncturs.The minimum puncture voltage of 80 KV is
somewhat, misleading since only one insulator punctured at. that value.
Apart from a second insulator which punctured at 110 KV.the puncture
oh age for all insulators of lot 15 NOS in excess of 70 KV.

Insulators of batch 15 also differed physically from other insula-
tors by virtue of their dark glazing.

Insulators from batches 7C and 7M also proved to he exceptionally
puncture resistant when compared to the overall results.

The results of this experiment are at odds with its initial pur-
oor.e Pin author wanted to isolate a lot of poorlv manufactured insu-

Itors which give consistently low puncture voltages.

6:4) 4,0 vs.If) il kv int.'Tva! withstand tests /!

Ilhe choice of whether to use intervals of 1UU KV or 4.0 KV
intervals between adjacent voltage withstand tests was determined by
practical considerations.

The testing of an Insulator which punctures at HU KV involves
the performance of voltage withstand tests at 80,90.100.110,120 and
HO KV reapectivclyde. six tests lasting four minutes oach.( ? min.ON/
? min.DH ). The Lime required to degas the test vessel and retrieve the
insulator is an additional thirty minutes.The performance of a post
mortem varies from fifteen to thirty minutes.The testing of one insula-
tor ( depending on the puncture voltage ) therefore effectively lasts

from 60 to 90 minutes,



If in contrast hereto the withstand voltaye interval is reduced
from 10,0 KV to 4.0 KV the no.of test intervals ie.the sample raters
increased 2.5 times.The testing time for an insulator which punctures
at 132 KV is increased from 30 to J2 minutes and the total turn around
time is approximately two hours.In an effort to limit the effective
duration of each test cycle to managable proportions the 1G.0KV
interval was preferred.

For purpose of comparison insulators s:1 to 0:30 were subjected
t' . .hstand tests conducted at KV intervals using a 1 min.ON / o
Off dutv cycle as described in Ch.5:8 on Page 46.The average puncture
voltage of these insulators ( head punctures jislO.V less than the
total average puncture voltage. This is due to any of the following

reasons:

1) The 4.0 KV intervals give a narrower spread between puncture
voltages than the 10.0 KV intervals.
The maximum puncture voltage of insulators 6:1 to 6:30 is 13? KV,
whereas the overall maximum puncture voltage is 150 KV.This
reduces the average voltage.

3) The anall si/e of the sample ( 30 insulators ).
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7) CONCLUSIONS

The aim of t.his (Jissertatiori is to establish a oualitv control test

for cap and pin insulators that yields consistent results.

An experimental test method has been developed which estaolishes

the dielectric breakdown or puncture voltages of these insulatois.

1

7)

Puncture tests are performed using SFs pressurized to tOO kPa.
absolute as the immersing medium instead of mineral oil.The
correlation of results between the two methods is good. The main
problems which are encountered when performing puncture tests

in oil are also present in Sfe .These are

1) The presence of corona and the concomitant flashover
at voltages in excess of 120 KV.
2) The partial breakdown of the dielectric immersant

around tne insulator.

The main advantage of performing puncture tests in SFg is
the somewhat greater ease with which the gas can be handled and
the nigh level of gas purity that can be maintained over the long
term. There are no messy residues when retrieving an insulator
after a test.This advantage is offset by the greater capital
outlay for gas handling equipment.

A quality test aims to eliminate insulators which are
defective in manufacture.The frequency distribution of head
punctures as a function of the applied voltage peaks at 120 KV.
Defective insulators puncture at a voltage below this level so
that corona, flashover and shed punctures are of little

consequence.

Eliminate defective insulators by raising the voltage level of the
routine production teat to the nominally specified puncture
voltage.f or Insulator type LIAG 19-03*r>this implies an increase
from 70 to 90 KV.

The main drawback in doing this is that the routine
production tests can no longer be performed in air because the
nominal puncture voltage of a Class B insulator exceeds its dry

flashover voltage.
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Thti frequency distribution of head punctures has the
characteristics of a bimodal frequency curve which peaks at 90 KV
and 170 KV respectively. lhe peak at 9U KV is caused by defective
insulators.By raising the test voltage to 90 KV these "poor"

Insulators are eliminated.

ihe recorded results while consistent are nevertheless statistical
in nature.Puru tures were observed over a range of volto*es from
90 to 1b0 KV. The problem is to be sough; in the insulator itself
rather than the method of teyt.fhert are a number of unanswered
questions as regards the quality of the porcelain in general and
the design of cap and pin insulators in particular.It has for
example been suggested to manufacturers to replace the pin head
by a round ball so as to eliminate the high field region at the
iharp edge of the former.Consultation with experts in the field
ha-, shed little light on these problems.A thorough search through

the available literature on the subject was equally fruitless.

The actual cause of puncture is the gqreat unknown. To gain some
insight into the mechanisms whirn cause dielectric breakdown
"secondary" parameters and variables were recorded.

The current of the insulator as a function of the applied
voltage is a very stable quantity up to and until puncture takes
place. Ihe transition from maximum applied voltage to steadv state
short circuit current takes place in less than 5 msec.

Partial discharge activity inside the insulator has enabled
the author to make distinction between "instantaneous" puncture
and a "Treeing" mode which is correlated to partial discharges;ie.
A flaw or crack in the insulator porcelain propagates when voltage
is applied.This differentiation gives however no indication of the
actual puncture mechanism.

Inspection of the discharge channel revealed no information
apart from confirming that the sharp edge of the pin is a high
fold region,because 95% of all head punctures start or end here,
this ties up with the findings of R.coelho [t] as quoted in
Ch.2:1 on Page <
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A withstand test performed at discrete voltage levels separated
by fixed intervals,for example 10 KV.is preferable to a straight

raising of the voltage,because:

1) It gives a puncture caused by freeing a chance to develop
without, masking the true inception voltage of this node.

2) It facilitates the drawing up of puncture frequency
distributions.

3) It facilitates the recording of data and the monitoring of
current waveforms.

u) Routine production tests of insulators are for practical

purposes withstand tests.
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Scientific Papers of the Institute of Physical and
Chemical Research, TOKYO Nos.Z28-231,Volume 12,
March 1S.1930.Pp.275-284.
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APPF INJDIX 2
The; Power Frecnjcncy Punclure Inst, in Oil

The followi-ig two paragraphs and the note are extracted from
SABS specification 1,V [1] ( Section s:K Page V) ).

"Clean and dry the insulator and then immerse it romr-.etelv in a
tank containing o suitable insulating medium to prevent surface dis-
charges.

Fnsure that there are no air pockets under the sheds.If the tank
is made of metal it:, dimensions shall he such that the shortest distance
between any part of the insulator and the aide of the tank is at least
1.") times the diameter of the largest insulator shed.The insulating
medium shall be at approximately room temperature.Apply the test
voltage between the metal connecting parts.Increase the voltage to the
Visiqru’d or specified ( as relevant ) puncture voltage as rapidly as the
value of the increase can be recorded by the measuring instrument and
note whether puncture occurs.

A *® not possible to define exactly the properties of the
insulating medium.but on >desirable property is a slight conductivity,

( resistivity of the order of 106 o hm-m to 080 hm-m ).

APmcOIX i

jj?st Parameters employed fur various Series of Insulators

As was mentioned in Section 4:3 various procedures were, adopted
‘nr testing insulators from different batches ( or Series ).Tho numbering
o* t.iK’ insulators is in accordance with the convention adopted in ch.4:Z
on Page 18.A detailed breakdown of the various test constraints® Is

as follows:
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Series 1 Insulator Nos. 1:1 to 1:15

a) Perform a withstand tost of 1b minutes at 1/0 KV.
" Re-apply the supiplv voltage and raise to pun-ture level,io.the
voltage is raised to the point where the voltmeter reading

collapses and the short circuit current starts to flow.

Series ? insulator Nos. 2:1 to ?:1(>

a) Perform a withstand test of bminutes duration at 110 KV.

u) Re-apply the supplyvoltage and raise slowly to puncture level.
Series | Insulator Nos. 3:1 to 3:11

Raise the voltage smoothly until puncture occurs.lhese experi-
ments were performed so as to iron out problems experienced

with the leakage current measurements.

VM-ies 4.5,6 and 8.

Insulator Nos. 41 to 4:70. 51 to 5:30. 6:1 to 6:30. 8:1 - 8:76 and BA to 8E.
lhese insulators were tested according to the ? min.ON/ ? min.QFF

routine as described in Ch.4:2 on Page 17.

Series 6 Insulator Nos 6;1 to 6:30

Series 7 Insulator Nos. /:1 to 7:30
lhe test parameters of the above two mentioned insulator series
are given in detail together with the relevant results in Chapter 5:8 on

Page 46.



APPt MDIX U

'-)PHcnficatiuf>a nf .lu.viliory Aquipm?*»nt.
1) HiL,h “AulLage leul transfurmHr tygj
Model: MeUwandlerbau TPS 5?V50,single phase operation

Ratings based on 15 minute cotinuuus operation

5 * 50 KVA \' - 525 KV | 92 mA
sec sec

lor 2 minute short time operation the ratings increase to:

S - m KVA \' - 325 KV | - 215 MA
sec sec

A downtime of ?U hours is stipulated sfter operating the trans-

former at full load 2 minute ratings for 2 minutes.

'"?) Digital Voltmeter

Model Fluke 8050 A

Mains operated d gital multimeter with battery option.

i; Storage Oscilloscope

Model Tektronix 7ft53
Fitted with modules 7A11, /AIR and /B50A

Probe Tektronix PblOft 13pF, IOMOhm

10:1 attenuation

U Partial Discharge Calibration Unit.

Murtel: ENRAf Nonius D elft
Nominal discharges of 5, 50, 500 5000 p

Internal Capacitance 1. 10 100 1000 pF
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ERA Discharge.* PHtprf.or (711

Model fCR Model i.-Type 65?
Amplitude of Calibration Step Wave (CSW) - uJo v
Attenuation range of CSW 0-120 dB

logarithmic 1CR Bridge

Model Wayne and Kerr B “>U0

Ranges Capacitance 0-16 mf
Inductance 0-16 KH
Resistance 0-160 MOhn

rhf’ individual ranges are divided up into 10 logarithmic scales.

Current Franyformer /

Model Harper Set Mo.COQ 29

Current ratio *0.1 /1 01 Burden - 1 VA

Accuracy °* 0,5% Insulation level - 3 KV
Primary Resis.*15,1 Ohm SecondaryReals.- 21,2 Ohm
A test of I , vs. I)ijt shows thut the regular .on is less than 1.5%

for currents as low as 0.5 mA.

Manufactured in accordance with BSS J95H of 19/i.

.Current Transform,': ;

Model own design

Currefit ratio * U.i/0.1 A Burden « 1 VA

This transformer is an "Off the Cuff" design which was subse-
quently tested and modified to meet the desired requirements.

I"he main criterium is the consistency of current transfer.

Core: SIFhRII EC 70 Conductor diameter D * 0,15 mm
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Vimurv ' 10D tums Aernndarv  * 1000 turns

Rprimarv Igcondary »

4 tost of I vs. | shows tne regulation to be better than 1.0%
in out

for an ij(| 0.5 mMA.

Oettings of Qarti.il DisctunijtitMoosuring Fgi'ipmenf.

ji-e o

on me tKA Oisi'horgf iloLorf.or

Sot rotate elhpso to 61)0 .

initial setting of step wave is not important and depends on each
individual measurement.

A calibration measurement using a needle and plate electrode conf.
gave the following results.

a) Discharges in the top half of the ellipse as seen on the
ERA detector emanate from the H.T.terminal ie.insulator
Pin.

b) Conversely discharges in the bottom half of the ellipse

emanate from the ground terminal ie.the cap.

Test measurements to establish C

par

1 parasitic- capacitance of the pressure vessel,

C average capacitance of the insulator =i?,5 pf

C measuring capacitor Inside the H.T.transformer.
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V in KV I in mA For the purposes of

conducting these experi-

80 8.34 331.83 ments the test vessel
90 9.35 330./ was filled with tu6 but
100 10.40 331.0 no insulator was inserted.
110 11,47 331.9
120 12.50 331.6

IABiF Al: Calibration measurements for determining the parasitic

capacitance of the pressure vessel.

C is calculated via C - 318ixl lis in mA
par P ar--—-meeeeeee
\' V is in <V
C m 331.4 pF C *0.53 pF
av sd
C 331.8 PF c . 330./pF
max min
Average capacitance of theinsulator (o3 32.5 pf
X
the effective test capacitance is: G -F C ¢+ C
etr X par

hence: C ()ff )31.4 * 52.5 360.4 pF

Galibtatmn of circuit using the Disci).irge Simulator

The magnitude of ttr charge detector response is determined
by the magnitude of the v ..deal step voltage applied to its terminals.
For the infinitesimal length of time occupied by the vertcal step.the
discharge detector circuit.which is inductive.will behave as an infinite
impedance and may therfore he regarded as an open circuit The step
voltage appearing on the terminals is thus determined entirely by the

capacitances in the circuit.

V in dB V in V

A nom. Gh o}
5000 pC 1000 pF 1334 pC 42 794 mV
500 pC 100 Pf 392 pC 52 251 MV
50 pC 10 pf 48 pC /n 28 mV

5 PC 1 PF 5 PC 92 2 mV
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1ABLL A 2: Overleaf on Page A 10 Calibration of test vessel using

FNRAF NONIUS Discharge simulator.

Correction factor for the discharge g of the calibration unit is:

a a nom. nom

Hence: magnitude of discharge from simulator x Q
dis
measured mgnitude of same discharge

capacitance of the sample Qn' sample discharge
capacitance of the calibrator unit Lbom Nom.discharge
Calculation of the correction factor: C
U a I3W PC o 2 dB 4,62
Q a JR2 pC \Y 52 dB 4.29
Wa 49 pC \Y - ;i dB C 4.74
Q a 5 pC Y, - 92 dB C.- 5.46

c Correction factor
The last value is somewhat suspect. Averaging out ov *r the first three
values yields C 4,%. A rounding off to C is justified.
Readings were taken for four different insulators to verify the cali-
bration values.

Hence: Q 4.5 x ib** x V Pico Coulomb

act
with V expressed in Volts.

A value of C » 4.6? was used for calculation purposes

\.B. The abbreviations and symbols are the same as used in the

Instruction booklets and application manuals of the respective i.pparnt.ii.
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I\f >Rt N[Q [X

I xpf;rimt?nt,cjl Resull/i

List, of employed abbreviations

Hiijh tension supply voltage in KV

Vs
I.No. insulator No.
I.No. Manufacturer's lot no.
vp Puncture voltage of insulator in KV
Pune. Type of puncture.wh«re:
H.P. head puncture
S.P. shed puncture
Flash Flashover, no puncture has occurred
| Leakage current in mA This is the total insulator current
C.LV. « Corona inception voltage in KV
rL. - ( Sporadic ) Flashover voltage level in KV
m Massive build up of corona
n.r. not rec orded
p.d.iv.- partial discharge inception voltage jn KV
pda = partial discharge activity jn Pf]
m.p.d-a." maximum value of partial discharges in pC
V im * Voltage level and range at which maximum partial dis-
charge activity occurs.in Kv
T * Time in seconds to failure at V t

The puncture voltages obtained for insulators of Series 1,2.3,and
6 are not all multiples of ID KV.To streamline the data forthe drawing

up of freguency distributions the following key is used:

A range from /6 to 8§ KV corresponds to VP 80 Kv
A range from fifo to % KV corresponds to 90 KV
A range from % to 1056 KV corresponds to VP 100 KV
A range from H)> to 115 KV corresponds to VP 110 KV
A range from 116 to 1?b KV corresponds to VP 120 KV
A range from 1?6 to 1,) KV corresponds to VP HU KV
A range from 1if> to HS KV corresponds tu HO KV

VP



Puncture us -

|.Mo.

1:01

1:02
1:03
1:0%.
1:05
1:06
1:07
1:08
1:09
1:10
1:11

1:12
1:13
1:14
1:15

2:01
2:02
2:03
2:04
2:05
2:0b
2:07
2:08
2:09
2:10
2:11
2:12
2:13
2:14
2:15
2:16

15

Function of t'/ic Hpplind Vultac**

120
135
120
115
100
145
120
120
135
110
110
120
120
120
110

135
110
128
134
105
136

80
130
128
110
128
126
128
152
132
110

APPP TmDIX 6:1

Pune.

5.P.
H.P.
H.P.
H.P.
H.P.
S.P.
H.P.
H.P.
S.P.
H.P.
H.P.
H.P.
H.P.
H.P.
H.P.

H.P.
H.P.
H.P.
H.P.
H.P.
S.P.
H.P.
H.P.
H.P.
H.P.
H.P.
H.P.
H.P.
H.P.
S.P.
H.P.

|.Mo.

3:01

3:02
3:03
3:04
3:05
3:06
3:07
3:08
3:09
3:10
31

4:01
4:02
4:03
4:04
4:05
4:06
4:07
4:08
4:09
4:10
4:11
4:12
4:13
4:14
4:15
4:16
4:17
4:18
4:19
4:20

130
150
130
150
120
120
140

130
140

130
150
120
130
140
130
1)0
%0

140
120
120
130
140
140
130

130
110
100
130
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Pune.

H.P.
H.P.
S.P.
H.P.
S.P.
H.P.
H.P.
H.P.
H.P.
H.P.
H.P.

H.P.
SP.
H.P.
cp

S.P.
S.P.
H.P.
H.P.
SP.
H.P.
H.P.
H.P.
H.P.
SP.
SP.
H.P.
H.P.
H.P.
H.P.
SP.
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Puncture as a Funrtion of the ,implied Volfagi'

I.No.

S:01

5:0?
5:03
3:04
5:05
5:06
5:0?
5:08
5:09
5:10
5:11

5:1?
5:13
5:14
5:15
5:16
5:17
5:18
5:19
5:20
5:21

5:22
5:23
5:24
5:25
5:26
5:27
5:78
5:79
5:30

130

90
110
110

90
120
130

90

80

90
110
130
100
120
1?0
140
120

90

90
120
1?0
100
110

80
130
130
100
110
130
130

Pune.

H.P.
H.P.

H.P.
H.P.
H.P.
H.P.
H.r\
H.P.
H.P.
H.P.
H.P.
H.P.
H.P.
H.P.
S.P.

S.P.
H.P.

H.P.
H.P.
H.P.
H.P.
H.P.
H.P.
H.P.
S.P.
H.P.
H.P.
H.P.
H.P.
H.P.

I.No.

6:01
6:02
6:03
6:04
6:05
6:06
6:0/
6:08
6:09
6:10
6:11
6:12
6:13
6:14
6:15
6:16
6:17
6:18
6:19
6:20
6:21
6:22
6:23
6:24
6:25
6:26
6:27
6:28
6:29
6:30

140
104
120
128
132
132
128
108
116
80
140
116
124
92
128
80
84
108
132
88
128
84
128
96
96
116
88
120
112
80

PAGE AV,

PUnc.

S.P.
H.P.

H.P.
S.P.
S.P.
H.P.
H.P.
H.P.
H.P.
H.P.
S.P.
H.P.
H.P.
H.P.
S.P.
H.P.
H.P.
H.P.
S.P.
H.p.
H.P.
H.P.
S.P.
H.P.
H.P.
H.P.
H.P.
S.P.
S.P.
H.P.
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APPENDIX 6:1 cont.inupil

Puncture as a Function uf UiH applied Vultcig?

I.No. Pune. I.No. 4 Pune.
7:01 120 H.P. 7:16 120 H.P.
7:02 120 H.P. 7:17 90 H.P.
7:03 120 H.P. 7:18 120 H.P.
fom 90 H.P. 7:19 120 S.P.
7:05 120 H.P. 7:20 100 H.P.
7:6 120 H.P. 21 120 H.P.
7.07 110 H.P. 7:22 120 H.P.
7:08 120 H.P. 7:23 110 H.P.
7:09 120 H.P. 7:2/. 120 H.P.
7:10 120 H.P. 7:25 - -
71 120 H.P. 7:26 - -
7:12 120 S.P. 7:27 - -
7:13 90 H.P. 7:28 - -
7:14 90 H.P. 7:29 - -
7:15 120 H.P. 7:50 - -

Fake the insulators which nave passed the withstand test at
1?20 KV and subject them to a battery uf withstand tests of 5 minute
duration at voltages of 100,110 and 170 KV respec tively.Repeat the

cycle at 120 KV until puncture occurs.

Ins.No. 1 Failure after 1 min. H.P.

Ins.No.2 failure after 6 min. H.P. All of these punc-
Ins.No. $ 1allure after 5 min. H.P. tures occurred at
Ins.No.A Failure after i min. H.P. 120 KV.

Ins.No.5 Failure after 16 min. H.P.

Ins.No.6 1allure after 20 min. S.P.

\.B. Insulators 7:25 to /:30 all passed the V0 KV withstand test of
? Min.ON / ?Min.Ul | .As the follow up tests were not conducted in the
sequence in which the insulators were retrieved a new system of

numbering as adopted above was used.
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Puncture as a ?unction of Mu; uppliud Vult.agt’

I.No.

8:01

8:0?
8:03
8:04
8:05
8:0b
8:0/
8:08
8:09
8:10
8:11

8:12
8:13
8:14
8:15
8:16
8:17
8:18
8:19
8:20
8:21

8:22
8:23
8:24
8:25
8:26
8:27
8:28
8:29
8:30

1.No.

™

2

2 3

80
130
110
110
100
140
100
130
130
130
130
130
130
120
h30
150
140
120
150

80
110
130
130
130
120
120
140
130
120
130

Pune.

H.P.
5.P.
H.P.
H.P.
H.P.
H.P.
H.P.
S.P.
Flash
Flash
Flash
S.P.
Flash
Flash

H.P.
S.P.
S.P.
S.P.
H.P.
H.P.
H.P.
H.P.
H.P.
Flash
H.P.
H.P.
H.P.
S.P.
H.P.
S.P.

1.NO.

8:31

8:32
8:33
8:34
8:35
8:36
8:37
8:38
8:39
8:40
8:41

8:4?
8:43
8:44
8:45
8:46
8:4/
8:48
8:49
8:50
8:51

8:52
8:53
8:54
8:55
8:56
8:57
8:58
8:59
8:60

L No.

7C

7C
7C
7C
7C

7C
70
70
IC

70
70
le

10
70
70
70
70
7N
7N

3332

80
6P
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ﬁc

120
120
110
110
120

80
120

120
120

140
130
110
120
130
130
130
130
170
110
170
100
130
140
140+
170
110
110
100
140

Pjnc.

H.P.
H.P.
H.P.
H.P.
H.P.
H.P.
H.P.

H.P.
H.P.

H.P.
H.P.
H.P.
H.P.
S.P.
H.P.
Flash
H.P.
H.P.
H.P.
H.P.
H.P.
H.P.
S.P.
H.P.
no PL
H.P.
H.P.
S.P.
H.P.
1lash
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Puncture as a function of Uu» applied v/nitaiic»

I.No.

9:61

6:6?
8:6%
8:64
8:65
8:66
8:67
8:68
8:69
8:70
8:71

I.No.

8K

75

7t
75
8M
6H
8P

no
110
150
1$0
170
1?0
170
1$0

90
150
MO

Pune. ~

H.P.
H.P.
H.P.
S.P.
H.P.
H.P.
H.P.
S.P.
H.P.
H.P.
flush

I.No.

8:7?
8:7%
8:74
8:75
8:76
8:A
8:0
8:C
8:0
8:E

L.No.

7N
7N
70
8P

90
130

90
130

90
110
1?0
140
1$0
130
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Pune.

H.P.
S.P.
H.P.
S.P.
H.P.
H.P.
H.P.
S.P.
S.P.
S.P.



I.No.

;.01
4U2
LOS
4:04
4:05
4:06
4:.07
4:08
4:09
4:10
4:11
4:1?
418
4:14
416
4:16
4:17
4:18
4:19
4:70

APPENDIX b:Z
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Ini;ulat.n[ Lui rtJiU. ds a htjpcliun of t.ho applied VoltagH

0.91
0.91
0.88
0.88

0.87

0.9?
0.90
0.93
0.93
0.91
0.91
0.9?
0.89

0.09
0.91
0.90
0.91

Voltage withstand level in KV

90

1.03
1,00
1.00

0.98

1.00
1.0?
1.06
1.06
1.04
1.03
1.03
1.0?

1.01
1.03
1.0?
1.03

100

1.13
1.14
1.1
1.1

1.09

1.13
1.17
1.16
1.16
1.15
1.16
1.12

1.11
1.14
1.14
1.14

110

1.25
1.26
1.723
1.27
1.20

1.25

1.29
1.27
1.26
1.27
1.24

1.23
1,25

1.26

120

1.36
1.36
1.34
1.37

1.32

1.36
1.41
1.41
1.38
1.37
1.40
1.34

1.34

1.38

130

1.49
1.5?

1.45

1.50

140

1,6?

150

1.73
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insulator Current, n;; @ ftinetion of Lht; arpliod Voltage

IAo.

b:(n

5:0?
5:03
5:04
5:05
5:06
5:0/
5:08
5:09
5:10
511

5:12
5:13
5:H

5:15
5:16
5:17
5:18
5:19
5:20
5:21

5:22
5:23
5:24
5:2.-

5:2?
5:78
5:29
5:30

80

0.91
0.91
0.87
0.93
0.90
0.92
0.89
0.90
0.89
0.89
0.898
0.89
0.91
0.89
0.89
0.92
0.89
0.91
0.91
T.92

0.9?
0.8/
0.88
0.89
0.92
0.93
0.91

0.90

Voltoc

90

1.04
1.03
0.98

098 *

1.0
1,01
1.03

1.00
1.02
1.00
1.04
1.01
1.01
1.05
1.01
1.04
121
(.04

1.34

1.00
1,01
1.04
1.05
1.05

1.02

luO

1,15
1.09
1.09

1,16
1.12

1.12
1,13
1.16
1,12

1.1
1,12

117
1,17
1,13

island Ipvel in KV

110

1.2h

1.23

1.23
1,24
1.78

1,24

1,29
1,29
1,24

120

us

*

1.40
1.54

1.59
1J4

130

1.51

1:50
1.44
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150



APPENDIX 6:? continued

Insulator Current as a Eunction of the applied Vnltage

I.No.

6:01
6:0?
6:0?
6:04
6 05
6:06
6:07
6:08
6 09
6:10
6:11
0:1?
6:13
6:14
6:15
6:16
6:17
6:18
6:19
6:70
6:71
*72
6:7?
6 :74
b:?5
6:76
6:?/
6:28
6:29
6:30

80

0,94
0.94
0.88
0.9?
0.89
0.93
0,94
0.90
0.90

0.95
0.93
0.9?
0.9?
0.90

0.9?
0.89
0.91
0.91
0.9?
0.91
0,90
0.91
0,90
0.89
0.90
0.9?

Voltage withstand level in KV

90

1.06
1.00
1.00
1.06
1.01
1.05
1.0'
1.0?
1.0?

1.06
1.05
1,03
.03
1.0?

1.01
1.03
1.0?
1.04

lL.u?
1.03
1.03
1.00
1iKl
1.05

100

1.19
1.17
1.10
1,16
1.1?
117
1.18
1.1)
1.15

1.18
1.16
1.16
1.15
1.14

1.1?
1.15

1.16

1.14
1.15
1.15
1.1
1,10
1.16

110

1.31

1.2?
1,28
1.24
1.30
1.32
1.25
1.25

1,78
1.28
1.26

1.25

1.24
1.26

27

1.26

1.2?

1,29
1.29

120

1.42
1.36
1.37
1,36

1.47?
1472

1.38
1.40
1.37

1.36

1.38

1.38

1.37

1.34

1,40
1.40

130

1.53

1.48

1.55

1.50

1.49

140

1.66
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APPENDIX 6:2 conunuetJ

insulator Currunr. as a Function of tht? applied Voltage

Redings of I| - f(Vs) for Snrios 6 insulators have been taken at

UKV intervals.Since 1 - f(Vs ) is more or less a linear function
the obtained data has been smoothed out for 10 KV intervals tv inter-
polation and extrapolation techniques. This was done so as to incorporate

the data of Series b insulators in the overall statistical evaluation

of I f(Vs ) as given on Page 31.
I.No. Voltage Withstand Level in KV

80 90 v . |1 no 120 150 140 150

J.

7:01 - - : 1.35 -1 -
7:0/ - - - - - - -
7:03 - - - 1.35 - - -
7:04 - - - - - - -
7:05 - - - - 1,35 - - -
7:06 - - - - 1.37 - - -
7:07 0.92 1.04 1.15 - - - - -
7:08 0.88 1.00 1.12 1.24 - - - -
7:09 0.90 1.01 1.12 1.24 - - . -
710 0.91 1.05 1.13 1.25 - » - -
7:11 0,90 1.01 1.12 1.23 1.36 - - -
7:12 0.90 1.02 1.13 1.25 * - - -
7:H 0,93 - - - - - - -
7:14 0,9? 1.04 - - - - - -

715 0,89 0,99 1.10 1.27 1.32 - - -
7:16 0.89 1,02 1,13 1.25 - - - -
717 0.92 1.04 - - - - - -
7:18 0,88 0.97 1.08 1.21 1.33 - - -
719 0.9? 1,04 1.16 1,28 1.43 - - -
7:20 0.90 1.02 1,13 - - -



APPENDIX 6:2 continued

Insulator current as a Function of thn applied Voltage

[.No.

721

7:27
7:23
7:24
7:25
7:26
7:27
7:28
7:29
7:30

[.No.

—_

S g0 b~ WO N

80

0,90
0.93
0,91
0.94

0.88
0.38
0.87
0.90

100

1.13
1.13
1.12
1.09

1.1

Voltage Withstand Level in KV

90

1.0?
1.05
1.04
1.06

1,00
1.01
0,99
1.04

Vollacje

110

1.25
1,24
1.25
1.23
1.20
1.23

100

1.13
1,16
1.14
117

1.12
1,11
1.12
1,14

VO

1.24
1,29

1.29

1.24
1.24
1.21
1.26

120

1.36

141
1.35

1.35
1.34
1.33

Withstand Level in KV

120

1.36
1.36
1.37
1.35
1.31
1.35

120

1.36

1,32
1.35

120

1.36

1.32
1.35

130 140 150

120

1.32
1.35

Results of Follow up expert.-nents of Series 78.
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APPENDIX fc:? continued

Insulator current H;i o "unction uf t.hp appliorj Vult.ago

[.Mo. Voltage Withstand Level in KV

80 920 100 110 120 130 140 150
8:1 -
8:2 0.88 0.98 1.09 1.21 1.32 1.43 - -
8:J 0.91 1.00 1.11 1.24 - - - -
8:04 - - - - - - - -

8:05 0.95 1.08 - - - - - -
8:06 0,89 1.01 1.11 1.18 1.29 1.43 1,54 -
8:0/ 0.86 0.96 1.07 - - - - -
8:08 0.8b 0.96 1,07 1.19 1.30 1.43 -
8:09 0.35 0.96 1.05 1.15 1.26 1.37 - -
8:10 0.88 0.94 1.04 1.16 1.26 - - -
8:11 0.86 0.96 1.06 1,17 1.28 1.39 - -
8:12 0.88 0.98 1.09 1.20 1.50 1.42 - -
8:13 0.88 0.98 1.09 1.19 1.30 1.42 - -
8:H 0.86 0.96 1.07 1.18 1.30 . - -
8:15 0.86 0.96 1.06 1.17 1.27 1,38 - -
8:16 0.87 0.97 1.08 1.20 1.30 1,41 1.51 1.58
8:17 0.86 0.95 1.05 1.16 1.27 1.41 1,52 -
8:18 0.88 0.98 1.09 1.20 1.31 - - -
8:19 0.86 0.97 1.07 1,18 1,29 1.40 1.50 -
8:20 0.86 - - - - - . -
8:21 0.86 0.% 1.07 1.18 - - - -
8:22 0.87 0.97 1.08 1.19 1.30 - - -
8:23 0.91 1.01 1.12 1.24 1.36 1.47 - -
8:24 0.90 1.00 1.1 1.22 1.33 1.44 - -
8:25 0.88 0.99 1.11 1.21 1.33 - - -
8:26 0.91 1.0$ 1.14 1.24 1.3b - - -
8:27 0.90 1.00 1.1 1.23 1.36 1.45 1.59 -
8:28 0.90 1.00 1.11 1.23 1.36 1.50 - .
8:29 0.89 1.00 1.1 1.23 - - - -
8: O 0.91 1.01 1.13 1.24 17 - - -



APPENDIX 6:2 continued

PAGE A 2U

Insulator current as a function of the applu.-d voltage

I iir2i

| 8:31
8:3?
8:3J
8:3
8:35
8:36
8:37
8:38
8:39

18:01
8:41
8:4?
8:43
8:44
8:45
8:46
8:47
8:48
8:49
8:50
8:51
8:5?
8:53
8:54
8:55
8:56
8:57
8:58
8:59
8:60

80

0.90
0.87
0.90
0.89
0.90
0.87
0.89
0.89
0.89
0.88
0.88
0,89
0.89
0.88
0,90
0.90
0.88
0.90
0.88
0,90
0.89
0.90
0.86
0.89
0.88
0.91

0.93
0.9?
0.91

Voltage Withstand Level in KV

Q0

1.01
0.96
1.00
1,00
1.00
0.98
0.99
1.00
0.99
0.98
0.99
1.00
0.98
1.00
1.00
0.98
1.03
0.99
1.00
0.99
1.00
0.97
0.99
0.98
1.0?
1.03
1.03
1.01

100

1.13
1.07
1.1?
1.1
1.1

1.08
1.1
1,11

1.10
1.10
1.10
1.1
1.09
1.1
1.1?
1,08
1.13
1,09
1.13
1.11
1.1?
1,07
1.10
108
1.13
1.15
1.14
1.1?

1.74
1.19
.73
1,22
1.22

1.19
1.2?
1.2?

1.21
1.21

127
1.21
1.21
1.23
1.20
1.25
1.21
1.23

1.23
1,18
1.21
1.20
1.26
1.27

1.24

120

1.35
1.28

1.27
1.34
1,33

1.33

1.29
1.33
1.34
1.31

1.36

1.34
1.29
1.33
1.31

1.35

130 140 150

1.45 1.56

1.45

141

1.45

1.44 1.55

1.44 - -
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APPENDIX 6:? continued

jfisulator current,

".No.

8:61

8:6?
8:64
8:6/.
8:6",
8:6b
8:67
8:68
8:69
8:70
8:71

8:7?
8:73
P.IU
8/5

8:76

on

1185
0,91
11.89
0.87
0.91
0.91
0.87
0.91
0.91
0.9?
0,9?
0.87
0.91
0.89
i 0,90
1 0.89

PAGE A 2b

A fuucUnn us U,u Appiiurl vinlr.,ufP

Voltage Withstand Level in KV

90

0,94
1.00
1.00
0.98
1.0?
1.02
0.98
1.02

1.03
1.0?
0.99
1.01

1.00
1.0?

100

1.06
1.13
1.1?
1.1

1.15
1.16
1.09
1.16

1.15
1.15

1.13

1.13

110

1.16
1,23
1.21
1.20
1.24
1.24
1.18
1.26
1.24
1.24

1.23

3

1.22

120 150 HO

1.76 1,38

1,58

1>0



APPfINJDIX 6:3

Lorona and hlashov/or Inropliun VollUttios

i-Vio. riiv |
1:08 n.r. 5:29
113 n.r. 6:01
?:01 n.r. no 6:02
?:0ti n.r. 150 603
2:11 n.r. 1?5 6:04
2:1? n.r. 17Q 6:05
213 n.r. 170 6:06
?:H n.r. is? 6:07
4:01 n.r. 150 6:08
4:0? n.r. i70 6:19
4:03 n.r. 170 6:26
4.04 n.r. HO 705
4:06 n.r. 120 7-:09
4.07 n.r. 170 7:15
4:09 n.r. 120 716
4:11 n.r. 120 719
4:12 n.r. 150 7:23
413 n.r. 140 8:06
4:14 n.r. 150 8:08
4:15 n.r. 150 8:09
4:20 n.r. 150 8:10
5.01 n.r. 170 811
5:04 n.r. 120 812
5:06 n.r. 120 8:15
5:07 n.r. 100 8:14
5:12 n.r. 150 8:15
5:15 n.r. 110 8:16
5:16 n.r. 140 8:17
5:25 n.r. 70 8:18

5:28 n.r. MO 8:19

110

115
100

110

n.r.
120
120
120

n.r.
no

n.o.

110
110
110
110

n.r.
110
70

PAGE A 26

F.L.

120
120

n.r.
n.r.

120
120

120

120
120
110
120
120

120
150
110
150
120
120
nn
120
150
140
110
110
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APPENDIX 6:j runtimji-KI

Corona and f1lashuvor int opt.ijn Vullages

:.No. CIV E.L. I.No. CIV EL
8:21 no - 8:46 110 120
8:23 110 110 8:47 100 100
8:24 110 120 8:48 110 120
8:26 110 - 8:49 100 120
8:27 100 120 8:53 110 110
8:28 100 120 8:56 n.r. 110
8:29 100 - 8:57 % 110
8:31 110 120 8:58 100 m 110
8:32 100 110 8:60 100 110
6:34 100 n.o. 8:61 110 120
H-'j 110 - 8:63 n.r. 110
8:37 110 - 8:64 100 -

8.38 120 - 8:65 110 120
8 39 110 120 8:67 110 m 120
8:41 100 110 8:68 n.r. 120
8:42 90 m 110 8,70 n.r. 120
8:43 100 100 8:71 120 -

8:44 110 in 8:73 120 m 120

8:4b 110 i;o 8:75 110 120



A"PK\ID1X 6:4
Partial Dischvinn1Art.iviEy
mio. ' POiv Mpda Im i.'Mo.
8:06 50 147 0 8:47
8:0? n.r. 16 20 8:48
8:08 70 117 110 8:49
8:09 n.r. 165 110 8:50
8:10 n.r. 165 80-100 8:51
8:11 n.r. 16 100 8:5?
8:1? n.r. 41b 80-100 8:c
8:13 n.r. 165 80 100 8:5 .
8:U n.r. 4? 80-VO 8:57
S n.r. 30 110 8:58
3:16 n.r. 14/ 100 8:59
8:17 100 ?95 1?20 8:60
8:19 100 4b7 140 8:61
8:7? ?0 930 110 8:6?
8:7b 45 11, 80 8:63
8:?b n.r. 131 100-110 8:64
8:77 110 74 110 8:66
8:78 100 4? VO 8:67
8:3? 1?0 53 i7n 8:71
8:34 70 95 90-110 8:7?
8:35 110 93 110 8:73
8:37 50 5? 110-VO 8:74
0:45 80 165 80 8:75
8:46 40 5? 80-130 8:76
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117
165
165
93
79
93
5?
165
5?
130
131
5?
5?7
795
295
165
1000»
415
93
117

415

80

90-120
920
80-120
100
80-110
120
100
80-110
100
80-110
100-120
90-110
80-120
80-130
120
80-90
90
920
80-130
80
90-120
80
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APPENDIX 6:4 continuHil

Comments on thin ParLinl Discharge Activitv of individual Insulators
8:08) Well developed in both amplitude and intensity.

8:15) P.d.a.could possibly he noise.

8:16) Amplitude of the P.d.a.varies randomly.

fl.i /) Flare up and dying out.Generally intermittent activity.
8:19) P.d.a.inception at 110 KV .Extinction at 120 KV.

8:22) Well developed p.d a. from 20 KV upwards.

3:25) Inception et 65 KV.Extinction at 80 KV.

8:26) low level of Intensity.

8:27) Inception at '10 KV,Flare-up.

823) 1igh intensity.low amplitude.

8:}? ) low amplitude

8:37) iow amplitude

8:45) Sporadic pda.

8:46) Well developed in both amplitude and intensity.but sporadic.
s:48) Bulk of pda in bottom half cycle of ellipse

3:49) Bulk of pda in bottom half cycle of ellipse.

8:50) Sporadic flares.

8:51) Increase of pda prior to puncture.

8:54) Flare up of pda for voltages in excess uf 120 KV.
8:59) increase of pda prior to puncture.

8:60) Inception at 50 KV .txtinrtion at 120 KV.

8.1) Visible discharges could possibly be corona.

8:62) Pda is well developed In both amplitude and intensity.
8:64) Both the amplitude and intensity are well developed.

0:66) Both the amplitude and intensity are well developed.
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APPI rvjoix 8:5

fime to Puncture
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APPENDIX 6:5 continued

Time to puncture

[.No. r [.Nii. r [.No. / I.No. T

8:01 20 8:21 20 8:41 50 8:61 10

8:0? 60 8:22 5 8:42 30 8:62 15

8:03 120 8:23 30 8:45 10 8:63 10

8:.04 30 8:24 20 8.44 90 8:64 10

8:05 10 8:25 60 = 8:65 20

8:0b - 8:26 30 8:46 40 8:66 105
8:0/ 20 8:2/ 20 8:4/ 10 8 6/ 10

8:09 8:28 - 8:48 20 8:68 30

8:09 3 8:29 5 8:49 30 8:69 10
8:10 8:30 - 8:50 10 8:70 0

8:11 8:31 90 8:51 15 8:71 3
8:12 2 8:32 - 8:52 120 8:72 20

8:13 13:33 30 8:53 30 8:73 90
8:14 8:34 15 8:54 5 8:74 10

8G5 10 8:35 105 8:55 - 8:75 15
8:16 15 8:3b 10 8:56 30 8:76 10
8:1/ * 8:3/ 30 8:57 75 8:a -

8:18 - 8:38 30 8:58 bO 8:U -

8:19 - 8:59 60 8.59 80 8:c -

8:20 0 8:40 10 8:60 10 8:0
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AP°F MPfX )

Derivation of tht» normal curie os uiofj in rh A\

TWIKAAUVE U e e sviicauvii 3wl LI
A -,a tors A
No.of punctures
A H3
Avorage puncture voltage 1Q6 Kv
Standard Deviation
1.6 KV

It a Gaum or normal distribution curve wltn u - ,20 KV and

(i standard deviation of 11,6 KV.[?t.?b)

-Hi \n.uf insulatnr?
&0 1.0b K 10* 3 d
20 LW x 10* 2 ,
mo 9.008 x 10* 2 12
110 ,2:b 57
120 0.3989 5
130 0273 57
140 9,008 x 10*2 12
ISO 1.40-r x 10*2 5
IhO 1.05 x 10 *3 “

'WCOmwo~"n9 "ouf '""Sul* ars for each value of P(, ,
calculated as follows:

A
Hu L] p!

TiW

Ilrw .N o .
P(X) at i?n KV
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