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ABSTRACT

This thesis describes an experimental arrangement which has proved
successful in.the measurement of one of the most significant quantities
as regards the deterioration of iﬁsulation,vnamelj discharge energy loss/
cycle. The arrangement was used at very low frequency (0.1 Hz) and
recorded discharge energy loss/cycle in thermally aged sections of 300 MW
stator bars with micaceous insulation.

The purpose of thermally ageing the stator bar sections was to
create both large and small voids within the insulation, the intention
being: |

(1) * To measure the change of discharge energy loss/cycle with

ageing time of the sections.

(2) To diffefentiate between both the large and small voids

created in the sections.

Whilst it was-possible to show the increase of discharge energy loss/
cycle with ageing time, it was not possible, with the present experi-
megtal arrangement, to detect voids of differing dimensions. This was
because of surface discharge across the guard electrode interspace, and
lack of precision in the measurements. However, it is believed that a
proposed system will be more successful. The present experimental
érrangement responds to both large and small amplitude discharge rulses
and is more sensitive than conventional integrating instruments used at

power frequencies.

Tan § due to diséharge was measured on the stator bar sectioﬁs at
both 50 and 0.1 Hz, but on differing experimental arrangements. Apart
from the initial ageing times of the specimens,&faried approximately ? ((
linearly over the range investigated, although they differed by a ? ,

constant amount. Some of the difference was accounted for by only




measuring half the discharge enérgy loss/cycle because of commutation
noise from the VLF generator, the other being unaccountable and due to
the measurements of similar, but not necessarily equal quantities on
different experimental arrangements.

During the experimental work, discharge inception voltage was

) with
found to be invariant p# frequency.



1.  INTRODUCTION

Until recently the demand for electricity has increased year by
year. Accompanying this increase in demand there has been a
corresponding increase in the size of elegﬁ;ical generators. Mach-
ines installed recently are rated at 500-660 MW but 1300 MW machines
are being designed and 2000 MW machines are envisaged for the not too
distant future. The reliability of such maéhines depends on, among
other factors, the quality of the insulation system employed and its
ability to maintain-its insulating properties for the life of the
machine. Lacotta and Fozard1 have pointed out that the costs asso-
ciated with the faiiure of such a machine, or breakdown of auxiliary
high-voltage motors has lead to the development of test téchniques
which can be used to assess the quality of the stator insulation.
Their reasons for this are:-

i.‘ "the high cost of outages®
ii. "the increased electrical and mechanical stresses
on the insulation'
iii. "the newer types of insulation being introduced"
iv.  '"the greater reliance that is placed on these large
units for base-load generation'.
Tﬁe methods commonly used to test the stator insulation include
d.c. insulation resistance measurements at high and low voltages and
a.c. measurements of the insﬁlation loss angle over a range of applied
voltages. More recently the use of insulation tests at low freguency
(0.1 Hz) has been advocated to overcome some of the short comings of
the traditional test methods. This thesis is concerned with the

development of such tests and with discharge measurements at low fre-

quency in particular.
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1461 Stator insulation

The types of coil used in the stator of large electrical machines
include half éoils, basket coils and hairpin coils. Half coils are
used when the full coil would be too large to handle. The coil for a
500/660 MW machine is some 7.5m leng and weighs some 250 Kg.  Basket
(or diamond) coils forh a two layer winding. They are formed by hand
or using a pulling machine, and are used on salient pole geherators,
synchrpnous capacitors and motors with outputs between 1 and 500 Mv.
Hairpin coils are restricted to machines with outputs between 1 and 15
MW.

The conductor stack is an important pért of the coil. A well
consolidated conductor stack is both mechanically and electrically
sound and provides a structure suitable for the application of the main
wall insulation. The conductor stack consists of single insulated
copper strips which are transposed in the 'Roebel! fashion so that each
strip successively occupies each position in the stack along the coil.
Each strip in the stack is wrapped with a single half lapped layer of
insulating* tape. Nowadays the tape is eboxy resin impregnated mica
on a glass backing material.

The insulated conductors are assembled together according to the
design specifications of the machine, into a Stack, pressed and con-
solidated to a given size under carefully controlled temperatures,
pressures and pressing times. The outside su:face of the stack thus
formed is the resin impregnated backing material which is a glass
cloth méde from a lime alumino-horo-silicate glass. The ends of the
) stack'which extend beyond the slct portion, i.e. the end winding
region, are jig formed and insulated by hand wrapping tape forms of

non-micaceous and micaceous materials. This section of the bar is




subjected to much lower electrical stresses than the slot portion, and
hence damage by electrical discharges is minimal.

T.147 ~ Main wall insulation

The consolidated conductor stack is wrapped with either sheet or
tape comprised of resin bonded mica on paper, terylene or glass cloth.
The wrapped bar is pressed at specified temperatures and pressures and
consolidated on to the stack; the overall size of the bar, which is
 determined by the specific design of machine, is controlled by 'stops'
in the press. The applied pressure is designed to give up to 25%
compression of the insulation which ensures adequate resin flow, opti-
mum mechanical and electrical properties..

The design of stator insulation systems is based mostly upon
obsefvation on generators that have been in service for long periods of
time. Most problems encountered have been of mechanical rather than
electrical origin..

The stator conductors must be fitted tightly into the slot by
wedging securely to prevent bar bounce, hence the insulation must have -
the required properties. The conductors, on the other hand, should
have enough freedom to allow for expansion znd coniraction due to the
temperature differentials which can develop between the conductors and
the stator core. Direct liquid cooling of the stator windings has
reduced the copper temperatures to a relatively low level, and the
copper to iron differential is insignificant.

The stator end windings must be restrained to withstand the
electromagnetic forces on the end connections. These forces result in
axial and tangential movement. All the component parts of the insula=-
tion system must be capable of withstanding the resultant relative

motion and variation in pressure, without being damaged by abrasion.




It can be seen, therefore, that while electric strength is impor-

~ tant, it is the mechanical strength that dictates the design requirements.

1.2 Stator insulation systems

The materials used to insuléte the stator, apart from having to with-
stand the stresses mentioned, have to be capable of being formed round a
section of copper in the shape of a coil before being inserted into a
slote They also have to be worked to close tolerances necessary in
electrical machines. The materials, therefore, have to be of first
class quality and have to operate satisfactorily for long periods under
exacting conditions. Shellac or bitumen bonded mica are the traditional
materials, but synthetic resin-bonded mica flake is now widely.used.

Some details of these materials are given below.

Te2e1 Mica

There are two types of interest electrically; these are muscovite
and phlogopite. Muscovite is widely used for its electrical qualities.
Mica is formed from a complex silicate structure involving layers of
oxygen atoms grouped around silicon, aluminium or other metal atoms.
These are held together by layers of potassium atohs.

?he highest quality micas are clear and transparent, and these vary

in colouration (muscovite is generally ruby or green, phlogopite, amber).

Muscovite is stable at temperatures -up to 600°C and loss tangent in

" the range '10-'3 - 10-4 over a wide range of frequencies at room tempera-

ture. However, loss tangent and conductivity increase rapidly at high
temperatures and this limits the maximum usable temperature. The
relative permittivity is in the range 5.5-7.0, and its electric strength
for a thickness'of approximately O.1mm lies in the range 1 - 2 x 105V/mm.
However, intrinsic electric strengths 106 V/zm haveAbeen noted. Mica

is resistant to ercsion by prolonged discharge attack - greater than any

- b -




other flexible material.

Mica, whether as built-up flake or mica. paper, is used for the
main insulation of generator stator windings. It is chosen because
of its electrical, thermal, mechanical, and discharge resistant
properties.

1.2.2 Mica paper

The manufacturing convenience of using uniform and homogeneous
matefials has led to the development of paper-like materials., This
is made by exfoliating the smaller mica flake material into very small
- plate-like particles approximately 1 ym thick. These are then formed
into sheets by settling from suspension in a paper-making machine.
Exfoliation is accomplished by heating to 800°C to start disintegration. '
This is followed by either quenching in water, mechanical disintegration
and screening, or quenching in so@ium carbonate solution and treating
with dilute sulphuric acid, so that the carbon dioxide forces the lami-
nae apart and completes the disintegration.l There is another process
which employs high pressure water jets to break up the mica mechanically.

The cohesive force between the platelets gives the mica paper the
strength to permit handling. The tear strength is too low for most
purposes until éreated with a binding resin. The resin effects the
maximum usable temperature and also effects its dielectric loss. The
thickness of mica paper produced is generally_in the range 50 ym -
6.25 um thick. The éischarge resistance of mica paper is comparable
with mica "flake.

1.2.3 Bitumen-asphalt

Bitumen was one of the first materials to be used, and is still
used as a bonding agent for mica flakes. Bitumen is a thermoplastic
material which becomes fluid when hot, and solid but reasonably flex-

ble when colde.




Many new materials are available with good dielectric properties,
but none have been found to match all the properties of bitumen.

1.2.4  Shellac

Shellac was another material which was in early use as a bonding
agent, it dissolves in alchohol torform shellac varnish.

1.2.5 Synthetic resins

In 1930, synthetic resins began to replace the traditional thermo-
plastic materials such as shellac and bitumen.

1.2.6 Epoxy polyester

~ As epoxy and polyester resins were considéred the most likely syn-

thetic resins to replace shellac and bitumen‘as binders for high-volt-
age insulation, the properties required of such a system were:

1. High thermal stability -~ low loss at elevated temperature.

2. Good resistance to electrical discharge.

3. Good bond strength between backing material, mica and

copper.

4, Resistant to moisture.

5 High mechanical strength.

6. Thermo-setting instead of thermoplastic.

The polyester group was the first to be used in the electrical
industry, since they were the most easily controlled.

However, as a mica binder, the epoxy groupsigﬁ%uéerior to the
polyester groupsfor the following reasons:

1. They are less permeable to moisture.

2. Their loss tangent is lower at the operating temperature

- of the electrical machine.
2+ They have low shrinkage on curing.

L4, - They have no adverse reaction with copper.



While epoxies were preferred they were more difficult to control
and therefore development of these resins has been slower.

13 . Mechanisms of insulation failure

It has been recognised that there are several ways in which a

solid dielectric can breaﬁéown, namely:-
» Intrinsic or electromechanical
. Streamer

1

2

3, - Thermal -
N

« Erosion, Electrochemical, Surface tracking.

\

Te3,.1 Intrinsic breakdown.

This may be defined as the electrical strength of the material it-
self when all the known secondary effects have been eliminated. These
include thickness of the material, nature of the electrode system,
duration of stress, waveform and previous treatment.

Several theories of ultimate breakdown strength, based on solid
state physics, have been proposed, but neither the experimental data
nor theories account for it satisfactorily. A review of these is given
by CooPerz. Breakdown in certain materials, i.e. soft rubber or irra-
diated polythene, appear to be the result of electromechanical failure.
Compression decreases the thickness which in turn increases the stress,
and if the elastic modulus is low enough, breakdown is achieved.

Garton5 assumed that if (do) is the initial thickness of the mat-
erial of Young's modulus (Y) which decreases to a thickness (d) when
subject to an'applied voltage (Vs), then the electrically developed com-

pressive stress is in equilibrium if

Vs oy 1 {@_ ...... 1.1
SOSr 232 < .Loge \d



d
Differentiating with respect to d°, it is seen that d° log, [f]
has a maximum value of <0.6., Further increase of (Vs) beyond this
value causes the material to collapse. Under these conditions, there-

fore, the highest apparent electric strength is given by

/ v [y )? '
E = S - 0.6 [ ] ------ 1.2
o d- £ €
or

1.3.2 Thermal breakdown

This was extensively investigated by Whiteheadq. An electrical
field, applied to a dielectric at room temperature, produces little
cénduction current. However, as the temperature of the insulation
increases, thermal dissipation from the surfaces occurs and the final
résult depends on the heat dissipatea in relation to heat generated.

The main effects of energy loss, causing the temperature to increase

1o Electronic conduction currents (I‘R loss)

i r
Se Jonic conduction Go exp(L ﬁ%

3. Dipolar loss
4, Discharges, surface or internal.

The equation for the continuity of heat is

2 dT .
= - =2+ QiV \A gfrdgadd4 L) 0= = = = = = 1'3
oE C, 3¢ +div (K grad T)
i.e., Heat generated = heat absorbed + heat lost.
From this equation, two results may be implied, i.e., Impulse
Breakdown and Long Term Breakdown.

For Impuise electric stress there is insufficient time for heat

loss to occur, i.e.,

2 ¢ &

0%
v dt

Considering a ramp rise of voltage to produce an electric field at

-8 -



a time (tc), these being the critical values for breakdown, then it

may be proved that

, 2
A 3CvaTc z U _———— - - 1.5
EC = Tﬁf— exp -’
(o]

: xT

where U = constant for dielectric

&

This shows that (Ec) is independent of (tc) the critical temperature,

thermal conduction

For long time .thermal breakdown we have,

3 .

FE - ¥ 4V (graaT) 00000 o mm--- 1.6
i.e. Heat generated = Heat loss.

For this condition, there are two extremes, thin or thick samples
of dielectric. For a thick dielectric sample, the electrode-dielectric
contact has negligible thermal resistance, whereas for a thin dielectric
sample the electrode contact is considered most important.

It can be proved that for a thick sample under a.c. stress that

T
veeg [® B a4 ------ 1.7
a .
where Vc = Critical voltage
Tm = Temperature at dielectric centre
Ta = Temperature at electrode boundary

From the equation it is seen that Vc does not depend on thickness.

1.3.3 Electro-=chemical failure

Dielectric deterioration is due to ions arising from the dissocia=
tion of impurities or ionisation of the insulating material. The ions
lose charge on arrival at the electrodes after an electrode reaction.
The products are generally chemically or electrically harmful to the
insulation., Impurities in the dielectric, and moisture are the sources
of ions. Therefore, to minimise electro-chemical deterioration, it is

important to avoid contamination during manufacture. Leakage currents

-9 -



in solid insulation increase rapidly with temperature, and electro-
chemical deterioration may be more rapid at elevated temperétures.

Garton5 developed a theory, which makes it possible to calculate
the concentration of ions from the variation of loss angle of the die-
lectric with voltage. This was for thin films of the impregnant bet-
ween layers of solid dielectric.

1.3.4 Surface tracking

If éarbon deposits are produced by some means in such a way that
they form together, a continuous conducting path may result, and this
would cause failure of the insulating surface. This rath may be formed
by high energy discharges from a high potential electrode. If the
insulating surface is contaminated, i.e. because of condensation and
deposits of dust, surface discharge may be quite severe.

At lower voltages, the formation of continuous films of low
conductivity between electrodes occurs. The flow of current through a
moisture film causes it to e%aporate. The break in the film causes a
spark between the two receding edges, and if the current in the spark
is large enough, a carbonised channel may be formed. If these channels
become numerous and continuous, the concentration of stress in the
undamagéd rarts leads to rapid failure.

1.3.5 Erosion breakdown

If an insulating material fails after long service, it is generally
due to erosion by discharges. All insulation systems contain gaseous
inclusions. A common situation is where an air gap is in series with
a solid dielectric. This gap occurs in cracked insulation, at the sur-
face, or'at the edges of electrodes.. The dielectric streﬁgth of the

~air gap is lower than that of the solid, and consequently breakdown

occurs at a voltage considerably lower than that required to puncture
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the solid.
The minimum voltage at which continuous discharge occurs is known
the :

aﬁxdischarge inception voltage. Its value depends on the pressure and

composition of the gas (Paschen's law), the shape of the electrode,

"electric field, and the condition of the adjacent insulation. Uhen

discharge occurs in the internal voids of the insulation, a large num-
ber of electrons ranging in energy from zero to greater than 14eV arrive
at the anode. Similarly a large number of positive ions move towards
the cathode. A theory suggested by Garton6 is that bond breaking is
probable by the bombardment of positi#e ions, causing the breakage in
CH2 groups from the polymer chain, in the case of polythene. The
effect is a slow erosion of the material and in consequence a lengthen-
ing of the gas gap, with a corresponding reduction in solid insulation
thickness to withstand the applied stress. Organic materials are
especially susceptible to decompositicn by discharges, whereas inorganic
materials are not quite so sensitive. For example an epoxy resin
system has shown to be superior to natural resin mica splittings system
at a nominal stress of 4kV/mm.

Tests in hydrogen at nérmal working pressure and temperature have
confirmed this superiority, and support the introduction into service
of this insulation at higher electrical stresses than those employed for
natural resin systems.

1.3.6 Streamer breakdown

There are two types of concern, one that produces breakdown in
approximately 20 years, i.e. 'service' breakdown, and one that occurs

after one minute. Both are important. It is necessary to understand

the mechanism of short-time breakdown to ensure that partial breakdown

of the insulation has not occurred during any test that may be perfermed.
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This would certainly effect its prospective service life.

Streamer breakdown is the propagation of the breakdown channel
through the material, and is named after a similar effect in air.

Breakdown of solid insulation is preceded by failure of the
ambient medium. When an a.c. voltage is applied to a solid die=-
lectric between electrodes,zfraction of this voltage appears across the
insulation. The remaining voitage will be supported by the ambient

. the later

medium. If, however,‘if breaks down under the‘applied stress, a small
charge will be deposited instantaneously at a particular site, and con-
'sequeqtly the full voltage will be applied across it. The system may
be considered as a point-plane arrangement, i.e. an earth plane and
higﬁ;potential discharge channel.,. The local field produced is much
greater than the intrinsic breakdown field and the formation of a dise
charge channel in the ambient medium results.

The factors that effect this type of breakdown are intrinsic
electric strength and its variations in temperature and time, elect-

rode geometry, surface conductivity, ambient medium and waveform.

1.4 Insulation tests on large machines

The reliability of insulation in high voltage electrical machines
is of the utmost importance. Even though a machine has been proper-
ly designed and the insulation tested, there is no guarantee it will
not fail in future service. Insulation deteriorates whether in
service or not. As far as stator insulation deterioration is con-
cerned, four basic processes are involved, and although these are
defined separately, they could in practice act together in various
combinations. These are:-

1. Electrical: Both surface and internal void discharges

result in tracking and erosion of the insulation respect-
ively.
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2. Mechanical: Both vibration and differential expansion of
the core cause abrasion of the stator insulation.

3. Chemical: Insulation ages and cracks by oxidation of
organic materials in air, however, the working medium in
stators is hydrogen. Degradation does occur, but the
exact processes are not understood.

4,  Thermal: Heat generated within or next to the insulation
causes degradation of the insulation bond.

One of the most effective ways of detecting faulty insulation is

to perform a high voltage test.

The following are desirable in any test method:-

a. The non-destructiveness of the test, and hence the correct
distribution of the electrical stresses in the system under
test.

be The ability of the test to detect the fault.

High potential or over-voltage tests on insulation assume a
definite relationship between applied test voltage and insulation life.
This assumption requires that the same processes are responsible for the
deterioration and possible failure of the insulation at all levels,
especially at the test and service voltages. Such a condition is
difficult to achieve in practice.

fhere are in practice thzgggks for assessing the condition of
insulation; these are the 50 Hz over-voltage test and the d.c. test.
The 50 Hz over-v;ltage test on insulation of high voltage machines is
a form of quality control, to prove the 'soundness' of the insulztion.
However, duriﬁg the test, discharges on surfaces and in voids may
reach a level that is potentially dangerous to the insulation under

test, whereas the discharge level during service may be quite harmless.
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D.C. tests have the ability to discover certain faults in the
insulation. |

Manddtory insulation tests carried out during manufacture of the
machine are:

1. Insulation resistance tests.

2. High;voltage tests.

1.4.1 Insulation resistance tests

The insulation resistance is measured with a low direct voltage
applied, usually 1-2.5 kV, to ensure that the winding is dry and clean.
This test is applied both before and after the high-voltage tests to |
ensure that the tests have not damaged the insulation.

1e4¢2 High-voltage a.c. tests

It is general practice to do these tests at different stages dur-
ing the manufacture of the machine, to ensure that each process has
been carried out correctly. ' If a failure does occur, then it can be
repaired quickly at a relat;vely low cost. When a machine is being
‘manufactured, tests can be made at the following stages:

a. After the coils have been manufactured but before being

wound in the machine.

b. After being wound into the machine. 1In the case of a turbo-
generatcr with‘half coils, the bottom-of-slot coils would be
tested before the top-of-slot coils were wound into position.

Ce After connection in their respective phase groups.

d. Before running-tests.

e. After running-tests.

Test (e) is carried out in accordance with BS 50C0 P2 Nov 1973.

Test (a) is made at a‘substantially higher voltage to ensure that

the winding will meet the final test. Also, should there be any weak-
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nesses in the windings these will be discovered during the winding
stage. BS 5000 Pt2 Nov 1973.

-High voltage tests should mostly be 10C0 V + (2 x rated voltage)
with a minimum of 2000 V.

When a machine has passed its works test, then at site, a voltage
of 85% of the test voltage should be applied, and if repairs have been
done, only 75% of the original value need be applied.

A direct voltage may be applied instead of the alternating voltage,
especially at site where high-voltage equipment is not available. This
voltage should be 1.41 x 0.85 of the final rms voltage.

1.4.3 Other insulation tests

Other insulation tests have been devised, but none of them have
replaced the high-voltage test. Some have now supplemented this test
to give a further guide to the consolidation and reliability of the
insulation. Some of these tests, and the modern instruments used for
the purpose, are now briefly discussed.

1.4.4 50 Hz loss tangent and capacitance tests

This test indicates the degree of consolidation and hence void
content of an insulation system. The characteristic required is a
'low and flat' loss tangent/applied voltage curve which extends beyond
the rated voltage of the machine. If the capacitance of a large number
of coils of similar dimensions is meésured, then the capacitance of each
- should fall within certain limits, giving a check on the insulation.
These measurements are made using a Schering Bridge or a Transformer
Ratio-Arm Bridge, which gives a direct measurement of loss tangent (tan§)
o and capaéitance. When possible these measurements are made with

guarded electrodes at least 3,5 cm long,
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1.4.5 ERA discharge detectors

These instruments measure discharge in voids of the insulation.

7.8

Several papers have been written concerning their use. Yhen a

voitage is applied across ;he insulation under test, the voids break
down under the applied Stress, and the discharges are displayed on an
oscilloscope and compared with a calibration pulse. The measurements
on the Mk. 1 and Mk. 2 detectors are made in millivolts or volts and on
the Mk. 3 in decibels, from which they can be converted to mV from a
chart.

However, these discharge detectors do have the following deficien-

cies, when measuring discharges in rotating machine insulation.

1. During the test, only the maximum discharge magnitude is
measured, i.e. only the largest pulse is taken and compared
with the calibration pulse. The remaining many, and
possibly important discharges are ignored.

2. The results, obtained in pico-coulombs, are indevendent of
the wWoltdge ampliude-

e With detectors Mk. 1 and Mk. 2, all discharges, i.e. internal
and external, occur together on the trace and cannot be dis-
tinguished. This has been shown experimentally with samples
both in and out of o0il, the oil being use& to suppress the
surface discharges.

L. With the Mk. 3 detector it is possible to distinguish between
the internal and external discharges, but in many cases the
external discharges can be so large that they mask internal
discharges. Therefore, these detectors are generally used

in noise free' enclosures, free from electrical surges etc.
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5. At site the background level must be established before any
tests are made, as the background noise can be so high as to
make measurements meaningless.

1.4,6 Dielectric loss analyser (DLA)

This instrument is relatively new in the electrical industry and
was specifically designed for use with h.v. rotating machine insula-
tion.8’9

Any insulation has two forms of loss:

(1) The dielectric or material loss due to the type of insulation

ﬁsed.

(2) The gasedus or discharge loss due to the ionisation of the

voids in the insulation as the voltage is increased.

The loss is displayed in the form of a parallelogram on an oscillo-
scope screen, the area inside the loop being determined by the number of
voids discharéing in the insulation. The instrument is easy to use and
does not need a discharge-free enclosure. The resulis are expressed
in Joule/pF/cycle, thus taking into account the electrical size of the
equipment being tested.

A criticism of the instrument is that true balance may not be
maintained over the entire test voltage range, and so the instrument
will respond to both solid and discharge loss.

1.4;7 D.C. Tests

This method has been the subject of many papers, and considerable
0,1

controversy.1 The advantages of this method of test may be summ-

arized as follows:

Advantages

(a) only physically small equipment is needed to test electri-

cally large rotating machinery;
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(b) it will discover faults, i.e., cracks in the insulation;
(¢) the leakage currents can be maintained, thus giving the
degree of contamination.

Disadvantages

(a) the stress distribution with d.c. is completely diffefent
from that with a.c. and therefore unrealistic conditions
are imposed on the insulation of a.c. machines, especially
at slot exits;

(b) failu:es have occurred in the overhang sections of the
machines when tested with d.c. due to surface contamination,
i.e. dirt and moisture. This is because d.c. tests are
goverhed by the surface resistivity and a.c. tests by the
permittivity of the insulation.

1.4.8 Low freguency

A method has been developed in_whicp a voltage of low frequency
(0.1 Hz) is applied to the insulation.'® This method has all the
advantages of a.c. testing with the added advantages of d.c. testing.
This method is relatively new.

1.4.9 VDE 0530 Pt 1.66

From all the tests detailed above only the h.v. tests are subject
to a British Standard, but several customers have their own required
values for loss tangent and a German Specification VDE 0530 Part 1.66
lays down limits for h.v. coils.  Part of this states, 'The maxigum
increase in tan §/0.2 Un shall not exceed the corresponding increaﬁ?
before heat application by more than 0.004. The increment in<£éijgj)
over each 0.2 Un interval shall not exceed 0.C09. For rated voltages
>10.5 kV but <17 kV these values should not be exceeded'. Un is the

rated voltage of the machine. This test measures the quality of new
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insulation but it does not guarantee it under service conditions.

1.5 Ageing of insulation

Ageing of insulation is a complicated process, and its measure-
ment in a machine is equally difficult. Numerous papers have been
written on the subject but after séme 60 years of work there still
appears to be unknown or immeasurable factors affecting the process.
Many observers have tried to compare the ageing of various machines,
operating at aifferent sites, with each other, but this is extremely
difficult unless actual conditions are taken into account and can be
allowed for. Wwhat these factors are is still unknown. ‘It would,
therefore, seem logical only to compare the ageing of an insulation
system of a particular machine with itself over a period, and not with
any other.

The following is an attempt to explain briefly one condition
which causes the deterioration or ageing of insulation and the methods
employed to detect it.

A coil manufactured with thermoplastic materials 'swells' on heat-
ing, causing the main insulation to part from the conductor stack.
This is the most important area of the coil since high stresses appear
there, causing electrical discharges in the voids so formed, and erode
the bonding materials by chemical action. Also completely eroded are
such cellulose-based materials as cotton, silk, and paper, leaving
behind only some bonding agent, loose dust and the mica flakes. The
conductor stack, having now been weakened, can vibrate and if it is a
multi-turn coil can cause an interturn failure which subsequently turns

into an earth fault.

A coil insulated with the thermo-setting synthetic resins and
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using glass cloth as a backing material with either micapaper or mica
flake is more resistant to these conditionms, becaﬁse at elevated temp-
eratures the whole coil, i.e., insulation plus copper, moves as one.
Consequently, the possibility of the bond breaking between the first
layers of insulation and the conductor stack is less and the formation
of Voids is less likely, other than those voids introduced during manu-
facture. Hence there is less chance of the conductor stack breaking
loose, vibrating and causing an interturn fault. To detect such de~
terioration is difficult and therefore, it is necessary to carry out
two tests, one which detects any weaknesses in the main insulation wall,
and the other which detects any vweaknesses in the conductor insulation
or reveals voids in the area of the conductor stack.

A winding generally consists of three phases, each phase contain-
ing a number of éoilsAconnected in series, and therefore any test applied
at the terminals is applied to all the coils. It also has been shown
that loss tangent/maximum'discharge measurements, applied in this manner,
only give an indication of the average condition of the winding, and
that the e#istence of a single 'bad' coil will be masked oy the remain-
der and go undetected. Therefore, for all these tests to be beneficial,
it is necessary to split the winding into individual coils. The only
method of Aiscovering weak coils is to apply a high voltage to the wind-
ing, of sufficient potential to find a weak coil but not high enough to
cause permanent damage. Work has been carried out testing machines in
this manner and satisfactory results have been obtained with a voltage
of 13 x rated voltage of the machine, this being based to some extent on
the fact that sound insulation has a voltage breakdown value of at
least four times the rated voltage.

In short, tests are available wnhich give an indication of the
average condition of the winding and also the condition of the main wall

insulatione.
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5,13
2. DISCHARGES IN INSULATION

A partial discharge is one which does not bridge metal electrodes.
Generally, a dielectric is present on one or both electrodes, this may
be solid, liquid or gas, Partial discharges occur in cavities of
solid dielectrics, here both the electrodes are shielded from the dis-
' charge. Surface discharges also come into fhis-category since, at
least one electrode is shielded by ai%gélectric. This is also true of
discharges from a sharp point at high voltage - here the discharge is
shielded from one electrode by a coiumn of non-iéﬁised gas. The mag-
nitudes of these discharges are generally small, but nevertheless can
cause progressive deterioration and ultimate failure of an insulation
systen. It is necessary, therefore, to detect their presence in some
form of non-destructive test.

Partial discharges come into the category of gas discharges, in
which gas molecules are ionized by electron collision. The electrons
so formed, gain momentum in an electric field, these cause further
jonisation of moiecules, so that finally an avalanche of electrons is
formed. The avalanche of electrons causes current to flow through
the gas.

Figures. 2.1 and 2.2 give a classification of discharges. However,
a simple classification is not always possible. For example, in
Fig. 2.2a, an intermediate state betweeﬁ surface and internal discharge
is indicated. If the interspace becomes smaller and eventually is
closed at the sides, the discharge becomes internal. In figure 2.2b
a combiration of surface and corcna discharge is shown.

21 Deterioration of dielectrics

Internal and surface dischargegcause damage to dielectrics, the

damage may be due to several processes such as:-

a. TIon and electron bombardment causing heating of anode and
cathode, erosion of these and chemical processes at the

surface (polymerization, cracking, gassing).
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b. Formation of chemical products in the ionized gas, such as
nitric acid and ozone.
Ce Ultra-violet'rays‘or soft X-rays.
The cause of damage depends on the type of dielectric.
For example, I"Iason‘”+ has shown that thermal degradation‘is the
principal mechanism in polythene.

2.1.1 Internal discharges in plastics

These have been extensively studied by Mason14, in which he dis-
tinguishes three stages of deterioration:-

(a) Uniform surface erosion occurs, which may be caused by
thermal degradation, soft X-rays or ultra-violet radiationm.
Thomas15 has shown that electrons are trapped below the
surface, so that ions laid down by consecutive discharges
cannot neutralize them. The trapped charges cause a high
electric field in the dielectric, which may reach the
intrinsic strength and result in surface erosion.

' (b) Discharges become concentrated necar the periphery of the
cavity, which may be due to the field concentration in this
region. The discharges become concentrated and a number of
deep pits éré;formed at the periphery of the-cavity. As the
length of the pits grows, the energy of the discharges
increases, and carbonization of the pits aay occur.

(c) The stress at the top of the pit approaches the intrinsic
electric strength of the dielectric over a few microns.
The dielectric breaks down over this distance, the field
concentration moves on to the new'tip, and marrow channels
propagate through the dielectric initiating complete break-

down.




Surface erosion and pit forming take the major part of the
time-to-breakdown. This time may be a few hours at high stress
(10-20 kV/mm) or several years at a lower stress, say 3-5 kV
(50 Hz). The third stage, the propagation of channels leading to
breakdown, may occur in a few cycles.

2+.1.2 Internal discharges in impregnated paper

The deterioration by discharges in impregnated paper insulation
has been studied by Robinsonj6 Discharges in voids adjacent to fhe
conductor attack the insulation and penetrate the first paper layer.
The penetration occurs at the edge of the void, as in the case with
cavities in plastic insulation. After coring the first few paper
layers, surface discharges occur along the layers and carbonized tracks
are formed, these fqllow the weakest points in the insulation. At the
foot of the carbonised track local overheating takes place, which finally
leads to thermal breakdown.

17
2.1.3 Internal discharges in mica

There are two types of mica, these being Muscovite and Phlogopite.
Mica is a crystalline structure of silicate layers held together by
minerals cations, principally, Al+++, Mg+f, K+, and are characterised
by a perfgct basal cleavage along the potassium layer or CO1 plane.
The basic sheet silicate consists of tetrahedrally coordinated oxygen
atoms around the silicon atom giving SiOu in which the sit™* is elec-
trostatically screened. The sheet is built up so that the tetrahedra
share corner oxygens and so form a hexagonal network (Fig. 2.3 and
2.4). The shared corner oxygen atoms are in a basal plane (OB) with
the tetrahedral apex oxygen atoms (OA) facing the same direction, but
at right angles to this plane. So that subsequent layers can be

built up stably, they are joined together in a mirror image on both
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sides §f the tetrahedra by cations of such valancy as satisfy the

layer chafge. The mirror images of the OA atomg are held together by
Al+++ or Mg++ cations - the centres of hexagonal symmetry of the OA

atoms being occupied by a OH  ion. The ions and the OA atoms form a
compact two-dimensional network. The nett composition of the silicate
layers is O2 (oH) SiZO3 n’ The two planes of OA atoms and OH ions
face each other so that sites of octahedral coordination are created, these
sites are occupied by tri or divalent cations. In Muscovite mica, the
sites are occupied by two thirds Al+++, whereas in Phlogopite all the
sites are occupied by Mg++.

In the ideal structure described, all the tetrahedral sites are
occupied by sit™*t cations, resulting in an electrically neutral silica
layer. In Muscovite and Phlogopite micas, elemental substitutions
occur. One third of the si*** sites are occupied by Al+++, thus
giving the silicate layer a nett nggative charge - this can be satisfied

by the coplanar kKt cations. The overall silicate structure is:-

Phlogopite Mica,

LQB<51 3/2 + A1 1/2) O2 (CH) Mg3 (oH) O2 (si 3/2 + Al 1/2) O3 K111
Muscovite Mica,
. - . 1
[03 (si 3/, +A411/5) 0, (oH) A1, (0H) O, (51 3/, + &11/,) 0K |,
Ryder 17 showed that mica erodes by low energy discharges, and
this is due to the removal or dislocation of the metallic cations from

the surface layers. Energy dispersive X-ray analyses (E.D.A.X)
confirm this (Fig. 2.6b)., The removal of the metallic cations from
the surface layers of the mica resulte& in a loss of crystalline
stability. The re-arrangement of bond lengths and angles of the atoms,
caused changes in the surface chemistry and produced mechanical stress.

This stress was relieved by surface cracks occurring along impurity
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boundaries, macroscopic crystal boundaries or step contours.

Potassium cations are preferentially lost from the structure,
these being the mostly weakly bound in phlogopite mica. This resulted
in the mica defoliating, exposing each new layer to discharge attack.
Leaching of the potassium cations by nitric acid, caused by discharges
in air, aided the.removal of metal ions. Continued discharge attack
resulted in greater cation loss, and final collapse of the crystalline
structurej the result beipg, the formaticn of silica. The silica
formed a variety of~nodulér and dendritic growth, the scénning electron
microscope (S.E.M.) photograph in Fig. 2.6a shows this. The growths
caused stress enhancement and greater localised discharge attack. An
example of this is seen in the upper right hard corner of Fig. 2.6a,
where a flake of phlogopite mica has developed into a silica dendrite
and filamentary puncture had occurred around its base to a depth of
300 pm. The lower left hand corner of Fig. 2.6a shows that material
has been eroded from the surface.

Ryder17 concluded, therefore, that mica deteriorated with low
energy discharges by a process involving the loss of their metallic
cations. This loss caused complete collapse of the crystal structure,
finally resulting in the formation of silica. Dendritic formations
of silica caused enhanced discharge attack and greater localised
damage. The lost cations from the mica were found as metallic salts
in localised areas on the surface.

2.1.4 Surface discharges

Deterioration by surface discharges has been studied because it
is useful for the assessment of discharge resistance of materials.
. : .. 18 .
The processes are similar to internal discharges, Og11v1e1 found this

to be true in the case of polystyrene.
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2.17.5 Corona discharges.

Corona discharges usually occur around bare conductors and do
not attack insulation in fhe same way as internal or surface discharges.
Only indirect action by ozone formed by corona may deteriorate neigh-
bouring dielectrics.

2.1.6 Rate of deterioration - voltage life

Internal discharges

Many variables affect the rate of deterioration in dielectrics.
The deterioration increases with number of discharges and therefore it
is proportional to the freQuency of the applied voltage. It is also
dependent on the amplitude of this voltage. The deterioration also
depends on the intensity of the discharge and the nature of the die-

lectric.

Freguencz

As the number of discharges increases proportionally with frequency,
the life of a dielectric is inversely proportional to frequency, unless
the frequency is so high that thermal breakdown occurs.

If d.c. is applied the number of discharges is small and the
voltage life is many times that at a.c.

Stress

As the number of discharges increases with inc?eaéing stress in the
dielectric, the formation of pits occur more rapidly. It can, there-
fore, be appreciated that propagation channels are more rapidly initi-
ated at a higher stress. The effect of stress upon voltage life is
very significant. Mason1u and Davis19 have shown that voltage life
for polythene decreases as the 7th to 9th power of the stress.

Discharge magnitude

The discharge magnitude increases with the depth of cavity and
its area, voltage life is affected by depth of the cavity, not its
surface area. Consequently, the correlation between discharge magni-
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tude and voltage life is uncertain (Kreuger)13—only with very large
discharges is the voltage life short. 1In tﬁat case the large dis-
charge magnitude is certainly indicating large cavity depth.

Cavity depth

Kreuger13 has shown voltage life is shorter if the caQity is

deeper.

Thickness of dielectric

~

The thickness of the insulation is of minor importance. The time for-
}kngeJnBJﬁihgéuris the same for all insulation thickness, if the stress-
es are identical. The penetration of trees leads to breakdown in a

few cycles and has, therefore, little effect on the total time-to-break-

down.

Type of insulation

Different dielectrics have different resistance to discharge.
Mica and glass have good discharge resistant qualities. Polythene,
PVC and Polystrene are less resistant, whereas rubber and tetrafluore-
thylene are easily attacked by discharges.

Self-extinction of discharges

A complicating factor in the study of voltage life is that discharges
in cavities and surfaces sometimes extinguish because of semiconduct-

ing layers formed by the discharges (Rogers)20

2167 Deterioration of micaceous machine insulation in

service conditions
Section 2.1.3 applies to experimental work on small samples of
gicaceous insulation tested in air. However, the working medium in a
machine is hydrogen and although degradation of the mica does occur in

hydrogen, it is much less proncunced than in air.
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The deterioration mentioned was due to electrical and chemical
effects. However, when the insulation is in service conditions it must
be able to withstand higﬁ mechanical forces and thermal cycling. For
example, vibration may cause the insulation to wear by fretting.l Diff-
erential expansion of the core and conductor cag'result in the insulation
being torn. Anéther.complicating factor is fhat'excessive heat genera- -
ted néxt to, of within the insulation itself can degrade the mica-resin
bond; this applies to both thermoplastic and thefmosetting insulation
systems.1’21

It can be appreciated, therefore, that the deterioration and ageing
of insulation in service conditions depends on many iﬁteracting process-
es as outlined above; these may act singly or in unison. For example,
thermal cycling can céuse differential expansion causing void formation
in the insulatioﬁ. Electrical discharges within the voids can cause
both electrical and electrochemical deteriofation. A combination of
these processes is genefally regarded as insulation ageing and deterio-
ration.21

2.2 Breakdown of gases

Since all solid insulation inevitably contains air-gaps in the form
of defects or voids, it is necessary-to review some of the gasic processes
involved in a gaseous discharge. The voltages, currents and type of |
breakdown depend upon the gas,'electrode separation, gas pressure and
current supplied by the external circuit.

Considering the case when the gas becomes markedly conducting and
examining the current-voltage characteristic for an increasing dece
field appliedvto parallel plate electrodes, Fig. 2.7a,at low field

strengths ohmic conductivity is obtained, due to electron emission from
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. the electrodes (caused by external radiations). Eventually this
current saturates, because all charge carriers created are collected.
In the transition region, a second process provides more carriers and
finally, at the highest fields, breakdown occurs, this is shown in
Fig. 2.7a. To initiate and maintain uniform field d.c. breakdown
between éold electrodes in a gas, two processes are involved.
(i) FElectrons moving away from the cathode multiply by
impact ionization of the gas.
(ii) The cathode must supply a constant flow of initiating
electrons, these are produced by collision ionization
of the metal by ions.

Townsend showed the multiplication followed the law

an
—==&n

dx’ x

Where n is the number of electrons passing through unit area per
unit time, at a distance x from the cathode. Townsend's first coeff-
jcient « , is a constant of proportionality equal to the average number

of ionizations per unit distance of travel by one electron. Hence for

a uniform field
I = Io exp (Xd) -------- 2.1

Where I is the current passing due to an initial flux Io of elec-
trons, d is the electrode separation.
To obtain breakdown, additional electrons must be created by some

secondary process usually assumed to be positive ion bombardment of the

x®

cathode,

*There is no cathode in a gaseous discharge. The secondary ionization
process is thought to occur by photoionization.
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I.=I exp ed)/[1 - Y exp (°<d)-1]. ....... 2.2

Io is due to external radiation, K is Townsend's second coeffici-
ent, defining the production of electrons from the cathode.

This gives the breakdown condition

exp *d) -1 = exp ®d) =1 = === =---- 2.3

Detailed theory and experiment show that both ¥ and < d are func-
tions of V and Pd, V is the breakdown voltage and P the pressure. For
a given system V is a function of Pd alone. Typical Paschen curves
are shown in Fig. 2.7b. At high pressure the breakdown is localized.
in the form of a spark, whereas at pressures below atmospheric it is a
non-localized 'glow discharge'.

It can be seen from Paschen's curve that V is high at high press-
ures and separations because the mean free path of the chargé carriers
is low. A noticeable feature is that V is also high at lowest press-
ures and separations, this is because there are too few ionizable mole-
cules present in the gas.

The breakdown strength of a gas at moderate vacuum is poor and so
when a gas gap is present in a solid dielectric it becomes it weakest

feature.

2.3 Calculation of inception voltage in an air-solid

23

dielectric

A solid dielectric containing an air-gap or a void may be repre-
sented by two capacitors in series with one another, ignoring the
effect of the parallel capacitance of the bulk dielectric (Fig. 2.8).

The two capacitors are assumed to have very high volume resistivi-

ty compared to their capacitive reactance. If a sinusoidal voltage
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is applied to this arrangement, the voltage.will be distributed in
accordance with the fhickness and the dielectric constant of each
capacitor.

If one of the capacitors is in the form of an air-gap Cv and the
other some solid dielectric Cs’ then the voltage across the air gap Cv

can be calculated by capacitance division as follows:-

v, =[cs/(cs + cv)] V e eeoo - 2.k

If CS is a dielectric having thickness ts and dielectric comstant

8r’ and Cv is air having thickness ta and dielectric constant 1, then

€y €.
C =LAand C = rA
v t s t

a s

Where A is the area. Substituting into 2.4 and simplifying gives

Where V is the total voltage applied to the dielectric. If the

ratio ts/Er is represented by @), the equation becomes:
V= vv (1 + /ta) ------ 2.6

This équation can be applied to the edge of a curved electrode or

similar electrode configurations, providing the electric field remains

. . 2
sufficiently uniforn. 5
If the ionization voltage Vi is substituted for Vv the equation

becomes:

Vv, (14 6/ta) ....... 2.7

Vi = ionization voltage in air at N,T.P. for any given air-gap
distance t_.
a

Substituting values for Vi and ta for breakdown voltage between

plane parallel electrodes for various distances and values of é y &
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family of curves result as shown in Fig, 2.9a. It is noted from the
curves that asué increases, the minimum inception voltage and the air-
gap distance at this minimum increases. When @ = o, the curve follows
Paschen's law.

If‘@min from Fig. 2f9a is plotted as a function of air-gap dis-
tance, a near linear relationship is obtained, Fig. 2.9b.

Therefore, if ts and Er are known for various materials, Vi may be

obtained. Dakinau obtained the following empirical expression:
Y2

t
V.=70 [ =2 = e eeaaa- 2.8

25

A similar result was obtained by Mason.

Both Da]:cinal+ and Halleck23 found this relationship to hold for a
number of dielectrics having various thicknesses ts and relative per-
mittivities ﬁr .

Fig. 2.9b shows that for some given voltage and value of ﬁ there
would be a critical air-gap distance, over which no discharge would
occur.

DakinzuAfound only slight differences in the inception voltage
with 0.8 mm radius and square-edge electrodes. Halleck23 showed that
the inception voltage was not influenced by the radius of curvature at
the edge down to approximately 0.8 mm. Below this, the inception
voltage is lowered by a maximum of 10% to 20% for square-cdge elec-
trodes. The range of error largely depends on the value of ﬁ . There-
fore, within these limitations, the inception voltage can be calculated
in electrical quantities.

2.4 The discharge model

The main electrical partial discharge quantities may be separated
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into individual quantities and integrated quantities. Individual
quantities are - apparent discharge magnitude qa (pC), repetition rate
n (pulse s-1), and energy of a single discharge E (Joule); integrated
quantities are - mean current I (microamp), quadratic rate D (Coulomb2
5-1), and discharge power p (Watt). In addition inception voltage Vi’
and extinction voltage Ve are of importance.

These quantities form the basis of discharge measurements, and are
related to the quantities involved in an individual discharge. The
theoretical relationship may be developed from a discharge model cir-
cuit which may be taken to represent a single discharge within the
specimen26. The concept of a discharge model may also be used to eva-
luate the response of the basic types of partial.discharge measuring
circuits to a single discharge. |

Thé discharges result from ionization in internal gaseous cavities

416,22 and these cause instantaneous drops in

in solid dielectrics,
‘voltage, AV, across the terminals of the specimen. After each dis-
charge a transient 'compensating current' pulse occurs to re-distribute
the charge between the capacitances constituting the test cifcuit.

This is followed by a slower 're-charge pulse', from the test voltage
source to restore the original terminal yoltage. The concept of a discharge
model with definite capacitances allows the magnitude of the charge and
energy exchanges during single discharges to be calculated theoretically,
in relation to the terminal voltage step AV. Since the capacitances

of such cavities are unknown, the actual charges dissipated in them are

indeterminate, a, apparently lost by the specimen being accepted as the

discharge magnitude. However, the energy dissipated in the cavities

during single discharges can be determined, under certain conditions,

from the measured charge 9, and the discharge inception voltage, Vi'
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Moreover, discharge energy is the significant quantity, as regards
insulation damage.

The basic problem in discharge measurement is transmitting small
voltage pulses from the specimen at high voltage to a suitable measur~
ing instrument, with minimum and knowﬁ attenuation. The magnitude of
the discharges to be measured may vary from pico-coulombs to micro-

6 -1

coulombs; their repetition frequency from 1008-1 to 107s

2.4.1 The d.c, discharge model26

Here, a continuously increasing direct voltage is applied to the
model (Fig. 2.8), it is assumed in the following calculations that
after the discharge, the voltage across the cavity is zero.

Ca is the capacitance of the solid dielectric, Cv is the capaci-
tance of the enclosed void and Cs is" the total capacitance in series
with the void. When a voltage Vis applied to the terminals of the

sample, the voltage developed across Cv is

Cs '
Y (c—ﬁ:‘) v TTmmee 29
8 v

If V is large enough to cause ionization of the void Cv

then V. = V;, giving

Cs v 2.10
vo \ee=&wme )y T .
S v

The stored energy in the circuit before breakdown of Cv is
given by
: CSCv '
@ = [Ca +<€_+_c-)] Y aiai 2,11
s v
After breakdown of the cavity and assuming it to be completely

discharged, then the charge is




From conservation of charge

Q' =Q
The drop in potential across the circuit is therefore
Vi Cé?‘ Vv Cs
V== TG NC +C) - "C +C. ~~°°° 213
a s’ s v a s

The apparent charge transfer measured at the terminals is

q = Cx AV
where Cx = Ca +[ ¢,Cy (cs + Cv) ] ______ 2.14
c ¢’ vy
from 9y = G +¢)(C +¢y "~ °-°T°° 2.15
a 5 S v
The actual charge transfer is q = Cv Vv
‘ Cv Cs
cl=<c +C)Vi . TTEEeT 2.16
s v
Equating actual and apparent charge transfer i.e., equations
(2.15) and (2.16) then
| Cs Cx
w=% ©.cre, 77T 217
a sV
Generally CaL > Cs and"_'ﬂ.were{ore Cq=Cx
. CS
X qx = q<'c__) ------ 2018
‘ v

If é; and ég are the relative permittivities of the void and

series capacitances and tv and ts their thicknesses, then equation

(2.18) can be expressed as

EStV.
qx=q<8t> ------ 2.19

v S

This equation indicates that the thicker the insulation relative

to the void depth, the lower the apparent charge transfer 9.
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The energy of the discharge measured at the terminals is

AV BN

: Ex é gx Vi ------ 2.20

The energy within the void is

E = q V e e e m e 2.21

v

\ST RS

Using equations (2.10) and (2.17), we have
1 Ca * Cs Cv Cs
E=§qx<CC)(C+C)Vi
5 X s v

and from (2.20)

Ca + Cs Cv
B=i (‘c—rc‘) <c—) S T 2.22
s v S
Generally Cx = Ca’ Ca > Cs and Cv » Cs
therefore E = Ex ------ 2.23

Hence, the measured energy at the terminals of a test sample is
approximately equal to the actual discharge energy and is independent
of sample dimensions. However, this is not true of apparent charge
transfer 9 which does depend on sample‘thickness i.e., reducing with
increasing thickness of insulation according to equafions (2.18) and
(2.19).

2.4.2 The a.c. discharge model27

A sinusoidal voltage applied to the discharge model produces an

.gjdenmical voltage across the cavity which, if sufficiently high, causes

it to break down electrically. This is known as the discharge inception
voltage, Vi' This depends upon the electric strength of the contained
gas, the relative permittivities of the gas and the dielectric, and the

14,28

shape of the cavity. With this value of voltage, Vi‘ applied

across the specimen terminals, a discharge will first occur at one peak of
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the applied alternating voltage, and reduce- the voltage across the
cavity to a low value. This causes a momentary fall in the terminal
voltage ~ e.g. at point(a)in Fig. 2.10(2).

' After the first discharge, the cavity recharges with reverse
polarity during the falling part of the voitage cycle and is consi-
dered to reach a voltage Vi at the zero of the terminal voltage wave.
In practice, this is unlikely, because the cavity is not completely
discharged and the terminal voltage has to change by more than its
peak amplitude to restore the cavity voltage to Vi again‘in the reverse
direction Fig. 2.10(1). Succeeding discharges thus occur in the
quarter cycle before eaéh peak of the applied voltage; a stable cond-
ition is reached with two discharges per cycle.

At higher voltages, several discharges occur in each half cycle
and may begin before the voltage zero. The change in voltage across
the specimen determines the restoration of potential across the cavity.
A1l discharges occurring between a positive and subsequent negative
peak are of one polarity, whilst those in the opposite sequence of the
cycle are of reverse polarity. Residual cavity voltage after a dis-
charge reduces the interval before the next discharge of the same
polarity, but causes a longer delay before the first discharge of oppo-
site polarity.
| However, 'ideal' cavities in which internal discharge conditions
remain constant do not exist in practice. The cavity breakdown volt-
age may change as a maintained discharge proceeds, due to heating and
fesidual ionization, and it may also differ if the cavity is adjacent
to an électrode for positive and negative discharges. Variable

conductivity of the surface walls of the cavities also affects the
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area discharged. These factors can cause the discharges to be erratic
even when voltage is maintained at inception.

The discharge sequence of Fig. 2.10(2) is for that of a single dis-
charging cavity. The discharges, excluding any residual charge and
polarity effects, are equally spaced with respect to the voltage scale,
and their number per cycle roughly proportional to the voltage applied.
In practice a small increase in voltage across the specimen, #bove incep-
tion increases the number of discharges many times. These are grouped.
toward ﬁhe peak of the voltage wave, and are.due to many similar dis-
charging cavities.

2.5 Calculation of discharge energy loss in a dielectric

The energy dissipated by discharges in voids of dielectrics can be
calculated in two different ways.29 Either the sum is taken of the
energies dissipated in the single discharges, or the sum of the energies
taken out of the.supply at the single discharges. The latter sum may
consist of positive or negative contributions, because energy can be
stored and returned to the supply at é later discharge. The first sum
consists of positive contributions only. However, due %o conservation
of energy, both sums give the same result over a sufficient number of
cycles.

The sum of energies taken from the supply is

an‘f ------ ©.2L

where V = instantaneous voltage applied to the dielectric

apparent loss of charge in the individual discharge.

£
V and q, may be positive or negative, if they are of different sign,

energy is returned to the supply.
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Considering now the enefgy dissipated in the single discharges;

- it is assumed that the void completely discharges whenever the voltage

across it reaches V- (Fig. 2.10(1)). The dielectric or specimen being
tested may be considered as a three capacitor arrangement (Fig. 2.8A).
Ca represents the total capacitaqce of the dielectric, Cs the solid

dielectric in series with the void and Cv the:capacitance of the void

itself. The energy dissipated in the discharge is:-

cc
,}vz(cv+sa) e e = === 2.25

for oK,

)
W (c, + c.) for C»C_

Cv + Cs
= 3V (—C—) Ve,
s
Cv + Cs _
now V{( Cs ) =V, and VC_ = q_

<
i

inception voltage of the first discharge

apparent loss of charge from the specimen.

5

The sign of Vi and q, are always the same, and their product is always
positive. Vi and q, may have a different absolute value for an applied

voltage of reversed polarity, the following example illustrates this.

Assume repetitive discharges occurring in the ratio 4:5 at a cer-

tain voltage applied to the dielectric (Fig. 2.10). Both expressions

29

(1) and (2) give the same result. Discharges (d) and (g) give

negative contributions to equation (1), whereas equation (2) contains




positive terms only. Over a sufficient number of cycles theh,

Zv %Zal -;----2.27

3. GENERATION OF HIGH VOLTAGE ALTERNATING WAVEFORMS AT 0.1 Hz

The major difficulty in generating a high voltage sine wave at
0.1 Hz is that a transformer with a high-turns ratio cannot be used as a
final output stage. This is because the inductance of a conventional
50 Hz transformer would not support the voltage when applied at 0.1 Hz.

31 Generation of non-sinusoidal waveforms

If a sine wave is not required, non-sihuséidal very low freguency
(VLF) waves may be generated quite simply. Bossijoet al, used high
voltage d.c..supplies and by switching suitable time constants in the
generator produced square, exponential and triangular waves. In this
circuit to obtain an alternating waveform, capacitors C,,C, (Fig. 3.1)
are charged by voltages of opposite polarity, obtained by rectifying the
high voltage supplied by the transformer T, via an oil switch S. The
peak charging current through the diodes D,],D2 is limited by the resis-
tance Ré. Here, the time constant of the charging circuit should be
much less than that of the load R¢, i.e., R,C4 or R.Cp & RC. For the
sample capacitance Cx.to have negligible effect on the timing of the wave
the capacitance C>>C¥.

With this circuit the authors could ébtain a maximum rectangular
voltage of 150 kV, at the output or a triangular waveform of 30 kV peak
which deviated from linearity by 2%. The frequency of these waveforms
are easily qontrolled by the switching time of the oil switch Sq -
periods of 6, 10 and 20s were obtained, corresponding to frequencies of
0.16, 0.1 and 0.05 Hz respectively. During the period of switching,

the discharge detection circuit is made inoperative by the switch So.
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3.2 (Generation of sinusoidal waveforms

While it is easier to generate non-sinusoidal waveforms for test-
ing purposes, 0.1 Hz sine waves tests have been accepted and written
into specifications in both Britain and the United States.31

The problem of generafing high voltage sine waves may be solved in
two ways:

(i) Employ a high voltage direct coupied amplifier

(Miller, et. al).ja’ﬁ"‘ |
(ii) Employ a low frequency modulated 5C Hz source, utilizing a

conventional high voltage output transformer (ASEA).33

With the first method, it is possible to produce a high quality

sinusoidal output, the circuit described by the authoréJBZcould gener-
ate 25 kV peak with a O.B-PF capacitive load. The waveform is produ-
ced by modulating two high-voltage d.c. supplies,(Fig. ;iZ). The
modulation is accomplished by the use of triode valves, operating at
high voltage.- The. grids are supplied by control signals transmitted
from the low-voltage control circuit through fibre optic light guides.
The noise figure for this instrument is low, 1 pC in 1000 pF. Hence

3k

this type of instrument is ideal for discharge measurements at 0.1 Hz” .

Unfortunately, it is not yet commercially available, and uses thermionic
valves which might not be robust enough fér field use.

The second method of generating a sine wave at 0.1 Hz is commer-

¢
cially available and was only intended for overpotential testing the
insulation of large machines33 (Fig. 3.3). This generator can supply
an 0.7 pF capacitive load at 70 kV peak. Although this generatbr is
capable of supplying greater loads at higher Qoltage levels than the

previous method, it is eléctrically very noisy, because of the high

voltage rotating mechanical switches which demodulate the 50 Hz wave-
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form. Consequently, before it can'be used for discharge measurements
it must be screened and the low frequency high voltage Supplyfilt'ered?5
This generator forms the Basis of the present work and is, therefore,
déscribed in some detail below.

3.3 VLF generator used in the present in#estigation

The most basic part of the low frequency generator is the voltage
multiplier circuit shown in Fig. 3.4a. Consider this circuit with

constant amplitude 50 Hz applied. S1 closes at the beginning of the

"cycle for 5 mS allowing Cs to charge up to the peak value of the posi-

tive appliéd voltage V. S1 is then opened leaving a voltage of V on
Cs' 5 mS after this 82 closes, the input voltage is now acting in
series with the voltage already on éS’ thus 26 is developed across CL’
aséuming CSS'CL' The voitage relating to the various switching seq-
uences are shown in Fig. 3.4b. Now, consider a 100% 0.1 Hz modulated
50 Hz sine wave applied to the circuit in Fig. 3.4a from which it is
required to remové the 50 Hz component, thereby obtaining an 0.1 Hz

sine wave. The following sequences of events occur, Fig. 3.5. At the

beginning of the modulated cycle point O switch S, closes for 5 mS then

1
opens allowing CS to charge to the peak value of the 50 Hz applied at
that time (A). 5 mS later switch S, closes for 5 mS and during the
negative peak CS and CL charge up to give the point (C) providing

Cs»C,«  Similarly points (D) and (E) along with the charge already

acquired add to give (F). This process continues until the point (M)

v

where the first quarter cycle of the 0.1 Hz waveform has developed.

After the point (M) the 50 Hz applied wave begins to decrease in ampli-
tude énd the load capacitor CL’ having been charged to a maximum bq the
modulated 50 Hz, cannot lose its charge except through its own dielec-

. 10 .
tric resistance which can be high 2> 10 Q. The capacitor CL’ therefore,
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transfers some of its charge back to C, and the voltage across CL de-

S

creases. The process of the load capacitor losing voltage comntinues

. until the point O, where the first half cycle has developed.

The negative half cycle is formed exactly in the same way but by
affanging fof the 5oz wave o change phase by 180°at The
point (0)., This is achieved by using a centre tap on the modulating
variac. The switches S1 and 52 are driven by a common motor in syn-
chronism with the 50 Hz supply, i.e., 1500 rpm. 'The modulation variac
is also driven by the same motor, but from a low speed o;tput at 10s,
i.e., 0.1 Hz.

Figures 3.6a and b show the 50 Hz modulated input wave to the high
voltage transformer and the 0.1 Hz demodulated output wave respectively.

A photograph of the experimental VLF generator is shown in Fig. 3.8.

3.4 Efficiency of the generator

. e
The series capacitor CS is charged to 2Vinwhich is applied to the
. ol
load capacitor CL' The equivalent circuit therefore, is 2V acting in

A
series with Cs and C.. The output voltage Vo’ is given by

L
c .
A _ A ._L.)] _ _
V= 2vin,/[1 + (Cs 3.1
A A
if Ca» Cpy V, —> 2V, ,
A A
if Cs = CL’ V0 = Vin
. A A cS
and if Cs 74 CL" VO _>2Vin E:Z

Therefore, for maximum output voltage from the generator Cs§>CL.

' . ~ A -
Fig. 3.7 shows the variation of (Vo/Vin) versus 2(1 + 5—) 1, this is
S
chosen for various values of (CL/CS).

4, DISCHARGE DETECTION AND MEASUREMENT AT VERY LOW FREQUENCY

Although there is no absolute basis for predicting the life of

insulation from discharge characteristics, it is important to detect
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harmful discharges, which may occur in otherwiée sound insulation.
Discharges are detected using an impedance connected in series with the
test object or in series with the coupling capacitor, and the discharge
magnitude is determined by measuring the vbltage drop across the impe-
dance with a suitable instrument giving a visual indication or perma-
nent recofd. | |

Various instruments are used in an attempt to solve this problem.
The choice of instrument and method of detection depends on the dis-
“charge sensitivity and resolution required. To obtain perfect repro-
duction of a discharge pulse, an instrument with infinite bandwidta,

and linear phase relationship is required. In practice the bandwidth

is limited by the choice of detection circuit. _ Instruments which

measure partial discharges can be classified in terms of the bandwidth
of the detection circuit and the method of measurement.

Discharge detection at very low frequency (VLF) is, in essence,
the same as at power frequency, although measurement of the basic quan-
tities involved are difficult because of the reduced frequency. For a
given sample, the average discharge pulse repetition rate per cycle is
reduced by approximately 500 times, at 0.1 Hz compared to 50 Hz. The
loﬁ discharge repetition rates make it difficult to use any of the con-
ventional integrating or averaging discharge measuring instruments with-
out modification. An integrating or averaging instrument requires that
the time constant of the detection circuit is greater than the periodic
time of the test wave, in this case 10s. The subsequent loss in sensi-
tivity becomes prohibitive.  The ERA discharge detector is a conven-
tional instrument which may be used at VLF, but the display is unsuit-
able, being synchronised at 50 Hz. The resultant non-stationary dis-

charge pulses on the display are difficult to measure. A conventional
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oscilloscope is also unsuitable as a display, because of the low repe-

tition rates involved.
For satisfactory measurements at VLF, a permanent record of the

discharge pulses must be made. Tape recording is possible, but pulse

27

height analysis is more convenient In the present experimental

work the latter approach was adopted, and achieves the maximum sensiti-~
vity possible.

4.1 Principles of discharge detection

There are two equivalent circuits which are used to model dis-
charges.36 Th¢ occurrence of a discharge can be represented by a curr-
ent generator in parallel with the model capacitance, Cx, or a voltage
generator in series with it, as shown in Figs. 4L.1a and b. When dis-
charge occurs a circulating current i1 flows through C,,and R, and i2

through Cg, Ca and R (Fig. 2.8 ).> The form of i2 is given by Fig. b4.1c.
av

s /%4 -'t/'}-'r, R | )
i, =K (€7~ e” ") = Cg it k.1
time constant
where ”fd is the discharge(and'tr the rise time of the current pulse
12, shown in Fig. 4.1c. Cbnsequently, an increase in voltage occurs
across CS of approximately
N T 2 4,2
s~ Cg 2T '

and the voltage on Ca drops by
1 Cs g
AV, =35 12dt = Vig.E; = CX ------ te3

The rate of rise of this voltage is determined by the rate of
change of i2 or i1, and can be obtained from the above equation if ’td

and-'tr are known. However, in most cases AV(t) may be taken as a step

voltage of amplitude o/C,.
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27’37f38 used for detectinglgischarge from

There are basic circuits
lumped parameter test objects under d.c., a.c. or impulse conditions.
These are shown in Fig. 4.2a, b, and c. Cx represents the tested
object, Cx is a high voltage capacitor used either as a blocking or
coupling capacitor.. Zd is the detector impedance across which the
voltage due to discharge develops and Z is the impedance of the hf.
supply. Circuit A is generally used wﬁen one terminal of C, is un-

avoidably earthed, Cy being chosen to prevent excessive power frequency

voltage appearing across Zd’ while having a low impedance to frequen-
cies of interest contained in discharge pulses. VWhen circuit (B) is
used, CK serves as a return path for high frequency current flowing
through the test piece and detector impedance. Sometimes stray capaci-
ty to earth is relied upon to provide Ck. The circuit has the advan-
tage that if Cy is'§>Cx extraneous disturbances from either the supply or
busbar system are reduced in the ratio of C,/Cy approximately. Similar-
ly, with the bridge circuit external discharges may be balanced out.
The detection impedances of interest comsist of R, RC, RLC, and
transformer coupled (band-pass) elements. The response of detecticn
circuits with the different types of impedance are outlined in Figs.
L, b4-k,7. Provided étray elements are reduced to negligible propor=-
tions in circuits A and B, then these two are equivalent for the same
element values. (This can be checked by inserting either of the equi-
valent discharge models for Cx). The discharge is represented by a
step voltage generator of amplitude AV in series with Cy, except where
otherwise stated. | All the expressions developed are for T&é(?;, the
recharge time from the supply. The expressions in the following

section are then obtained.
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4,1.2 Resistive and inductive detection impedances Zd = Rd

Two conditions are of interest, either -‘\-’d 3T, °oF ’rdz'rr. If

T3 & the voltage Vd measured across Rd will have the same form as 19

see Fig. 4.4, and the apparent discharge magnitude may be found from
C
. . , k
the volt time integral of 1g0 as,qd-qm. If ‘[’d >>'rr then the

discharge may be considered as a step voltage equivalent source, thfough
the actual waveform will have a rise time determined by iz.

If then Vd(t) is the voltage appearing across %4, when a single dis-

d
charge occurs within the test object
‘c./CdRd

Vd(t) AV,-

CyCy

Qhere . d - Cx"'c;k,

The amplitude of the exponentially decaying pulse is AV = a/Cy.
The volt-time int'egral of the pulse, that is the area under the

volt time curve gives the apparent discharge magnitude measured.

T t/
AV -"R.C
qdz—of e dddt=AVCd,T>>'ta-- L".S

Hence, both the initial amplitude of the discharge pulse appear-

ing across R, and its volt-time integral enable g to be evaluated.

d
Zd = Cd in parallel with Rd
C t/
Vv.(t) = AV (—E)e -"RCs .. 4.6
d C
d
Cka
‘where Cp = Cx"'Ck" Cd = Cp + Cd

Consequently, the initial amplitude of the exponential pulse is:-

-
NG ( )
%

o/(C+Cy)  =----- 4.7
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PR ARV -
. AVCp -“R.C :
A.lSO qd - Cde e 6 ddd 0= ===«-= LI' 08

= AVCp =q Ck>> Cx ------ 4,9
Thus if there is appreciable capacitance across Rd this

(1) reduces V, by a factor Cp/cd
. . ~
(ii) increases Y4 from Cde to (Cp+Cd)Rd.

(iii) leaves a4 still approximately equal to q provided Ck>>cx'

The measuring circuit arrangements and responses in the cases of

Zy = C // R are given in Fig. 4.5.
Zd = Ld
If R is the resistance of the coil then the response may be ev\al-
uated from i,(t) = AV[ e Pite P'it]/[L (P,-pz)] ...... k.10
. 1 - .
where p; .—.-51: (55 -wf)’i, = R/ ,,w2_1/
h 2L, () L.C
' d dd
A
%l 0 2 Yo e 2 2\l
Ca = Gao» W= -R)7, @y = (Yo -)
x k
These give depending upon the value of R,
Ld Vg
Overdamped, R >2 (C_) ...... 4,11
d
di(t)
Vd(t) = R'i(t) + Ld % @ -~ - 4,12
Rt
ST =AV e ad(%Sinkwt + coust) ...... 4,13
Critically damped
)
s oo I_‘q) . .- b1k
- C
Rt
V() = e T yg)  m--ee- k15
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Underdamped

-VLd V7R
Ry « 2 ('c—) ~———— 4,16
d
-R
Vd(t-) = AV € VZLd ( —ﬁ-‘ sinbu!t + cos W, t) - === 4,17

Examples of the voltage waveforms are shown in Fig. 4.6. In
these cases each of the voltages is proportional to AV and the maxi-

mum value (t = O) gives AV directly i.e.

Vd = AV = Q/Cx ------ “’.18

If A4 is evaluated from the voltage waveform and keeping contri-

butions of correct polarity where oscillations occur then

qd = CdAV ) S === - 4.19
= q Ck/(Cx+Ck) . T T s == 4420
= q #C»cCc) . 4,21

It may also be shown that for the case of Rd paralliel to Ld the

L
‘effect is equivalent to a series resistance R_ = 5_%_'
' d'd

Where appreciable capacitance, Cs, (stray capacitance between
turns of the inductor, for example) exists across the inductance of
the detector impedance, the expressions for Vd(t)’ Vd and q are modified

Cxck

by Cs in the capacitance term giving Cd =TC ) + Cs and by capaci-

+
x k
R . . AVCxCyk . . .
tance division of AV giving « The circuit, however, is
ZCx+CkSC.d

evaluated for specific values of parameters. A typical voltage wave-

form is shown in Fig. 4.6.

4,1.,3 Transformer coupled detection impedances
The response of the generalised coupled circuit shown in Fig. 4.7,

having only mutual inductance coupling, depends upon the relationships
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L

between the time constants of the primary and secondary circuits 1

and '}é and between the natural frequencies of these circuits f1 and

! —_ 1
f2 where ?:1 =2 RdCd, ?2 =2 RdCd, &)1 =\/L_E, Cké =\/1Tcd. The two

conditions used in discharge measuring instruments to be described

both have w2> («)1

and are
(1) o1/, Hn Vi ERA Model II (Hivolt) input circuit
(A1) T Vigss Y/ ERA Model III input circuit

2% Vps Hqeg/W,

The voltage appearing at the output (secondary) side of the

transformer is given by

(1) Vd(t) = gk -E% -C-}; z%{y (e_t/z,‘cos L, t- e't/?’z coswzt) - = 4,22
- -2t/
o) vy - e 280 B (em = TR ) 23
1 ™x ‘ti-‘ti
where, n,, n, are the transformer turns ratios and k is the coupling
factor.

In each case the output voltage is proportional to the discharge

magnitude q, and has the forms shown in Fig. 4.7.

L,1.4 The effect of strays on the measurement of discharge

intensity

Stray inductance

Stray inductance Ls, due to leads and construction of high voltage
capacitors may be typically from 1 to 10 pH and will be represented in
the detection circuit A and B as shown in Fig. L,3, The effect of
stray inductance in the case of circuits A & B (which are still equiv-
alent provided Cs is negligible) with Zd = Rd may be evaluated from
the previously given information. The peak voltage across Rd, Vd’

will be found to vary from a maximum value of AV with Rd very large

(overdamped condition) to % AV at critical damping and correspondingly
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lower values with lowey:i values of Ry-

Stray Capacitance

If stray capacitance is present (Fig. 4.3) both across the detec-
tor shunt and from the high voltage terminal to earth, the former will
not effect the equivalence of circuits A & B, but will reduce sensitivi-
ty. Stray capacity from the high voltage terminal, however, upsets the
equivalence beﬁween circuits A &+B_and gives errors in calculated dis-
charge magnitudes if not accounted for. It may be seen from Fig. 4.3,
that compensating current flows from both Cs and Ck through the detector
shunt in circuit A, whereas in circuit B only the compensating current
flowing through Ck is measured. Correct calibration will allow for
these effects.

4.1.5 Bridge circuits (neglectingﬁstrays)38

This type of circuit, Figs. 4.8a and b, is usually used to elimin-
ate the power frequency voltage in a.c. testing though not necessarily
rejection of external influences at other frequencies. The voltage
pulses, due to discharge within the sample, appearing across the detec-

tor shunts %2,, and 2 ,* aTe

d1l d
Rd . at
v = = AV e” ee e - Lok
di(t) Ry+R
at
Va gy = * & RR-:{ e~ Tt +25
2 a R
where a = Cx + Ck/ [Cka(Rd + Rk)l

Rd and Rk are equal and purely resistive. Since these pulses

are of opposite polarity a differential measurement gives

Vd = AV ------ 4.26

The circuit shown in Fig. 4.8b, with additional blecking

capacitance Ck2’ gives

- 51 -




%

X

' t/R.C
Vd(t)=AV(C)e- a-d ~----- 4,27

provided that

ck2<< %51, Cy & ck1->> c,

Consequently, q may be determined from Vd or the volt~time integral

of the voltage across Rd.
27

4,1.6 Effect of recharge pulse in detection circuits.

 The time constant associated with the supply,/ri‘is usually much
greater thanlrg, the time constant which determines the rate at which
current flows into the samplg from the blocking capacitance to compen-
sate for the drop in voltage across Czo Under these conditions,
* current from the supply, i!' recharges the sémple at a much slower rate
than that at which the compensating current i. flows. If, however,
Tr is of the order of '¢ the recharge and compensating currents through
Z, interfere with one another (Fig. 4.8¢c). In circuit A the recharge
pulse flows in the same direction as the compensating current while in
circuit B the currents flow in the opposite direétions. In bridge
circuits the effect of recharge pulse will not be measured provided the
arms are identical.

4,2 Conventional discharge detection, display and indicating

instruments used at 50 Hz

Complete instruments involve discharge detection, display and
measurement. Dischérge detection has been discussed above, but the
instrument (Fig. 4.9) connected across the detection impedance has a
clearly defined bandwidth and this must be considered when developing a

39

complete instrument. Fig. 4.10 shows the response of a wide band

amplifier to a step impulse, the amplifier is assumed to have constant
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gain ffom d.c. to some upper cut-off freqﬁency fa; Generally, there
is some attenuation at low frequencies fl’ thus eliminating power fre-
quencies_from the detection circuit. Wide and narrow bands are defi-
ned as having a Af =(f2 - f,l)> (f1 + £)/2 or < (f1 + £)/2 respectively.

For example, the ERA III has a band-pass from 10-150 kHz and is
classified as wide band, while an R.I.V. meter with a bandwidth of
3 kHz operating at 1 MHz is classed as narrow band. The response of
an idealised band-pass instrument having the characteristics shown in
Fig. 4.11, to a step impulse is the difference of the response with low
pass bandwidths of f2 apd f1. With a wide band instrument £he high
frequency cut-off determines the rise time of the pulse, while the low
frequency cut-off‘determines its decay time. A narrow bandwidth
gives a response in which the duration of the major pulse is Ai =
Avy2r.

The response of instruments having either of the above idealised

characteristics to step impulses, are shown in Fig. 4.70b and c.

L.,2.,1 Measurement of individual gquantities

4,2.1a Cathode ray oscilloscope

Oscilloscopes are available having upper cut-off frequency, f2,
of 100 MHz and response down to d.c., f1 = 0. These instruments have
been used in conjunction with capacitance coupled (Zd<= Rd) and single
tuned (Zd = Ld) measufing circuits, a typical measuring arrangement
being shown in Fig. 4,12a.. Because of their bandwidth fhey accura=-
tely reproduce the amplifude and waveforﬁ of the voltage appearing
across the measuring shunts from which q can be evaluaéed.

The sensitivity of an oscilloscope (in pC) when used with a resis-
tive measuring shunt may be obtained simply from the following formulae

13

due to Krueger ~.
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When amplifier noise is tke limitation

optimum sensitivity is Qpin® E%EE%% - - - 4,28
2.5 = 4.29

When circuit noise is the limitation 9in 3 KT Cd.——e

£
In the first expression N is a function of Jbandwidth, while in the

L 2\ >/ (Y.
second it is independent of bandwidth. E =(£) ¢  43°<= 1/f2.

The noise level of a moderate oscilloscope of say 5 MHz bandwidth

might typically be 100‘pV. Then for Cd = 100 pF.

/'2'.10"4.10'10

9in = 0.575

One disadvantage of using the full frequency range of the instru-
ment is that a large power frequency voltage component may develop
across the detector impedance and impair sensitive measurements and
recording. Generally, a high pass filter with a cut off at 1 or 10

kHz is inserted between detection impedance and the oscilloscope.

4L,2.1b ERA model III instrumentuo

This instrument, shown schematically in Fig. 4.12b is one of
three originally developed by ERA for discharge detection and is
classed as a widebénd instrument; it is used in conjunction with a
band-pass from 10 KHz and the gain is greater than 106. Various
input coupling units are available for matching different ranges of
sample capacitance to the instrument. The primary circuit of each
band-pass coupling unit is critically damped at frequeneies within
the range 15 to 50 KHz by.providing a suitable value of primary induc-
tance to match a range pf sample capacitances. The secondary is
overdamped with a time constant of about 50 ns. The overall sensi-

tivity, which is proportional to %CX is determined by amplifier noise,
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and is 0.005 pC for CX = 6pF (the lowest acceptance specimen capaci-
tance due to stray capacity), and 15 pC for Cy = 250 pF.

The output voltage waveshape from the inst;ument and measuring
circuit in response to a discharge within the test object CX is shown
in Fig. 4.,12e:«  The resolution is of the order of 30 ps (correspon-
ding to f1 = 15 KHz) which enables about 180 discharge per quadrant to
be discriminated at 50 Hz test voltage frequency. A

After amplification, the discharge pulse is displayed on an osci-
lloscope screen superimposed upon an elliptical time base synchronized
with the power frequency test supply. A phase édjustment control
(rotate ellipse) enables the top and bottom points of the CRO display
to be made coincident with the %est voltage peaks.

The instrument has been designed with a continuously variable amp-
lifier gain control and in order to measure the apparent discharge mag-
nitude q it is provided with an internal calibrator.

One of the main advantages of the instrument is that it presents a
visible displa& which, with experience, may be used to distinguish dis-
charges occurring within the test object from those occurring either in
the blocking capacitor, the testing transformer or on the busbar system.
The indication may also be used to distinguish different types of dis-
charge occurring within the one test object. Typical examples of the
discharge pattern obtained when the measuring shunt is in series with
the sample for differént types of discharge are given in Fig. 4.13 .
The possibility of using the instrument in this way results directly
from the fact that the bandwidth is wide enough to maintain pulse pol-
arity at the output. This is also true of an oscilloscope, but for

recording purposes the ERA III is preferred.
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L,2.17c ERA model II instrument

A form of the Model II instrument is commercially available. The
instrument employs a bandpass input circuit consisting of an auto
transformer which is coupled to the band-pass input circuit, internal
to the instrument, by a connecting coaxial cable. This is tuned to
the measuring frequency of the amplifier, which is 500 KHz, the band-

/ :
width at this frequency is f = 10 KHz,

A range of transformer coupled input circuits are provided for
-different ranges of sample capacitances; the total range of specimens
which can be accommodated is 7 pF to 0.1 pF. Semsitivity is 0.005 pC
for 10 pF and 1.5 pC for 0.1 pF.

Because of the narrow measurement bandwidth, the output of the
instrument amplifiers has an envelope of width about 2/1OLlL = 200 ps.
The resolution is about 140 ps or 4O pulses per quadrant at 50 Hz test
frequency.

L,2,2 Measurement of integrated quantities

27,41

L,2,2a Mean current meters

The requirements for a satisfactory mean current meter are illus-
trated in Fig. 4.14 . In this instrument discharge pulses appearing
across the measuring impedance, Rd and Cd in parallel are amplified,
rectified and then averaged,

The voltage appearing across the measuring impedance is given by

equation 4.6, i.e.,
Co\ MR C
- S L] -
Vd(t) = Av(cd)e a’d cp = cxck/(ck + cx)

If this is averaged one obtains

T
OS Vd(t) = qde/T = qu/T T e m e e = - 4030

. N

Hence, averaging the voltage across a fixed measuring resistance gives
an indication proportional to
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Eq/T = I, or Zn/IQI= I e aeaaa 431

if all pulses are of the same charge.
There are three requirements for the amplifier which may have a
- high pass filter between it and_the detecting impedance to suppress
power frequency voltages. These are:-
i) High upper cut-off frequency to obtain the contribution due
to high frequency components in the discharge.
ii)  Wideband to enable correct waveforms to be obtained without
distortion due to overlapping of consecutive pulses.
iii) Low frequency cut-off to provide lower frequency, particu-
Iarly power frequency harmonic, rejection. a
In practice f2 = S5MHz, f1 = 30 KHz or 10 KHz have been suggested.
It should be noted that after passage through the high pass filter and
amplifier the discharge pulses are distributed so that the volt time
integral, i.e., the charge_of the pulse ébove and below the zero line
are equal and rectification is therefore necessary. Also that if meas-
uring circuit B is used the compensating and recharge pulses, which have
equal charge, are additive across the measuring impedance, while for
circuit A they cancel. The time constant Cde should therefore be kept
short relative to ZCd when circuit A is used in order that the charge
and recharge pulses do not overlap.
L,2.2b RIV metershz
Radio noise meters, or Radio Influence Volt (RIV) meters were ﬁsed
in an‘attempt to correlate on a national basis in the USA the effects of
extraneous electrical fields associated with transients in plant and
transmission line éystems on radio communications. The type of imstru-

ment was essentially a super-heterodyne radio receiver, with detector
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circuits designed to have specified time constants and a logarithmic out-
put meter calibrated to measure the radio frequency input voltage at a
specified frequency directly in microvolts. RIV meters generally oper-
ate over one of two frequency ranges, 0.15 Mz to 30 MHz or 30 Miz to

100 MHz. The measurement is continuously variable within the range and
the specifications give bandwidth limits of from 2.5 KHz tc 11 KHz appro-
ximately for the normal measurement frequency, fd’ of 1 Miz.

43, bk

The two main meter specifications give the response of the ins-

truments to short (7;<K éL) 0.158 p VS pulses repeated at 100 pps as
d
equivalent to a 1mV rms sine wave of frequency fd. Based upon this-

[}
calculation, meters made to either of the specifications should have diff-

J

erent responses since their specified detector time constants differ.

' This may be seen since the instrument acts as a narrowband amplifier,

whose amplifier output is proportional to g (since the response is deter-
mined by the volt-time integral of a voltage pulse over a resistance)

and is of i% duration. When passed through the quasi-peak detector cir-
cuit, the dutput capacitor will charge to a certain value while the

pulse lasts, then gradually discharg&saccording to the specified detector
discharge time constant. This gives a response which depends upon in-
put pulse repetition rate for meters having 1/600 and 1/150 mS detector

time constants.

37

The overall response is determined from

V=y2AfqR k()  ------ 4,32

where q is apparent charge in pC, Rd is the input resistance across the
meter terminals (including the meter input resistance if not negligible)
and k is the factor determining the output voltage variation with pulse

repetition rate n.
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RIV meters are usually used with a circuit which has an equivalent

measuring impedance Z Rd = 150¢t »  If this is used as the input

d =
resistance .then the instrument response may be checked by injecting a
known charge q through the resistor. This is done by injecting a fast

rise time pulse of amplitude Vo’ repeated n times/second, through a

known capacitance Co’ of value such that
t/
1Y/ 1 -“R.C
CoRd &L fd’ q=3 og Vo e d’0 =V C ------ 4,33

d (oo}

4L,2.,2c Measurement of discharge power P

A normal Schering bridge with a sensitive detector measures the

power loss due to partial discharge, but affordsno means of separating
this from normal dielectric loss. This difficulty may be overcome by
- a moaification by Gelez’+5 Fig. 4.15a, whereby balance adjustment is
made successively with a selective galvanometer or electronic detector,
tuned to the test frequency, and with a cathode ray oscilloscope. At
the first setting, the total capacitance and loss current (including
those due to discharge) are balanced out. The bridge is then readju-
sted, using the oscilloscope, to balance only the normal loss and capa-
citance currents, eliminating the basic power frequency component.
Two values of power loss in the spécimen are then calculated from each
of the two sets of bridge readings, their difference giving the power
loss attributable to discharges. The effective capacitance change due
to the partial discharge current can also be calculated, giving a
direct measure of the fractional volume of cavities in the dielectric.
The latter is expressed by %’(Ag/c) (where AC is the apparent change
in C).

The sensitivity of this system is limited by residual mains har-

monics (since it depends on visual balancing by means of the CRO). A

- 59 -




46

more complex bridge arrangement has been suggested by Veverka et al
to overcome this difficulty without the need for a very pure sine wave

supply.

4,2.2d Veverka's methodsh6

The suggested form of the bridge is shown in Fig. 4.15b..  The
setting up condition is RdCx = Rka i.e. the same as the a.c. balance
conditions.
e-t/Rdcx

Therefore, Vd = AV

and J’Vd dt = qu s that is, the charge magnitude is given by ﬁt
times the volt-time integral across Rd.

This relationship is for the compensating charge. For recharge from
the supply it may be shown that there will be no voltage across the
diagonal of the bridge. Now the energy change AE may be equated to
qV where V is the instantaneous voltage across the test object. There-
fore, to determine the power delivered by the‘discharge it is possible
to use a wattmetrical system. The unbalance voltage due to discharges
is fed into a low frequency amplifier, feeding the voltage coil of the
watt-meter. The instrument transformer in the diagram is used to
balance éut the dielectric loss cbmponent of.the test object.

4,2.,2e The 'loop trace' method

The loop trace method, in the form shown in Fig. 4.16b was deve-
loped by Dakin8. It gives a very convenient method for measuring the
partihl discharge power and indicating discharge inception voltage
(above aicer£ain»magnitude of discharge). Dakin's circuit was deve-
| loped from the simple method illustrated in Figs. 4.16a.

Referring to Fig. 4.17a

A T
S
e mve e h.35
Q= VCs Vacs




If Va is a constant during the discharging period then %8 = Cs and

: : : . d
d th - =
uring the non-discharging portion a% Cx

Here Cs represents the total capacitance of solid dielectric in the
sample with all air spéces completely short circuited.A

If Cs is only slightly')Cair it is difficult to measure accurately
from the resultant parallelogram. This can be avoided by Dakin's
method in which the normal charging current is eliminated together with
losses. The method, Fig. 4.16b, employs four capacitance arms. Cd

and C, are capacitors which are relatively large compared with Ck1 and

k
the sample capacitance Cx (Cd and Ck 0.1 to 1.0 PF)' The voltage AB
is introduced to the vertical deflection plates of the CRO. Balance is
achieved by varying Ck' The loss angle may be balanced (as in Wien
Bridge) with resistance r in series with Ck1 or Rd in parallel with C .
‘The latter is usually preferable in which case the time constant Cd Rd
should be chosen as not to discharge Cd during the cycle. The detec-
tor used by Dakin employed an audio transformer having a high impedance,
100 Kg.

During the discharging part of the cycle g% = Cs-Cx and during the
agn-discharging period the slope is zero. It is important that there
be no harmonics in the test voltage because otherwise it is not possible
to balance the bridge. The sensitivity may be found using the relation=-
ship q = CAR (vertical deflection on oscilloscope in volts), where R is
the detector transformer ratio. Dakin states that the charge per cycle
sensitivity is better than 5 x 10-10 coulombs (500 pC).

A measure of the discharge energy E is the area of the loop trace,

Q (1.57O8Vmax + 0.4292 Vi) Joules per cycle at the test

frequency used,

1]

H (1.57o8vmax + 0.4292 vi) VYolt divisions. The values of H,
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an integrator is

Vmax and Vi are as shown in Fig. 4.17d the charge diagram is assumed to
consist of a parallelogram plus two half ellipses.l+7

L,2  Discharge measurements at very low frequency

In the preceding sections it was mentioned that conventional dis-
play and indicating instruments are unsuitable for use at VLF. In the
initial experimental work an estimate was made of the sensitivity fhat
could be obtained using a conventional RC integrator. To appreciate

the problem, consider the following argument. The voltage: output of

T ) .
e = o= fe dt or e = =& T .. _... 4,36
o~ RC 3 i 0. Rc *

where T = duration of pulse. The discharge pulse from the amplifier
output is ., 30 us in complete width, however, the amplitude is only
constant for 6 JSe Considering this as the input pulse to the inte-
grétor, the output voltage is e, 6.10_6/RC. Now Ré has to be pref-
erably mugp greater than the périodic time of the applied wave, i.e.
RC »10s. The highest discharge voltage pulse recorded was 5 V, this
corresponded to 3000 pC. It is now possible to estimate the output
voltage>fromlthe int;grator due to single discharge of 3000 pC, i.e.,
5x 6 x 10-6/10 =3 pv.  This figure is very low and poses a
problem for the electronics in terms éf supply rail stability and
circuit noise. By consulting Table 4,34for number of discharges/
half cycle in a given voltage level, the total voltage output from the
integrator may‘be estimated for a half-cycle. It was deduced that

the output voltage from the integrator was
6 x 1077 -7

= | ——l = . & = .

e ( 2z ) 3 6 x 10 e ;1 where RC = 10

Since the output voltage of an integrator is proportional to the

sum of the input pulses in number and magnitude we have
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_ =7
Cp =6 x 10 ZNiVa ------ 4,37

where Ni = number of pulses in a particular voltage level

\Y

5 = average voltage of the pulse in a particular voltage

level = (V + AV)/2.
From Table 4.3,
NiVA = 25, the output from the integrator is therefore
25 x 6 x 10-7 = 15 pv, -

Thus, integrating the discharge pulses over the periodic times of
the test wave results in a very small voltage output. This voltage is
too small to be seen visually on an oscilloscope and would need d.c.
amplification. The maximum-sensitivity on the oscilloscope used was
50 mV/cm, a signal of 10mV/cm on this scale would be just visible.
Thus the d.c. amplifier would need a gain of at least 10 mV/15 pv =
670. | The restrictions on the amplifier system are as mentioned:-

(1)  good voltage stability in the voltage rails feeding the

amplifier.(also differential amplifier);

(2) very small ripple on the supply rails, (detector system

should be powered by batteries);

(3) | very low noise émplifie;s with low d.c. drift properties

are necessary.

The figure of 15 pV is quite realistic and it was indeed diffi-
cult to obtain an integrated signal, due to the causes mentioned.
However, using pulse height analysis, sensitive measurements of charge
and energy may be made. A typical pulse counting arrangement 7 is
shown in Fig. 4.18, voltage pulses developed across the detector impe-
dance are fed through a high pass filter to a wideband amplifier.

The input measuring circuit and amplifier bandwidths should be

such as to utilise fully the time discrimination of the counters.
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Usually resistance in parallel with capacitance is used as a measuring
impedance, the capacitance being made variable to reduce sensitivity,
while Rd is varied to keep approximately constant pulse duration. The
gain of the amplifiers may be typically 105 (10 pv sensitivity) which is
then sufficient to give a sensitivity of 0.01 pC in a test specimen of
100 pF, and also provide enough signal to operate the pulse counters.
The pulse counter is operated with a discriminator level or pulse
lieight analyser before the counting stages, and pulse inversion is usua-
1lly necessary since counters operate with one polarity only.

In assessing the accuracy of pulse counts, it is necessary to take
accﬁunt of the fraction of'pulses lost due to their occurrence within'
the discrimination time of the counter, which_may be defined as the
minimum time difference between consecutive pulses such that the counter
counts both pulses. The amount of error involved can be estimated by
using Poisson statistics for random eventsqs. This law states that,

for events occurring at random the probability that a time (t) elapses

between consecutive events is given by

tp  _pt
p = f}le—}ldt ----- - 4.38

)
where p is the average occurrence of events/unit time. Applying this
law to the case of random pulses, and taking T as the resolution time

for the counters, it can be seen that a probability of an interval less

than this would be given by
x

- _ B '
p = pe it - L= - k.39
[e] .
To take account of the bunching of pulses during the 0.1 Hz cycle,

P must be modified.
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Integrating equation (9) gives

Pz']"e.-}lt - - = - - - L|'.l+0

The probability value P is the loss of pulse in a given count. A
curve showing the effect of this and also illustrating the effect of
bunching is shown in Fig. 4.19.

L,4 Initial experimental investigation, arrangement and

results
In order to minimisé the electrical noise due to commutation, the
high voltage VLF supply was filtered. It is desirable that the high
voltage supply should not be filtered excessively because of:-
a) loss of supply voltage across specimen by impedance division
b) too long a supply recharge time constant for the discharge
pulses which can also reduce the sample voltage under certain
conditions - Widmann“g.
The filter comprised 20 MQL in series with 3nF, giving 4% (1 dB)-
loss in 0.1 Hé test voltage across fhe specimen, whereas 95% (26 dB)
of the commutation noise was filtered from the specimen. Further
reduction in commutation noise and other electrical interference common
to the VLF high voltage supply can be reduced substantially by using a
balanced bridge and a precision high freqﬁency differential amplifier
(Fig. 4.20). -An alternative to this is to employ a logic system
developed by Black59 sensitive measurements in an electrically noisy
environment can be obtained with this method.

Lk,4.,1 0,1 Hz discharge bridge and differential discharge

detector
One arm of the discharge bridge consists of a discharge-free high
voltage capacitor (Cs) terminated in a detection circuit consisting of

both variable resistance (Ra) and capacitance (Ca). The other arm
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consists of the specimen itself, terminated in a fixed resistance (R1)
and capacitance (C1) detection circuit (Fig. 4.21). The time constant
of the differential detection circuit is 105 x 10-19F =1 ps.
However, the lead capacitance of the differential amplifier modifies
this to & ps- Balance of the bridge is achieved.by varying both resis-
tance and capacitance in on; arm of the detection circuit. The variable
capacitance compensates for the difference in the initial voltage step
of the balancing square wave, whilst the variable resistance compen-
sates for the decay time (Fig. 4.22).

For the bridge to be balanced, the voltage amplitudes and decay
times in the differential circuit must be equal. As a consequence of
this, a balance which is independent of frequency is achieved (provided

that the dielectric losses of C_ and C_ are equal).

Ve, _t/(C + CR,

]
Now, v, = E:::TE; y e mm == 4,41
ve t/(C_ + C,)R
_ X e~ X L R
Vb =TT e . 4,42
x 1

For zero output voltage from the bridge'Vé - VS = 0, Or Va = Vb

The initial voltage step is determined by capacitance division, and

for the amplitudes to be equal Cs/(cs + CZ) Cx/(cx + C1), or express-

in in terms of the variable capacitance, C2 = CSC1/CX.

For the decay times to be equal, the exponentials in the above ex-
pressions must be equal, i.e., (Cs + 02)R2 = (Cx + C1)R1. Expressing
this in terms of the variable resistance, R, = (Cx + C1)R1/(Cs + Ca).

The variable time constant R202 for balanced conditions must have a

value ]:(cx + COR,/(C_+ C)] x (cc./c ), or BC, = RC,,

where = (cX + c1)cs/ [:(cs + cz)cx]
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R1C1 = fixed detector time constant,

. R202 = variable detector time constant,
C, = standard discharge free capacitance,
Cx = specimen capacitance.

By using an oscilloscope with a good differential amplifier as a
discharge detector, common mode disturbances could be rejected by 125
times (42 dB) for a bandwidth of 100 kHz. This was determined by
injecting a 2 kHz square wave of known amplitude at the top of the dis-
charge bridge (Fig. 4.22a) and varying R202 until the signal was a mini-
mum at the detector output (Fig. 4.23a). Hence, the ratio of the two
signals gives a measure of the common mode rejection in the system.

Thus, the balanced discharge detection circuit is capable of oper-
ating in the presence of interference levels that would make the use of
a single-input detector impractical. Interference due to commutation
in the test circuit may be suppressed in this way (Fig. 4.20).

For optimum rejection13, the dielectric losses in the test and high
voltage standard should be equal, as otherwise the bridgé balance condi-
tions are different for every frequency. When the bridge is balanced,
a discharge in the test object, of capacitance Cx produces an exponen-
tiaily decaying voltage pulse across the bridge balance points.

The oséilloscope used for a discharge detector was modified to
produce a single electrical output representative of the differential
signal observed on the oscilléscope screen (Fig. 4.24). Because of a
small amount of 5 MHz oscillatory pulses (due to commutation) in the
output of the differential amplifier, a low-pass filter having a high
lfrequency (3 dB) cut-off of 100 kHz was used to completely attenuate it.

As the resolution (t) between successive pulses varies approximately as
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> ps-1

the reciprocal of the bandwidth of an amplifier (t = 1/Af), 10
should be resolved. - However, as far as pulse height analysis is con-
cerned this is an inaccurate figure. For the pulse height analyser~ to
measure no error in discharge magnitude, the output pulse from the
filter due to a single discharge must be allowed to approach zero vol-
tage. o

The detector time constant, being much larger than that of the
amplifier plays the major role in determining the output pulse width
(Fig. 4.23b). However, the pulse width is the sum of the individual
responses. To determine the time (t) for complete charging or dis-
charging of an RC circuit, a value of 5 RC is generally taken. On this

basis, the time for the output pulse (to) to aporoach zero voltage is

calculated from
-1 .
t, =5 [ Ry + @rAD J I b3

where R Cd are the detector capacitance and resistance respectively,

d’
Af is the bandwidth of the amplifier. Substituting in the appropriate
values of RdCd = b ps, ‘Af = 100 kHz (Rfo = 2 ps) in the above

equation gave a value of to = 30 pse Therefore, the maximum number of

pulses that can be resolved without error in amplitude is 1/to = 3.‘10L+

ps-1.' The theoretical value of total pulse width (to) was in good
agreement with the experimental one (Fig. 4.23b).

For magimum ampiification, the discharge decay time constant (tp)
of the pulse should exceed the time constant (t ) of the amplifier.
Since, t,= 1/(2nA£) = 1.5 ps and tp =4 ps, these conditions are ful-
filled, i.g. t§>'ta' However, under these conditions, the front of

the pulse which had a 0.5 ps rise time at the input of the 100 kHz

filter was found to be attenuated and having a rise time of = 3 ps-
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This agreed well with filter theory that gives a value t_ (10% = 90%)
= 0.35/(Af, 3 dB), Af = 100 kHz (Fig. 4.23b).

L.,4,2 Pulse height analysis and measurement

Before pulse height analysis, the amplitude distribution§of both
charge (q) and energy (Ae) from the Speciment%ﬂg monitored. The
experimental arréngement is shown in Fig. 4.24. This is similar to
the final experimental arrangément and is explained in detail in the
following section. Also included in this section will be the calcu-
lation of dischafge energy loss/cycle and calibration of the similar
systems. Referring now to the initial experimental worky the sen-
sitivify controls on the differential amplifier were kept constant, and
" at a level that could cope with the largest pulse occurring without
saturating the differential amplifier output. The ma#imum of each
distribution wés determined, and it was decided to pulse height analyse
in ten equal pulse window levels. Unfortunately, onlyAa single
channel pulse height analyser was available, and the puise window le&el
had fo be adjusted for each new measurement. The results are showninTables
b,4,2 and 4,43, and are plotted in histogram form in Fig. 4.25. The
count of the pulses in each window level was taken over ten times the
periodic time of the low frequency test waveA(1OOs) and ten times above
the commutation noise which was = 4 pC. These measurements were taken
with 10 kV peak appl?ed to the specimen stator bar section.

The integrated discharge energy in the specimen using the develo-
ped instrumentation was found to be 1.7 J/uF/cycle :.12% - see Table &4.47
This compared favourably with a figure of 1.5 J/pF/cycle *20% when the
specimen was tested at S0 Hz with a conventional dielectrie loss anal-
yser (DLA). The same voltége was applied to the specimen in each case,
namely 10 k& peak; Although experimentally the two methods of measure-

ment were quite different, the figures for discharge energy loss/cycle

- 69 -




are in good agreement. This and previous experimental work>” tends
to indicate that discharge energy loss/cycle is approximately the same

at the two frequencies.

4,5 Final experimental arrangement and measurement

technigue

To obtain a good differential measurement it is required that the
dielectric losses of the standard and specimen be almost identical;

this is difficult to achieve in practice. One way to accomplish

this is to test two identical specimens at the same time. 1In this

way it is possible to achieve a very high rejection frém high frequ-
ency noise on the test supply13. However, this is not the only
requirement,‘the detector or differential amplifier must also have
a very good common mode rejection ratio over a wide frequency range -
this is difficult toAmeet. |

In the final experimental arrangement, therefore, a simple
'straight' discharge detector was ﬁsed, thus avoiding the compli-
cations of a differential one. The high voltage VLF supply was
doubly filtered with two RC séctions, comprising 9 M@ and 0.01 PF
respectively and because a two-sectionkﬂvufilter was employed, it was
possible to perform reasonably sensitive measurements (Fig. 4.27).
Before making discharge measurements, it was necessary to evaluate the
level of discharge in the system with a discharge free capacitor in
place of the specimen. The commutation noise in the system was
found to be =200 pC in 15C pF with 20 kG/O.1 Hz applied.

Because of the prohibitively long time involved in single channel
pulse height analysis over a range of test voltageé, a simple low

resolution multi-channel pulse height analyser51 was designed and

constructed, this will now be discussed in detail. (A photograph of
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the instrument is shown in Fig. 4.26).

k.5.1 Measurement

A measurement of total average discharge energy loss/cycle at 0.1
Hz was made using an analogue multiplier in conjunction with a simple
low resolution pulse height analyser (PHA) - this is shown in Fig. 4.28.
With this it was possible to measure the instantaneous power or energy
taken from the VLF supply due to a discharge in the specimen - this in
turn gave the loss of energy in the specimen itself.

The energy measuring system comprised:-  the discharge detector,
input amplifier, multiplier, high voltage potential divider and PHA.
A fraction of the low frequency tést Qaveform (AV Sinwt) and the indi-
vidual discharges’(qa) from the detector are multiplied togethér by an
analogue device, the output of which (Ae) is the instantaneous value of
charge times voltage, i.e., Ae = (AV Sinw t) q,- Energy méy be taken
from or returned to the supply by the specimen. It is_possible to dis-
tinguish between energy supplied to the specimen and that returned by it
on a polarity basis. Charge-voltage pulses taken from the supply are
positive, whereas fhose returned are negative. This may be deduced by
considering the phase.of the applied voltage with respect to that of the
discharges and taking the product of the two. Hence, if the charge-
voltage pulses are integrated over a sufficiently long period of tihe
and the difference taken, this is a measure of discharge energy loss in
the specimen. However, only positive charge-voltage pulses were
observed during the experimental work.

4,5,2 Calibration

The system was calibrated (for a particular sample) by simultan-

eous injection of known charge and voltage at the respective points.
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Fig. 4.28). For example, a known charge V C_ ices, (qo) was injected
into the specimen, this passed through tﬁe measuring system and formed
the X~input of the multiplier. Simultaneously, a known direct voltage
(Vdc) was applied to the bottom of the high voltage potential divider
which formed the Y-input of the multiplier. Hence, the height of the
voltage pulse from the multiplier was vdcqo' i.e., energy. \Whereas it
is necessary to do a charge calibration for every different specimen, it
is not necessary to do a voltage one. The high voltage potential divi-

der had an attenuation of 1.0 x 'IOL+ t 3%,

The multiplier had a frequency response of 1 MHz and could cope
with voltages of+10 V peak at the inputs. The electronic noise from
the output of the multiplier was 10 mV p-p and this set a limit to the
smallest signal that could be multiplied. For example, to see the out-
put from the multiplier clearly, signals of 0.8 V and 0.02 V were requi-
red on their respective inputs. The voltage dynamic range of the multi-
plier was, therefore, taken to be 10 x 500 i.e., 5.103. The percentage
efror of the full output was 1%. Therefore, the multiplier used had
good sensitivity, accuracy, voltage dynamic range and frequency response.

4,5.3 Calculation

The PHA gives the number of energy pulses in a particular level
(over ten cjcles of the low frequency wave), summation and averaging was
performed arithmetically. Heﬁce the total average discharge energy loss/

cycle in the specimen is

ATp
A . A
T E (Vsinwt q) = ===-- b by
P )
where A = attenuation factor
V = instantaneous voltage applied to the specimen.
A = integer » 10
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T periodic time of the low frequency wave.

P

q apparent discharge magnitude.

a
The counters in the PHA were divided into five equal energy ievels,
i.e. €4 2e1, 3e1, 4e1, and 5e1.(Fig. 4,33), To calculate the total
average integrated energy loss/cycle at 0.1 Hz, hereafter referred to
as total De(0.1) for brevity, the following calculations were involved.
The De(0.1) in a particular channel level (ec), averaged over ten

cycles of the low frequency wave is.

= i i e e e - - -
e, = (nej +3 6 ej)N6/1O L.4s
where n = integer (1-5).
Nc = number of pulses in a given channel level

i€, N1-N2 etc.

e, = minimum discriminator energy level for counter 1.

channel energy separation

Be
Since the counters are equally spaced in energy levels,

e, in each channel level/cycle is, €, = 0.15 N1e1,

. eCZ = O.25N2e1, €.z = 0.35N3e1, and e, = O.’+5N4e1 - from equation 4.45

where N1+4 = respective channel level counts.
The total De(O.1) in the specimen is, therefore, the sum of

these individual quantities, hence

AT
(V Sinwt qa) - - = == L,46

M=
o

o >
r\/1

A sample recording sheet used for this purpose is shown in Table 4.5.3.

4,5,4 Experimental instrument for determining discharge

energy loss/cycle

Section 2.5. . explains the basic principle involved in the measure-

-
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ment of total De(0.1). The present section is concerned with the
description of the experimental instrument for its determination.

The observed low repetition rate discharge pulses at 0.1 Hz made
it possible to construct a low-resolution pulse height analyser (PHA)
as a final store and recording stage for the energy pulses taken.from
the supply. The PHA is in effect being used as a sensitive integra-
tor with an infinite time constant. An analogue integrator and visual
display at VLF is impractical. To integrate the relatively small
numbers of discharge pulses at 0.1 Hz over a time inferval much
greater than the periodic time of the applied wave, requires the use
of very large time constants. Therefore, in tﬁis application, the
analogue integrator is very insensitive.

In the instrument to be described, the PHA records the energy
pulses taken from the VLF supply in five amplitude selective electro-
magnetic pulse counters. The number of pulses within any range of
pulse magnitudes is determined by subtractipg the sum of the upper
channel count from the adjacent lower channel count.

Because of the low repetition rate of the discharge pulses; and
the relatively high time constant in the discharge detection circuit of
15 ps, it was possible to use general purpose 741 operational amplifi-
ers in the majority of the instrument design. It was also permissible
to use electromechanical counters as final digital disp;ays. The
resolution time of the five counters were extended by the use of bi-
nary dividing circuits to 160, 80, 40, k0, 4O - ps-1 respectively.
Since the pulse repetition rate decreases with amplitude, the counters
in the lower levels were increased in resolufioh time by a greater
amount.

Discharges from the specimen are developed across VRx which is the
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variable input attenuator for the voitage follower A, (Fig. 4.29). Thef
initial amplltude of the discharge pulse developed across the terminals
of the input amplifier, depends upon the ratio of the sample capacitance
'Cx’ to that of a stray capacitance Cs. The stray capacitance CS is
variable, depending upon the positiog of the wiper on VRx. The input
capacitance of the amplifier is negligible. The decay time constant
of the discharge pulse is then approximately, (Cx + Cs)Rx. Specimen
capacitanceé(cx) of = 150 pF were used in the éxperiments and a value
of Rx was chosen to be 100 k§ , this gave a detector time constant of

15 ps. The value of Rx was a compromise between completely attenua-
ting the test frequency and maintaining optimal seﬁsitivity of the foll-
owing amplifiers. Optimal sénsitivity is obtained if fhe time constant
-of the amplifier is made equal to that of the signal?3

‘The output of A1 is fed directly into the Y-input of the analogue

multiplier (Fig. 4.30). A fraction of the VLF test waveform fed
through A2 forms the X-input of the analogue multiplier. The high
voltage capacitor divider Ch,C5 attenuates the test frequency by

L x 10° at the input of A,. VR, (Fig. 4.29) is a fine adjustment
control and with this it is possible to set the. amount of attenuation
in the X-input of the multiplier accurately. In this case it was set
to ‘IOL+ :3%. A2 apd its associated components must not introduce any
significant phase shift in the test waveform applied to the multi-
plier, ptherwise error will be introduced in the multiplication of 9,
and V. The only source of phase error in this case would be in the
relative value of C5’ R3. The phase error is then B= tan™ (XC/R)
= tan” | (6.4 x 104/106) giving(l{»o or = 1% error.

The two signals having been multiplied together, are reduced in

gain by 10 times at the output of the multiplier - this is necessary

because of the wide voltage dynamic range of the device. The lost
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sist of monostable circuits A

gain is recovered through A, (Fig. 4.31). A5,T1 provide a sufficiently

low output impedance source capable of driving five energy pulse height

discriminators connected in parallel.
The five parallel connected energy pulse height discriminators con-

11 (Fig. 4.34) which develop at their

outputs, pulses of constant width and amplitude. The width of the out-

13-19" 100 ps in this case. An out-

put only occurs when the incoming energy pulse (Ae) exceeds the voltage

put pulse is controlled by R25,C
~-29

discrimination level set on each circuit, these voltages are preset by
VR8-12 to €4 2e1, 3e1,'1+e1 and Se,. A qéntinuously variable control
VR7, (Fig. 4.31) allows these preset levels to be altered simultaneously
to any amplitude range of energy pulses. The voltage discrimination
level (VR7) could be varied up to a maximum of 5V. This, ip conjunc-
tion with the input attenuator VRx’ could accommodate any amplitude
range of energy pulses experienéed in the experimental work.

The 100 ps pulse from the discriminators is insufficient to operate
tﬁe electromagnetic counters, and consequently must be lengthened in
time. The binary dividers B1-5 (Fdig« 4o3l4) perform this lengthening
in t;me of the counters. The binary dividers can not drive the
elect;omechanical counters directly, and therefore transistor; T3‘7
serve this purpose.

The energy pulses taken from the VLF supply are averaged over the
cycles of the 6.ﬂ Hz, i.e., 100s. It is convenient, therefore, to
have a built-in device that only allows the instrument to function for
this period of time, AB’ RL perform this function (Fig. 4.29). The

\

pilot bulb (L) indicates the count time interval.
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The.stabilized d.c. supplies used to power the instrument are
shown in Fig. 4.35 and 4.36. It is particularly important that the
voltage fed to the voltage discriminator level control is well
stabilised, otherwise error in pulse height discrimination would occur.
To achieve the required amount of voltage stabilization, a commercial
. regulator is used following a series regulator (Fig. 4.35).

4,5.5 Sensitivity of the instrument

The energy of an individual discharge is Ed =% ani, if the
voltage across the cavity falls to zero. If there are n equal dis-
charges/cycle, the total power loss would be nf ani. This may be

equated to Atan 5, or (tan é)d as measured on a Schering bridge.13

Hence,

Inf q V. = 27£C_Atan § V.° - - - - - - 447

N X i
na

L) : . a
.o Atans = Iﬂ—(vl—cx ------ L .48

q = apparent discharge magnhitude

= minimum rise in tan § which may be

Atan &
discerned. For an average bridge

this is = 10"4.

As an example, consider a specimen Cx of 1nF in capacitance.
Single discharges of 6 x 103 pC would just be detectable at Vi =5 kV
r.m.s. - according to the above formula. Detection of smaller dis=-

charges at voltages just above Vi would only be possible if many sites
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were discharging. Thus, loss tangent measurements obtained from a
Schering bridge, or by any integrating instrument, i.e., the dielectric
loss analyser (DLA) are insensitive when only few discharges/cycle are
present. It is also impossible for th¢§§ §g§truments to distinguish

between very large discharges in the presence of many small ones.

The developed instrument responds to both large and small aﬁpli-
‘tude pulses. It is also more sén_s iﬁivr_e":_f.'thaha Schering or DLA bridge
in that it responds to single pulses. The increased sensitivity is
obtained by using the PHA as an integrator. In the experimental arrange-
ment used, it was possible to detect 14 pC in a specimen of 134 pF under
calibration conditions, Vdc being equivalent to an applied test voltage
of 5 kV r.m.s; Relating this to a value of tan 8, and replacing
the test voltage for the inception voltage in equation 4.48, tan )
10-7.‘ This is an improvement of 103, in sensitivity for an average
bridge, and 10 fimes for the most sensitive.

4,6 Calibration of discharge measuring instruments and

circuits
IEC Recommendations require calibration of both the measuring
instrument and the complete detection circuit uéed for discharge meas-
urements. The suggested methods of calibration are outlined below.
Since the Recommendations themselves apply essentially to lumped para-
meter test objects, the calibration method and its application to par-
tial discharge testing also only applies to this type of object.
“iFis

However,Laccepted that such a calibration be performed in the case of

distributed parameter test objects, as a minimum requirement.

L,6.1 Instrument calibration

An instrument calibration is required to determine the instrument

- 78 -




. a
indication corresponding tol@ischarge of known apparent charge and repe-

tition rate, and also to determine either pulse resolution or the effect
of different pulse repetition rates depending upon whether the instru--
ment measures an individual or an integrated discharge quantity. 1In

' addition to this a complete determination of the instrument response
over its working range of pulse amplitude and repetition rate is requi-
red to establish its suitability of measurement in this range. The
instrument is calibrated together with the detector impedance and conn-
ecting cables since these are essential parts of the instruﬁent. It

is suggested that the calibration be repeated as necessary to check

that the desired response characteristics are maintained.

%.6.2. Calibration of instruments measuring apparent charge g

Calibration‘of an instrument for the measurement of apparent

charge g of éingle partial discharges is carried out by passing short
current pulses of any convenient But known charge magnitude, 9y through
the instrument (or through the detection impedance Zd). Such pulses
may be produced by means of a generator giving rectangular step voltages
of amplitude Vo’ in series with a small known capacitance Co should be
small so that the duration of the current pulse through CO is small
compared with the response time of the instrument (or with 1/f2, where

f, is the upper limit. of the frequency response). The decay time of

2
the step voltage should be long compared with this response time. Under

these conditions this calibration pulse is equivalent to a discharge of
magnitude q, = Voco'
As a source of calibration pulses with short rise times small,

battery operated, pulse generators are in common use, employing either
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transistors or relays with mercury wetted contacts.

4,6.3: Calibration bf instruments measuring I or D

Instruments for measuring a&erage discharge current I, or quadra-
tic rate D, are calibrated by injecting pulses in the same manner as
described and the same requirements should be met. In addition the
pulse repetitioﬁ rate, n, must be known. If the pulses are derived
from a rectangular voltage generator of fundamental frequency, fo’ and
if both positive and negative current pulses are used, the repetition
rate n will be equal to 2f0.' Under these conditions the instrument
reading corresponds to an average discharge current I = 2fo.Vo.Co, or

. 2
to a quadratic rate D = 2f0.(VoCo) .

L,6t': Calibration of RIV meters

RIV meters are calibrated for partial discharge measurement pur-
poses by injecting pulses in the same manner as described and again
the same requirements should be met. In addition, however, the value
of CO should be such that the time constant of the pulse at the meter

terminals is éL. AUndér these conditions for a pulse repetition rate
d

of 100 ps-1 the RIV meter indication should be laid down in the appro-
priate specification (i.e. within the specified limits) for puises of
volt-time integral 0.158 pVs.

The variation of meter indication, K, with the repetition rate of
repeated pulses (normalised with respect to the indicatioﬁ at 100 ps-1)
can also be determined by adjusting the repetion rate of the generator
and again should be within specification.

4,6.55 Calibration of the instrument in the complete test

arranggment

The calibration of the instrument in the complete test arrangement
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is made to determine the factor by which the indication of the instru-
ment has to be multiplied to give the desired quanéity under the actual
test conditions, with the test object connected. This factor is aff-
ected by the circuit characteristics, especially by the ratio of the
test object capacitance to that of the coupling capacitor, Cx/ck'

Hence the calibration should be repeated for each new test object,
excepf in cases when tests are made onr a series of practically identi-
cal test objects. The calibration need only be made at one or a few
values of the measured quantity. This calibration can be used to

check the minimum discharge intensity which can be measured.
' 4.6.6 Calibration of test arrangements for measurement of
e QnyI, D.or RIV. - R ' s

4.6.6a IEC Method

Calibration of instruments measuring q, I, D or RIV in the com-
plete test arrangement should be made by injecting short current pulses
into the terminals of the test object, as shown in Fig.4.37 . at a
suitable.repetition rate (IEC recommend twice test power frequency in
ps-1). In the case of.test circuit A, shown in Fig. 4.2b, it is impor-
tant to note that if the calibration pulses are aéplied between the high
voltage terminal and earth, errors are likely to be introduced. In
the same case, errors will also be caused by any stray capacitance COe
to earth from the junction point of C° and the step voltage generator
unless these are negligible in comparison with Co itself, since this
causes a charge Vocoe to flow through Zdlin the opposite direction to

the calibration charge.

The calibration pulses are obtained in the same manner as des-
cribed and should meet the same requirements. In addition to these

requirements, the value of calibrating capacitor Co must be less than
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about O.1-Cx, unless this capacitor remains connected during a test.
The calibration pulse: is then equivalent to a discharge magnitude q =

vce.
oo

L,6.6b Alternative methods

An alternative method of calibrating test circuits with very low
capacitance test objects (CxA< 10 pF) is to inject a square wave from
the generator directly in series with Cx as shown in Fig. 4.37a (ii)

the calibration pulse then being equivalent to q, = VOCX.

Another way of obtaining calibration pulses is by means of a
corona.discharge reference source, such as the point discharge gap or
the wire discharge gap. As yet, however, no corona reference has been
found which gives constant discharge magnitude consistently and such
sources must themselves be calibrated.

Yet another method, indirect calibration, is used with some instru-
ments measuring apparent discharge-magnitude and this involves injec-
tion of charge into an element of the low voltage part of the measuring
circuit, as shown for example in Fig. 4.37b (i), by a generator having
the same characteristics as discussed previously. The square wave is
often, as in the ERA Model II and III instruments, obtained from a mains
driven relay thereby synchronising the calibration pulses with the test
voltage frequency.

In either of the basic circuits A and B, Fig. 4.2, indirect cali-
bration produces an indication equivalent to an actual discharge of mag-

nitude,

(Cx + Ck)
q= VoCo C
k
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5. MEASUREMENTS ON STATOR BAR SECTIONS

In assessing the quality of single stator bars it is desirable to
measure the amount of energy dissipated b& diécharges in the insulation.
The ébject of the present experimental work was to measure this energy
and attempt to detect voids ;f differing dimensions in thermally aged
stator bar sections, and to evaluate the performance of the specially
designed instrument. Hereafter the stator bar sections will be refer-
red to as the specimens.,

5.1 Preparation and thermal ageing of unrestrained specimens

Two 60 cm sections of 500 MW stator bars, the specimens, were pre-
pared for measuring both maximum tan § due to discharge loss only at
0.1 Hz and tan é at 50 Hz, i.e., the differeﬁce between discharge and
s0lid loss, hereafter these two quantities will be referred to 52m and
81 respectively. The total average discharge energy loss/cycle, i.e.;
total De(0.1), over a range of test voltages was also measured.

The measuring electrode of each specimen was 14 cm long, giving
capacitances of 168 and 178 pF respectively. The specimens were fitted
with 3 cm long guards, the measuring and guard electrodes being applied
with conducting paint. The specimens having been prepared, were then
thermally aged in an oven at a constant temperature of 180°¢. Every
48 hours, they were withdrawn from the oven and allowed to cool comple-
tely. The thermal shock which the specimens experienced, caused the
insulation to delaminate. The specimens were aged for approximately

260 hours in total.

5.2 Measurement of 51 and 52m in the thermally aged specimens

At the end of each 48 hour ageing interval, a measurement of both

51 and 52m was made on the aged specimens.
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Shotwn in fig
A measurement of 61 was made using a Schering bridge[§.15a over

. A A
the test voltage range of 10-20 kV -10 kV being the discharge incep-

tion voltage of the specimens, 51'is given by the relationship.

141
§, = (tand - tan ) = (CRy - OR,) = = = 5.1
where tan S = C1R12 - solid plus discharge loss angle, and
tan 50 = CR, - solid loss angle

Having obtained the values of C R2 and C1R12 from the Schering

bridge, at balance, for various ageing times of the specimens,
equation 5.1 is used to obtain the values of 51.

The measurement of 52m in the spécimens was obtained using the
experimeétal arrangement shown in Fig. 4.28. Here, total De(0.1)
was measured from 10-20 kV peak, in intervals of 2 kG; the results are
shown in Table 5.2.4 ﬁaving obtained total De(0i1) for each value of
test voltage for the aged specimens, it is then possible to express
this in terms of an equivalent 51 - the maximum value of this was
computed, i.e., 52m for comparison with 51, the results of which are
shown in Téble 5.22 Calculation of this quantity is explained in
sectioﬁ 5.4, The necessary calibration procedure involved is ex-
plained in Section 4.5.2.

5.3 Frequency independence of discharge inception voltage

Since an electrical discharge occurs in a time interval approx-

imately ﬁO_gs, frequency effects in Vi are not to be expected until

the test frequency approaches this time interval.52 Buffler and
Hélszajn53, have shown excellent correlation between partial dis-
charge inception voltage at 60 Hz and power breakdown at 450 Mz,

this was obtained by the relationship P < Via, where P is the break-
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down power and Vi is the inception voltage. This information was
obtained when the authors were designing a microwave circulator. The
dielectric materials used in the experimental work were ferri£e and
pblystyrene crossed linked with teflon.

Both Mason54 and Roﬂgerszo use a model to explain the possible
variation of discharge inception voltage with test. frequency;. they
assume surface conductivity of the cavity walls of the void to be res-
pounsible. Whilst surface conductivity on the walls of the cavity
with discharge activity no doubt effects the dischargé sequence, it is
unlikely to be responsible for significant changes in discharge incep-
tion voltage, that is the first discharge occurring in the cycle as the
voltage is gfadually increased across the void. Discharge inception
voltage is substantially independent of frequency because the voltage

across the void is initially determined by the permittivities of the system, ]

During the present experimental work Vi’ at 0.1 Hz, was found to
be 10% higher than that at 50 Hz. The inception voltage (Vi), at 0.1
Hz, was more difficult to determine fhan at 50 Hz, because of the reduced
frequency and commutation noise from the VLF generator. Nevertheless,
it was’establisheq that Vi at the two frequencies differed by no greater
amount than 10%. A subsidiary experiment conducted at 1200 Hz on mica-
ceaous insulation also showed Vi to be essentially the same as at 50 Hz.
Since micaceous insulation has an extremely high volume resistivity,

frequency dependence due to discharge activity is not to be expected.

5.4 Presentation of results at 0.1 Hz

The power (P) dissipated in a dielectric with associated parallel
resistive loss (R) is~V2/R, and since tan 50 = 1/CR, the power (P),

therefore, may be written as
P=V?wC,_ tan 5, s e e - 54

where V= Applied voltage to the dielectric or'specimen

W = Angular frequency of the applied voltage
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C =.Gample capacitance below dlscharge 1ncept10n

tan S = Loss angle of the specimen below dlscharge inception

This is the power dissipated in the solid part of the specimen. The

part due to discharge only, at 0.1 Hz, is (tan § - tan 50). i.e. 82.

Now discharge energy loss/cycle (B) is

* 2
= v)YY 000 eme==- .5
B =210, 5, (V-v,) 5
* : - - -
where C = Cx + AC, i.e., solid capacitance plus that due
*
to lecharge (Cx. 2 Cx)'
Vi = Discharge inception voltage
82 = Loss angle due to discharge only

Clearly, E is a function of (Q-Vi)z. Therefore, if discharge energy
loss/cycle ig plotted versus (V-Vi)a, a straight liné graph is obtained -
providing Cx and 52 remain sensibly constant with applied voltage. For
good quality insulation this condition.should hold, since the insulation
may be thought to contain only small voids of approximately uniform dim-
ensions. Briefly, for good quality insulation, discharge energy loss/
cycle increases to no greater than (V-Vi)al Hdwever, if the insulation
contains fissures or other weak long paths, inert at moderate stress but
discharging over progressively longer paths as the stress increases, the
discharge energy loss/cycle may be no longer proportional to (V-V )
Therefore, plotting discharge energy loss/cycle as a function of (V-V )
makes analysis more amenable.

Later, comparison is made with's1 and 52m, 20 kV peak being
applied to the specimen in each case. To calculate 52 over a range of

test voltages and Sam at 20 kV peak, equation 5.5 is re-arranged to give

§, =/, (v-vi)2] ------ 5.6

and 52m 10%/27(0x ------ 5.7

where E is the total De(0.1) in Joule, Cx is the specimen capacitance in

108 in Volt.
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The results in Table 5.&27for Sam, are obtained via these equations.
The decrease in Cx with ageing time of the stator bar section was accou-
nted for in calibration.

5,5 The variation of total De(0.1) versus (V-V1)2 with thermal

ageing time of the specimens

The increase and variation of total De(0.1) versus (V-Vifafor the two

specimens is showniin Figs. 5.1 and 5.2; only initial, intermediate
gnd final ageing times are shown for clarity.

Before discussing the experimental results obtéined, an examina-
tion is made of the possible ways in which total De(O.1) might increase
" with (V-Vi)z, these are:- |

(a) If total De(0.1) increases linearly with (V-Vi)a, this
imblies that there is no large increase with voltage in
either the number of separate discharging sites, or in
their average length.

(b) If total De(0.1) increases linearly with (V—Vi)z, at low
voltages and then ceases to increase at high voltages, this
indicates that all the voids in the insulation are being
discharged and no new dischargé sites are available.

(¢) If the rate of change of De(0.1) with (V—Vi)2 increases with
voltage, this implies that the insulation contains fissures
or long weak paths, inert at moderate stresses, but dis-
charging over progressively longer paths as tbe stress
increases.

Referring n§w to the present experimental work, the results of which are
plotted in Figs. 5.1 and 5.2. The purpose of thermally ageing the
'specimens was to create both large and small voids within the insulation,
the intention being:-
(1) To measure any increase of total De(O.1) with ageing time of
the specimens.
(2) To differentiate, if possible, between both the large and

small voids created in the specimens (Fig. 5.10a, b and ¢).
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The first of these was easy to measure. Figs. 5.1 and 5.2 show
that for all ageing times the total De(0.1) in the two specimens increa-
ses, but is always proportional to (‘V-Vi)2 on average. The best straight
lines through the experimental points show this. Unfortunately, this
indicates that small voids cannot be séparated from the larger ones, the
reason for this being two-fold |
(1)  Surface discharges across the guard-electrode interspace of
the specimens made it difficult to correlate measured inception
voltage with the physical parameters - this is explained more
fully in section 5.8.
(2) Errors - since the measurement and calibration of total

De(0.1) was a function of (Cx, v N, T)

v
s, dc1
where Cx is the specimen capacitance

Vo is the square wave calibration signal

Vdc is the d.c. calibration signal

N is the count number error
T is the count time interval.
total De(0.1) could not be measured to a greater precision than I oass.

+ X + +
Here, C_, V , V, == 3%, N =-10%, T = = 5%.

This, as the error bars in Figs. 5.1 and 5.2 indicate, made it diff-
icult to assess, particularly at higher test voltages, whether total
De(0.1) was increasing or decreasing with respect to (V-Vi)z. All that
could be done was to draw the best straight lines through the experimen-
tal points - thus implying total De(0.1) is proportional to (V-Vi)2 for
all electrical stresses and ageing times; this is difficult to appre-
ciate. However, it is believed that voids of differing dimensions

could be detected, if the measurements were completely automated and vi=-
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sually displayed. This is explained in Section 6.0.

5.6 The variation of 81 and sam with thermal ageing time

of the specimens

Table 5.27gives the measured values of 81 and ézm for the thermally
aged specimens recorded over the same agéing period; these are shown
éraphically in Figs. 5.3 and 5.4. Although 51 and 62m both increase
with ageing time, 51 is larger than Sem and apparently increases at a
greater rate. The variatioﬁ of 61 and éam with ageing time is linear -~
that is, apart from the initial reading at T = O, before the bars were
thermally aged. The only explanation offered for this is the initial
thermal shock which they experienced.

As for the greater increase of 51, it was difficult to obtain a
sensitive balance on the Schering bridge at the higher ageing times,
and therefore the experimental error involved was larger. The greater
increase of 51 over éam was, therefore, considered insignificant.

The low measured value of éém compared with that of 5} may be
accounted for in two ways; the first being due to measuring only half
the energy pulse distribution, becéhse of commutation noise from the
VLF, generator. No great precision could be placed on exactly half
the energy pulse distribution being lost during any one interval of
test voltage. By examining the pulse count, which was approximately
Gaussian distributed over various test voltage ranges, the maximum
error expected was : 10%. The second reason for the comparably low
measured value of 52m is because of the differing experimental arrange-
ments. No real figure can be associated with this, unless it is
assumed that 51 and 52m are eQuél at the two frequencies. It is rea=-
sonable to expect 51 to be higher because of the method of measurement.

A Schering bridge is used to measure 51 which does not separate solid
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loss from discharge loss. The instrument developed for use at 0.1 Hz

measures the loés due to discharge only.

Barlier work35 showed that discharge energy loss/cycle by the loop
trace method was approximately the same at the two frequencies. The
experimental error involved here was no greater than 20%. Hervér, a
perfect correlation between 81 and Sam in the present experimental work
should not be expected, since the methods of measurement are completely
different. To expect perfect correlation similar quahtities must be
measured, i.e., tan S-due to discharge loss only with the same experi-
mental arrangement. Unfortunately, the resolution of the constructed
instrument made this impossible.

5.7 The variation of discharge energy pulsé/qycle before and

after thermally agéing the specimens with applied test
voltage |
Discharge energy éulse/cycle versus total average channel energy

as a function of applied test voltage to the specimens before and after
thermal ageing is illustrated in Figs. 5.} to 5.8 - see Tables 5,71 and
572 for the recorded data. _ For clarity of illustraticn, this data is
shown as being continuous in the figures rather than its more correct
discrete histogram form, which could make display comparatively diffi-
cﬁlt.
| From Figs. 5.5 and 5.7 both the specimens before ageing increase
and vary in the same way, both having a maximum lower éhannel'count of
: 100uJ. The specimens at the end of their thermal ageing programme
also show similar characteristics (Figs. 5.6 and 5.3). Here again
both have a maximum lower channel count of & 40 pulse/cycle, but with

a total average channel energy of = 600uJ. The increase of the total

- 90 -




average channel energy for the aged specimens is because of the greater
number of discharging voids present, compared with that of the specimens
before ageing. '

The same number of pulses/cycle for the specimens before and after
ageing.occurs because the discharge energy pulse maximum is used as a
reference level for counting in the PHA. This encompasses the same
pulse/cycle distribution for the specimens before and after ageing, the
only difference being that the pulses increase in energy - experimen-
tally this was the case.

5¢741 Counting errors

Two sources of error were involved in counting. One source of
error was due to commutation noise from the VLF generator, the other

was due to the resolution time of the counters. Unfortunately, due

'to commutation noise, the counters had to be biasSed-éuch that a 50%

loss of pulses occurred. The figure of 50% was determined by examin-
ing the distribution of pulses in given levels. This was monitored
over the whole test programme. The other source of loss involves

the counters. The highest average pulse repgtition rate/cycie obser-
ved in the lowest counter above commutation noise was 84 ps-1. This
was measured with 20 kQ/O.1 Hz applied to a section of stator bar at
the end of its thermal ageing programme. Equation 4,40 (P = 1 -
eﬂkta is plotted in Fig. 5.9 for various resolution times of the ccunt-
ers involved iﬁ‘thefexperimental work. Therefore, with the pulse repe-
tition rates found experimentally, and the resolution of the counters
involved, it was necessary in certain cases to apply correction factors.

5.8 Correlation of discharge energy and inception voltage with

void dimensions in the specimens before and after thermal

ageing

To analyse the void dimensions and content in the thermally and
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non-thermally aged specimens, complete sections were cut away.

Selected small areas of the specimens were examined under the
microscope and photographed at ten times magnification, reduced photo-
graphs are shown in Figs. 5.10a, b and c..

The non-thermally aged specimen is well consolidated and has
practically no void content. However, the specimen which had been
severely thermally aged at 180°C, for a period of 260 hours, in an un-
restrained condition, was delaminated (Figs. 5.10b and c).

In the following sections, an attempt is made to correlate the
measured discharge energy; and inception voltage (Vi), with the void
dimensions 6f the thermally aged specimens.

5.8.1 Calculation of inception voltage

The capacitance (Cs) of a solid section of insulation in which a

series void or air gap of capacitance Cv is present, is given by

€ofrd -
CS = z-t—:sT't? —————— 5.8

where,tS is the thickness of the total solid insulation, and,tg is the
thickness of the air gap. The capacitance of the air gap being:-
_ oA

v t
g

------ 5.9

The voltage developed across the air gap or void (Vv) is simply

C
v =(

S
e 510
s Vv

whereupon substitution of the respective physicai quantities becomes

v = ExV [l+ 1220y R 5.11
v- Gt/ Ly T ) .
s g s 8
\}. v/ ( ts)f oyt 12
or V= / 1+Ertg or t_» g T Se
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The largest void volume found in the thermally aged specimen was
approximately, (0.1 x 10 x 5) mm3 - these figures are for gap, width and
length respectively (Fig. 5.10c). The breakdown voltage (Vb) for the
0.1 mm air gap was found from Paschen's curve to be 2 103V. However, to .
attéin this value of Vb, the voltage at the tesé-terminals of the speci- .
men must be greater; this depends upon the thickness and the permittivity
of the 'solid insulation in which the air gap is situated. Hence, the
inception voltage (Vi) measured at the.tQSt terminals is found by equa-
tion 5.12. Here, ts = smm’ tg = 0.1 mm, and Qr 2 5; giving a value of
Vi = 10 kV peak. This was confirmed experimentally. From Figs. 5.1
and 5.2, Vi remained reasonably constant throughout the’thermgl ageing
programme - that is, from T = O to T = 260 hours.

The void content of the non-thermally aged bar was extremely small,
the largest void being approximately 30 ym in thickﬁess (Fig. 5.10a).

This gives an inception voltage of 17 kV peék. It becomes difficult,
therefore, to accept the measured inception voltage for the non-thermally
aged specimens as being real - surfape discharges across the measuring
electrode and guards are presumably being measured. The measured incep-
tion voltage for the thermally aged specimgns is obviously real - the
physical dimensions in Fig: 5.10c confir; this.

5.8.2 Calculation of discharge energy .

Knowing the approximate values of Vb and Cv for the void in questicn,
the energy (Ev) dissipated in it can be found from equation 2.25
2 .
2 :
gfb (CV + CS) ,

E
v

where, c 0.5 pF, V_ 10°

v 4.5 pF, Cs

.o ﬁav=205Pl-J
However, it is knownﬂ’55 that when a cavity breaks down electri-

cally, only small fractions of the total area are involved, and conse-
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quently small capacitance discharged. A more realistic approach, than
that adopted above, is to measure the total fractional capacitance

([&Cx) discharged in the thermally aged specimens directly from the

1

Schering bridge, i.e., ACx = (C «

- Cx). For the two specimens ZSCX
was found to be 7 and 10 pF respectively, - see sample tan S recording
sheet Table 5.5. From this it is possible to estimate the amount of

energy dissipated, at 50 Hz, during a single discharge in the thermally

aged specimens by the following

2
E, = %vb ac,  ===--- 5.13
where VB = mean breakdown voltage of the voids.
Here .ACx = 10 pF, V : 10°
.o Ex= 5P.J

The foregoing confirms that even when large voids exist in insulation, the
whole area is not actively involved. For example, the largest void
Vfouﬁd from physical diﬁensions was = 4.5 pF, yet on measuring th; total
iﬁcremental change in capacitance (ACX), due to discharge on the Schering
bridge at 50 Hz, was = 10 pF for the whole specimen.
6. CONCLUSIONS

VLF discharge detection and measurement techniques have been used
in an attempt to evaluate the condition of statof bar insulation. Uhile
the VLF generator used in the present experimental investigation was
electrically very noisy, it was possigle, however, to perforﬁ reasonably

sensitive discharge measurements on machine insulation. This was

achieved by filtering the high voltage VLF supply and carefully screening

the necessary components and the discharge detection circuit.
The initial experimental investigation indicated that discharge
energy loss/cycle was approximately the same at 50 and 0.1 Hz, to within

¥20%. Although the two methods of measurements were completely
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different. The 50 Hz measurement of discharge energy loss/cycle was
obtained using a conventional instrument, the dielec£ric loss analyser-
(DLA), the 0.1 Hz measurement being obtained by a specially developed
instrument.

In the final experimental investigation it was decided to use a
less complicated system and to dispense with both the complex diff-
erential discharge detection system and the commercial single channel
PHA. In place of the differential discharge system a 'straight' dis-
charge detector was employed, the high voltage VLF supplying being
filtered by a greater amount to maintain the same discharge sensitivity.
A simple multichannel PHA was designed, constructed and used instead of
the single channel commercial PHA, thus reducing measurement time to a
minimum. The constructed instrument was used to measure total a&erage
discharge energy loss/cycle at 0.1Hz, i.e., total De(0.1) over a range
of test voltages for various ageing times of the specimens. To
simplify analysis of results, and possibly indicate a method of detect-
ing small voids from the larger ones in the insulation, total De(0.1)
was plofted as a function of (V—Vi)a. The developed instrument
responds to both large and small amplitude discharge pulses. It is
also more sensitive than a Schering or DLA bridge in that it responds
to single discharges. The increased sensitivity is obtained by using
the PHA as a recording instrument. The improvement in sensitivity
was 103 for an average bridée, and 10 times for the most sensitive.

It was found that the distribution of energy pulses taken from

the VLF supply was similar for the specimens both before and after
ageing, the only difference being a shift toward the higher energy

levels for the thermally aged bars.
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The maximum value of total De(O.1) for the ageing times of the
specimens was converted iﬁto an équivaient tan & discharge and compared
with a value measured on the Schering.bridge at 50 Hz. Whilst the
* variation of these quantities Qith ageing time of the specimens were
approximately the same, they differed by a constant smount. Some of
the difference was accounted for by.only measuring half the total
De(0.1) because of commutation noise from the VLF generator, the other
being unaccountable and due to the measurements of similar, but not
necessarily equal quantities on different experimental arrangements.

During the experimental work total De(0.1) was found to be pro-
portional to (V—Vi)2 for all electrical stresses and ageing times.
Whereas it was possible to show the increase in total De(0.1) with
ageing time, it was not possible, with the present experimental
arrangement, to detect voids of differing dimensions. This was because
of surface discharge across the guard electrode interspace, and lack of
precision in the measurements. However, it is believed that the system
now to be described will be more successful.. Figure 6.1 shows the
proposed system. Here, the discharge energy pulses are counted and
averaged electronically -~ that is, a voltage proportional to the total
De(0.1) is developed. This is applied to the Y-input of a recording
device. The X-input is simply obtained by equaring a known fraction
of the test voltage and taking the peak value of it. The result of
this is a continuous plot of total De(0.1) versus (V-Vi)a, or more
correctly in this case versus V2, as the test voltage increases at a
stipulatea rate. Total De(0.1) versus (V—V;)2 was measured over a
test voltage range of 10-20 kV peak, for a particular ageing time,
intervals of 2kV - each measurement taking 100s. Hence one complete
set-of measurements taking 600s, The visual display of this however,

need not be presented at this rate. With the advent of micro .
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processors, this information could be stored during the test, then dis-
played on a conventional oscilloscope at 50 Hz, - thus comparative

measurement and analysis would be obtained with ease.
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Discharge repetition
rate/second/3 cycle Va VaNi
‘ (Ni)
15 0.75 112
3 1.25 37
3 1.75 52
(O 2.25 22
1 2.75 27
225,\

INTEGRATOR OUTPUT VOLTAGE/
HALF CYCLE

TABLE 4,.3.1.
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Average integrated
Vaeav |te 3 cyéle |-ve 3 cycle charge/3 cycle (pC)
No/100s No/100s rve —ve
0.5 + 0.5 150 170 12375.0 | 14025.0
1.0 + 0.5 25 38 3437.5 5225.0
1.5 + 0.5 27 18 5197.5 3465.0
2.0 + 0.5 12 13 1297.0 3217.5
2.5 + 0.5 13 . 10 3932.5 3025.0
3.0 + 0.5 7 12 2502.5 4290.0
3.5 + 0.5 3 825.0 1237.5
4.0 + 0.5 b 2 1870.0 935.0
4.5 + 0.5 L 2 2090.0 | 1045.0
5.0 + 0.5 1 0 5775 0
3331045 |3 36465.0
Calibration 0.1 V = 55pC.
DISCEARGE MAGNITUDE AND AVSRAGE INTEGRATED CHARGE/HALF CYCLS

TABLE bt.g. b

- 100 -




V+ AV | No/100s Ave:ifjg;;Z;fiit?3J§ischarge
0.1 + 0.1 107 98.88
0.2 + 0.1 56 28,40
0.3 + 0.1 29 56.84
0.4 + 0.1 20 L 50.0
0.5 + 0.1 13 Lo oL
0.6 + 0.1 8 29.12
0.7 + 0.1 10 42.00
0.8 + 0.1 7 33,32
0.9 + 0.1 6 31.92
1.0 + 0.1 2 ' 11.20

> w2

Calibration 01V = 5.6 pJ. Total average discharge
energy/cycle = 472 pJ.  Sample capacitance Cy = 280pF

. - -6 10
Expressing in J/pF/cycle = 472 x 10 5 =

1.73/wF/cycle

TOTAL AVERAGE DISCHARGE ENERGY LO33/CYCLE

TABLE 4.3

AW UUIVER
Q\‘““ SOIELCE 8/

- 12 JAN 1978
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R 9 Mg 210%, 20 kV (r.m.s)

R, 1 M 1% 3 Vatt
R, 220 ko 2% 1 Watt
+
R 3k 22% 3 Watt
57 3.3 ko) z Wa
You 1 Wap
+ o 1 -
Ry1s 1 ko Z2% 1 vatt
Ry, 10 kL 22% 1 Watt
. : W
R17_18 3.3 k2% 1 VWatt
Ry 2.7 kR 22% 3 Watt
Yoy 1
Ryo3s 1k022% ] Vatt
Ry, 3309 Is% 1 Watt
Ry 1 ks Is% 1 Watt
+
R 150 St =5% 1 Watt
37 5 50 a
Ryg 3.3 kel 25% 1 Watt
+
R 1 ~5% 1 Watt
29 19 5% 2
VR, 100 k9 220% 2 Watt
R, 10 k9 220% 2 Watt
VR, 50 ke L20% 2 Watt
VR, 100 ks 220% 2 Watt
+
. to0% 2 Watk
Ry 1 k9 2I20% 2 Wat
c, 0,33pF  120% 100 kV (r.m.s)
+
T208 100 kV
C, 3 0,01pF  Z20% 100 k
C, 0, 00SuF 220% 100 kV
C, 25uF 120 20 kv
c 200uF 220% 30 kV

COMPONENTS LIST FOR INSTRUMENT TO
MEASURE TOTAL De(0,1)

TABIE -4.5.1
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c 100 pF £20% 30 V

7
Cgqp 0o 4F Z20% 160 V

C.q 1000 pF Z20% 160 v
Chq 100 pF Z20% 160 V

Cso 470 uF 1208 160 v
C,, 1000 uF 220% 160 V

C,, 470 uF 220% 160 v
Cos 100 pF Z20% 160 v

C,, 3500 pF 220% 160 V
D, 50 DDOO6 diodes 400 p.i,v. 500 mA, (Iucas)

Zn, 20 V 1 Watt Zener diode 1220 (International)
ZD2 15 V 1 Watt Zener diode 1215 (International)
RG 15 V regulator, LM337 (Rastra)
A1_11 741 operational amplifiers (SGS)

T1-8 BFY 52 transistors (Mullard)
T9 | ACY 21 transistors (Mullard)

X, AD 530 Multiplier (Analog Devices)

B1_5 SN 7473N dual binary dividers (Texas)

RL 12 V relay (Omron)

CR,]_5 Veeder root electro-mechanical counters

type KB/1643 24 V

M, 1 mA moving coil meter (Sifam)

TR, 240/20 V transformer (radio-spares)

TR2 240/6.,3 V =0=6,3V transfofmer (radio-svares)
L 6.3 V/0,3 A pilot bulb
S Counter reset switch

COMPONENTS LIST FOR INSTRUMENT TO MEASURE TOTAL De(0.1)

TABLE4,5,2
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Discriminator

energy counts/10 cycles

Corrected Channel

Average energy

energy counts/10 cycles loss/cycle
Counter No Correction No Factor nd

1 L5 8(1-2) = Ch..1 Wl | 0,1584N4| 43,3

2 54 4(2-3) = Ch 2 98 0,25E1N2 ro«o

3 59 2(3-4) = Ch 3 22 0,35EqN5| 15,4

i 48 2(4=5) = Ch 4 18 O0.45E4Ny| 16,2

5 39 > |123.8
Test Voltage Wm = 12 Energy discriminator

level (V) = 2

>5ﬁHMHHmw ¥ Sample capacitance
Attenuation = 260

(Cx) = 134 pF

Energy Calibration

Eq

where &
<mo

<m

A Eq
Here E1

noun nu

nu

o« CyVgV3c (For a given ¥)
VLF supply attenuation

= \_O:.

Direct voltage calibration to multiplier (Yin) = 1.5

Square wave calibration signal injected into Cx (X;,)
105 x 104 CyxV

1.5 x 10t x A.um x 10-10 x 1.0 = 2,0 pJ

SAMPLE RECORDING TABLE FOR THE CALCULATION
OF TOTAL AVEZRAGE DISCHARGE ENERGY LOSS/CYCLE

SPECIMEN D,

AT 0,1 Hz i.e., TOTAL De(0,1).

AGED FOR 219 HRS.

TABLE 4.5.3
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T=0 | T=h6 | T=112 | T=157 | T=201 | T=266 (v.vi)2 x 106V
é 0.00 | 0,10 | 0,02 0.02 0.03 0,02 0
,f 0.02 | 0,50 | 0.75 1.10 1,20 1.50 I
S 0.3 [1.20 2.0 |2.60 | 3.25 | .50 16
['}]
5 | o.80|1.80 |37 |u30 | 530 6.60 36
«
S | 1.50 | 2.70 | 4,20 [ 650 | 7.30 | 10.10 6l
2,10 | 3.80 | 7.10 | 9.20 | 10.%0 | 12.70 100
Specimen C
T=C | T=69 | T=111 | T=172 | T=219| T=262 (V-Vi)2 x 108
- |
ol
S 0,00 | 0.10 | 0,03 0,02 0.18 0.01 0
» 0.02 | 0,21 | 0.57 1.20 1.24 1.50 I
:; 0.58 | 0,78 | 1.64 | 2,00 2.82 3.50 16
Q
j | 0,78 | 1.90 | 3.20 | 4.80 5.30 | 5.75 36
«
§ 1.20 | 3.10 | 5.30 6.10 8.20 8.90 6l
1.60 | 4,70 | 7.50 8,60 10,10 | 12.90 100
Specimen D

RECORDED VALUES OF THE VARIATION AND INCREASE OF De(0,1) WITH

AGEING TIME OF THE SPECIMENS VERSUS (v-vi)2.

TABLE 5.2.1
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' 61 x 107 Szm x 107> | 2(nr)
7.6 0.74 0
171 2.58 69
22.0 I 41 111
28,2 5,22 172
33.0 6.13 219
36,0 7.87 262
Specimen D |

5 x 107> 5m x 10~ | T(hr)
8.1 1.20 0
15,2 2,00 46
22,0 3.50 112
26,1 5.10 157
33.0 6.10 201
37.0 7.00 266

Specimen C

RECORDED VALUES OF THE VARIATION
AND INCREASE OF 61 and 82m WITH

AGEING TIME COF THE SPECIMENS
TABLE 5.2.2
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Average Channel Channel counts

Test Bnergy’

Volts () (average No/cycle)
kV

1123 4% 12| 3 4

10 olojlof o fojoj oo
12 ofa2ajo|l o Joj1] o]0
1 ol3|o] o o] o] o
% (o720 o [3] 1|0

18 L | 62 | 11 3 z |23 32 1

20 |77 ]92]29] 9 |s0f3]| 8 | 2

Specimen C - before thermal ageing

Average Channel Channel counts

Test Energy,
Volts : (uT) (average No/cycle)
kV

123 12 3 |4

10 1 | 15 5 2 1 5 1 0]

12 S0 79 3_0 22 15 | 14 4 2

14 154 | 184 | 62 48 1272 1 19| 5 3
16 202 | 297 | 94 69 | 35 | 31 7 4
18 326 | 481 | 116 | 85 | 37 | 33 S 3
20 382 | 596 | 169 |122 | 43 | Lo | 8 5

Specimen C - after thermal ageing

RECORDED VALUES OF CHANNEL ENERGY COUNTS PER CYCLE FOR
THE AGED AND NON-AGED SPECIMENS

TABLE 20701
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Average Channel Channel counts

! Energy,
Test (ud) (average No/cycle)
VOl';S i -
kV

112 3 b 1 2 | 3| 4

10 0 0 0 0 0 0 0 0

22 | 30 9 3] 1 1] 2|

14 ol uw6 | 81 & | 0.1 1

16 R T O B S I I

18 9| 60 {12 3 3 |20 5 1

20 |80 [1C0 [ 30 } 8. |47 |32 [11 | 3

Specimen D - before thermal ageing

Average Channel g
Energy Channel counts
Test (nJ) (average No/cycle) §
Volts §
Ml al el s el 2 s l
0 F o1l s | o3| b {1 Lo |
12 lus| 8 |25 |19 |12 |10 |3 |1 |
1 {160 |168 | 55 |38 {24 |17 g Loz
16 |197 |01 | 85 |72 |32 |28 | 6 | 3
18 !330 usé 110 | 81 |40 30 i 5 2
20 {37¢ |580 1170 |10 |45 | 41 % 9 | &

Specimen D - after thermal ageing

RECORDED VALUZS OF CHANNEL ENERGY/COUNTS PER CYCLE

THE AGED AND NCN-AGED SPECIMENS

TABLE 5.7.2
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Test Ry C. Cx = Cq _R_Z_ TAN %
Volts WR.C )
an| W G 2
8 2450,0| 0 443 | 129,8 0,0443
10 | 2450,0 0,443 129.8 0,0443
12 2447, | 0,451 130,0 0, 0451
14 24L0,0 | 0,471 130,3 0,0476
16 2410,0| 0,580 132,0 0.0580
18 2364,0} 0,700 134,5 0,0700
20 2324,3 | 0,790 136.8 0,0790

Svecimen C

R, ;

Test R C C = CS.__Z-_ TAN »
Volts 1 : X( 5 Ra (wRC-)
&N | @ | D P
8 | 2666,0] 0,120 | 119.3 0.0120
10 2665.0| 0,130 119.3 0.0130
12 2658,0| 0,150 | ~ 119.6 0,0150
14 2636,0| 0,220 120.6 0,0220
16 | 2585.0| 0.369 | 123.0 0.0369
18 2517.2 | 0.520 126.3 0,0520
20 2hk62,1 | 0,610 129,2 0,0610

Svecimen D
N.B. C_ = 1077, ®, = 318.58, wR, [C (O] = 0.1

AC = (¢ ' - C) - over the range 10 - 20 kV.
X X X

AC (C)=7pF, AC (D) = 10pF,

SAMPLE TAN & (50 Hz) TABLES FOR THERMALLY AGED SPECIMENS

C AND D AFTER 260 HOURS OF AGEING AT 180°C

TABIE 5.8.1
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/

INTERNAL
DISCHARGE

Discharges occurring

in inclusions or
cavities in a die-
lectric

(FIG. 2.2a)

- ‘/
IONIZATION

| e

Any process by which an
atom becomes electrically

charged.

l \\\\\\
GAS DISCHARGES ALL OTHER PROCESSES

Passage of current
through gases by ava-

lanches of electrons

PARTTAL DISCHARGES
Gas discharges which do

not bridge the electrodes

SURFACE DISCHARGES
Discharges occurring at’
the surface of a die-

lectric
(FIG. 2.2b)

CLASSIFICATION OF DISCHARGES
(AFTER KREUGER~)

- 110 =

INVOLVING IONIZATION

ALL OTHER GAS
DISCEARGES

CORONA DISCHARGES
Discharges occurring in
the strongly inhomogen-
eous field around a shar
point or edge of electrog

(FIG. 2.2¢)
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=
Q
[A¥]
.
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REALISATION O

THE DISCHARGES

(AFTER KREUGER ')

FiG. 2.2
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—001 plane
_oB

—Si/Al (tetra)

_OA and OH

- —Al/Mg (octa)

—OA and OH

—Si/Al (tetra)

—0
B

—001 plane
—0

‘B
—Si/Al (tetca)

_OA and OH

a)  auscovite - % octanhedral sites filled with Al“#e

phlogopite— 8ll octahedral sites filled with MgHeo

EXPLODED VIEW OF THE TDEAL. STRUGTURE OF MUSCOVITE - -
AND PULCCOPITE MICh-
(AFTER RYDER 7y
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— 001 plane
—0p
— Si/Al (tetra)

——OA and OH
— Al1/Mg (octa)

—0 d OH
), a0

—8i/Al (tetra)
—0p

—001 plane
—0p

—S81/Al (tetra)

—0A and OH

SIDT TLEVATION OF TYE MICA LAYZR CONSTRUCTION
(AFTER RYDER7)

FIG. 2.4
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Breakdown voltage

Breakdown

[
+ I
g Saturation region Transition
& region
~
=
© ~ ohmic
conduction
Voltage V
(a) Typical V/I plot foragas subjected to a d.c. potential,
Breakdown is usually by the Townsend mechanism
1OLF -
103 f
0 2
10 1 10 10

Bod (mm Hg x Cm)

(b) Typical breakdown voltage curves for different gases between
parallel plate elgctrodes. P, is the gas pressure in m.gé
Hg corrected to 0°C.  (After Meek, J.M. and Craggs, J.D.“%)

PASCHEN CURVES AND V/I CHARACTERISTICS FOR TYPICAL GASES

FIG. 2.7
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electrode

\
m

(a)

Idealised cavity in solid
insulation

Capcitance of solid insulation in series
with void

Capacitance of solid insulation in parallel
with void

Capacitance of void.

o <

!
()

Equivalent circuit

CIRCUIT COF THE SIMPLE DISCHARGE MODEL

2;8

FIG.
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Inception voltage kV peak

i
"2

-~

Y 5 10 15
" Air gap distance t_ (mm)
(a) Inception voltage as a function of air-gap distance at

atmospheric pressure for various values of ﬁ .
(After Halleck2?), @ = td(mm)/ﬁd- ‘

‘o
£
&
Mylar
% ° e
° yethyler
% > 4 Polyethylene
£ - Theory
Q
>
=
e
-
+
[oN
®
O
<
=~
0 10 20

(b) Minimum incpetion voltage as a function of'ﬁQ
(After Halleck®3).

CURVES OF INCE?TION VOLTAGE VERSUS ta AND B .

\

FIG. 2.9
- 1(1_'7 -




Y ~ ~~
S 2 D S
s U

O — 2 8| i oL

= i

:?L, \\ \\K
“HEHTEEEDRE = FHH R
+ + T IN K\ \\

i )
N} k< \»n .
AN N7 1 < // L1
~ 3 / K // <
AV O I R R o o
+ + —| ;1" 11— -°F %‘6
oo LHT prad
' - - —— + 4 - -+ J-F4- 1-l-tr-0 - l -
MM 5 ( e
ol N \\ 1 ' ; \\
" ;ﬂ \\ \\\ \Q
Nl:‘_\) —_— r‘\ -_.4__1_1%;._.___ -1 4 [ ] ___\ =
o N T REAN
. :/ — - =} 4 - —-‘EM-—— - —t— o -Fr4 - —F \ wﬂ
» T ;:/ ~ BN ‘\\ '

< . 31
c
" *
et 2”
™~
-
]
|
{
|
]
}
|
I
j
L4
le
|
J
I
[l
; |
1
|
|
T
)

+ i\ J U-l/‘ // ///
- Y IR R N I A A L 4-4 3- 4 -0 - | :
oMy — 2 93“2'_"{' ) 1-{::‘;5',5-,%
VN P & ” j U JENS QU NURN SN NN SN S
+ +{/7 /’v‘f/ .(ﬂff /!
| gl N}
| EJ ™ N .
~ N I s U8 AN

k=l
2!
0)*'4
|
]
|
|
]
{
I
!
7 !
VAR
"’
T :
|
|
/l
I
i
]
K
1
]
I~
4
1
1 /7

\\u ;J b \\ \\‘
M1 e ° TS o ?
e o [ +
N <
AT

\anv AND 2_—2 a V. (AFTER PELZER)®?

DIAGRAMS 21D CALCULATION SHOWING THE EQUIVALENCE OF THE MEASURSMENT
- 118 - FIG. 2.170




2L0V/50Hz

—__°

! -]
| SOS— |

Q
\Y)
0 n
]
[
o+ Q
[eAR=3
=R
Q
jo]
e
n
;-
& o
«

L-u__--_--{:]

NON-SINUSOIDAL VARIABLE VLF WAVEFORM GENERATOR
(AFTER BOSSI, st al}o)
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FIG. 3.2

High voltage
d.c. power
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Light Guides

S J T e .

Low voltage control
circuits and function
generator

(AFTER MILLBRBa, et al ),

HIGH QUALITY VARIABLZ SINUSOIDAL VLF GENERATOR




Rotating

electro-mechanical

switches

Modulation _ ﬁm
variac \
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H \/LL\\\
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motor
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VLF GENERATOR USED IN THE PRESE

INVESTIGATION (AFTER ASEABB)

A

FIG.
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(a) The voltage multiplier

(Basic circuit of the VLF generator)

S1 > - Electro-mechanical rotating switches
R

Cs - Supply capacitor

CL - Load capacitor

in |. tUN

(b) Voltage waveforms and switching sequences
of the VLF generator

BASIC CIRCUIT AND WAVEFORMS OF THE VLF GENERATCR.
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DEVELOPMENT OF THS VLF WAVEFORM (AFTER ASEAS)

FIG. 3.5
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VOLTAGE EFFICIENCY (§O/\7in) OF THEE VLF GENERATOR
DEPZNDING UPON THE RATIO (CL/CC).
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C
S cd—
— Ca 2 T —_— Ca ‘
—_— — ~
AV
(a) Current generator . (b) Voltage generator

(c) Discharge current and voltage
waveforms

EGUIVALENT CIRCUITS AND WAVEFORMS FOR A DISCHARGE

FIG. 4,1
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(a) Circuit B

(o)

2 ia &Zcx :—Ck

e |

Circuit A

(¢) Bridge Circuit ¢

BASIC DETECTION CIRCUITS

e
™
=
n
, S l
S
(@]
»

FIG. 4.2
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L~ D 2
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—
Zd __Cd
(v)
L
s
—
| NS—
Cs Cy i
— mn (D)%
—Lc
Zd —_—
(a)
(d) Detector circuit with strays
Flg. L*'o}



v, .V, ('Té« ?’r)
t.
Vd Vd ( Ld»};‘)
12
t
(a) Resitive detection circuit
Fig. 4.4
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(b) Resistance and capacitance in parallel

FIG. 4.5
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1 —_—
verdamped
v | Critically damped Cd =0
dt Underdamped
-\IU\/UUU\/ t
Vd

//////,Underdamped Cy A0

(c) Inductive detection shunts

FIG. 4.6
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(a)

Transformer coupled detection shunt

Fig, L4.7
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Current

7 C, c, == 77 Cx Ok, =
C
1
-
R, ”—C C, "R
Rd1 Rd2 [J d1 d1 d2 d2
(a) Simple bridge circuit (b) Bridge circuit: capacitance
with resistive detection in parallel with resistive detection
shunts. " shunt .
Compensating Current EZZ
Circuit A Recharge Current DIH
Circuit A
AN Circuit B Recharge Current ESS
' Compensating Circuit B
: Current
l ll!\
=;;}ﬁ\ Recharge pulse
// !itqa\ﬁ\h < _Circuit A
Ty \ Y ‘.\\‘\\j\\\‘I'A\L;I-yﬂ'\n\u\-\
' EEAR R ERR LN 10N RASTNFIR PO SRS t
(c) THE EFFECT OF RECHARGE PULSE IN DETECTION CIRCUITS
A AND B (AFTER HICKLING )
FIG. 4.8
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<_[> AV —— % R M
(a) Capacitively coupled
—
Q} AV = c, L M1
(b) Inductively coupled
C'
L,] L2
_I' i
AV —=—C ' p—— T
d Rd i d Cd

~(c) Transformer .coupled.

CONNECTION OF MEASURING INSTRUMENTS (M.1)
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' ' Phasi;>///
Galn\\
Me1
0] Frequency —> 2
(a) Characteristic gain and phase relationship
Va b
0 - Frequency — “
(b) Response to unit step wave
)
a
z

Frequenay —D

(c) Response to pulse (response to unit impulse
has the same form)

LOW PASS AMPLIFIER: IDEAL CHARACTERISTICS AND RESPONSE

FIG. 4.1C
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M. Gain . Phase
~.

-

0 aH o@

Frequency ——sp
(a) Characteristic gain and phase relationship

v
a
Fr ' w
0 ¢Q“€ﬂcy —rd P
(b) Wide band amplifier response to step pulse
e 1/2AF
Va 1/2Af !

U \;fokﬂfLﬂvmv \;\prJk

il

(¢) Narrowband amplifier response to step pulse
(also wide and(ﬁ}rrowband response to unit
impulse).

Frequencyy —

BANDPASS AMPLIFIER: IDEALIZED CHARACTERISTICS
T 77 7 AND RESPONSES. o
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Cx
7
High pass
R Cable 7, fll;cfr 0
— | Q
Spark
T ,

CRO

(a). Measuring arrangement for use with oscilloscope

i
|

| 4:__
R, 1] [e, 5
—o

Matching Unit ERA
R1,R2,L1,L2, have values depending upon unit.

(b) Measuring arrangement with the ERA display

U]

T

(¢) Output voltage waveform from the ERA display

CRO AND ERA MEASURING CIRCUITS AND DISPLAY

FIG. L,12
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H.V. point Void adjacent toh.v,
electrode
Lhiiy
RN
I
Earth point Void (internal)

1
Contact noise Void adjacent to
earth electrode

TYPICAL EXAMPLES OF DISCHARGE PATTERN OBTAINED
WITH ERA MODEL III (MATCHING UNIT IN SERIES WITH SAMPLE)

FIG. 4.13
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iz

High pass
filter

wide band
amplifier
f, = 10 kHz

1
H,N. = 5 Miz

Rectifier

b 4

Integrating
circuit and

de.c. amplifier

SCHEMATIC DIAGRAM OF A MEAN CURRENT METER

FIG. L4
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R1 50 Hz Galvo L
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R2 | C
F
(a) Double balancing Schering bridge
F
C c
e m *
ny D
O
Lo

Supply from the lLv, side of
testing transformer.

(b)  Discharge power wattmeter

circuit (after Veverka)
SCHERING AND WATTMETER BRIDGES
FIG. 4,15
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| |

high pass
filter and

amplifier

pulse
inverter

and stretcher

wideé band
amplifier
and voltage

discriminator

Y

counter

SCHEMATIC DIAGRAM OF SINGLE CHANNEL PULSE HEIGHT ANALYSER

FIG. 4.18
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The graph shown below relates to errors
in observed count for pulses occurring

over x% or %% of the half cycle of the

applied-test voltage

10° ¢
10 P

g

)]

178}

—

=

jo )

G

(o]

2 L

(o]

—

R
10°7 |
10 10° 107 10" 107

Average pulse repetition rate ps

STATISTICAL LOSS OF PULSE COUNTS FOR A RANDOM
TIME DISTRIBUTION.  (ALLOWANCE IS MADE FOR BUNCHING
OVER PART OF THE CYCLE).

FIG. 4,19
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FIG. 4.21
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20 — + 1/2 cycle
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Charge magnitude distribution/half cycle
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. ‘ A
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FIG. L.25
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APPARENT DISCHARGES -, AND TEST VOLTAGE V AT 0,1 Hz

FIG, 4.27
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APPARENT DISCHARGE MAGNITUDE AND TEST VOLTAGE INPUT UNITS
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VOLTAGE DISCRIMINATOR LEVEL CONTROL AND PULSE DRIVER

FIG. .31
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ARRANGEMENT OF ENERGY DISCRIMINATION LEVELS
(e,-5e,) AND CHANNEL ENERGY SEPARATION (@e,)

FIG. 4,33
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Total De(0:1) x 107%

1 = 2obon

16 26 6l 100
('v-vi,)2 x 1o6v

VARIATION OF De(0.1) WITH AGEING TIME (T) OF
SPECIMEN C VERSUS (‘V-vi)2 - SEE TABLE 5,2,.1
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10 b T T = 262h

Total De(0.1) x 10%%g

0 4 16 36 5k 100

(V-Vi)2 X 1O6V

VARIATION OF De(0.1) WITH AGEING TIME (T)
OF SPECIMEN D VERSUS (V—Vi)2 - . SEE TARLE 5,2,1

FIG.
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