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ABSTRACT 

This thesis describes an experimental arrangement which has proved 

successful i n the measurement of one of the most si g n i f i c a n t quantities 

as regards the deterioration of insul a t i o n , namely discharge energy loss/ 

cycle. The arrangement was used at very low frequency (0.1 Kz) and 

recorded discharge energy loss/cycle i n thermally aged sections of 500 MV/ 

stat o r bars with micaceous ins u l a t i o n . 

The purpose of thermally ageing the stator bar sections was to 

create both large and small voids within the ins u l a t i o n , the intention 

being: 
(1) ' To measure the change of discharge energy loss/cycle with 

ageing time of the sections. 

(2) To d i f f e r e n t i a t e between both the large and small voids 

created i n the sections. 

i/fliilst i t was-possible to show the increase of discharge energy loss/ 

cycle with ageing time, i t was not possible, with the present experi­

mental arrangement, to detect voids of d i f f e r i n g dimensions. This was 

because of surface discharge across the guard electrode interspace, and 

lack of precision i n the measurements. However, i t i s believed that a 

proposed system w i l l be more successful. The present experimental 

arrangement responds to both large and sm.all amplitude discharge pulses 

and i s more sensitive than conventional integrating instraments used at 

power frequencies. 

Tan 6 due to discharge was measured on the stator bar sections at 

both 50 and 0.1 Hz, but on d i f f e r i n g experimental arrangements. Apart 

from the i n i t i a l ageing times of the specimens , ^ a r i e d approximately ^ '̂̂  

l i n e a r l y over the range investigated, although they d i f f e r e d by a 7 , 

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



measuring h a l f the discharge energy loss/cycle because of commutation 

noise from the VL? generator, the other being unaccountable and due to 

the measurements of s i m i l a r , but not necessarily equal quantities on 

d i f f e r e n t experimental arrangements. 

During the experimental work, discharge inception voltage was 

found to be invariant p# frequency. 



1. INTRODUCTION 

U n t i l recently the demand for e l e c t r i c i t y has increased year by 

year. Accompanying t h i s increase i n demand there has been a 

corresponding increase i n the size of e l e c t r i c a l generators. Mach­

ines i n s t a l l e d recently are rated at 5OO-66O MW but I3OO MW machines 

are being designed and 2000 MIV machines are envisaged for the not too 

distant future. The r e l i a b i l i t y of such machines depends on, among 

other factors, the q u a l i t y of the insulation system employed and i t s 

a b i l i t y to maintain i t s insulating properties for the l i f e of the 

machine. Lacotta and Fozard'' have pointed out that the costs asso­

ciated with the f a i l u r e of such a machine, or breakdovm of a u x i l i a r y 

high-voltage motors has lead to the development of test techniques 

which can be used to assess the quality of the stator insulation. 

Their reasons for t h i s are: 

i . "the high cost of outages* 

i i . "the increased e l e c t r i c a l and mechanical stresses 

on the i n s u l a t i o n " 

i i i . "the newer types of insulation being introduced" 

i v . "the greater reliance that i s placed on these large 

units for base-load generation". 

The methods commonly losed to test the stator insulation include 

d.c. i n s u l a t i o n resistance measurements at high and low voltages and 

a.c. measurements of the insulation loss angle over a range of applied 

voltages. More recently the use of insulation tests at low frequency 

(0.1 Hz) has been advocated to overcome some of the short comings of 

the t r a d i t i o n a l test methods. This thesis i s concerned with the 

development of such tests and with discharge measurements at low f r e ­

quency i n p a r t i c u l a r . 



1.1 Stator insulation 

The types of c o i l used i n the stator of large e l e c t r i c a l machines 

include h a l f c o i l s , basket c o i l s and hairpin c o i l s . Half c o i l s are 

used when the f u l l c o i l would be too large to handle. The c o i l for a 

500/660 MV/ machine i s some 7.5m long and weighs some 25O Kg. Basket 

(or diamond) c o i l s form a two layer winding. They are formed by hand 

or using a p u l l i n g machine, and are used on salient pole generators, 

synchronous capacitors and motors with outputs between 1 and 500 MW. 

Hairpin c o i l s are r e s t r i c t e d to machines with outputs between 1 and 15 

MW. 

The conductor stack i s an important part of the c o i l . A well 

consolidated conductor stack i s both mechanically and e l e c t r i c a l l y 

sound and provides a structure suitable for the application of the main 

wall i n s u l a t i o n . The conductor stack consists of single insulated 

copper s t r i p s which are transposed i n the 'Roebel' fashion so that each 

s t r i p successively occupies each position i n the stack along the c o i l . 

Each s t r i p i n the stack i s wrapped with a single h a l f lapped layer of 

insulating*tape. Nowadays the tape i s epoxy resin impregnated mica 

on a glass backing material. 

The insiilated conductors are assembled together according to the 

design specifications of the machine, int o a stack, pressed and con­

solidated to a given size under ca r e f u l l y controlled temperatures, 

pressures and pressing times. The outside surface of the stack thus 

formed i s the resin impregnated backing material which i s a glass 

cl o t h made from a lime alianino-boro-silicate glass. The ends of the 

stack which extend beyond the s l o t portion, i . e . the end winding 

region, are j i g formed and insulated by hand wrapping tape forms of 

non-micaceous and micaceous" materials. This section of the bar i s 

_ ? -



subjected to much lower e l e c t r i c a l stresses than the sl o t portion, and 

hence damage by e l e c t r i c a l discharges i s minimal. 

T.1..-1 • Main wall- I n s u l a t i o n 

The consolidated conductor stack i s wrapped with either sheet or 

tape comprised of resin bonded mica on paper, terylene or glass cloth. 

The wrapped bar i s pressed at specified temperatures and pressures and 

consolidated on to the stack; the overall size of the bar, v/hich i s 

determined by the specific design of machine, i s controlled by 'stops' 

i n the press. The applied pressure i s designed to give up to 2}yfo 

compression of the insulation which ensures adequate resin flow, o p t i ­

mum mechanical and e l e c t r i c a l properties. 

The design of stator insulation systems i s based mostly upon 

observation on generators that have been i n service for long periods of 

time. Most problems encountered have been of mechanical rather than 

e l e c t r i c a l o r i g i n . 

The stator conductors must be f i t t e d t i g h t l y i n t o the s l o t 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 and contraction due to the 

temperature d i f f e r e n t i a l s v/hich can develop between the conductors and 

the stator core. Direct l i q u i d cooling of the stator windings has 

reduced the copper temperatures to a r e l a t i v e l y low l e v e l , and the 

copper to iron d i f f e r e n t i a l i s i n s i g n i f i c a n t . 

The stator end windings mu^t be restrained to withstand the 

electromagnetic forces on the end connections. These forces result i n 

a x i a l and tangential movement. A l l the component parts of the insula­

t i o n system must be capable of withstanding the resultant r e l a t i v e 

motion and va r i a t i o n i n pressure, without being damaged by abrasion. 

- 3 -



I t can be seen, therefore, that while e l e c t r i c strength i s impor­

t a n t , i t i s the mechanical strength that dictates the design requirements. 

1.2 Stator insulation systems 

Thie materials used to insulate the stator, apart from having to with­

stand the stresses mentioned, have to be capable of being formed roimd a 

section of copper i n the shape of a c o i l before being inserted into a 

s l o t . They also have to be worked to close tolerances necessary i n 

e l e c t r i c a l machines. The materials, therefore, have to be of f i r s t 

class q u a l i t y and have to operate s a t i s f a c t o r i l y for long periods under 

exacting conditions. Shellac or bitumen bonded mica are the t r a d i t i o n a l 

materials, but synthetic resin-bonded mica flake i s now widely used. 

Some d e t a i l s of these materials are given below, 

1.2.1 Mica 

There are two types of interest e l e c t r i c a l l y ; these are muscovite 

and phlogopite. Muscovite i s widely used for i t s e l e c t r i c a l q u a l i t i e s . 

Mica i s formed from a complex s i l i c a t e structure involving layers of 

oxygen atoms grouped around s i l i c o n , aluminium or other metal atoms. 

These are held together by layers of potassium atoms. 

The highest q u a l i t y micas are clear and transparent, and these vary 

i n colouration (mviscovite i s generally ruby or green, phlogopite, amber). 

Muscovite i s stable at temperatures up to 600°C and loss tangent i n 
-3 -k 

the range 10 - 10 over a wide range of frequencies at room tempera­

tur e . However, loss tangent and conductivity increase rapidly at high 

temperatures and t h i s l i m i t s the maximum usable temperature. The 

r e l a t i v e p e r m i t t i v i t y i s i n the range 5.5-7.0, and i t s e l e c t r i c strength 

for a thickness of approximately 0.1mm l i e s i n the range 1 - 2 x 10̂ V/mm. 

However, i n t r i n s i c e l e c t r i c strengths 10^ V/mm have been noted. Mica 

i s resistant to erosion by prolonged discharge attack - greater than any 

- if -



other f l e x i b l e material. 

Mica, whether as built-u p flake or mica- paper, i s used for the 

main insulation of generator stator windings. I t i s chosen because 

of i t s e l e c t r i c a l , thermal, mechanical, and discharge resistant 

properties. 

1.2.2 Mica paper 

The manufacturing convenience of using uniform and homogeneous 

materials has led to the development of paper-like materials* This 

i s made by e x f o l i a t i n g the smaller mica flake material into very small 

p l a t e - l i k e p a r t i c l e s approximately 1 yea t h i c k . These are then formed 

in t o sheets by s e t t l i n g from suspension i n a paper-making machine. 

E x f o l i a t i o n i s accomplished by heating to 800°C to st a r t disintegration. 

This i s followed by either quenching i n water, mechanical disintegration 

and screening, or quenching i n sodium csirbonate solution and tre a t i n g 

with d i l u t e sulphuric acid, so that the carbon dioxide forces the lami­

nae apart and completes the disintegration. There i s another process 

which employs high pressure water j e t s to break up the mica mechanically. 

The cohesive force between the pl a t e l e t s gives the mica paper the 

strength to permit handling. The tesir strength i s too low for most 

purposes u n t i l treated with a binding r e s i n . The resin effects the 

maximum usable temperature and also effects i t s d i e l e c t r i c loss. The 

thickness of mica paper produced i s generally i n the range 50 pm -

0.25 t h i c k . The discharge resistance of mica paper i s comparable 

with mica flake. 

1.2.3 Bitumen-asphalt 

Bitumen was one of the f i r s t materials to be used, and i s s t i l l 

used as a bonding agent for mica flakes. Bitumen i s a thermoplastic 

material which becomes f l u i d when hot, and sol i d but reasonably f l e x -

ble when cold. 
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Many new materials are available with good d i e l e c t r i c properties, 

but none have been found to match a l l the properties of bitumen. 

1.2.4 Shellac 

Shellac was another material which was i n early use as a bonding 

agent, i t dissolves i n alchohol to form shellac varnish. 

1.2.5 Synthetic resins 

I n 1930, synthetic resins began to replace the t r a d i t i o n a l thermo­

p l a s t i c materials such as shellac and bitumen. 

1.2.6 Epoxy polyester 

As epoxy and polyester resins were considered the most l i k e l y syn­

t h e t i c resins to replace shellac and bitumen as binders for high-volt­

age i n s u l a t i o n , the properties required of such a system were: 

1. High thermal s t a b i l i t y - low loss at elevated temperature. 

2. Good resistance to e l e c t r i c a l discharge. 

3. Good bond strength between backing material, mica and 

copper. 

k. Resistant to moisture. 

5o High mechanical strength. 

6. Thermo-setting instead of thermoplastic. 

The polyester group was the f i r s t to be used i n the e l e c t r i c a l 

industry, since they were the most easily controlled. 

However, as a mica binder, the epoxy groupsjs* superior to the 

polyester groups for the following reasons: 

1. They are less permeable to moisture. 

2. Their loss tangent i s lower at the operating temperature 

of the e l e c t r i c a l machine. 

3. They have low shrinkage on curing. 

k. They have no adverse reaction with copper. 
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While epoxies were preferred they were more d i f f i c u l t to control 

and therefore development of these resins has been slower. 

1.3 • Mechanisms of insulation f a i l u r e 

I t has been recognised that there are several ways i n which a 

s o l i d d i e l e c t r i c can breal^own, namely:-
1. I n t r i n s i c or electromechanical 
2. Streamer 

3. - Thermal • 

4. Erosion, Electrochemical, Surface tracking. 

1.3.1 I n t r i n s i c breakdown 

This may be defined as the e l e c t r i c a l strength of the material i t ­

s e l f when a l l the known secondary effects have been eliminated. These 

include thickness of the material, natvire of the electrode system, 

duration of stress, waveform and previous treatment. 

Several theories of ultimate breakdown strength, based on s o l i d 

state physics, have been proposed, but neither the experimental data 

nor theories account for i t s a t i s f a c t o r i l y . A review of these i s given 

by Cooper^. Breakdown i n certain materials, i . e . soft rubber or i r r a ­

diated polythene, appear to be the res u l t of electromechanical f a i l u r e . 

Compression decreases the thickness which i n tvirn increases the stress, 

and i f the e l a s t i c modulus i s low enough, breakdown i s achieved. 

Garton^ assumed that i f (d ) i s the i n i t i a l thickness of the mat-

e r i a l of Young's modulus (Y) which decreases to a thickness (d) when 

subject to an applied voltage (Vs), then the e l e c t r i c a l l y developed com­

pressive stress i s i n equilibrium i f 

do 
d 

1.1 
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2 2 D i f f e r e n t i a t i n g with respect to d , i t i s seen that d log^ d 

has a maximum value of <0o6. Further increase of (Vs) beyond t h i s 

value causes the material to collapse. Under these conditions, there­

f o r e , the highest apparent e l e c t r i c strength i s given by 

E = ^ = 0.6 o d e e o r' 
1.2 

1.3.2 Thermal breakdown 

This was extensively investigated by Whitehead . An e l e c t r i c a l 

f i e l d , applied to a d i e l e c t r i c at room temperature, produces l i t t l e 

conduction current. However, as the temperature of the insulation 

increases, thermal dissipation from the surfaces occurs and the f i n a l 

r e s u l t depends on the heat dissipated i n r e l a t i o n to heat generated. 

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

are:-

1. Electronic conduction currents (I'^H loss) 

2. Ionic conduction exp^-

3. Dipolar loss 

k. Discharges, surface or i n t e r n a l . 

The eqixation for the continuity of heat i s 

aE^ = C 4r + <iiv (K grad T) 1.3 
V dt 

i . e o . Heat generated = heat absorbed + heat l o s t . 

From t h i s equation, two results may be implied, i . e . , Impulse 

Breakdown and Long Term Breakdown. 

For Impulse e l e c t r i c stress there i s i n s u f f i c i e n t time for heat 

loss to occur, i . e . , 
aE^ = C ^ 1.^ 

V dt 
Considering a ramp ris e of voltage to produce an e l e c t r i c f i e l d at 
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a time ( t c ) , these being the c r i t i c a l values for breakdown, then i t 

may be proved that 

U E = c 
W o 
a tft o c 

exp 1.5 

where U = constant for d i e l e c t r i c 

= thermal conduction 

This shows that (E^,) i s independent of ( t ^ ) the c r i t i c a l temperature, 

For long time . thermal bresikdown we have, 

^^*= K div (grad T) 1.6 

i . e . Heat generated = Heat loss. 

For t h i s condition, there are two extremes, t h i n or thick samples 

of d i e l e c t r i c . For a t h i c k d i e l e c t r i c sample, the electrode-dielectric 

contact has negligible thermal resistance, whereas for a t h i n d i e l e c t r i c 

sample the electrode contact i s considered most important. 

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

v 2 , 8 ^ dt .̂7 
c 

where = C r i t i c a l voltage 

T^ = Temperature at d i e l e c t r i c centre 

T = Temperature at electrode boundary a 

From the equation i t i s seen that V does not depend on thickness. 
c 

1.3.3 Electro-chemical f a i l u r e 

D i e l e c t r i c deterioration i s due to ions a r i s i n g from the dissocia­

t i o n of impurities or ionisation of the insulating material. The ions 

lose chsirge on a r r i v a l at the electrodes a f t e r an electrode reaction. 

The products are generally chemically or e l e c t r i c a l l y harmful to the 

i n s u l a t i o n . Impurities i n the d i e l e c t r i c , and moisture are the sources 

of ions. Therefore, to minimise electro-chemical deterioration, i t i s 

important to avoid contamination during manufacture. Leakage currents 
- 9 -
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i n s o l i d i n s u l a t i o n increase rapidly with temperature, and electro­

chemical deterioration may be more rapid at elevated temperatures. 

Garton^ developed a theory, which makes i t possible to calculate 

the concentration of ions from the varia t i o n of loss angle of the die­

l e c t r i c with voltage. This was for t h i n films of the impregnant bet­

ween layers of s o l i d d i e l e c t r i c . 

1.3«^ Surface tracking 

I f carbon deposits are produced by some means i n such a way that 

they form together, a continuous conducting path may r e s u l t , and t h i s 

would cause f a i l u r e of the insulating surface. This path may be formed 

by high energy discharges from a high po t e n t i a l electrode. I f the 

i n s u l a t i n g surface i s 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 f i l m causes i t to evaporate. The break i n the f i l m causes a 

spark between the two receding edges, and i f the current i n the spark 

i s large enough, a carbonised channel may be formed. I f these channels 

become numerous and continuous, the concentration of stress i n the 

undamaged parts leads to rapid f a i l u r e . 

1.3*5 Erosion breakdown 

I f an insulating material f a i l s a f t e r long service, i t i s generally 

due to erosion by discharges. A l l insulation systems contain gaseous 

inclusions. A common si t u a t i o n i s where an a i r gap i s i n series with 

a s o l i d d i e l e c t r i c . This gap occurs i n cracked insulation, at the sur­

face, or at the edges of electrodes. The d i e l e c t r i c strength of the 

a i r gap i s lower than that of the s o l i d , and consequently breakdown 

occurs at a voltage considerably lower than that required to puncture 
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the s o l i d . 

The minimum voltage at which continuous discharge occurs i s known 

as^discharge inception voltage. I t s value depends on the pressure and ^ 

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

• e l e c t r i c f i e l d , and the condition of the adjacent insulation. V/hen 

discharge occurs i n the i n t e r n a l voids of the insulation, a large num­

ber of electrons ranging i n energy from zero to greater than l^feV arrive 

at the anode. Simil a r l y a large number of positive ions move towards 

the cathode. A theory suggested by Garton^ i s that bond breaking i s 

probable by the bombardment of positive ions, causing the breakage i n 

CH2 groups from the polymer chain, i n the case of polythene. The 

ef f e c t i s a slow erosion of the material and i n consequence a lengthen­

ing of the gas gap, with a corresponding reduction i n s o l i d insulation 

thickness to withstand the applied stress. Organic materials are 

especially susceptible to decomposition 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 s p l i t t i n g s system 

at a nominal stress of kkV/mm. 

Tests i n hydrogen at normal working pressure and temperature have 

confirmed t h i s s u p e r i o r i t y , and support the introduction into service 

of t h i s i nsulation at higher e l e c t r i c a l stresses than those employed for 

natural resin systems. 

1.3.6 Streamer breakdown 

There are two types of concern, one that produces breakdown i n 

approximately 20 years, i . e . 'service' breakdown, and one that occurs 

a f t e r one minute. Both are important. I t i s necessary to understand 

the mechanism of short-time breakdown to ensure that p a r t i a l breakdown 

of the insulation has not occurred during any test that may be performed. 
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This would cer t a i n l y e f f e c t i t s prospective service l i f e . 

Streamer breakdown i s the propagation of the breakdown channel 

through the material, and i s named a f t e r a similar effect i n a i r . 

Breakdown of s o l i d insulation i s preceded by f a i l u r e of the 

ambient medium. When an a.c. voltage i s applied to a s o l i d die-
a 

l e c t r i c between electrodes,j^fraction of t h i s voltage appears across the 

in s u l a t i o n . The remaining voltage w i l l be supported by the ambient 

medium. I f , however,^^i*" breaks down under the applied stress, a small 

charge w i l l be deposited instantaneously at a particular s i t e , and con­

sequently the f u l l voltage w i l l be applied across i t . The system may 

be considered as a point-plane arrangement, i . e . an eairth plane and 

high-potential discharge channel. The loc a l f i e l d produced i s much 

greater than the i n t r i n s i c breakdown f i e l d and the formation of a dis ­

charge channel i n the ambient medium re s u l t s . 

The factors that ef f e c t t h i s type of breakdown are i n t r i n s i c 

e l e c t r i c strength and i t s variations i n temperature and time, elect­

rode geometry, surface conductivity, ambient medium and waveform. 

1,k Insulation tests on large machines 

The r e l i a b i l i t y of insulation i n high voltage e l e c t r i c a l machines 

i s of the utmost importance. Even though a machine has been proper­

l y designed and the insulation tested, there i s no guarantee i t w i l l 

not f a i l i n future service. Insulation deteriorates whether i n 

service or not. As far as stator insulation deterioration i s con­

cerned, four basic processes are involved, and although these are 

defined separately, they could i n practice act together i n various 

combinations. These are:-

1. E l e c t r i c a l : Both surface and internal void discharges 

resu l t i n tracking and erosion of the insulation respect­

i v e l y . 
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2. Mechanical: Both vibr a t i o n and d i f f e r e n t i a l expansion of 

the core cause abrasion of the stator insulation. 

3. Chemical: Insulation ages and cracks by oxidation of 

organic materials i n a i r , however, the working medium i n 

stators i s hydrogen. Degradation does occur, but the 

exact processes are not understood. 

k. Thermal: Heat generated within or next to the insulation 

causes degradation of the insulation bond. 

One of the most eff e c t i v e ways of detecting f a u l t y insulation i s 

to perform a high voltage t e s t . 

The following are desirable i n any test method:-

a. The non-destructiveness of the t e s t , and hence the correct 

d i s t r i b u t i o n of the e l e c t r i c a l stresses i n the system under 

t e s t . 

b. The a b i l i t y of the test to detect the f a u l t . 

High potential or over-voltage tests on insulation assume a 

d e f i n i t e relationship between applied test voltage and insulation l i f e . 

This assumption requires that the same processes are responsible for the 

deterioration and possible f a i l u r e of the insulation at a l l levels , 

especially at the test and service voltages. Such a condition i s 

d i f f i c i a l t to achieve i n practice. 
main 

There are i n practice twoy^tests for assessing the condition of 

i n s u l a t i o n ; these are the 50 Hz over-voltage test and the d.c. t e s t . 

The 50 Hz over-voltage test on insulation of high voltage machines i s 

a form of quality control, to prove the 'soundness' of the insulation. 

However, during the t e s t , discharges on surfaces and i n voids may 

reach a l e v e l that i s p o t e n t i a l l y dangerous to the insulation under 

t e s t , whereas the discharge l e v e l during service may be quite harmless. 
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D.C. tests have the a b i l i t y to discover certain f a u l t s i n the 

in s u l a t i o n . 

Mandatory insulation tests carried out during manufacture of the 

machine are: 

1. Insulation resistance tests. 

2. High-voltage tests. 

I.if.1 Insulation resistance tests 

The insulation resistance i s measured with a low direct voltage 

applied, usually 1-2.5 kV, to ensure that the winding i s dry and clean. 

This t e s t i s applied both before and af t e r the high-voltage tests to 

ensure that the tests have not damaged the insulation. 

1.4.2 High-voltage a.c. tests 

I t i s general practice to do these tests at di f f e r e n t stages dur­

ing the manufacture of the machine, to ensure that each process has 

been carried out cor r e c t l y . I f a f a i l u r e does occur, then i t can be 

repaired quickly at a r e l a t i v e l y low cost. V/hen a machine i s being 

manufactured, tests can be made at the following stages: 

a. After the c o i l s have been manufactured but before being 

wound i n the machine. 

b. After being wound i n t o the machine. In the case of a turbo­

generator with h a l f c o i l s , the bottom-of-slot c o i l s would be 

tested before the top-of-slot c o i l s were wound into position. 

c. After connection i n t h e i r respective phase groups. 

d. Before running-tests. 

e. After running-tests. 

Test (e) i s carried out i n accordance with BS 5000 Ft2 Nov 1973. 

Test (a) i s made at a substantially higher voltage to ensure that 

the winding w i l l meet the f i n a l t e s t . Also, should there be any weak-
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nesses i n the windings these w i l l be discovered during the winding 

stage. BS5000pt2 Nov 1973. 

High voltage tests should mostly be 1000 V + (2 x rated voltage) 

with a minimum of 2000 V. 

When a machine has passed i t s works t e s t , then at s i t e , a voltage 

of 83% of the test voltage should be applied, and i f repairs have been 

done, only 73% of the o r i g i n a l value need be applied. 

A d i r e c t voltage may be applied instead of the alt e r n a t i n g voltage, 

especially at s i t e where high-voltage equipment i s not available. This 

voltage should be 1.4l x O.85 of the f i n a l rms voltage. 

1.^.3 Other insulation tests 

Other insulation tests have been devised, but none of them have 

replaced the high-voltage t e s t . Some have now supplemented t h i s test 

to give a further guide to the consolidation and r e l i a b i l i t y of the 

insiiLation. Some of these t e s t s , and the modern instruments used for 

the purpose, are now b r i e f l y discussed. 

1.̂ .̂ + 50 Hz loss tangent and capacitance tests 

This test indicates the degree of consolidation and hence void 

content of an ins u l a t i o n system. The characteristic required i s a 

'low and f l a t ' loss tangent/applied voltage curve which extends beyond 

the rated voltage of the machine. I f the capacitance of a large number 

of c o i l s of similar dimensions i s measured, then the capacitance of each 

should f a l l w ithin certain l i m i t s , giving a check on the insulation. 

These measurements are made using a Schering Bridge or a Transformer 

Ratio-Arm Bridge, which gives a direc t measurement of loss tangent (tanS) 

ii •; and capacitance. When possible these measurements are made with 

guarded electrodes at least 3,5 cm long. 
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1.^.5 EM discharge detectors 

These instruments measure discharge i n voids of the insulation. 
7 8 

Several papers have been w r i t t e n concerning t h e i r use. ' V/hen a 

voltage i s applied across the insulation under t e s t , the voids break 

dovm under the applied stress, and the discharges are displayed on an 

oscilloscope and compared with a ca l i b r a t i o n pulse. The measurements 

on the Mk. 1 and Mk. 2 detectors are made i n m i l l i v o l t s or volts and on 

the Mk. 3 i n 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 i n r o t a t i n g machine insulation. 

1. During the t e s t , only the maximum discharge magnitude i s 

measured, i . e . only the largest pulse i s taken and compared 

with the c a l i b r a t i o n pulse. The remaining many, and 

possibly important discharges are ignored. 

2. The r e s u l t s , obtained i n pico-coulorabs, are independent of 
the ^^^i^^e Qmflfhdsr 

3. With detectors Mk. 1 and Mk. 2, a l l discharges,•i.e. internal 

and external, occur together on the trace and cannot be dis­

tinguished. This has been shown experimentally with samples 

both i n and out of o i l , the o i l being used to suppress the 

surface discharges. 

k. With the Mk. 3 detector i t i s possible to distinguish between 

the i n t e r n a l and external discharges, but i n many cases the 

external discharges can be so large that they mask internal 

discharges. Therefore, these detectors are generally used 

i n feoise free' enclosures, free from e l e c t r i c a l surges etc. 
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5» At s i t e the background l e v e l must be established before any 

tests are made, as the background noise can be so high as to 

make measurements meaningless. 

1.^.6 D i e l e c t r i c loss analyser (PLA) 

This instrument i s r e l a t i v e l y new i n the e l e c t r i c a l industry and 

was s p e c i f i c a l l y designed for use with h.v. r o t a t i n g machine insula-

Any insulation has two forms of loss: 

(1) The d i e l e c t r i c or material loss due to the type of insulation 

used. 

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

voids i n the insulation as the voltage i s increased. 

The loss i s displayed i n the form of a parallelogram on an o s c i l l o ­

scope screen, the area inside the loop being determined by the number of 

voids discharging i n the i n s u l a t i o n . The instrment i s easy to use and 

does not need a discharge-free enclosure. The results are expressed 

i n Joule/^/cycle, thus taking i n t o account the e l e c t r i c a l size of the 

equipment being tested. 

A c r i t i c i s m of the instrument i s that true balance may not be 

maintained over the entire test voltage range, and so the instrument 

w i l l respond to both s o l i d and discharge loss. 

1.4.7 D.C. Tests 
This method has been the subject of many papers, and considerable 

10 11 

controversy. ' The advantages of t h i s method of test may be summ­

arized as follows: 
Advantages 

(a) only physically small equipment i s needed to test e l e c t r i ­

c a l l y large r o t a t i n g machinery; 
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(b) i t w i l l discover f a u l t s , i . e . , cracks i n the insulation; 

(c) the leakage currents can be maintained, thus giving the 

degree of contamination. 

Disadvantages 

(a) the stress d i s t r i b u t i o n with d.c. i s completely d i f f e r e n t 

from that with a.c, and therefore unrealistic conditions 

are imposed on the insulation of a.c. machines, especieilly 

at s l o t e x i t s ; 

(b) f a i l u r e s have occurred i n the overhang sections of the 

machines when tested with d.c. due to surface contamination, 

i . e . d i r t and moisture. This i s because d.c. tests are 

governed by the surface r e s i s t i v i t y and a.c. tests by the 

p e r m i t t i v i t y of the insu l a t i o n . 

1.4.8 Low frequency 

A method has been developed i n which a voltage of low frequency 
12 

(0.1 Hz) i s applied to the in s u l a t i o n . This method has a l l the 

advantages of a.c. tes t i n g with the added advantages of d.c. testing. 

This method i s r e l a t i v e l y new. 
1.4.9 VDE 0530 Pt 1.66 

From a l l the tests detailed above only the h.v. tests are subject 

to a B r i t i s h Standard, but several customers have t h e i r own required 

values f o r loss tangent and a German Specification VDE 0530 Part 1.66 

lays down l i m i t s for h.v. c o i l s . Part of t h i s states, 'The maximum 

increase i n tan b/0,2 s h a l l not exceed the corresponding increase 

before heat application by more than 0.004. The increment inQan ^ 

over each 0.2 i n t e r v a l shall not exceed 0,009. For rated voltages 

>10.5 kV but <17 kV these values should not be exceeded*. i s the 

rated voltage of the machine. This test measures the quality of new 
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i n s u l a t i o n but i t does not guarantee i t under service conditions. 

1.5 Ageing of insulation 

Ageing of insulation i s a complicated process, and i t s measure­

ment i n a machine i s equally d i f f i c u l t . Numerous papers have been 

w r i t t e n on the subject but a f t e r some 60 years of work there s t i l l 

appears to be unknown or immeasurable factors a f f e c t i n g the process. 

Many observers have t r i e d to compare the ageing of various machines, 

operating at d i f f e r e n t s i t e s , with each other, but t h i s i s extremely 

d i f f i c u l t unless actual conditions are taken i n t o account and can be 

allowed f o r . What these factors are i s s t i l l unknown. I t would, 

therefore, seem l o g i c a l only to compare the ageing of an insulation 

system of a p a r t i c u l a r machine with i t s e l f over a period, and not with 

any other. 

The following i s an attempt to explain b r i e f l y one condition 

which causes the deterioration or ageing of insulation and the methods 

employed to detect i t . 

A c o i l manufactured with thermoplastic materials 'swells' on heat­

ing, causing the main insulation to part from the conductor stack. 

This i s the most important area of the c o i l since high stresses appear 

there, causing e l e c t r i c a l discharges i n the voids so formed, and erode 

the bonding materials by chemical action. Also completely eroded are 

such cellulose-based materials as cotton, s i l k , and paper, leaving 

behind only some bonding agent, loose dust and the mica flakes. The 

conductor stack, having now been weakened, can vibrate and i f i t i s a 

miolti-turn c o i l can cause an i n t e r t u r n f a i l u r e which subsequently turns 

i n t o an earth f a u l t . 
A c o i l 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 i s more resistant to these conditions, because at elevated temp­

eratures the whole c o i l , i . e . , insulation plus copper, moves as one. 

Consequently, the p o s s i b i l i t y of the bond breaking between the f i r s t 

layers of insulation and the conductor stack i s less and the formation 

of voids i s less l i k e l y , other than those voids introduced during manu­

facture. Hence there i s less chance of the conductor stack breaking 

loose, v i b r a t i n g and causing an i n t e r t u m f a u l t . To detect such de­

t e r i o r a t i o n i s d i f f i c u l t and therefore, i t i s necessary to carry out 

two t e s t s , one which detects any weaknesses i n the main insulation w a l l , 

and the other which detects any weaknesses i n the conductor insulation 

or reveals voids i n the area of the conductor stack. 

A winding generally consists of three phases, each phase contain­

ing a number of c o i l s connected i n series, and therefore any test applied 

at the terminals i s applied to a l l the c o i l s . I t also has been shown 

that loss tangent/maximum discharge measurements, applied i n t h i s manner, 

only give an indication of the average condition of the winding, and 

that the existence of a single 'bad' c o i l w i l l be masked by the remain­

der and go undetected. Therefore, for a l l these tests to be be n e f i c i a l , 

i t i s necessary to s p l i t the winding into individual c o i l s . The only 

method of discovering weak c o i l s i s to apply a high voltage to the wind­

ing, of s u f f i c i e n t p o t e n t i a l to f i n d a weak c o i l but not high enough to 

cause permanent damageo Work has been carried out testing machines i n 

t h i s manner and satisfactory results have been obtained with a voltage 

of 1^ X rated voltage of the machine, t h i s being based to some extent on 

the fact that sound insulation has a voltage breakdo'^m value of at 

least four times the rated voltage. 

I n short, tests are available which give an indication of the 

average condition of the winding and also the condition of the main wall 

i n s u l a t i o n . 
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6,13 

2. DISCHARGES IN INSULATION 

A p a r t i a l discharge i s one which does not bridge metal electrodes. 

Generally, a d i e l e c t r i c i s present on one or both electrodes, t h i s may 

be s o l i d , l i q u i d or gas. P a r t i a l discharges occur i n cavities of 

s o l i d d i e l e c t r i c s , here both the electrodes are shielded from the dis­

charge. Surface discharges also come in t o t h i s category since, at 

least one electrode i s shielded by a^^dielectric. This i s also true of 

discharges from a sharp point at high voltage - here the discharge i s 

shielded from one electrode by a column of non-ionised gas. The mag­

nitudes of these discharges are generally small, but nevertheless can 

cause progressive deterioration and ultimate f a i l u r e of an insulation 

system. I t i s necessary, therefore, to detect t h e i r presence i n some 

form of non-destructive t e s t . 

P a r t i a l discharges come into the category of gas discharges, i n 

which gas molecules are ionized by electron c o l l i s i o n . The electrons 

so formed, gain momentum i n an e l e c t r i c f i e l d , these cause further 

i o n i s a t i o n of molecules, so that f i n a l l y an avalanche of electrons i s 

formed. The avalanche of electrons causes current to flow through 

the gas. 

Figures. 2.1 sind 2.2 give a c l a s s i f i c a t i o n of discharges. However, 

a simple c l a s s i f i c a t i o n i s not always possible. For example, i n 

Fig. 2.2a, an intermediate state between surface and internal discharge 

i s indicated. I f the interspace becomes smaller and eventually i s 

closed at the sides, the discharge becomes i n t e r n a l . I n figure 2.2-t 

a combination of surface and corona discharge i s shown. 
2.1 Deterioration of d i e l e c t r i c s 
I n t e r n a l and surface discharge cause damage to d i e l e c t r i c s , the 

damage may be due to several processes such as:-
a. Ion 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 i n the ionized gas, such as 

n i t r i c acid and ozone. 

c. U l t r a - v i o l e t rays or soft X-rays. 

The cause of damage depends on the type of d i e l e c t r i c . 

For example. Mason has shown that thermal degradation i s the 

p r i n c i p a l mechanism i n polythene. 

2.1.1 Internal discharges i n plastics 
l^f 

These have been extensively studied by Mason , i n which he dis­

tinguishes three stages of deterioration:-
(a) Uniform surface erosion occurs, which may be caused by 

thermal degradation, soft X-rays or u l t r a - v i o l e t radiation. 
15 

Thomas has shown that electrons are trapped below the 

surface, so that ions l a i d down by consecutive discharges 

cannot neutralize them. The trapped charges cause a high 

e l e c t r i c f i e l d i n the d i e l e c t r i c , which may reach the 

i n t r i n s i c strength and resul t i n surface erosion. 

(b) Discharges become concentrated near the periphery of the 

cavity, which may be due to the f i e l d concentration i n t h i s 

region. The discharges become concentrated and a number of 

deep p i t s iire: formed at the periphery of the-cavity. As the 

length of the p i t s grows, the energy of the discharges 

increases, and carbonization of the p i t s may occur. 

(c) The stress at the top of the p i t approaches the i n t r i n s i c 

e l e c t r i c strength of the d i e l e c t r i c over a few microns. 

The d i e l e c t r i c breaks down over t h i s distance, the f i e l d 

concentration moves on to the new t i p , and narrow channels 

propagate through the d i e l e c t r i c i n i t i a t i n g complete break­

down. 
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Surface erosion and p i t 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 t h i r d stage, the propagation of channels leading to 

breakdown, may occur i n a few cycles. 

2.1.2 Internal discharges i n impregnated paper 

The deterioration by discharges i n impregnated paper insulation 
16 

has been studied by Robinson. Discharges i n voids adjacent to the 

conductor attack the insulation and penetrate the f i r s t paper layer. 

The penetration occurs at the edge of the void, as i n the case with 

c a v i t i e s i n p l a s t i c i n s u l a t i o n . After coring the f i r s t few paper 

layers, surface discharges occur along the layers and carbonized tracks 

are formed, these follow the weakest points i n the insulation. At the 

foot of the carbonised track l o c a l overheating takes place, which f i n a l l y 

leads to thermal breakdown. 
17 

2.1.3 I n t e r n a l discharges i n mica 

There are two types 0/ mica, these being Muscovite and Phlogopite. 

Mica i s a c r y s t a l l i n e structure of s i l i c a t e layers held together by 

minerals cations, p r i n c i p a l l y , Al"*""*"*", Mg"*"*", K"*", and are characterised 

by a perfect basal cleavage along the potassium layer or 001 plane. 

The basic sheet s i l i c a t e consists of tetrahedrally coordinated oxygen 

atoms around the s i l i c o n atom giving SiÔ ^ i n which the Si'*"'̂''"'*" i s elec­

t r o s t a t i c a l l y screened. The sheet i s b u i l t 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 i n a basal plane (Og) with 

the tetrahedral apex oxygen atoms (O^) facing the same di r e c t i o n , but 

at r i g h t angles to t h i s plane. So that subsequent layers can be 

b u i l t up stably, they are joined together i n a mirror image on both 
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sides of the tetrahedra by cations of such valancy as s a t i s f y the 

layer charge. The mirror images of the 0^ atoms are held together by 

Al or Mg cations - the centres of hexagonal symmetry of the 0^ 

atoms being occupied by a 0H~ ion. The ions and the 0^ atoms form a 

compact two-dimensional network. The nett composition of the s i l i c a t e 

layers i s 0^ (OH) Si^O^ ^. The two planes of 0^ atoms and OH ions 

face each other so that sites of octahedral coordinatiDn are created, these 

si t e s are occupied by t r i or divalent cations. In Muscovite mica, the 

s i t e s are occupied by two t h i r d s Al"*"̂ "*", whereas i n Phlogopite a l l the 

s i t e s are occupied by Mg . 

I n the ideal structure described, a l l the tetrahedral sites are 

occupied by Si"̂ "*"̂ "̂  cations, r e s u l t i n g i n an e l e c t r i c a l l y neutral s i l i c a 

layer. I n Muscovite and Phlogopite micas, elemental substitutions 

occur. One t h i r d of the Si sites are occupied by Al , thus 

giving the s i l i c a t e layer a nett negative charge - t h i s can be s a t i s f i e d 

by the coplanar K"*" cations. The overall s i l i c a t e structure i s : -

Phlogopite Mica, 

_0^(Si 3/2 + Al l / ^ ) ©2 (OH) Mg^ (OH) 0^ (Si 3/5 + Al 1/^) 0^ K ] ^ 

Muscovite Mica, 

0^ (Si 3/2 + Al 1/2) 0^ (OH) AI2 (OH) O2 (Si 3/2 + Al I/2) OJi]^ 

17 

Ryder showed that mica erodes by low energy discharges, and 

t h i s i s due to the removal or dislocation of the metallic cations from 

the surface layers. Energy dispersive X-ray analyses (S.D.A.X) 

confirm t h i s (Fig. 2.6b). The removal of the metallic cations from 

the surface, layers of the mica resulted i n a loss of c r y s t a l l i n e 

s t a b i l i t y . The re-arrangement of bond lengths and angles of the atoms, 

caused changes i n the surface chemistry and produced mechanical stress. 

This stress was relieved by surface cracks occiirring along impurity 
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boundaries, macroscopic c r y s t a l boundaries or step contours. 

Potassium cations are p r e f e r e n t i a l l y l o s t from the structure, 

these being the mostly weakly bound i n phlogopite mica. This resulted 

i n the mica d e f o l i a t i n g , exposing each new layer to discharge attack. 

Leaching of the potassium cations by n i t r i c acid, caused by discharges 

i n a i r , aided the removal of metal ions. Continued discharge attack 

resulted i n greater cation loss, and f i n a l collapse of the c r y s t a l l i n e 

structure^ the r e s u l t being, the formation of s i l i c a . The s i l i c a 

formed a variety of nodular and dendritic grow.th^ the scanning electron 

microscope (S.E.M.) photograph i n Fig. 2.6a shows t h i s . The growths 

caused stress enhancement and greater localised discharge attack. An 

example of t h i s i s seen i n the upper r i g h t hand corner of Fig. 2.6a, 

where a flake of phlogopite mica has developed into a s i l i c a dendrite 

and filamentary puncture had occurred around i t s base to a depth of 

300 ym. The lower l e f t hand corner of Fig. 2.6a shows that material 

has been eroded from the surface. 
17 

Ryder concluded, therefore, that mica deteriorated with low 

energy dischsirges by a process involving the loss of t h e i r metallic 

cations. This loss caused complete collapse of the crystal structure, 

f i n a l l y r e s u l t i n g i n the formation of s i l i c a . Dendritic formations 

of s i l i c a caused enhanced discharge attack and greater localised 

damage. The l o s t cations from the mica were found as metallic salts 

i n localised areas on the surface. 

2.1.4 Surface discharges 

Deterioration by surface discharges has been studied because i t 

i s useful for the assessment of discharge resistance of materials. 
18 

The processes are similar to i n t e r n a l discharges, Ogilvie found t h i s 

to be true i n the case of polystyrene. 
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2.1.5 Corona discharges 

Corona discharges usually occur around bare conductors and do 

not attack insulation i n the same way as int e r n a l or surface discharges. 

Only i n d i r e c t action by ozone formed by corona may deteriorate neigh­

bouring d i e l e c t r i c s . 

2.1.6 Rate of deterioration - voltage l i f e 

I n t e r n a l discharges 

Many variables a f f e c t the rate of deterioration i n d i e l e c t r i c s . 

The deterioration increases with number of discharges and therefore i t 

i s proportional to the frequency of the applied voltage. I t i s also 

dependent on the amplitude of t h i s voltage. The deterioration also 

depends on the i n t e n s i t y of the discharge and the nature of the die­

l e c t r i c . 

Frequency 

As the number of discharges increases proportionally with frequency, 

the l i f e of a d i e l e c t r i c i s inversely proportional to frequency, unless 

the frequency i s so high that thermal breakdown occurs. 

I f d.c, i s applied the number of discharges i s small and the 

voltage l i f e i s many times that at a.c. 

Stress 

As the number of discharges increases with increasing stress i n the 

d i e l e c t r i c , the formation of p i t s occur more rapidly. I t can, there­

fore, be appreciated that propagation channels are more rapidly i n i t i ­

ated at a higher stress. The effect of stress upon voltage l i f e i s 
l4 19 

very s i g n i f i c a n t . Mason' and Davis have shown that voltage l i f e 

for polythene decreases as the 7th to 9th power of the stress. 

Discharge magnitude 

The discharge magnitude increases with the depth of cavity and 

i t s area, voltage l i f e i s affected by depth of the cavity, not i t s 

surface area. Consequently, the correlation between discharge magni-- 26 - . 



tude and voltage l i f e i s uncertain (Kreuger)''^ only with very large 

discharges i s the voltage l i f e short. I n that case the large dis­

charge magnitude i s c e r t a i n l y indicating large cavity depth. 

Cavity depth 
13 

Kreuger has shown voltage l i f e i s shorter i f the cavity i s 

deeper. 
Thickness of d i e l e c t r i c 

The thickness of the insulation i s of minor importance. The timeifor 

••'fer6e«n̂ -"-t*-ilcciifis the same for a l l insulation thickness, i f the stress­

es are i d e n t i c a l . The penetration of trees leads to breakdown i n a 

few cycles and has, therefore, l i t t l e e ffect on the t o t a l time-to-break­

down. 

Type of insulation 

Different d i e l e c t r i c s have d i f f e r e n t resistance to discharge. 

Mica and glass have good discharge resistant q u a l i t i e s . Polythene, 

PVC and Polystrene are less r e s i s t a n t , whereas rubber and t e t r a f l u o r e -

thylene are easily attacked by discharges. 

Sel f - e x t i n c t i o n of discharges 

A complicating factor i n the study of voltage l i f e is that discharges 

i n c a v i t i e s and surfaces sometimes extinguish because of semiconduct­

ing layers formed by the discharges (Rogers )^*^ 

2.1o7 Deterioration of micaceoxis machine insulation i n 

service conditions 

Section 2.1.3 applies to experimental work on small samples of 

micaceous insulation tested i n a i r . However, the working medium i n a 

machine i s hydrogen and although degradation of the mica does occur i n 

hydrogen, i t i s much less pronounced than i n a i r . 
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The deterioration mentioned was due to e l e c t r i c a l and chemical 

e f f e c t s . However, when the insulation i s i n service conditions i t must 

be able to withstand high mechanical forces and thermal cycling. For 

example, v i b r a t i o n may cause the insulation to wear by f r e t t i n g . D i f f ­

e r e n t i a l expansion of the core and conductor can result i n the insulation 

being t o r n . Another complicating factor i s that excessive heat genera- ' 

ted next t o , or within the insulation i t s e l f can degrade the mica-resin 

bond; t h i s applies to both thermoplastic and thermosetting i n s i i l a t i o n 
1,21 

systems. 

I t can be appreciated, therefore, that the deterioration and ageing 

of i n s u l a t i o n i n service conditions depends on many interacting process­

es as outlined above; these may act singly or i n unison. For example, 

thermal cycling can cause d i f f e r e n t i a l expansion causing void formation 

i n the in s u l a t i o n . E l e c t r i c a l discheirges with i n the voids can cause 

both e l e c t r i c a l and electrochemical deterioration. A combination of 

these processes i s generally regarded as insulation ageing and deterio-
^ . 2 1 r a t i o n . 

2,2 Breakdown of gases 

Since a l l s o l i d insulation inevitably contains air-gaps i n the form 

of defects or voids, i t i s necessary to review some of the basic processes 

involved i n a gaseous discharge. The voltages, currents and type of 

breakdown depend upon the gas, electrode separation, gas pressure and 

current supplied by the external c i r c u i t . 

Considering the case when the gas becomes markedly conducting and 

examining the current-voltage characteristic for an increasing d,c, 

f i e l d applied to p a r a l l e l plate electrodes. Fig. 2.7a.,at low f i e l d 

strengths ohmic conductivity i s obtained, due to electron emission from 
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the electrodes (caused by external r a d i a t i o n s ) . Eventually t h i s 

current saturates, because a l l charge carriers created are collected. 

In the t r a n s i t i o n region, a second process provides more carriers and 

f i n a l l y , at the highest f i e l d s , breakdown occurs, t h i s i s shown i n 

Fig. 2.7a. To i n i t i a t e and maintain uniform f i e l d d.c. breakdown 
22 

between cold electrodes i n a gas, two processes are involved. 

( i ) Electrons moving away from the cathode multiply by 

impact ionization of the gas. 

( i i ) The cathode must supply a constant flow of i n i t i a t i n g 

electrons, these are produced by c o l l i s i o n ionization 

of the metal by ions. 

Townsend showed the m u l t i p l i c a t i o n followed the law 
dn 

dx 

\i/here n i s the number of electrons passing through unit area per 
X 

u n i t time, at a distance x from the cathode. Townsend's f i r s t coeff­

i c i e n t oc , i s a constant of p r o p o r t i o n a l i t y equal to the average number 

of ionizations per unit distance of t r a v e l by one electron. Hence for 

a uniform f i e l d 
I = I ^ exp (Ifd) 2.1 

Where I i s the current passing due to an i n i t i a l f l u x I ^ of elec­

trons, d i s the electrode separation. 
To obtain breakdown, additional electrons must be created by some 

secondary process ustially assiMed to be positive ion bombardment of the 
« 

cathode. 

•There i s no cathode i n a gaseous discharge. The secondary ionization 
process i s thought to occur by photoionization. 
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I - = I ^ exp ^ d ) / [ ' l - ^exp (pt^) - l ] 2.2 

I ^ i s due to external r a d i a t i o n , ^ i s Townsend's second c o e f f i c i ­

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 oC d are func­

tions of V and Pd, V i s the breakdown voltage and P the pressure. For 

a given system V i s a function of Pd alone. Typical Paschen curves 

are shown i n Fig. 2.7b. At high pressure the breakdown i s localized, 

i n the form of a spark, whereas at pressures below atmospheric i t i s a 

non-localized 'glow discharge'. 

I t can be seen from Paschen's curve that V i s high at high press­

ures and separations because the mean free path of the charge carriers 

i s low. A noticeable feature i s that V i s also high at lowest press­

ures and separations, t h i s i s because there are too few ionizable mole­

cules present i n the gas. 

The breakdown strength of a gas at moderate vacuum i s poor and so 

when a gas gap i s present i n a s o l i d d i e l e c t r i c i t becomes i t weakest 

feature. 

2.3 Calculation of inception voltage i n an a i r - s o l i d 

dielectric^'^ 

A s o l i d d i e l e c t r i c containing an air-gap or a void may be repre­

sented by two capacitors i n series with one another, ignoring the 

e f f e c t of the p a r a l l e l capacitance of the bulk d i e l e c t r i c (Fig. 2 .8) . 

The two capacitors are assumed to have very high volume r e s i s t i v i ­

t y compared to t h e i r capacitive reactance. I f a sinusoidal voltage 

- 30 



i s applied to t h i s arrangement, the voltage w i l l be distributed i n 

accordance with the thickness and the d i e l e c t r i c constant of each 

capacitor. 

I f one of the capacitors i s i n the form of an air-gap Ĉ  and the 

other some s o l i d d i e l e c t r i c Ĉ , then the voltage across the a i r gap Ĉ  

can be calculated by capacitance d i v i s i o n as follows:-

\=rv^^s.-^ v ] ^ 
I f C i s a d i e l e c t r i c having thickness t and d i e l e c t r i c constant s s 

£ , and C i s a i r having thickness t and d i e l e c t r i c constant 1, then r V a 

V t s t a s 

Where A i s the area. Substituting in t o 2,h and simplifying gives 

\=(TTt-V 

Where V i s the t o t a l voltage applied to the d i e l e c t r i c . I f the 

r a t i o tg/6j. i s represented by ^ , the equation becomes: 

V = V (1 + ^ / t ) 2.6 

V a 

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

si m i l a r electrode configurations, providing the e l e c t r i c f i e l d remains 

s u f f i c i e n t l y uniform.^•^ 

I f the ionization voltage i s substituted for the equation 

becomes: 
V = V. (1 + ^ / t ) 2.7 

= ionization voltage i n a i r at N.T.P. for any given air-gap 

distance t . 
a 

Substituting values for V. and t for breakdown voltage between 
X a 

plane p a r a l l e l electrodes for various distances and values of ̂  , a 
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f a m i l y o f curves r e s u l t as shown i n F i g . 2.9a. I t i s noted from the 

curves t h a t a s i n c r e a s e s , the minimum i n c e p t i o n voltage and the a i r -

gap distance a t t h i s minimum increases. When ^ = o, the curve f o l l o w s 

Paschen's law. 

^min ^*^^ p l o t t e d as a f u n c t i o n of air-gap d i s -

tamce, a near l i n e a r r e l a t i o n s h i p i s obtained, F i g . 2.9b. 

Therefore, i f t and S are known f o r various m a t e r i a l s , V. may be s r 1 
24 

obtained. Dakin obtained the f o l l o w i n g e m p i r i c a l expression: 
/ t N'/̂  

V. = 720 - - 2.8 

A s i m i l a r r e s u l t was obtained by Mason. 
2k 23 Both Dakin and Halleck found t h i s r e l a t i o n s h i p t o hold f o r a 

number o f d i e l e c t r i c s having various thicknesses t and r e l a t i v e per-
s 

m i t t i v i t i e s £ . 
r 

F i g . 2.9b shows t h a t f o r some given voltage and value of ^ there 

would be a c r i t i c a l a i r -gap d i s t a n c e , over which no discharge would 

occur. 
2k 

Dakin found only s l i g h t d i f f e r e n c e s i n the i n c e p t i o n voltage 

w i t h 0,8 ram r a d i u s and square-edge ele c t r o d e s . Halleck^'^ showed t h a t 

the i n c e p t i o n voltage was not i n f l u e n c e d by the radius o f curvature at 

the edge down t o approximately 0.8 mm. Below t h i s , the i n c e p t i o n 

v o l t a g e i s lowered by a maximum o f 105a t o 20^ f o r square-edge elec­

t r o d e s . The range o f e r r o r l a r g e l y depends on the value of ^ . There­

f o r e , w i t h i n these l i m i t a t i o n s , the i n c e p t i o n voltage can be c a l c u l a t e d 

i n e l e c t r i c a l q u a n t i t i e s . 

2,k The discharge model 

The main e l e c t r i c a l p a r t i a l discharge q u a n t i t i e s may be separated 
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i n t o i n d i v i d u a l q u a n t i t i e s and i n t e g r a t e d q u a n t i t i e s . I n d i v i d u a l 

q u a n t i t i e s are - apparent discharge magnitude q (pC), r e p e t i t i o n r a t e 
a 

n (pulse s ) , and energy of a s i n g l e discharge E ( J o u l e ) ; i n t e g r a t e d 

q u a n t i t i e s are - mean c u r r e n t I (microamp), quadratic r a t e D (Coulomb^ 

s ) , and discharge power p ( W a t t ) . I n a d d i t i o n i n c e p t i o n voltage V^, 

and e x t i n c t i o n voltage are o f importance. 

These q u a n t i t i e s form the basis o f discharge measurements, and are 

r e l a t e d t o the q u a n t i t i e s i n v o l v e d i n an i n d i v i d u a l discharge. The 

t h e o r e t i c a l r e l a t i o n s h i p may be developed from a discharge model c i r ­

c u i t which may be taken t o represent a s i n g l e discharge w i t h i n the 

specimen^^. The concept o f a discharge model may also be used t o eva­

l u a t e the response o f the basic types of p a r t i a l discharge measuring 

c i r c u i t s t o a s i n g l e discharge. 

The discharges r e s u l t from i o n i z a t i o n i n i n t e r n a l gaseous c a v i t i e s 

i n s o l i d d i e l e c t r i c s , ^ ' ^ ' ^ ^ and these cause instantaneous drops i n 

v o l t a g e , AV, across the t e r m i n a l s o f the specimen. A f t e r each d i s ­

charge a t r a n s i e n t 'compensating c u r r e n t ' pulse occurs t o r e - d i s t r i b u t e 

the charge between the capacitances c o n s t i t u t i n g the t e s t c i r c u i t . 

T his i s f o l l o w e d by a slower 're-charge pulse', from the t e s t voltage 

source t o r e s t o r e the o r i g i n a l t e r m i n a l v o l t a g e . The concept o f a discharge 

model w i t h d e f i n i t e capacitances a l l o w s the magnitude of the charge and 

energy exchanges d u r i n g s i n g l e discharges t o be c a l c u l a t e d t h e o r e t i c a l l y , 

i n r e l a t i o n t o the t e r m i n a l voltage step AV. Since the capacitances 

o f such c a v i t i e s are unknown, the a c t u a l charges d i s s i p a t e d i n them are 

i n d e t e r m i n a t e , q apparently l o s t by the specimen being accepted as the 
discharge magnitude. However, the energy d i s s i p a t e d i n the c a v i t i e s 
d u r i n g s i n g l e discharges can be determined, under c e r t a i n c o n d i t i o n s , 

from the measured charge q^ and the discharge i n c e p t i o n v o l t a g e , V^. 
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Moreover, discharge energy i s the s i g n i f i c a n t q u a n t i t y , as regards 

i n s u l a t i o n damage. 

The basic problem i n discharge measurement i s t r a n s m i t t i n g small 

v o l t a g e pulses from the specimen a t high voltage to a s u i t a b l e measur­

i n g instrument, w i t h minimum and known a t t e n u a t i o n . The magnitude of 

the discharges t o be measured may vary from pico-coulombs t o micro-
—1 6 -1 

coulombs; t h e i r r e p e t i t i o n frequency from lOOs" t o 10 s~ . 

2.4,1 The d.c. discharge model^^ 

Here, a continuously i n c r e a s i n g d i r e c t voltage i s a p p l i e d t o the 

model ( F i g . 2.g), i t i s assumed i n the f o l l o w i n g c a l c u l a t i o n s t h a t 

a f t e r the discharge, the voltage across the c a v i t y i s zero. 

i s the capacitance o f the s o l i d d i e l e c t r i c , i s the capaci­

tance of the enclosed v o i d and i s ' the t o t a l capacitance i n series 

w i t h the v o i d . When a voltage V i s a p p l i e d t o the t e r m i n a l s of the 

sample, the voltage developed across i s 

^ s v ' 

I f V i s l a r g e enough t o cause i o n i z a t i o n o f the void 

then V = V; 
' 'S giving 

V J-£l-\v. 2.10 

The s t o r e d energy i n the c i r c u i t before breakdown of i s 

given by 

« = [ ' ' a ^ ( c % - ) ] ' ' i \ s v/J 

A f t e r breakdown of the c a v i t y and assuming i t t o be completely 

discharged, then the charge i s 

Q 



From conservation o f charge 

Q' = Q 

The drop i n p o t e n t i a l across the c i r c u i t i s th e r e f o r e 

= - (c + c K c ' + c ) = - c + c ^'^^ 

a s s V a s 

The apparent charge t r a n s f e r measured a t the terminals i s 

where 0 = 0 +[ t.Cv/(C + C ) 
X 3. L S V , 

C C ̂  V.-
^̂ -̂̂  S c = (C / c )(Q Ic ) 

a s s V 

The a c t u a l charge t r a n s f e r i s q = 
/ C C \ 

\ . '-^^ 
^ s v' 

Equating a c t u a l and apparent charge t r a n s f e r i . e . , equations 

(2.15) and (2.16) then 

\ - 0 

Generally C > C and -tlier̂ î /e C^aCj^ 
3. S 

•• °-x = M c -
s \ 2.18 

I f g and ̂  are the r e l a t i v e p e r m i t t i v i t i e s o f the v o i d and s 
s e r i e s capacitances and t and t t h e i r thicknesses, then equation 

(2.18) can be expressed as 

This equation i n d i c a t e s t h a t the t h i c k e r the i n s u l a t i o n r e l a t i v e 

t o the v o i d depth, the lower the apparent charge t r a n s f e r q^. 
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The energy o f the discharge measured a t the terminals i s 

\ = 2.20 

The energy w i t h i n the v o i d i s 

E-.= ^ q V 2.21 
2 ^ V 

Using equations (2.10) and (2.17), we have 

C + C \ / c c a s 1/ V s 
c y I C + C I 

and from (2.20) 
/C + C \ /C ' 

Generally C = C , C » C and C » G ' ' x a ' a ' ^ s v ^ s 

t h e r e f o r e E = E 2.23 

Hence, the measured energy a t the t e r m i n a l s of a t e s t sample i s 

approximately equal t o the a c t u a l discharge energy and i s independent 

o f sample dimensions. However, t h i s i s not t r u e of apparent charge 

t r a n s f e r q^, which does depend on sample thickness i . e . , reducing w i t h 

i n c r e a s i n g thickness o f i n s u l a t i o n according t o equations (2.l8) and 

(2.19). 
27 

2.4.2 , .The a.c. discharge model 

A s i n u s o i d a l voltage a p p l i e d t o the discharge model produces an 

identi c a l voltage across the c a v i t y which, i f s u f f i c i e n t l y high-, causes 

i t t o break down e l e c t r i c a l l y . This i s known as the discharge i n c e p t i o n 

v o l t a g e , V^. This depends upon the e l e c t r i c s t r e n g t h of the contained 

gas, the r e l a t i v e p e r m i t t i v i t i e s of the gas and the d i e l e c t r i c , and the 

shape of the cavity.'''^'^^ With t h i s value o f voltage, V^, a p p l i e d 

across the specimen t e r m i n a l s , a discharge w i l l f i r s t occur a t one peak of 
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the a p p l i e d a l t e r n a t i n g v o l t a g e , and reduce the voltage across the 

c a v i t y t o a low value. This causes a momentary f a l l i n the t e r m i n a l 

v o l t a g e - e.g. a t p o i n t ( a ) i n F i g . 2.10(2). 

' A f t e r the f i r s t discharge, the c a v i t y recharges w i t h reverse 

p o l a r i t y d u r i n g the f a l l i n g p a r t o f the voltage cycle and i s consi­

dered t o reach a voltage a t the zero o f the t e r m i n a l voltage wave. 

I n p r a c t i c e , t h i s i s u n l i k e l y , because the c a v i t y i s not completely 

discharged and the t e r m i n a l voltage has t o change by more than i t s 

peak amplitude t o r e s t o r e the c a v i t y voltage t o again i n the reverse 

d i r e c t i o n F i g . 2 . 1 0 ( l ) . Succeeding discharges thus occur i n the 

q u a r t e r cycle before each peak o f the a p p l i e d v o l t a g e ; a s t a b l e cond­

i t i o n i s reached w i t h two discharges per c y c l e . 

At h i g h e r v o l t a g e s , several discharges occur i n each h a l f cycle 

and may begin before the voltage zero. The change i n voltage across 

the specimen determines the r e s t o r a t i o n of p o t e n t i a l across the c a v i t y . 

A l l discharges o c c u r r i n g between a p o s i t i v e and subsequent negative 

peak are o f one p o l a r i t y , w h i l s t those i n the opposite sequence of the 

cycle are of reverse p o l a r i t y . Residual c a v i t y voltage a f t e r a d i s ­

charge reduces the i n t e r v a l before the next discharge o f the same 

p o l a r i t y , but causes a longer delay before the f i r s t discharge of oppo­

s i t e p o l a r i t y . 

However, ' i d e a l ' c a v i t i e s i n which i n t e r n a l discharge c o n d i t i o n s 

remain constant do not e x i s t i n p r a c t i c e . The c a v i t y breakdown v o l t ­

age may change as a maintained discharge proceeds, due t o he a t i n g and 

r e s i d u a l i o n i z a t i o n , and i t may also d i f f e r i f the c a v i t y i s adjacent 

t o an electrode f o r p o s i t i v e and negative discharges. Variable 

c o n d u c t i v i t y o f the surface w a l l s o f the c a v i t i e s also a f f e c t s the 

- 57 -



area discharged. These f a c t o r s can cause the discharges t o be e r r a t i c 

even when voltage i s maintained a t i n c e p t i o n . 

The discharge sequence of F i g . 2.10(2) i s f o r t h a t of a s i n g l e d i s ­

charging c a v i t y . The discharges, excluding any r e s i d u a l charge and 

p o l a r i t y e f f e c t s , are e q u a l l y spaced w i t h respect t o the voltage scale, 

and t h e i r number per cycle roughly p r o p o r t i o n a l t o the voltage a p p l i e d . 

I n p r a c t i c e a small increase i n voltage across the specimen, above incep­

t i o n increases the number o f discharges many times. These are grouped 

toward the peak o f the voltage wave, and are due t o many s i m i l a r d i s ­

charging c a v i t i e s , 

2,5 C a l c u l a t i o n o f discharge energy l o s s i n a d i e l e c t r i c 

The energy d i s s i p a t e d by discharges i n voids o f d i e l e c t r i c s can be 
29 

c a l c u l a t e d i n two d i f f e r e n t ways. E i t h e r the sum i s taken of the 

energies d i s s i p a t e d i n the s i n g l e discharges, or the sum of the energies 

taken out of the supply a t the s i n g l e discharges. The l a t t e r sum may 

c o n s i s t o f p o s i t i v e or negative c o n t r i b u t i o n s , because energy can be 

s t o r e d and r e t u r n e d t o the supply at a l a t e r discharge. The f i r s t sum 

c o n s i s t s o f p o s i t i v e c o n t r i b u t i o n s o n l y . However, due t o conservation 

o f energy, both sums give the same r e s u l t over a s u f f i c i e n t number o f 

c y c l e s . 
The sum of energies taken from the supply i s 

*2.2k 1 
where V = instantaneous voltage a p p l i e d t o the d i e l e c t r i c 

q = apparent l o s s o f charge i n the i n d i v i d u a l discharge. 
3. 

V and q may be p o s i t i v e or negative, i f they are o f d i f f e r e n t s i g n , 
Si 

energy i s r e t u r n e d t o the supply. 
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Considering now the energy d i s s i p a t e d i n the s i n g l e discharges; 

i t i s assumed t h a t the v o i d completely discharges vtienever the voltage 

across i t reaches V- ( F i g . 2 . 1 0 ( 1 ) ) . The d i e l e c t r i c or specimen being 

t e s t e d may be considered as a three capacitor arrangement ( F i g . 2.^. ) . 

C represents the t o t a l capacitance o f the d i e l e c t r i c , C the s o l i d a s 

d i e l e c t r i c i n s e r i e s w i t h the v o i d and the capacitance of the voi d 

i t s e l f . The energy d i s s i p a t e d i n the discharge i s : -

^V^ = (C^ + ̂ ) 2.25 
s a 

= ^V^ (C + C ) f o r C » C 
a" S 

c + c 

c + c 
now V ( - ~ — - ) = V. and VC = a o 1 s *a s 

:. ^V^ = ^V, q^ 2.26 

where 

V^ = i n c e p t i o n voltage o f the f i r s t discharge 

q^ = apparent l o s s o f charge from the specimen. 

The s i g n o f V. and q are always the same, and t h e i r product i s always 1 a 
p o s i t i v e . V. and q may have a d i f f e r e n t absolute value f o r an applied X a 
vol t a g e o f reversed p o l a r i t y , the f o l l o w i n g example i l l u s t r a t e s t h i s . 

Assume r e p e t i t i v e discharges o c c u r r i n g i n the r a t i o k:3 a t a cer­

t a i n v o ltage a p p l i e d t o the d i e l e c t r i c ( F i g . 2.10). Both expressions 
29 

(1) and (2) give the same r e s u l t . Discharges (d) and (g) give 

negative c o n t r i b u t i o n s t o equation ( l ) , whereas equation (2) contains 
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p o s i t i v e terms o n l y . Over a s u f f i c i e n t number of cycles then, 

T y = ^ Z ' - ^ i 

3. GENERATION OF HIGH VOLTAGE ALTERNATING WAVEFORMS AT 0.1 Hz 

The major d i f f i c u l t y i n generating a high voltage sine wave a t 

0,1 Hz i s t h a t a transformer w i t h a h i g h - t u r n s r a t i o cannot be used as a 

f i n a l output stage. This i s because the inductance o f a conventional 

50 Hz transformer would not support the voltage when ap p l i e d a t 0.1 Hz. 

3.1 Generation of non-sinusoidal waveforms 

I f a sine wave i s not r e q u i r e d , non-sinusoidal very low frequency 

(VLF) waves may be generated q u i t e simply. Bossi'^^et a l . used high 

v o l t a g e d.c. supplies and by s w i t c h i n g s u i t a b l e time constants i n the 

generator produced square, exponential and t r i a n g u l a r waves. I n t h i s 

c i r c u i t t o o b t a i n an a l t e r n a t i n g waveform, capacitors ^-^^^^ ^^^S' 3.1) 

are charged by voltages o f opposite p o l a r i t y , obtained by r e c t i f y i n g the 

h i g h voltage supplied by the transformer T, v i a an o i l switch S. The 

peak charging c u r r e n t through the diodes D^,0^ i s l i m i t e d by the r e s i s ­

tance RQ, Here, the time constant o f the charging c i r c u i t should be 

much l e s s than t h a t of the l o a d R e i . e . , R̂ C-, or RcC2 «- RC. For the 

sample capacitance Cj<. t o have n e g l i g i b l e e f f e c t , on the t i m i n g of the wave 

the capacitance C»Cx. 

With t h i s c i r c u i t the authors could o b t a i n a maximum rectangular 

v o l t a g e o f 150 kV, a t the output or a t r i a n g u l a r waveform of JiO kV peak 

which deviated from l i n e a r i t y by 2%. The frequency of these waveforms 

are e a s i l y c o n t r o l l e d by the s w i t c h i n g time of the o i l switch -

per i o d s o f 6, 10 and 205 were obtained, corresponding t o frequencies o f 

0,16, 0.1 and 0.05 Hz r e s p e c t i v e l y . During the period of s w i t c h i n g , 

the discharge d e t e c t i o n c i r c u i t i s made in o p e r a t i v e by the switch S2. 
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3»2 Generation o f s i n u s o i d a l waveforms 

While i t i s easier t o generate non-sinusoidal waveforms f o r t e s t ­

i n g purposes, 0.1 Hz sine waves t e s t s have been accepted and w r i t t e n 
31 

i n t o s p e c i f i c a t i o n s i n both- B r i t a i n and the United States. 

The problem o f generating h i g h voltage sine waves may be solved i n 

two ways: 

( i ) Employ a high voltage d i r e c t coupled a m p l i f i e r 

( M i l l e r , e t , a l ) . " ^ ^ ' • 

( i i ) Employ a low frequency modulated 50 Hz source, u t i l i z i n g a 

conventional h i g h voltage output transformer (ASEA).^^ 

With the f i r s t method, i t i s possible t o produce a high q u a l i t y 

s i n u s o i d a l o u t p u t , the c i r c u i t described by the authors'""'^^could gener­

ate 25 kV peak w i t h a 0.3 c a p a c i t i v e l o a d . The waveform i s produ­

ced by modulating two high-voltage d.c. s u p p l i e s , ( F i g . ,3.2). The 

modulation i s accomplished by the use of t r i o d e valves, operating at 

h i g h v o l t a g e . The- g r i d s are supplied by c o n t r o l s i g n a l s t r a n s m i t t e d 

from the low-voltage c o n t r o l c i r c u i t through f i b r e o p t i c l i g h t guides. 

The noise f i g u r e f o r t h i s instrument i s low, 1 pC i n 1000 pF. Hence 

t h i s type o f instrument i s i d e a l f o r discharge measurements a t 0.1 Hz . 

U n f o r t u n a t e l y , i t i s not yet commercially a v a i l a b l e , sind uses thermionic 

valves which might not be robust enough f o r f i e l d use. 

The second method o f generating a sine wave at 0.1 Hz i s commer-

c i a l l y a v a i l a b l e and was only intended f o r o v e r p o t e n t i a l t e s t i n g the 

i n s u l a t i o n of l a r g e machines^^ ( F i g . 3 .3) . This generator can supply 

an 0.7 }iF c a p a c i t i v e load a t 70 kV peak. Although t h i s generator i s 

capable o f supplying greater loads a t higher voltage l e v e l s than the 

previous method, i t i s e l e c t r i c a l l y very n o i s y , because of the high 

voltage r o t a t i n g mechanical switches which demodulate the 50 Kz wave-
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form. Consequently, before i t can be used f o r discharge measurements 

i t must be screened and the low frequency h i g h voltage supply f i l t e r e d ^ ^ ^ 

This generator forms the basis o f the present work and i s , t h e r e f o r e , 

described i n some d e t a i l below. 

3.3 VLF generator used i n the present i n v e s t i g a t i o n 

The most basic p a r t o f the low frequency generator i s the voltage 

m u l t i p l i e r c i r c u i t shown i n F i g . 3.4a. Consider t h i s c i r c u i t w i t h 

constant ajnplitude 50 Hz a p p l i e d . closes a t the beginning of the 

cycle f o r 5 mS a l l o w i n g Cg t o charge up t o the peak value of the p o s i ­

t i v e a p p l i e d voltage V. i s then opened l e a v i n g a voltage of V on 

C . 5 inS a f t e r t h i s S_ closes, the i n p u t voltage i s now a c t i n g i n 
S c. 

s e r i e s w i t h the voltage already on Ĉ , thus 2V i s developed across Ĉ ,̂ 

assuming Cg^C^^. The voltage r e l a t i n g t o the various s w i t c h i n g seq­

uences are shown i n F i g . 3.4b. Now, consider a 100?̂  0.1 Hz modulated 

50 Hz sine wave a p p l i e d t o the c i r c u i t i n F i g . 3.4a from which i t i s 

r e q u i r e d t o remove the 50 Hz component, thereby o b t a i n i n g an 0.1 Hz 

sine wave. The f o l l o w i n g sequences o f events occur. F i g . 3.5. At the 

beginning o f the modulated cycle p o i n t 0 switch closes f o r 5 ^ then 

opens a l l o w i n g Ĉ  t o charge t o the peak value of the 50 Hz applied a t 

t h a t time ( A ) . 5 mS l a t e r s witch closes f o r 5 mS and during the 

negative peak Ĉ  and Ĉ  charge up t o give the p o i n t (C) p r o v i d i n g 

Cg^C^. S i m i l a r l y p o i n t s (D) and (E) along w i t h the charge already 

acquired add t o give ( F ) , This process continues u n t i l the p o i n t (M) 

where the f i r s t q uarter cycle of the 0.1 Hz waveform has developed. 

A f t e r the p o i n t (M) the 50 Hz a p p l i e d wave begins t o decrease i n ampli­

tude and the load capacitor C^, having been charged t o a maximum by the 

modiJ-ated 50 Hz, cannot lose i t s charge except through i t s own d i e l e c -
10 

t r i e r e s i s t a n c e which can be h i g h ^ 10 a . The capacitor C^, t h e r e f o r e , 
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t r a n s f e r s some o f i t s charge back t o and the voltage across de­

creases. The process o f the l o a d capacitor l o s i n g voltage continues 

u n t i l the p o i n t 0, where the f i r s t h a l f cycle has developed. 

The negative h a l f cycle i s formed e x a c t l y i n the same way but by 

p o i n t ( 0 ) . This i s achieved by using a centre tap on the modulating 

v a r i a c . The switches Ŝ  and S2 are d r i v e n by a common motor i n syn­

chronism w i t h the 50 Hz supply, i . e . , 15OO rpm. The modulation variac 

i s a l s o d r i v e n by the same motor, but from a low speed output a t 10s, 

i . e . , 0.1 Hz. 

Figures 3.6a and b show the 50 Hz modulated input wave t o the high 

v o l t a g e transformer and the 0.1 Hz demodulated output wave r e s p e c t i v e l y , 

A photograph o f the experimental VLF generator i s shown i n F i g . 3*8. 

3 .if E f f i c i e n c y o f the generator 
A 

The s e r i e s c a p a c i t o r Cj, i s charged t o 2V. which i s a p p l i e d t o the 
A 

lo a d c a p a c i t o r Ĉ . The equivalent c i r c u i t t h e r e f o r e , i s 2V a c t i n g i n 
A s e r i e s w i t h Cg and Ĉ . The output voltage V^, i s given by 

V = 2V. / f l + ' 3.1 

^ S » ^ L ' ^ o - > ^ ^ i n ' 

and i f Cg^C^,. V ^ - > ^ \ , (c^ 

Therefore, f o r maximum output voltage from the generator Cg^C^^. 
^ ^ ^Jj — " I 

F i g . 3.7 shows the v a r i a t i o n o f (^QAJ^Q) versus 2(1 + ^ ) ~ , t h i s i s 
S 

chosen f o r various values o f iCj/C^). 

k, DISCHARGE DETECTION km MEASURÊ iÊ ?T AT VERY LOW FREQUENCY 

Although there i s no absolute basis f o r p r e d i c t i n g the l i f e o f 

i n s u l a t i o n from discharge c h a r a c t e r i s t i c s , i t i s important t o detect 
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harmful discharges, which may occur i n otherwise sound i n s u l a t i o n . 

Discharges are detected using an impedance connected i n s e r i e s w i t h the 

t e s t o b j e c t or i n s e r i e s w i t h the coupling c a p a c i t o r , and the discharge 

magnitude i s determined by measuring the voltage drop across the impe­

dance w i t h a s u i t a b l e instrument g i v i n g a v i s u a l i n d i c a t i o n or perma­

nent r e c o r d . 

Various instruments are used i n an attempt to solve t h i s problem. 

The choice o f instrument and method o f d e t e c t i o n depends on the d i s -

'charge s e n s i t i v i t y and r e s o l u t i o n r e q u i r e d . To o b t a i n p e r f e c t repro­

d u c t i o n o f a discharge p u l s e , an instrument w i t h i n f i n i t e bandwidth, 

and l i n e a r phase r e l a t i o n s h i p i s r e q u i r e d . I n p r a c t i c e the bandwidth 

i s l i m i t e d by the choice of d e t e c t i o n c i r c u i t . ^ Instruments which 

measure p a r t i a l discharges can be c l a s s i f i e d i n terms of the bandwidth 

of the d e t e c t i o n c i r c u i t and the method of measurement. 

Discharge d e t e c t i o n a t very low frequency (VLF) i s , i n essence, 

the same as a t power frequency, although measurement of the basic quan­

t i t i e s i n v o l v e d are d i f f i c u l t because o f the reduced frequency. For a 

given sample, the average discharge pulse r e p e t i t i o n r a t e per cycle i s 

reduced by approximately 500 times, a t 0.1 Hz compared t o 50 Hz. The 

low discharge r e p e t i t i o n r a t e s make i t d i f f i c u l t t o use any of the con­

v e n t i o n a l i n t e g r a t i n g or averaging discharge measuring instruments w i t h ­

out m o d i f i c a t i o n . An i n t e g r a t i n g or averaging instrument r e q u i r e s t h a t 

the time constant o f the d e t e c t i o n c i r c u i t i s greater than the p e r i o d i c 

time o f the t e s t wave, i n t h i s case 10s. The subsequent l o s s i n sensi­

t i v i t y becomes p r o h i b i t i v e . The ERA discharge detector i s a conven­

t i o n a l instrument which may be used at VLF, but the di s p l a y i s u n s u i t ­

a b l e , being synchronised a t 50 Hz. The r e s u l t a n t non-stationary d i s ­

charge pulses on the d i s p l a y are d i f f i c u l t t o measure. A conventional 
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o s c i l l o s c o p e i s also u n s u i t a b l e as a d i s p l a y , because of the low repe­
t i t i o n r a t e s i n v o l v e d . 

For s a t i s f a c t o r y measurements a t VLF, a permanent record of the 

discharge pulses must be made. Tape r e c o r d i n g i s p o s s i b l e , but pulse 

h e i g h t a n a l y s i s i s more convenient . I n the present experimental 

work the l a t t e r approach was adopted, and achieves the maximum s e n s i t i ­

v i t y p o s s i b l e . 

4.1 P r i n c i p l e s of discharge d e t e c t i o n 

There are two equivalent c i r c u i t s vAiich are used t o model d i s ­

charges.'^^ The occurrence o f a discharge can be represented by a c u r r ­

ent generator i n p a r a l l e l w i t h the model capacitance, C,;<, or a voltage 

generator i n s e r i e s w i t h i t , as shown i n F i g s , k.^& and b. When d i s ­

charge occurs a c i r c u l a t i n g c u r r e n t i^ flows through C^ and R, and 

through C j , C and R ( F i g . 2.8 ) . The form of i p i s given by F i g . 4.1c. 
- • a ^ 

i^ = K (e^Z^'^- t^^'. ) = Cs ̂  4.1 

where i s the discharge ̂ and " L : ^ the r i s e time of the current pulse 

i ^ , shown i n F i g . 4.1c. Consequently, an increase i n voltage occurs 

across Ĉ  of approximately o 
f 

V 
^ " ^s . 

i ^ d t i V i ; ^ 

and the voltage on C drops by 
a 

a y * a X 

The r a t e o f r i s e o f t h i s voltage i s determined by the r a t e of 

change o f i ^ or i ^ , and can be obtained from the above equation i f 

and are known. However, i n most cases AV(t) may be taken as a step 

voltage o f amplitude q/C^. 
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There are basic c i r c u i t s used f o r detecting^discharge from 

lumped parameter t e s t o b j e c t s under d . c , a.c. or impulse c o n d i t i o n s . 

These are shown i n F i g . 4.2a, b, and c. Cx represents the te s t e d 

o b j e c t , C]^ i s a h i g h voltage capacitor used e i t h e r as a bl o c k i n g or 

co u p l i n g capacitor.. i s the detector impedance across which the 

volt a g e due t o discharge develops and Z i s the impedance of the h^. 

supply. C i r c u i t A i s g e n e r a l l y used when one t e r m i n a l of Ĉ  i s un­

avoid a b l y earthed, Cy, being chosen t o prevent excessive power frequency 

v o l t a g e appearing across Z^, while having a low impedance t o frequen­

c i e s o f i n t e r e s t contained i n discharge pulses. When c i r c u i t (B) i s 

used, C]i^ serves as a r e t u r n path f o r high frequency current f l o w i n g 

through the t e s t piece and detecto r impedance. Sometimes s t r a y capaci­

t y t o e a r t h i s r e l i e d upon t o provide 0^. The c i r c u i t has the advan­

tage t h a t i f Ĉ  i s 1^ Cx extraneous disturbances from e i t h e r the supply or 

busbar system are reduced i n the r a t i o o f C^j/Cj^ approximately. S i m i l a r ­

l y , w i t h the bridge c i r c u i t e x t e r n a l discharges may be balanced out. 

The d e t e c t i o n impedances o f i n t e r e s t c o n s i s t of R, RC, RLC, and 

transformer coupled (band-pass) elements. The response o f d e t e c t i o n 

c i r c u i t s w i t h the d i f f e r e n t types o f impedance are o u t l i n e d i n Figs. 

4,4-4,7. Provided s t r a y elements are reduced t o n e g l i g i b l e propor­

t i o n s i n c i r c u i t s A and B, then these two are equivalent f o r the same 

element values, (This can be checked by i n s e r t i n g e i t h e r o f the equi­

v a l e n t discharge models f o r Cx). The discharge i s represented by a 

step v o l t a g e generator of amplitude AV i n s e r i e s w i t h Cj^, except where 

otherwise s t a t e d . A l l the expressions developed are f o r '̂ <'*̂  i ^ i the 

recharge time from the supply. The expressions i n the f o l l o w i n g 

s e c t i o n are then obtained. 
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4.1.2 R e s i s t i v e and i n d u c t i v e d e t e c t i o n impedances = R̂  

Two c o n d i t i o n s are o f i n t e r e s t , e i t h e r I'^^^Tj^ °^ ^d^^' 

'^d^'^ voltage V^ measured across R̂  w i l l have the same form as i^j 

see F i g . 4,4, and the apparent discharge magnitude may be found from 
^ k 

the v o l t time i n t e g r a l of i , , as,q^= q ̂  . I f then the 

discharge may be considered as a step voltage equivalent soiirce, th/ough 

the a c t u a l waveform w i l l have a r i s e time determined by i^. 

I f then V ^ ( t ) i s the voltage appearing across when a s i n g l e d i s ­

charge occurs w i t h i n the t e s t o b j e c t 

V ^ ( t ) = AV^-^/^d^d 4.4 

C. 
CxCk 

where . d " 0̂ +C,ĵ  

The amplitude o f the e x p o n e n t i a l l y decaying pulse i s AV = q/C^. 

The v o l t - t i m e i n t e g r a l o f the pulse, t h a t i s the area under the 

v o l t time curve gives the apparent discharge magnitude measured. 

AV -*/R C 
^d- f e dt = ^d' ̂  »^d - - ^'^ d 0 

J 

Hence, both the i n i t i a l amplitude of the discharge pulse appear­

i n g across R̂  and i t s v o l t - t i m e i n t e g r a l enable q t o be evaluated. 

Z^ = Ĉ  i n p a r a l l e l w i t h R̂  

V ^ ( t ) = A v ( ^ ) e -̂ '̂ Vd 4.6 

C. c 
where C = , C, = Ĉ  + C . 

Consequently, the i n i t i a l amplitude o f the exponential pulse i s : -

AV 
d fe)= 
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Also = # T •̂̂ ''̂ '̂̂ '̂  • 

= MC = q , C, » C if.9 

Thus i f there i s appreciable capacitance across t h i s 

( i ) reduces by a f a c t o r C^C^ 

( i i ) increases ?r, from C R, t o (C +C,)R,. 
a p a p a d 

( i i i ) leaves q, s t i l l approximately equal t o q provided C, > C . 

d iC X 

The measuring c i r c u i t arrangements and responses i n the cases of 

= C // R are given i n F i g . k,3. 

I f R i s the re s i s t a n c e of the c o i l then the response may be ev a l ­

uated from i ^ ( t ) = A v [ e'^L^e ( p . - R . ) ] ^•'10 

where p, ̂  = - $ 1 " ( a - ^ 1 ) ' ^ ^ ' , ^ = R/gL, » = "̂ L̂ C 
^ 'd d d 

X k 

These give depending upon the value of R, 

Overdanped, R :^ 2 ( ^ ^ j if.11 

V ^ ( t ) = R l ( t ) if . 1 2 

R't 
..r -^C^ e" ^ 2 L ^ ( §;SinKwt + c o s h w t ) if.13 

C r i t i c a l l y damped 

- ^ ( r 
V ^ ( t ) = AV e'^^/sL, ( I - J - s i t ) if.15 
d d 
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Underdamped 

>• d / 

V ^ ( t ) = AV e ^ ^ d ( - ^ ^ s i n w . t + cosOJ, t ) it.17 

Examples o f the voltage waveforms are shown i n F i g . ^ . 6 . I n 

these cases each of the voltages i s p r o p o r t i o n a l t o AV and the maxi­

mum value ( t = 0 ) gives AV d i r e c t l y i . e . 

V^ = AV = q/C^ i f . l 8 

I f i s evaluated from the voltage waveform and keeping c o n t r i ­

b u t i o n s o f c o r r e c t p o l a r i t y where o s c i l l a t i o n s occur then 

- V 4.21 

I t may also be shown t h a t f o r the case o f p a r a l l e l t o the 

e f f e c t i s equivalent t o a s e r i e s r e s i s t a n c e R = - „ . 
^ ^d^d 

Where appreciable capacitance, C , ( s t r a y capacitance between 
s 

tu r n s o f the i n d u c t o r , f o r example) e x i s t s across the inductance of 

the d e t e c t o r impedance, the expressions f o r V^it), V^ and q are modified 
C C, 

by i n the capacitance term g i v i n g = ^ + and by capaci-

tance d i v i s i o n of AV g i v i n g ̂ J^^Q^Q • ^ ® c i r c u i t , however, i s 

evaluated f o r s p e c i f i c values of parameters. A t y p i c a l voltage wave­

form i s shown i n F i g . ^ . 6 . 

4 .1 .3 Transformer coupled d e t e c t i o n impedances 

The response of the generalised coupled c i r c u i t shown i n F i g . i f . 7 , 

having only mutual inductance c o u p l i n g , depends upon the r e l a t i o n s h i p s 
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between the time constants o f the primary and secondary c i r c u i t s 'l'^ 

and ' t ^ and between the n a t u r a l frequencies o f these c i r c u i t s f ^ and 

'2 ^^ - 2 ^d^d' ^2 = 2 V d ' ^1 = v f ^ ' ^2 ^ « 
I d da 

c o n d i t i o n s used i n discharge measuring instruments t o be described 

both have ^ 2 " ^ ^ 

and are 
( i ) ' ^ 2 ^ ' ' / ^ ' ERA Model I I ( H i v o l t ) i n p u t c i r c u i t 

( i i ) 7r2» 1^)21 "Tr^^fViO^ ERA Model I I I i n p u t c i r c u i t 

The voltage appearing a t the output (secondary) side o f the 

transformer i s given by 

Cii, v^U) = ^ ^ 5 ^ ( ) 

where, n^, are the transformer t u r n s r a t i o s and l< i s the coupling 

f a c t o r . 

I n each case the output voltage i s p r o p o r t i o n a l t o the discharge 

magnitude q, and has the forms shown i n F i g . 4 . 7 . 

4 .1 .4 The e f f e c t o f s t r a y s on the measurement o f discharge 

i n t e n s i t y 

S t ray inductance 

Stray inductance L , due t o leads and c o n s t r u c t i o n of high voltage 
5 

c a p a c i t o r s may be t y p i c a l l y from ^ to ^0 yS. and w i l l be represented i n 

the d e t e c t i o n c i r c u i t A and B as shown i n F i g . 4 . 3 . The e f f e c t of 

s t r a y inductance i n the case o f c i r c u i t s A & B (which are s t i l l equiv­

a l e n t provided C i s n e g l i g i b l e ) w i t h Z = R may be evaluated from 
s CI d __ 

the p r e v i o u s l y given i n f o r m a t i o n . The peak voltage across R̂ , V^, 

w i l l be found t o vary from a maximum value o f AV w i t h R̂  very l a r g e 

(overdamped c o n d i t i o n ) t o — AV a t c r i t i c a l damping and correspondingly 
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lower values w i t h l o w e r i ? values of R̂ . 

Str a y Capacitance 

I f s t r a y capacitance i s present ( F i g . i f .3) both across the detec­

t o r shunt and from the h i g h voltage t e r m i n a l t o e a r t h , the former w i l l 

not e f f e c t the equivalence of c i r c u i t s A & B, but w i l l reduce s e n s i t i v i ­

t y . S t ray capacity from the high voltage t e r m i n a l , however, upsets the 

equivalence between c i r c u i t s A 8c':B_.and gives e r r o r s i n c a l c u l a t e d d i s ­

charge magnitudes i f not accounted f o r . I t may be seen from F i g . if.3, 

t h a t compensating c u r r e n t flows from both C and C through the detector 

shunt i n c i r c u i t A, whereas i n c i r c u i t B only the compensating current 

f l o w i n g through Ĉ^ i s measured. Correct c a l i b r a t i o n w i l l a l low f o r 

these e f f e c t s . 

i f .1 .5 Bridge c i r c u i t s ( n e g l e c t i n g s t r a y s ) 

This type o f c i r c u i t , F i g s . ifo8a and b, i s u s u a l l y used t o e l i m i n ­

ate the power frequency voltage i n a.c. t e s t i n g though not necessarily 

r e j e c t i o n o f e x t e r n a l i n f l u e n c e s a t other frequencies. The voltage 

p u l s e s , due t o discharge w i t h i n the sample, appearing across the detec­

t o r shunts Z^^ and Z^^. ar e , 

V ) - - A ' " " 

where =X V [ = x V d * V ] 

R^ and Rj^ are equal and p u r e l y r e s i s t i v e . Since these pulses 

are o f opposite p o l a r i t y a d i f f e r e n t i a l measurement gives 

V =^V if.26 
d 

The c i r c u i t shown i n F i g . ifo8b, w i t h a d d i t i o n a l b l o c k i n g 

capacitance Ĉ ,̂ gives 
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provided t h a t 

Consequently, q may be determined from or the v o l t - t i m e i n t e g r a l 

o f the voltage across R^. 

27 

i f .1 .6 E f f e c t o f recharge pulse i n d e t e c t i o n c i r c u i t s . 

The time constant associated w i t h the supply, ' ^ r , i s u s u a l l y much 

gre a t e r than , the time constant which determines the r a t e a t which 

c u r r e n t flows i n t o the sample from the b l o c k i n g capacitance t o compen­

sate f o r the drop i n voltage across Ĉ o Under these, c o n d i t i o n s , 

c u r r e n t from the supply, i ^ . recharges the sample a t a much slower r a t e 

than t h a t a t which the compensating c u r r e n t i ^ f l o w s . I f , however^ 

i s o f the order of '^c the recharge and compensating currents through 

Z^ i n t e r f e r e w i t h one another ( F i g . if»8c). I n c i r c u i t A the recharge 

pulse flows i n the same d i r e c t i o n as the compensating current while i n 

c i r c u i t B the c u r r e n t s flow i n the opposite d i r e c t i o n s . I n bridge 

c i r c u i t s the e f f e c t o f recharge pulse w i l l not be measured provided the 

arms are i d e n t i c a l . 

if.2 Conventional discharge d e t e c t i o n , d i s p l a y and i n d i c a t i n g 

instruments used a t 50 Hz 

Complete instruments i n v o l v e discharge d e t e c t i o n , d i s p l a y and 

measurement. Discharge d e t e c t i o n has been discussed above, but the 

instrument ( F i g . if .9) connected across the d e t e c t i o n impedance has a 

c l e a r l y defined bandwidth and t h i s must be considered when developing a 
39 

complete instrument. F i g . if.10 shows the response o f a wide band 

a m p l i f i e r t o a step impulse, the a m p l i f i e r i s assumed t o have constant 
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gain from d.c. t o some upper c u t - o f f frequency f^. Generally, there 

i s some a t t e n u a t i o n a t low frequencies f ^ , thus e l i m i n a t i n g power f r e ­

quencies from the d e t e c t i o n c i r c u i t . Wide and narrow bands are d e f i ­

ned as having a^^f =^f^ f^'j> ( f ^ + f ) / 2 or < ( f ^ + f ) / 2 r e s p e c t i v e l y . 

For example, the ERA I I I has a band-pass from IO-I5O kHz and i s 

c l a s s i f i e d as wide band, while an R.I.V. meter w i t h a bandwidth of 

3 kHz op e r a t i n g a t 1 MHz i s classed as narrow band. The response of 

an i d e a l i s e d band-pass instrument having the c h a r a c t e r i s t i c s shown i n 

F i g . 4 .11 , t o a step impulse i s the d i f f e r e n c e o f the response w i t h low 

pass bandwidths o f f ^ and f ̂ . With a wide band instrument the high 

frequency c u t - o f f determines the r i s e time of the pulse, while the low 

frequency c u t - o f f determines i t s decay time. A narrow bandwidth 

gives a response i n which the d u r a t i o n of the major pulse i s Af = 

The response o f instruments having e i t h e r o f the above i d e a l i s e d 

c h a r a c t e r i s t i c s t o step impulses, are shown i n F i g . 4.10b and c. 

4.2.1 Measurement o f i n d i v i d u a l q u a n t i t i e s 

4 .2 .1a Cathode ray o s c i l l o s c o p e 

Oscilloscopes are a v a i l a b l e having upper c u t - o f f frequency, f^^ 

o f 100 MHz and response down t o d . c , f^ = 0 . These instruments have 

been used i n c o n j u n c t i o n w i t h capacitance coupled (Z^ = R^) and s i n g l e 

tuned (Z^ = L^) measuring c i r c u i t s , a t y p i c a l measuring arrangement d d 

being shown i n F i g . 4.12.a,.. Because o f t h e i r bandwidth they accura­

t e l y reproduce the amplitude and waveform of the voltage appearing 

across the measuring shunts from which q can be evaluated. 

The s e n s i t i v i t y o f an o s c i l l o s c o p e ( i n pC) when used w i t h a r e s i s ­

t i v e measuring shunt may be obtained simply from the f o l l o w i n g formulae 

due t o Krueger'''^. 
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When a m p l i f i e r noise i s the l i m i t a t i o n 

optimum s e n s i t i v i t y i s Sain" ^^373 " ~ " '^••^^ 

2 5 - if 29 
When c i r c u i t noise i s the l i m i t a t i o n q^^^ =/KTC^.-^ 

I n the f i r s t expression N i s a . f u n c t i o n o f y b a n d w i d t h , while i n the 
^ f^'d\^C«-Vrfj < 

second i t i s independent o f bandwidth. $ ) . » 1 / ^ 2 * 

The noise l e v e l o f a moderate o s c i l l o s c o p e o f say 5 MHz bandwidth 

might t y p i c a l l y be ICQ ̂ V. Then f o r Ĉ  = 100 pF. 

y 2 . i o - \ i o - ^ Q , 
'^min = 0 3 7 5 — = 

One disadvantage o f using the f u l l frequency range of the i n s t r u ­

ment i s t h a t a l a r g e power frequency voltage component may develop 

across the detector impedance and impair s e n s i t i v e measurements and 

r e c o r d i n g . Generally, a h i g h pass f i l t e r w i t h a cut o f f a t 1 or' 10 

kHz i s i n s e r t e d between d e t e c t i o n impedance and the o s c i l l o s c o p e . 

ifO 

if.2.1b ERA model I I I instrument 

This instrument, shown schematically i n F i g . if .12 l> i s one of 

three o r i g i n a l l y developed by ERA f o r discharge d e t e c t i o n and i s 

classed as a wideband i n s t r i m i e n t ; i t i s used i n conjunction w i t h a 

band-pass from 10 KHz and the gain i s greater than 10^. Various 

i n p u t c o u p l i n g u n i t s are a v a i l a b l e f o r matching d i f f e r e n t ranges of 

sample capacitance t o the instrument. The primary c i r c u i t of each 

band-pass co u p l i n g u n i t i s c r i t i c a l l y damped a t frequencies w i t h i n 

the range 15 t o 50 KHz by v p r o v i d i n g a s u i t a b l e value o f primary induc­

tance t o match a range o f sample capacitances. The secondary i s 

overdamped w i t h a time constant o f about 50 ns. The o v e r a l l sensi­

t i v i t y , which i s p r o p o r t i o n a l t o y^!^ i s determined by a m p l i f i e r noise, 
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and i s 0.005 pC f o r = 6pF (the lowest acceptance specimen capaci­

tance due t o s t r a y c a p a c i t y ) , and 15 pC f o r = 250 ;aF. 

The output voltage waveshape from the instrument and measuring 

c i r c u i t i n response t o a discharge w i t h i n the t e s t object i s shown 

i n F i g . 4 . 1 Z c : . The r e s o l u t i o n i s of the order of 30 ^s (correspon­

d i n g t o f ^ = 15 KHz) which enables about l80 discharge per quadrant t o 

be d i s c r i m i n a t e d a t 50 Hz t e s t voltage frequency. 

A f t e r a m p l i f i c a t i o n , the discharge pulse i s displayed on an o s c i ­

l l o s c o p e screen superimposed upon an e l l i p t i c a l time base synchronized 

w i t h the power frequency t e s t supply. A phase adjustment c o n t r o l 

( r o t a t e e l l i p s e ) enables the top and bottom p o i n t s o f the CRO di s p l a y 

t o be made co i n c i d e n t w i t h the t e s t voltage peaks. 

The instrument has been designed w i t h a continuously v a r i a b l e amp­

l i f i e r gain c o n t r o l and i n order t o measure the apparent discharge mag­

ni t u d e q i t i s provided w i t h an i n t e r n a l c a l i b r a t o r . 

One o f the main advantages of the instrument i s t h a t i t presents a 

v i s i b l e d i s p l a y which, w i t h experience, may be used t o d i s t i n g u i s h d i s ­

charges o c c u r r i n g w i t h i n the t e s t o b j e c t from those o c c u r r i n g e i t h e r i n 

the b l o c k i n g c a p a c i t o r , the t e s t i n g transformer or on the busbar system. 

The i n d i c a t i o n may also be used t o d i s t i n g u i s h d i f f e r e n t types of d i s ­

charge o c c u r r i n g w i t h i n the one t e s t o b j e c t . T y p i c a l examples o f the 

discharge p a t t e r n obtained when the measuring shunt i s i n se r i e s w i t h 

the sample f o r d i f f e r e n t types o f discharge are given i n F i g . 4.13 • 

The p o s s i b i l i t y o f using the instrument i n t h i s way r e s u l t s d i r e c t l y 

from the f a c t t h a t the bandwidth i s wide enough t o maintain pulse p o l ­

a r i t y a t the output. This i s also t r u e of an o s c i l l o s c o p e , but f o r 

r e c o r d i n g purposes the ERA I I I i s p r e f e r r e d . 
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if.2 . 1 c ERA model I I instrument 

A form of the Model I I instrument i s commercially a v a i l a b l e . The 

instrument employs a bandpass i n p u t c i r c u i t c o n s i s t i n g of an auto 

transformer which i s coupled t o the band-pass i n p u t c i r c u i t , i n t e r n a l 

t o the instrument, by a connecting c o a x i a l cable. This i s tuned t o 

the measuring frequency o f the a m p l i f i e r , which i s 500 KHz, the band-

wi d t h a t t h i s frequency i s f = 10 KHz. 

A range of transformer coupled input c i r c u i t s are provided f o r 

d i f f e r e n t ranges o f sample capacitances; the t o t a l range o f specimens 

which can be accommodated i s 7 pF t o 0.1 jiF. S e n s i t i v i t y i s 0.005 pC 

f o r 10 pF and 1.5 pC f o r 0,1 yF, 

Because of the narrow measurement bandwidth, the output of the 

instrument a m p l i f i e r s has an envelope o f width about 2/10 = 200 | i s . 

The r e s o l u t i o n i s about lifO ^ or ifO pulses per quadrant a t 50 Hz t e s t 

frequency. 

if. 2 . 2 Measurement of i n t e g r a t e d q u a n t i t i e s 
27 i f l 

if.2 . 2 a Mean cu r r e n t meters ' 

The requirements f o r a s a t i s f a c t o r y mean current meter are i l l u s ­

t r a t e d i n F i g . i f . 1 ^ . I n t h i s instrument discharge pulses appearing 

across the measuring impedance, R^ and Ĉ  i n p a r a l l e l are a m p l i f i e d , 

r e c t i f i e d and then averaged. 

The voltage appearing across the measuring impedance i s given by 

equation i f . 6 , i . e . , 
v^(t) = 4v ( ^ ] £ ' V d ' Cp = c ^ V ( c , . V 
I f t h i s i s averaged one obtains 

i ^J ' V'^ - %V = ' • V t "..30 

Hence, averaging the voltage across a f i x e d measuring resistance gives 

an i n d i c a t i o n p r o p o r t i o n a l t o 
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= I , or ̂ n//q|= I 4 .3I 

i f a l l pulses are o f the same charge. 

There are three requirements f o r the a m p l i f i e r which may have a 

h i g h pass f i l t e r between i t and the d e t e c t i n g impedance t o suppress 

power frequency v o l t a g e s . These are:-

i ) High upper c u t - o f f frequency t o o b t a i n the c o n t r i b u t i o n due 

to h i g h frequency components i n the discharge. 

i i ) Wideband t o enable c o r r e c t waveforms t o be obtained without 

d i s t o r t i o n due t o overlapping of consecutive pulses. 

i i i ) Low frequency c u t - o f f t o provide lower frequency, p a r t i c u ­

l a r l y power frequency harmonic, r e j e c t i o n . 

I n p r a c t i c e f^^ = 5MHz, f ^ = 30 KHz or 10 KHz have been suggested. 

I t should be noted t h a t a f t e r passage through the high pass f i l t e r and 

a m p l i f i e r the discharge pulses are d i s t r i b u t e d so t h a t the v o l t time 

i n t e g r a l , i . e . , the charge o f the pulse above and below the zero l i n e 

are equal and r e c t i f i c a t i o n i s t h e r e f o r e necessary. Also t h a t i f meas­

u r i n g c i r c u i t B i s used the compensating and recharge pulses, which have 

equal charge, are a d d i t i v e across the measuring impedance, while f o r 

c i r c u i t A they cancel. The time constant Ĉ R̂  should t h e r e f o r e be kept 

sh o r t r e l a t i v e t o ZC, when c i r c u i t A i s used i n order t h a t the charge 
d 

and recharge pulses do not overlap. 

4.2.2b RIV meters^^ 

Radio noise meters, or Radio Influence V o l t (RIV) meters were used 

i n an attempt t o c o r r e l a t e on a n a t i o n a l basis i n the USA the e f f e c t s of 

extraneous e l e c t r i c a l f i e l d s associated w i t h t r a n s i e n t s i n p l a n t and 

tran s m i s s i o n l i n e systems on r a d i o communications. The type of i n s t r u ­

ment was e s s e n t i a l l y a super-heterodyne r a d i o r e c e i v e r , w i t h detector 
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c i r c u i t s designed t o have s p e c i f i e d time constants and a l o g a r i t h m i c out­

put meter c a l i b r a t e d t o measure the r a d i o frequency input voltage a t a 

s p e c i f i e d frequency d i r e c t l y i n m i c r o v o l t s . RIV meters generally oper­

ate over one o f two frequency ranges, 0.15 MHz t o 30 MHz or 30 MHz t o 

100 MHz. The measurement i s continuously v a r i a b l e w i t h i n the range and 

the s p e c i f i c a t i o n s give bandwidth l i m i t s o f from 2.5 KHz t o 11 KHz appro­

x i m a t e l y f o r the normal measurement frequency, f ^ , of 1 MHz. 
43 44 

The two main meter s p e c i f i c a t i o n s give the response of the i n s -
truments t o sho r t ~ ) O.I58 y. VS pulses repeated a t 100 pps as 

d 

e q u i v a l e n t t o a ImV rms sine wave of frequency f ^ . Based upon this-: 

c a l c u l a t i o n ^ m e t e r s made t o e i t h e r o f the s p e c i f i c a t i o n s should have d i f f ­

e r ent responses since t h e i r s p e c i f i e d detector time constants d i f f e r . 

T h i s may be seen since the instrument acts as a narrowband a m p l i f i e r , 

whose a m p l i f i e r output i s p r o p o r t i o n a l t o q (since the response i s deter­

mined by the v o l t - t i m e i n t e g r a l o f a voltage pulse over a re s i s t a n c e ) 
and i s o f — d u r a t i o n . When passed through the quasi-peak detector c i r -

Af 
c t i i t , the output c a p a c i t o r w i l l charge t o a c e r t a i n value while the 

pulse l a s t s , then g r a d u a l l y d i s c h a r g e according t o the s p e c i f i e d detector 

discharge time constant. This gives a response which depends upon i n ­

put pulse r e p e t i t i o n r a t e f o r meters having I/6OO and I /15O mS detector 

time constants. 
37 

The o v e r a l l response i s determined from 

V =y2 A-f q R^ k (;iV) 4.32 

where q i s apparent charge i n pC, R^ i s the input resistance across the 

meter t e r m i n a l s ( i n c l u d i n g the meter in p u t r e s i s t a n c e i f not n e g l i g i b l e ) 

and k i s the f a c t o r determining the output voltage v a r i a t i o n w i t h pulse 

r e p e t i t i o n r a t e n. 
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RIV meters are u s u a l l y used w i t h a c i r c u i t which has an equivalent 

measuring impedance Z^ = R̂  = 1 5 0 ^ . I f t h i s i s used as the input 

r e s i s t a n c e then the instrument response may be checked by i n j e c t i n g a 

known charge q through the r e s i s t o r . This i s done by i n j e c t i n g a f a s t 

r i s e time pulse of amplitude V^, repeated n times/second, through a 

known capacitance C , o f value such t h a t 

CR,«''/f,, q = f f v e- V o = v c if.33 V'd "d* ^ ~ R, ] 'o ~ ' - - 0-0 

d o; 

if.2.2c Measurement of discharge power P 

A normal Sobering bridge w i t h a s e n s i t i v e detector measures the 

power l o s s due t o p a r t i a l discharge, but affordsno means of separating 

t h i s from normal d i e l e c t r i c l o s s . This d i f f i c u l t y may be overcome by 
if5 

a m o d i f i c a t i o n by Gelez F i g . if.15a,, whereby balance adjustment i s 

made successively w i t h a s e l e c t i v e galvanometer or e l e c t r o n i c d e t e c t o r , 

tuned t o the t e s t frequency, and w i t h a cathode ray o s c i l l o s c o p e . At 

the f i r s t s e t t i n g , the t o t a l capacitance and l o s s c u r r e n t ( i n c l u d i n g 

those due t o discharge) are balanced out. The bridge i s then r e a d j u ­

s t e d , using the o s c i l l o s c o p e , t o balance only the normal l o s s and capa­

c i t a n c e c u r r e n t s , e l i m i n a t i n g the basic power frequency component. 

Two values of power l o s s i n the specimen are then c a l c u l a t e d from each 

o f the two sets o f bridge readings, t h e i r d i f f e r e n c e g i v i n g the power 

l o s s a t t r i b u t a b l e t o discharges. The e f f e c t i v e capacitance change due 

t o the p a r t i a l discharge c u r r e n t can also be c a l c u l a t e d , g i v i n g a 

d i r e c t measure of the f r a c t i o n a l volume of c a v i t i e s i n the d i e l e c t r i c . 

The l a t t e r i s expressed by (where AC i s the apparent change 

i n C). 

The s e n s i t i v i t y o f t h i s system i s l i m i t e d by r e s i d u a l mains har­

monics (since i t depends on v i s u a l balancing by means of the CRO). A 
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more complex bridge arrangement has been suggested by Veverka et a l ' ^ ^ 

t o overcome t h i s d i f f i c u l t y w i t h o u t the need f o r a very pure sine wave 

supply. 

4.2 .2d Veverka's methods^^ 

The suggested form of the bridge i s shown i n F i g . 4.15.b'. The 

s e t t i n g up c o n d i t i o n i s R^C^ = R̂ Ĉ̂^ i . e . the same as the a.c. balance 

c o n d i t i o n s . 

Therefore, V^ = AY eT^^^^x 

and V dt = R,q ; t h a t i s , the charge magnitude i s given by TT-J d d R̂  

times the v o l t - t i m e i n t e g r a l across R̂ . 

This r e l a t i o n s h i p i s f o r the compensating charge. For recharge from 

the supply i t may be shown t h a t there w i l l be no voltage across the 

diagonal of the b r i d g e . Now the energy change AE may be equated t o 

qV where V i s the instantaneous voltage across the t e s t o b j e c t . There­

f o r e , t o determine the power d e l i v e r e d by the discharge i t i s possible 

t o use a w a t t m e t r i c a l system. The unbalance voltage due t o discharges 

i s f e d i n t o a low frequency a m p l i f i e r , feeding the voltage c o i l o f the 

watt-meter. The instrimient transformer i n the diagram i s used t o 

balance out the d i e l e c t r i c l o s s component of the t e s t o b j e c t . 

4.2.2e The 'loop t r a c e ' method 

The loop trace method, i n the form shown i n F i g . 4.16b was deve-

loped by Dakin . I t gives a very convenient method f o r measuring the 

p a r t i a l discharge power and i n d i c a t i n g discharge i n c e p t i o n voltage 

(above a c e r t a i n magnitude o f disc h a r g e ) . Dakin's c i r c u i t was deve­

loped from the simple method i l l u s t r a t e d i n F i g s . 4 . l 6 a . 

R e f e r r i n g t o F i g . 4,17a 

V = 7^ + V 4.34 • 0 a s 
Q =VC. - V C - - - - - - '+.35 

's a s 
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I f i s a constant d u r i n g the discharging p e r i o d then ^ = 

d u r i n g the non-discharging p o r t i o n = Ĉ  

Here C represents the t o t a l capacitance of s o l i d d i e l e c t r i c i n the s 
sample w i t h a l l a i r spaces completely short c i r c u i t e d . 

I f C i s o n l y s l i g h t l y > C . i t i s d i f f i c u l t t o measure accurately s axr 

from the r e s u l t a n t p a r a l l e l o g r a m . This can be avoided by Dakin's 

method i n which the normal charging current i s e l i m i n a t e d together w i t h 

l o s s e s . The method. F i g . i f . l 6 b , employs four capacitance arms. Ĉ  

and are c a p a c i t o r s which sire r e l a t i v e l y l a r g e compared w i t h Cj^^ and 

the sample capacitance Ĉ  (C^ and Ĉ^ 0.1 t o 1.0 yF). The voltage AB 

i s i n t r o d u c e d t o the v e r t i c a l d e f l e c t i o n p l a t e s o f the CRO. Balance i s 

achieved by v a r y i n g Ĉ .̂ The l o s s angle may be balanced (as i n Wien 

Bri d g e ) w i t h r e s i s t a n c e r i n s e r i e s w i t h Cj^^ or R̂  i n p a r a l l e l w i t h C . 

The l a t t e r i s u s u a l l y p r e f e r a b l e i n which case the time constant Ĉ  R̂  

should be chosen as not t o discharge Ĉ  d u r i n g the c y c l e . The detec­

t o r used by Dakin employed an audio transformer having a high impedance, 

100 K51. 
dQ 

During the d i s c h a r g i n g p a r t of the cycle - r ^ = C -C and during the 
0." S X 

< 

non-discharging p e r i o d the slope i s zero. I t i s important t h a t there 

be no harmonics i n the t e s t voltage because otherwise i t i s not possible 

t o balance the b r i d g e . The s e n s i t i v i t y may be found using the r e l a t i o n ­

s h i p q = C|̂R ( v e r t i c a l d e f l e c t i o n on osc i l l o s c o p e i n v o l t s ) , where R i s 

the d e t e c t o r transformer r a t i o . Dakin s t a t e s t h a t the charge per cycle 

s e n s i t i v i t y i s b e t t e r than 5 x 10~''^ coulombs (500 pC). 

A measure o f the discharge energy E i s the area of the loop t r a c e , 

= Q (1.5708V + 0.if292 V.) Joules per cycle a t the t e s t 

frequency used, 
= H (1.5708V + 0.if292 V.) Vol t d i v i s i o n s . The values of H, max 1 
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V and V. are as shown i n F i g . if .17d the charge diagram i s assumed t o max 1 . 0 0 

if7 
c o n s i s t o f a paral l e l o g r a m p l u s two h a l f e l l i p s e s . 

if .3 Discharge measurements a t very low frequency 

I n the preceding sections i t was mentioned t h a t conventional d i s ­

p l a y and i n d i c a t i n g instruments are unsuitable f o r use a t VLF. I n the 

i n i t i a l experimental work an estimate was made o f the s e n s i t i v i t y t h a t 

could be obtained using a conventional RC i n t e g r a t o r . To appreciate 

the problem, consider the f o l l o w i n g argument. The voltagei output of 

an i n t e g r a t o r i s ^ 

e = ^ |e. dt or e =:5^^'"^ ^06 
o RC J 1 o RC o 

where T = d u r a t i o n o f pulse. The discharge pulse from the a m p l i f i e r 

output i s ̂  30 jus i n complete w i d t h , however, the amplitude i s only 

constant f o r 6 p.s. Considering t h i s as the inp u t pulse t o the i n t e ­

g r a t o r , the output voltage i s e^ 6.10 ^/RC, Now RC has t o be p r e f ­

e r a b l y much greater than the p e r i o d i c time o f the a p p l i e d wave, i . e . 

RC»10s. The highest discharge voltage pulse recorded was 5 V, t h i s 

corresponded t o 3000 pC. I t i s now possible t o estimate the output 

v o l t a g e from the i n t e g r a t o r due to s i n g l e discharge of 3OOO pC, i . e . , 

5 X 6 x 10~VlO = 3 jiV. This f i g u r e i s very low and poses a 

problem f o r the e l e c t r o n i c s i n terms o f supply r a i l s t a b i l i t y and 

c i r c u i t noise. By c o n s u l t i n g Table if.3.1 f o r number of discharges/ 

h a l f c y c l e i n a given voltage l e v e l , the t o t a l voltage output from the 

i n t e g r a t o r may be estimated f o r a h a l f - c y c l e . I t was deduced t h a t 

the output voltage from the i n t e g r a t o r was 

V ( ^ R C ^ ° ) \ = ^ ^ i ' "^^^^ = 

Since the output voltage o f an i n t e g r a t o r i s p r o p o r t i o n a l t o the 

sum o f the i n p u t pulses i n number and magnitude we have 
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e = 6 X 10"'' ) N.V 4.37 

where = number of pulses i n a p a r t i c u l a r voltage l e v e l 

V^ = average voltage of the pulse i n a p a r t i c u l a r voltage 

l e v e l = (V + AV ) / 2 . 

From Table 4 . 3 , 

N.V = 25 , the output from the i n t e g r a t o r i s t h e r e f o r e X a 

25 X 6 X lO"'' = 15 }iV. 

Thus, i n t e g r a t i n g the discharge pulses over the p e r i o d i c times of 

the t e s t wave r e s u l t s i n a very small voltage output. This voltage i s 

too small t o be seen v i s u a l l y on an o s c i l l o s c o p e and would need d.c. 

c i m p l i f i c a t i o n . The maximum-sensitivity on the oscilloscope used was 

50 mV/cm, a s i g n a l o f lOmV/cm on t h i s scale would be j u s t v i s i b l e . 

Thus the d.c. a m p l i f i e r would need a gain of a t l e a s t 10 mV/l5 |iV •= 

670. The r e s t r i c t i o n s on the a m p l i f i e r system are as mentioned:-

(1) good voltage s t a b i l i t y i n the voltage r a i l s feeding the 

a m p l i f i e r ( a l s o d i f f e r e n t i a l a m p l i f i e i ' ) ; 

(2) very small r i p p l e on the supply r a i l s , ( d e t e c t o r system 

should be powered by b a t t e r i e s ) ; 

(3) very low noise a m p l i f i e r s w i t h low d.c. d r i f t p r o p e r t i e s 

are necessary. 

The f i g u r e o f 15 }iV i s q u i t e r e a l i s t i c and i t was indeed d i f f i ­

c u l t t o o b t a i n an i n t e g r a t e d s i g n a l , due t o the causes mentioned. 

However, using pulse h e i g h t a n a l y s i s , s e n s i t i v e measurements of charge 
27 

and energy may be made. A t y p i c a l pulse coxmting arrangement i s 

shown i n F i g . 4 . l 8 , voltage pulses developed across the detector impe­

dance are fed through a high pass f i l t e r t o a wideband a m p l i f i e r . 

The i n p u t measuring c i r c u i t aind a m p l i f i e r bandwidths should be 

such as t o u t i l i s e f u l l y the time d i s c r i m i n a t i o n of the counters. 
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U s u a l l y r e s i s t a n c e i n p a r a l l e l w i t h capacitance i s used as a measuring 

impedance, the capacitance being made v a r i a b l e t o reduce s e n s i t i v i t y , 

w h i l e i s v a r i e d t o keep approximately constant pulse d u r a t i o n . The 

gain o f the a m p l i f i e r s may be t y p i c a l l y 10^ (10 jiv s e n s i t i v i t y ) which i s 

then s u f f i c i e n t t o give a s e n s i t i v i t y o f 0.01 pC i n a t e s t specimen o f 

100 pF, and also provide enough s i g n a l t o operate the pulse counters. 

The pulse counter i s operated w i t h a d i s c r i m i n a t o r l e v e l or pulse 

h e i g h t analyser before the counting stages, and pulse i n v e r s i o n i s usua­

l l y necessary since counters operate w i t h one p o l a r i t y o nly. 

I n assessing the accuracy o f pulse counts, i t i s necessary t o take 

account o f the f r a c t i o n of pulses l o s t due t o t h e i r occurrence w i t h i n 

the d i s c r i m i n a t i o n time o f the counter, which may be defined as the 

minimum time d i f f e r e n c e between consecutive pulses such t h a t the counter 

counts both pulses. The amount of e r r o r involved can be estimated by 

using Poisson s t a t i s t i c s f o r random events . This law s t a t e s t h a t , 

f o r events o c c u r r i n g a t random the p r o b a b i l i t y t h a t a time ( t ) elapses 

between consecutive events i s given by 

p = ^ e d t - ^.38 

where p i s the average occurrence of events/unit time. Applying t h i s 

law t o the case o f random pulses, and t a k i n g '^as the r e s o l u t i o n time 

f o r the counters, i t can be seen t h a t a p r o b a b i l i t y of an i n t e r v a l l e s s 

than t h i s would be given by 

P ^ ;ie" dt k,39 
oj 

To take account o f the bunching o f pulses during the 0.1 Hz c y c l e , 

ji must be m o d i f i e d . 
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I n t e g r a t i n g equation (9) gives 

p = 1 - Q-?^ _ . i^.ito 

The p r o b a b i l i t y value P i s the l o s s o f pulse i n a given count. A 

curve showing the e f f e c t 'of t h i s and also i l l u s t r a t i n g the e f f e c t of 

bunching i s shown i n F i g . 4 .19 , 

4.4 I n i t i a l experimental i n v e s t i g a t i o n , sirrangement and 

r e s u l t s 

I n order t o minimise the e l e c t r i c a l noise due t o commutation, the 

h i g h v o l t a g e VLF supply was f i l t e r e d . I t i s desirable t h a t the high 

v o l t a g e supply should not be f i l t e r e d excessively because o f : -

a) l o s s o f supply voltage across specimen by impedance d i v i s i o n 

b) too l o n g a supply recharge time constant f o r the discharge 

pulses which can a l s o reduce the sample voltage under c e r t a i n 
49 

c o n d i t i o n s - Widmann . 

The f i l t e r comprised 20 Msi i n s e r i e s w i t h 3nF, g i v i n g k% (1 dB) 

l o s s i n 0.1 Hz t e s t voltage across the specimen, whereas 9^% (26 dB) 

o f the commutation noise was f i l t e r e d from the specimen. Further 

r e d u c t i o n i n commutation noise and other e l e c t r i c a l i n t e r f e r e n c e common 

t o the VLF high voltage supply can be reduced s u b s t a n t i a l l y by using a 

balanced bridge and a p r e c i s i o n h i g h frequency d i f f e r e n t i a l a m p l i f i e r 

( F i g . 4 . 2 0 ) . An a l t e r n a t i v e t o t h i s i s to employ a l o g i c system 

developed by Black^? s e n s i t i v e measurements i n an e l e c t r i c a l l y noisy 

environment can be obtained w i t h t h i s method. 

4.4.1 0.1 Hz discharge bridge and d i f f e r e n t i a l discharge 

detector 

One arm o f the discharge bridge consists of a discharge-free high 

v o l t a g e capacitor (C^) terminated i n a d e t e c t i o n c i r c u i t c o n s i s t i n g of 

both v a r i a b l e r e s i s t a n c e (R2) ^̂ "̂  capacitance (C^). The other arm 
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c o n s i s t s o f the specimen i t s e l f , terminated i n a f i x e d resistance (R^) 

and capacitance (C^) d e t e c t i o n c i r c u i t ( F i g . ^ . 2 1 ) . The time constant 
k -10 

o f the d i f f e r e n t i a l d e t e c t i o n c i r c u i t i s 10 x 10 F = 1 yns. 

However, the lead capacitance of the d i f f e r e n t i a l a m p l i f i e r modifies 

t h i s to k jxs. Balance of the bridge i s achieved by varying both r e s i s ­

tance and capacitance i n one arm o f the d e t e c t i o n c i r c u i t . The v a r i a b l e 

capacitance compensates f o r the d i f f e r e n c e i n the i n i t i a l voltage step 

o f the balancing square wave, w h i l s t the v a r i a b l e resistance compen­

sates f o r the decay time ( F i g . ^ . 2 2 ) . 

For the bridge t o be balanced, the voltage amplitudes and decay 

times i n the d i f f e r e n t i a l c i r c u i t must be equal. As a consequence of 

t h i s , a balance which i s independent of frequency i s achieved (provided 

t h a t the d i e l e c t r i c losses o f C and C are equa l ) . 
s X ^ 

V' C t/(C + C^)R 
\ = c-7%^' " 

B 2 
V C ^ _ t / ( C + C )R 

For zero output voltage from the bridge V - V = o, or V = V 

a D a D. 

The i n i t i a l voltage step i s determined by capacitsince d i v i s i o n , and 

f o r the amplitudes t o be equal C^/(Cg + C^) = C^(C^ + ) , or express-

i n i n terms o f the v a r i a b l e capacitance, C_ = C C,/C . 

^ S I X 

For the decay times t o be equal, the exponentials i n the above ex­

pressions must be equal, i . e . , (C^ + C2)R2 = ^'^^ + ^l^^l* Expressing 

t h i s i n terms o f the v a r i a b l e r e s i s t a n c e , R^ = (C^ + C^)R^/(C^ + C 2 ) . 

The v a r i a b l e time constant f o r balanced conditions must have a 

value [ ( C ^ + C^)Ry(Cg + C 2 ) ] x (C^ C y C ^ ) , or R2C2 = R^C^, 
where = (C^ + 1̂ [ * ' 
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R̂ Ĉ  = f i x e d d e t e c t o r time constant, 

^2^2 ~ v a r i a b l e d e t e c t o r time constant, 

Cg = standard discharge fre e capacitance, 

C = specimen capacitance. 

By using an os c i l l o s c o p e w i t h a good d i f f e r e n t i a l a m p l i f i e r as a 

discharge d e t e c t o r , common mode disturbances could be r e j e c t e d by 125 

times (42 dB) f o r a bandwidth of 100 kHz. This was determined by 

i n j e c t i n g a 2 kHz square wave o f known amplitude a t the top o f the d i s ­

charge bridge ( F i g . 4 .22a) and v a r y i n g R^C^ u n t i l the s i g n a l was a m i n i ­

mum a t the detector output ( F i g . 4 . 2 3 a ) . Hence, the r a t i o o f the two 

s i g n a l s gives a measure o f the common mode r e j e c t i o n i n the system. 

Thus, the balanced discharge d e t e c t i o n c i r c u i t i s capable of oper­

a t i n g i n the presence o f i n t e r f e r e n c e l e v e l s t h a t wovild make the use of 

a s i n g l e - i n p u t d e t e c t o r i m p r a c t i c a l . I n t e r f e r e n c e due t o commutation 

i n the t e s t c i r c u i t may be suppressed i n t h i s way ( F i g . 4 . 2 0 ) . 

13 

For optimum r e j e c t i o n , the d i e l e c t r i c losses i n the t e s t and high 

v o l t a g e standard should be equal, as otherwise the bridge balance condi­

t i o n s are d i f f e r e n t f o r every frequency. When the bridge i s balanced, 

a discharge i n the t e s t o b j e c t , of capacitance C produces an exponen-

t i a l l y decaying voltage pulse across the bridge balance p o i n t s . 

The o s c i l l o s c o p e used f o r a discharge detector was modified t o 

produce a s i n g l e e l e c t r i c a l output r e p r e s e n t a t i v e of the d i f f e r e n t i a l 

s i g n a l observed on the os c i l l o s c o p e screen ( F i g . 4.24). Because of a 

small amount of 5 MHz o s c i l l a t o r y pulses (due t o commutation) i n the 

output o f the d i f f e r e n t i a l a m p l i f i e r , a low-pass f i l t e r having a high 

frequency (3 dB) c u t - o f f o f 100 kHz was used t o completely attenuate i t . 

As the r e s o l u t i o n ( t ) between successive pulses varies approximately as 
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1 5 —1 

I the r e c i p r o c a l o f the bandwidth o f an a m p l i f i e r ( t = / ^ f ) , 10 ps~ 

should be resol v e d . However, as f a r as pulse height a n a l y s i s i s con­

cerned t h i s i s an inaccurate f i g u r e . For the pulse height analyser'', t o 

measure no e r r o r i n discharge magnitude, the output pulse from the 

f i l t e r due t o a s i n g l e discharge must be allowed t o approach zero v o l ­

tage. 

The d e t e c t o r time constant, being much l a r g e r than t h a t o f the 

a m p l i f i e r plays the major r o l e i n determining the output pulse width 

( F i g . 4 .23b) . However, the pulse width i s the sum o f the i n d i v i d u a l 

responses. To determine the time ( t ) f o r complete charging or d i s ­

charging o f an RC c i r c u i t , a value of 5 RC i s generally taken. On t h i s 

b a s i s , the time f o r the output pulse ( t ^ ) t o approach zero voltage i s 

c a l c u l a t e d from 
t ^ = 5 [ + (2KAf)"'^ ] - 4.43 

where R^, are the de t e c t o r capacitance and resistance r e s p e c t i v e l y , 

Af i s the bandwidth o f the a m p l i f i e r . S u b s t i t u t i n g i n the appropriate 

values o f R^C^ = 4 ; i s , Af = 100 kHz (R^C^ = 2 p ) i n the above 

equation gave a value of t ^ = 30 yis. Therefore, the maximum number of 
1 4 

pulses t h a t can be resolved w i t h o u t e r r o r i n amplitude i s / t ^ = 3.10 

ps~''.' The t h e o r e t i c a l value o f t o t a l pulse width ( t ^ ) was i n good 

agreement w i t h the experimental one ( F i g . 4 .23b) . 

For maximum e i m p l i f i c a t i o n , the discharge decay time constant ( t ^ ) 

of the pulse should exceed the time constant ( t ^ ) o f the a m p l i f i e r . 

/ Since, tg^= 1/(271 A f ) = 1.5 and t ^ = 4 jxs, these conditions are f u l ­
f i l l e d , i . e . t > t . However, under these c o n d i t i o n s , the f r o n t of p a 

the pulse which had a 0 .5 ^ r i s e time a t the input o f the 100 kHz 

f i l t e r was found t o be attenuated and having a r i s e time of = 3 | i s . 
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This agreed w e l l w i t h f i l t e r t heory t h a t gives a value t (lOJ^ - 90^) 
r 

= 0.35/(Af, 3 dB), Af = 100 kHz ( F i g . ^ .23b) . 

h,k,2 Pulse h e i g h t a n a l y s i s and measurement 

Before pulse h e i ^ t a n a l y s i s , the amplitude d i s t r i b u t i o n s of both 
£ 

charge (q) and energy (Ae) from the specimen Wfl"'̂  monitored. The 

experimental arrangement i s shown i n F i g . k.2k. This i s s i m i l a r to 

the f i n a l experimental arrangement and i s explained i n d e t a i l i n the 

f o l l o w i n g s e c t i o n . Also included i n t h i s s e c t i o n w i l l be the calcu­

l a t i o n o f discharge energy l o s s / c y c l e and c a l i b r a t i o n of the s i m i l a r 

systems. R e f e r r i n g now t o the i n i t i a l experimental work, the sen­

s i t i v i t y c o n t r o l s on the d i f f e r e n t i a l a m p l i f i e r were kept constant, and 

a t a l e v e l t h a t could cope w i t h the l a r g e s t pulse o c c u r r i n g without 

s a t u r a t i n g the d i f f e r e n t i a l a m p l i f i e r output. The maximum of each 

d i s t r i b u t i o n was determined, and i t was decided t o pulse height analyse 

i n t e n equal pulse window l e v e l s . U n f o r t u n a t e l y , only a s i n g l e 

channel pulse h e i g h t analyser was a v a i l a b l e , and the pulse window l e v e l 

had t o be adjusted f o r each new measurement. The results are shown i n Tables 

and 4,^.3:, and are p l o t t e d i n histogram form i n F i g . 4 .25. The 

count o f the pulses i n each window l e v e l was taken over ten times the 

p e r i o d i c time o f the low frequency t e s t wave (lOOs) and ten times above 

the commutation noise which was = 4 pC. These measurements were taken 

w i t h 10 kV peak a p p l i e d t o the specimen s t a t o r bar s e c t i o n . 

The i n t e g r a t e d discharge energy i n the specimen using the develo­

ped i n s t r u m e n t a t i o n was found t o be 1.7 J/pF/cycle * ^2% - see Table 4.^,3 

This compared favourably w i t h a f i g u r e of 1.5 J/yF/cjcle -20% when the 

specimen was t e s t e d a t 50 Hz w i t h a conventional d i e l e c t r i c l o s s anal­

yser (DLA). The same voltage was applied t o the specimen i n each case, 

namely 10 kV peak. Although experimentally the two methods o f measure­

ment were q u i t e d i f f e r e n t , the f i g u r e s f o r discharge energy l o s s / c y c l e 

- 69 -



are i n good agreement. This and previous experimental work^^ tends 

t o i n d i c a t e t h a t discharge energy l o s s / c y c l e i s approximately the same 

a t the two frequencies. 

4.5 F i n a l experimental arrangement and measurement 

technique 

To o b t a i n a good d i f f e r e n t i a l measurement i t i s r e q u i r e d t h a t the 

d i e l e c t r i c losses o f the standard and specimen be almost i d e n t i c a l ; 

t h i s i s d i f f i c u l t t o achieve i n p r a c t i c e . One way t o accomplish 

t h i s i s t o t e s t two i d e n t i c a l specimens a t the same time. I n t h i s 
way i t i s possible t o achieve a very high r e j e c t i o n from high f r e q u -

13 

ency noise on the t e s t supply . However, t h i s i s not the only 

requirement, the detector or d i f f e r e n t i a l a m p l i f i e r must also have 

a very good common mode r e j e c t i o n r a t i o over a wide frequency range -

t h i s i s d i f f i c u l t to meet. 

I n the f i n a l experimental arrangement, t h e r e f o r e , a simple 

' s t r a i g h t * discharge d e t e c t o r was used, thus a v o i d i n g the compli­

c a t i o n s o f a d i f f e r e n t i a l one. The high voltage VLF supply was 

doubly f i l t e r e d w i t h two RC s e c t i o n s , comprising 9 MS- and 0.01 yF 

r e s p e c t i v e l y and because a two-section h . v . f i l t e r was employed, i t was 

po s s i b l e t o perform reasonably s e n s i t i v e measurements ( F i g . 4 .27) . 

Before making discharge measurements, i t was necessary t o evaluate the 

l e v e l o f discharge i n the system w i t h a discharge free capacitor i n 

place o f the specimen. The commutation noise i n the system was 

found t o be = 200 pC i n 150 pF w i t h 20 kV /0.1 Hz a p p l i e d . 
Because o f the p r o h i b i t i v e l y l o n g time involved i n s i n g l e channel 

pulse height a n a l y s i s over a range of t e s t voltages, a simple low 
51 

r e s o l u t i o n multi-channel pulse height analyser"^ was designed and 

con s t r u c t e d , t h i s w i l l now be discussed i n d e t a i l . (A photograph of 
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the instrument i s shown i n F i g . 4 , 2 6 ) . 

4.5.1 Measurement 

A measurement o f t o t a l average discharge energy l o s s / c y c l e at 0.1 

Hz was made using an analogue m u l t i p l i e r i n conjunction w i t h a simple 

low r e s o l u t i o n pulse h e i g h t analyser (PHA) - t h i s i s shown i n F i g . 4.28. 

With t h i s i t was p o s s i b l e t o measure the instantaneous power or energy 

taken from the VLF supply due t o a discharge i n the specimen - t h i s i n 

t u r n gave the l o s s o f energy i n the specimen i t s e l f . 

The energy measuring system comprised:- the discharge d e t e c t o r , 

i n p u t a m p l i f i e r , m v i l t i p l i e r , h i g h voltage p o t e n t i a l d i v i d e r and PHA. 

A f r a c t i o n of the low frequency t e s t waveform (AV Sincot) and the i n d i ­

v i d u a l discharges' (q ) from the detector are m u l t i p l i e d together by an 
3. 

analogue device, the output of which (Ae) i s the instantaneous value o f 

charge times v o l t a g e , i . e . , Ae = SinoJ t ) q^. Energy may be taken 

from or returned t o the supply by the specimen. I t i s possible t o d i s ­

t i n g u i s h between energy supplied t o the specimen and t h a t returned by i t 

on a p o l a r i t y b a s i s . Charge-voltage pulses taken from the supply are 

p o s i t i v e , whereas those r e t u r n e d are negative. This may be deduced by 

c o n s i d e r i n g the phase.of the a p p l i e d voltage w i t h respect t o t h a t of the 

discharges and t a k i n g the product o f the two. Hence, i f the charge-

v o l t a g e pulses are i n t e g r a t e d over a s u f f i c i e n t l y long period of time 

and the d i f f e r e n c e taken, t h i s i s a measure o f discharge energy loss i n 

the specimen. However, only p o s i t i v e charge-voltage pulses were 

observed d u r i n g the experimental work. 

4 .5 .2 C a l i b r a t i o n 

The system was c a l i b r a t e d ( f o r a p a r t i c u l a r sample) by simultan­

eous i n j e c t i o n o f known charge and voltage a t the respective p o i n t s 
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F i g . 4 . 2 8 ) . For example, a known charge V^C^ i . e . , (q^) was i n j e c t e d 

i n t o the specimen, t h i s passed t h r o u ^ the measuring system and formed 

the X-input of the m u l t i p l i e r . Simultaneously, a known d i r e c t voltage 

(V, ) was a p p l i e d t o the bottom o f the high voltage p o t e n t i a l d i v i d e r 
CIC 1 

which formed the Y-input of the m u l t i p l i e r . Hence, the height of the 

vol t a g e pulse from the m u l t i p l i e r was V^^q^. i . e . , energy. Whereas i t 

i s necessary t o do a charge c a l i b r a t i o n f o r every d i f f e r e n t specimen, i t 

i s not necessary t o do a voltage one. The high voltage p o t e n t i a l d i v i -
4 + 

der had an a t t e n u a t i o n o f 1.0 x 10 - 3%. 

The m u l t i p l i e r had a frequency response o f 1 MHz and could cope 

w i t h voltages of+10 V peak a t the i n p u t s . The e l e c t r o n i c noise from 

the output of the m u l t i p l i e r was 10 mV p-p and t h i s set a l i m i t t o the 

smalles t s i g n a l t h a t could be m u l t i p l i e d . For example, t o see the out­

put from the m u l t i p l i e r c l e a r l y , s i g n a l s o f 0.8 V and 0.02 V were r e q u i ­

r e d on t h e i r r e s p e c t i v e i n p u t s . The voltage dynamic range o f the m u l t i ­

p l i e r was, t h e r e f o r e , taken t o be 10 x 5OO i . e . , 5«10^. The percentage 

e r r o r o f the f u l l output was ̂ %. Therefore, the m u l t i p l i e r used had 

good s e n s i t i v i t y , accuracy, voltage dynamic range and frequency response. 

4 . 5 . 3 C a l c u l a t i o n 

The PHA gives the number o f energy pulses i n a p a r t i c u l a r l e v e l 

(over t en cycles of the low frequency wave), summation and averaging was 

performed a r i t h m e t i c a l l y . Hence the t o t a l average discharge energy l o s s / 

cycle i n the specimen i s 

A V - ^ ^ 1̂ .1+1+ ^ ^ (V sincOt q^) 

where ^ = a t t e n u a t i o n f a c t o r 

V = instantaneous voltage a p p l i e d t o the specimen. 

A = i n t e g e r ^ 10 
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Tp = p e r i o d i c time of the low frequency wave, 

q = apparent discharge magnitude. 

cL 

The c o u l t e r s i n the PHA were d i v i d e d i n t o f i v e equal energy l e v e l s , 

i . e . e^, 2e.^, 3e^, 4 e , and ̂ e^ ( F i g . 4 , 3 3 ) . To c a l c u l a t e the t o t a l 

average i n t e g r a t e d energy l o s s / c y c l e a t 0.1 Hz, h e r e a f t e r r e f e r r e d t o 

as t o t a l De(O.l) f o r b r e v i t y , the f o l l o w i n g c a l c u l a t i o n s were in v o l v e d . 

The De(O.I) i n a p a r t i c u l a r channel l e v e l (e ) , averaged over ten 
c 

cycles o f the low frequency wave i s . 
e^ = (ne.^ + i ^ ^'.I^n/IO 4.45 

where n = i n t e g e r ( l - ? 5 ) « 

N = number of pulses i n a given channel l e v e l c 

i . e . , ^^-^2 e t c . 

e^ = minimum d i s c r i m i n a t o r energy l e v e l f o r counter 1. 

^e^ = channel energy separation 

Since the counters are e q u a l l y spaced i n energy l e v e l s , 

e^ i n each channel l e v e l / c y c l e i s , e^^ = 0 . 1 5 

e^^ = 0.25N2e^, e^^ = 0.35N^e^, and e^^ = 0.45N^e^ - from equation 4.45 

where N̂ /̂̂  = r e s p e c t i v e channel l e v e l counts. 

The t o t a l De(O.I) i n the specimen i s , t h e r e f o r e , the sum of 

these i n d i v i d u a l q u a n t i t i e s , hence 

.4 AT 

. L = a | (^^^-^^ ^a^ - - - - - '̂ •'̂  

A sample r e c o r d i n g sheet used f o r t h i s purpose i s shown i n Table 4 . 5 . 3 . 

4 ,5 ,4 Experimental instrument f o r determining discharge 

energy l o s s / c y c l e 

Section 2.S-.\' explains the basic p r i n c i p l e involved i n the measure-
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ment o f t o t a l De(O.l). The present s e c t i o n i s concerned w i t h the 

d e s c r i p t i o n of the experimental instrument f o r i t s determination. 

The observed low r e p e t i t i o n r a t e discharge pulses a t 0,1 Hz made 

i t p o s s i b l e t o c o n s t r u c t a l o w - r e s o l u t i o n pulse height analyser (PHA) 

as a f i n a l s t o r e and r e c o r d i n g stage f o r the energy pulses taken from 

the supply. The PHA i s i n e f f e c t being used as a s e n s i t i v e i n t e g r a ­

t o r w i t h an i n f i n i t e time constant. An analogue i n t e g r a t o r and v i s u a l 

d i s p l a y a t VLF i s i m p r a c t i c a l . To i n t e g r a t e the r e l a t i v e l y small 

numbers o f discharge pulses a t 0 .1 Hz over a time i n t e r v a l much 

gr e a t e r than the p e r i o d i c time o f the a p p l i e d wave, r e q u i r e s the use 

of very l a r g e time constants. Therefore, i n t h i s a p p l i c a t i o n , the 

analogue i n t e g r a t o r i s very i n s e n s i t i v e . 

I n the instrument t o be described, the PHA records the energy 

pulses taken from the VLF supply i n f i v e amplitude s e l e c t i v e e l e c t r o ­

magnetic pulse counters. The number o f pulses w i t h i n any range of 

pulse magnitudes i s determined by s u b t r a c t i n g the sum of the upper 

channel count from the adjacent lower channel count. 

Because o f the low r e p e t i t i o n r a t e o f the discharge pvilses, and 

the r e l a t i v e l y h i g h time constant i n the discharge d e t e c t i o n c i r c u i t of 

15 ; i s , i t was p o s s i b l e t o use general purpose 741 o p e r a t i o n a l a m p l i f i ­

e r s i n the m a j o r i t y o f the instrument design. I t was also permissible 

t o use electromechanical counters as f i n a l d i g i t a l d i s p l a y s . The 

r e s o l u t i o n time o f the f i v e counters were extended by the use of b i ­

nary d i v i d i n g c i r c u i t s t o 16O, 80, 40 , 40 , 40 - ps~'' r e s p e c t i v e l y . 

Since the pulse r e p e t i t i o n r a t e decreases w i t h amplitude, the counters 

i n the lower l e v e l s were increased i n r e s o l u t i o n time by a greater 

amount. 
Discharges from the specimen are developed across VH which i s the 
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v a r i a b l e i n p u t a t t e n u a t o r f o r the voltage f o l l o w e r Â  ( F i g . 4 , 2 9 ) , The-

i n i t i a l amplitude of the discharge pulse developed across the terminals 

o f the i n p u t a m p l i f i e r , depends upon the r a t i o o f the sample capacitance 

C , t o t h a t of a s t r a y capacitance C . The s t r a y capacitance C i s X s s 

v a r i a b l e , depending upon the p o s i t i o n of the wiper on VR . The input 

capacitance o f the a m p l i f i e r i s n e g l i g i b l e . The decay time constant 

o f the discharge pulse i s then approximately, (C + C )R . Specimen 
X S X 

capacitances(C ) of i I50 pF were used i n the experiments and a value 

o f R was chosen t o be 100 kQ, , t h i s gave a detector time constant o f 
X 

15 y-s. The value o f R^ was a compromise between completely attenua­

t i n g the t e s t frequency and mai n t a i n i n g optimal s e n s i t i v i t y o f the f o l l ­

owing a m p l i f i e r s . Optimal s e n s i t i v i t y i s obtained i f the time constant 
13 

o f the a m p l i f i e r i s made equal t o t h a t o f the s i g n a l . 

The output o f A^ i s fed d i r e c t l y i n t o the Y-input of the analogue 

m u l t i p l i e r ( F i g . 4 , 3 0 ) . A f r a c t i o n of the VLF t e s t waveform fed 

through A2 forms the X-input o f the analogue m u l t i p l i e r . The high 

v o l t a g e c a p a c i t o r d i v i d e r Ĉ ,Ĉ  attenuates the t e s t frequency by 

4 X 10^ a t the i n p u t o f A2. VR^ ( F i g . 4.29) i s a f i n e adjustment 

c o n t r o l and w i t h t h i s i t i s possible t o set the amount of a t t e n u a t i o n 

i n the X-input o f the m u l t i p l i e r a c c u r a t e l y . I n t h i s case i t was set 

4 + 

t o 10 -3%. A2 and i t s associated components must not introduce any 

s i g n i f i c a n t phase s h i f t i n the t e s t waveform applied t o the m u l t i ­

p l i e r , otherwise e r r o r w i l l be introduced i n the m u l t i p l i c a t i o n o f q 
a 

and V. The only source o f phase e r r o r i n t h i s case would be i n the 

r e l a t i v e value o f Ĉ -, R,. The phase e r r o r i s then 9 = tan"'' (X /R) 

= t a n " ^ (6 .4 x 1oVlO^) g i v i n g < 4 ° or = % e r r o r . 

The two s i g n a l s having been m u l t i p l i e d together, are reduced i n 

gai n by 10 times a t the output of the m u l t i p l i e r - t h i s i s necessary 

because of the wide voltage dynamic range of the device. The l o s t 
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gain i s recovered through Â ^ ( F i g . 4 . 31 ) . A^i"^-! provide a s u f f i c i e n t l y 

low output impedance source capable of d r i v i n g f i v e energy pulse height 

d i s c r i m i n a t o r s connected i n p a r a l l e l . 

The f i v e p a r a l l e l connected energy pulse height d i s c r i m i n a t o r s con­

s i s t o f monostable c i r c u i t s A^_^^ ( F i g . 4.34) which develop at t h e i r 

o u t p u t s , pulses o f constant width and amplitude. The width of the out­

put pulse i s c o n t r o l l e d by R^^^C^ 100 jis i n t h i s case. An out-
-29 

put o n l y occurs when the incoming energy pulse (Ae) exceeds the voltage 

d i s c r i m i n a t i o n l e v e l set'on each c i r c u i t , these voltages are preset by 
VR g ^2 ^° » 3e^, 4e^ and 5e^» A continuously v a r i a b l e c o n t r o l 

VR^, ( F i g . 4.31) allows these preset l e v e l s t o be a l t e r e d simultaneously 

t o any amplitude range o f energy pulses. The voltage d i s c r i m i n a t i o n 

l e v e l (VR^) could be v a r i e d up t o a maximum o f 5V. T h i s , i n conjunc­

t i o n w i t h the i n p u t a t t e n u a t o r VR , could accommodate any amplitude 

range o f energy pulses experienced i n the experimental work. 

The 100 jis pulse from the d i s c r i m i n a t o r s i s i n s u f f i c i e n t t o operate 

the electromagnetic counters, and consequently must be lengthened i n 

ti m e . The b i n a r y d i v i d e r s B^_^ ( F i g . 4P34) perform t h i s lengthening 

i n time o f the counters. The bin a r y d i v i d e r s can not d r i v e the 

electromechanical counters d i r e c t l y , and t h e r e f o r e t r a n s i s t o r s ^ 

serve t h i s purpose. 

The energy pulses taken from the VLF supply are averaged over the 

cycles o f the 0.1 Hz, i . e . , 100s. I t i s convenient, t h e r e f o r e , t o 

have a b u i l t - i n device t h a t only allows the instrument t o f u n c t i o n f o r * 

t h i s p e r i o d of time, A^, RL perform t h i s f u n c t i o n ( F i g . 4 . 29 ) . The 

p i l o t bulb (L) i n d i c a t e s the count time i n t e r v a l . 
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The s t a b i l i z e d d.c. supplies used t o power the instrument are 

shown i n F i g . 4,35 and 4,36, I t i s p a r t i c u l a r l y important t h a t the 

v o l t a g e fed t o the voltage d i s c r i m i n a t o r l e v e l c o n t r o l i s w e l l 

s t a b i l i s e d , otherwise e r r o r i n pulse h e i ^ t d i s c r i m i n a t i o n would occur. 

To achieve the r e q u i r e d amount o f voltage s t a b i l i z a t i o n , a commercial 

r e g u l a t o r i s used f o l l o w i n g a s e r i e s r e g u l a t o r ( F i g . 4,35)• 

4,5^5 S e n s i t i v i t y o f the instrument 

The energy o f an i n d i v i d u a l discharge i s E^ = ^ 

v o l t a g e across the c a v i t y f a l l s t o zero. I f there are n equal d i s ­

charges/cycle, the t o t a l power l o s s would be ^ n f q V., This may be 

equated t o A t a n S, or ( t a n ^ ) ^ as measured on a Schering bridge.'''^ 

Hence, 

^ n f q^V. = 27lfC A t a n 6v.^ 4.47 

^ ^ ^ ^ ^ = ^.^8 

q = apparent discharge magnitude 

A t a n S = minimum r i s e i n tan S which may be 

discerned. For an average bridge 

t h i s i s = 10 ^. 

As an example, consider a specimen C of InF i n capacitance. 

S i n g l e discharges o f 6 x 10^ pC would j u s t be detectable a t = 5 kV 

r,m,s. - according t o the above formula. Detection of smaller d i s ­

charges a t voltages j u s t above would only be possible i f many s i t e s 
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were d i s c h a r g i n g . Thus, l o s s tangent measurements obtained from a 

Sobering b r i d g e , or by any i n t e g r a t i n g instrument, i . e . , the d i e l e c t r i c 

l o s s analyser (DLA) are i n s e n s i t i v e when only few discharges/cycle are 

present. I t i s also impossible f o r these instruments t o d i s t i n g u i s h 

between very l a r g e discharges i n the presence of many small ones. 

The developed instrument responds t o both l a r g e and small ampli­

tude pulses. I t i s also more s e n s i t i v e , .'thana Scherihg or DLA bridge 

i n t h a t i t responds t o s i n g l e pulses. The increased s e n s i t i v i t y i s 

obtained by using the PHA as an i n t e g r a t o r . I n the experimental arrange­

ment used, i t was possible t o detect 14 pC i n a specimen of 134 pF under 

c a l i b r a t i o n c o n d i t i o n s , V, being equivalent t o an a p p l i e d t e s t voltage 
etc 

o f 5 kV r.m.s. R e l a t i n g t h i s t o a value of tan S, and r e p l a c i n g 

the t e s t voltage f o r the i n c e p t i o n voltage i n equation 4.48, tan S 

10"* .̂ This i s an improvement o f 10^. i n s e n s i t i v i t y f o r an average 

b r i d g e , and 10 times f o r the most s e n s i t i v e . 

4.6 C a l i b r a t i o n of discharge measuring instruments and 

c i r c u i t s 

lEC Recommendations r e q u i r e c a l i b r a t i o n o f both the measuring 

instrument and the complete d e t e c t i o n c i r c u i t used f o r discharge meas­

urements. The suggested methods of c a l i b r a t i o n are o u t l i n e d below. 

Since the Recommendations themselves apply e s s e n t i a l l y t o lumped para­

meter t e s t o b j e c t s , the c a l i b r a t i o n method and i t s a p p l i c a t i o n t o par­

t i a l discharge t e s t i n g a l so only a p p l i e s t o t h i s type of o b j e c t . 

However ,j^accepted t h a t such a c a l i b r a t i o n be performed i n the case of 

d i s t r i b u t e d parameter t e s t o b j e c t s , as a minimum requirement. 

4 i 6 . 1 Instrument c a l i b r a t i o n 

An instrument c a l i b r a t i o n i s r e q u i r e d t o determine the instrument 
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a 

i n d i c a t i o n corresponding to JdischaTge of known apparent charge and repe­

t i t i o n r a t e , and also t o determine e i t h e r pulse r e s o l u t i o n or the e f f e c t 

of d i f f e r e n t pulse r e p e t i t i o n r a t e s depending upon whether the i n s t r u - ' 

ment measures an i n d i v i d u a l or an i n t e g r a t e d discharge q u a n t i t y . I n 

a d d i t i o n t o t h i s a complete determination of the instrument response 

over i t s working range of pulse amplitude and r e p e t i t i o n r a t e i s r e q u i ­

r e d t o e s t a b l i s h i t s s u i t a b i l i t y o f measurement i n t h i s range. The 

instrument i s c a l i b r a t e d together w i t h the detector impedance and conn­

e c t i n g cables since these are e s s e n t i a l p a r t s o f the instrument. I t 

i s suggested t h a t the c a l i b r a t i o n be repeated as necessary t o check 

t h a t the desired response c h a r a c t e r i s t i c s are maintained. 

4;6.2-.' C a l i b r a t i o n of instruments measuring apparent charge q 

C a l i b r a t i o n of an instrument f o r the measurement o f appsirent 

charge q o f s i n g l e p a r t i a l discharges i s c a r r i e d out by passing short 

c u r r e n t pulses o f any convenient but known charge magnitude, q^, through 

the instrument ( o r through the d e t e c t i o n impedance Z^). Such pulses 

may be produced by means o f a generator g i v i n g rectangular step voltages 

of amplitude V^, i n s e r i e s w i t h a small known capacitance Ĉ  should be 

small so t h a t the d u r a t i o n of the current pulse through Ĉ  i s small 

compared w i t h the response time of the instrument (or w i t h l/f2» where 

f2 i s the upper l i m i t ' o f the frequency response). The decay time of 

the step voltage should be long compared w i t h t h i s response time. Under 

these c o n d i t i o n s t h i s c a l i b r a t i o n pulse i s equivalent t o a discharge o f 

magnitude q^ = V^C^. 

As a source o f c a l i b r a t i o n pulses w i t h short r i s e times s m a l l , 

b a t t e r y operated, pulse generators are i n common use, employing e i t h e r 
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t r a n s i s t o r s or relays with mercury wetted contacts. 

^.6.3'- Calibration of instruments measuring I or D 

Instruments for measuring average discharge current I , or quadra­

t i c rate D, are calibrated by i n j e c t i n g pulses i n the same manner as 

described and the same requirements should be met. In addition the 

pulse r e p e t i t i o n r a t e , n, must be known. I f the pulses are derived 

from a rectangular voltage generator of fundamental frequency, f ^ , and 

i f both positive and negative current pulses are used, the r e p e t i t i o n 

rate n w i l l be equal to 2f . Under these conditions the instrument o ^ o , 
reading corresponds to an average discharge current I = 2f^.V^.C^, or 

to a quadratic rate D = 2f^.(V^C^)^. 

k,6,k- Calibration of RIV meters 

RIV meters are calibrated for p a r t i a l dischairge measurement pur­

poses by i n j e c t i n g pulses i n the same manner as described and again 

the same requirements should be met. In addition, however, the value 

of C should be such that the time constant of the pulse at the meter o 
1 

terminals i s y. Under these conditions for a pulse r e p e t i t i o n rate 

of 1CX3 ps the RIV meter ind i c a t i o n should be l a i d down i n the appro­

p r i a t e specification ( i . e . w i t h i n the specified l i m i t s ) for pulses of 

volt-time i n t e g r a l O.I58 pVS. 
The v a r i a t i o n of meter in d i c a t i o n , K, with the r e p e t i t i o n rate of 

—1 

repeated pulses (normalised with respect to the indication at 100 ps ) 

can also be determined by adjusting the repetion rate of the generator 

and again should be within s p e c i f i c a t i o n . 

^.6.5:.\ Calibration of the instrument i n the complete test 

arrangement 
The c a l i b r a t i o n of the instrument i n the complete test arrangement 
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i s made to determine the factor by which the indication of the i n s t r u ­

ment has to be mul t i p l i e d to give the desired quantity under the actual 

test conditions, with the test object connected. This factor i s a f f ­

ected by the c i r c u i t characteristics, especially by the r a t i o of the 

t e s t object capacitance to that of the coupling capacitor, Cy/^-^' 

Hence the c a l i b r a t i o n should be repeated for each new test object, 

except i n cases when tests are made on a series of p r a c t i c a l l y i d e n t i ­

cal test objects. The ca l i b r a t i o n need only be made at one or a few 

values of the measured quantity. This ca l i b r a t i o n can be used to 

check the minimum discharge i n t e n s i t y which can be measured. 
if.6.6., Calibration nf test arrangements for meafiurement of . 
" • " q x , I . D-Or RIV. ' -

4.6.6a lEC Method 

Calibration of instruments measuring q, I , D or RIV i n the com­

plete test arrangement should be made by i n j e c t i n g short current pulses 

i n t o the terminals of the t e s t object, as shown i n Fig. 4-37 at a 
suitable r e p e t i t i o n rate (lEC recommend twice test power frequency i n 

—1 

ps ) . I n the case of test c i r c u i t A,, shown i n Fig. 4.2b, i t i s impor­

tant to note that i f the c a l i b r a t i o n pulses are applied between the high 

voltage terminal and earth, errors are l i k e l y to be introduced. In 

the same case, errors w i l l also be caused by any stray capacitance Ĉ ^ 

to earth from the junction point of and the step voltage generator 

unless these are negligible i n comparison with i t s e l f , since t h i s 

causes a charge V̂ Ĉ ^ to flow through i n the opposite direction to 

the c a l i b r a t i o n charge. 

The c a l i b r a t i o n pulses are obtained i n the same manner as des­

cribed and should meet the same requirements. In addition to these 

requirements, the value of c a l i b r a t i n g capacitor must be less than 
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about 0.1 Ĉ , unless t h i s capacitor remains connected during a te s t . 

The c a l i b r a t i o n pulse, i s then equivalent to a discharge magnitude q = 
V C . 
o o 

^.6.6b Alternative methods 

An alternative method of c a l i b r a t i n g test c i r c u i t s with very low 

capacitance test objects (C^ < 10 pF) i s to i n j e c t a square wave from 

the generator d i r e c t l y i n series with C as shown i n Fig. it.37a ( i i ) 

the c a l i b r a t i o n pulse then being equivalent to q^ = V̂ Ĉ . 

Another way of obtaining c a l i b r a t i o n pulses i s 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 c a l i b r a t i o n , i s used with some i n s t r u ­

ments measuring apparent discharge magnitude and t h i s involves injec­

t i o n of charge i n t o an element of the low voltage part of the measuring 

c i r c u i t , as shown for example i n Fig. ^.37b ( i ) , by a generator having 

the same characteristics as discussed previously. The square wave i s 

often, as i n the ERA Model I I and I I I instruments, obtained from a mains 

driven relay thereby synchronising the c a l i b r a t i o n pulses with the test 

voltage frequency. 

I n either of the basic c i r c u i t s A and B, Fig. 4.2, in d i r e c t c a l i ­

b r a t i o n produces an indication equivalent to an actual discharge of mag­

nitude , 

q = V C — 
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5. MEASUREMENTS ON STATQR BAR SECTIONS 

In assessing the qualit y of single stator bars i t i s desirable to 
measure the amount of energy dissipated by discharges i n the insulation. 
The object of the present experimental work was to measure th i s energy 
and attempt to detect voids of d i f f e r i n g dimensions i n thermally aged 
stator bar sections, and to evaluate the performance of the specially 
designed instrument. Hereafter the stator bar sections w i l l be ref e r ­
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 f o r measuring both maximum tan 5 due to discharge loss only at 

0.1 Hz and tan ^ at 50 Hz, i . e . , the difference between discharge and 

s o l i d loss, hereafter these two quantities w i l l be referred to S^m and 

respectively. The t o t a l average discharge energy loss/cycle, i . e . , 

t o t a l De(O.l), over a range of test voltages was also measured. 

The measuring electrode of each specimen was 14 cm long, giving 

capacitances of I68 and 178 pF respectively. The specimens were f i t t e d 

with 3 cm long guards, the measuring and gxaard electrodes being applied 

with conducting paint. The specimens having been prepared, were then 

thermally aged i n an oven at a constant temperature of 180°C. Every 

kS hours, they were withdrawn from the oven and allowed to cool comple­

t e l y . The thermal shock which the specimens experienced, caused the 

in s u l a t i o n to delaminate. The specimens were aged for approximately 

260 hours i n t o t a l . 

5.2 Measurement of and S^m i n the thermally aged specimens 

At the end of each kS hour ageing i n t e r v a l , a measurement of both 

and made on the aged specimens. 
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ihotvn in •fi5f 
A measurement of was made using a Sobering bridge(4.15a over 

A A 

the t e s t voltage range of 10-20 kV -10 kV being the discharge incep­

t i o n voltage of the specimens, i s given by the relationship. 
= (tan (5 - tan S ) = iC^l - CRj 5.1 

I o d d 
c 1 1 

where tan o = C R ̂  " s o l i d plus discharge loss angle, and 

tan (§ = C R_ - s o l i d loss angle 0 d ° 

1 1 

Having obtained the values of C R2 and C R 2 from the Schering 

bridge, at balance, for various ageing times of the specimens, 

equation 5«1 i s used to obtain the values of S^, 

The measurement of S^m i n the specimens was obtained using the 

experimental arrangement shown i n Fig. 4.28. Here, t o t a l De(O.l) 
A 

was measured from 10-20 kV peak, i n intervals of 2 kV; the results are 

shown i n Table 5«2.1 Having obtained t o t a l De(O.l) for each value of 

test voltage for the aged specimens, i t i s then possible to express 

t h i s i n terms of an equivalent - the maximum value of t h i s was 

computed, i . e ^ , S^ra for comparison with S^, the results of which are 

shown i n Table 5'2.2. Calculation of thi s quantity i s explained i n 

section 5.^« The necessary c a l i b r a t i o n procedure involved i s ex­

plained i n Section 4 .5.2. 
5,3 Frequency independence of discharge inception voltage 
Since an e l e c t r i c a l discharge occurs i n a time i n t e r v a l approx-

-9 

imately 10 s, frequency effects i n are not to be expected u n t i l 

the t e s t frequency approaches t h i s time i n t e r v a l . B u f f l e r and 

Helszajn^^, have shown excellent correlation between p a r t i a l d i s ­

charge inception voltage at 60 Hz and power breakdown at 450 MHz, 

t h i s was obtained by the relationship P <• , where P i s the break-
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down power and i s the inception voltage. This information was 

obtained when the authors were designing a microwave c i r c u l a t o r . The 

d i e l e c t r i c materials used i n the experimental work were f e r r i t e and 

polystyrene crossed linked with t e f l o n . 

Both Mason^^ and Ro^gers^^ use a model to explain the possible 

v a r i a t i o n of discharge inception voltage with test-frequency;. they 

assume surface conductivity of the cavity walls of the void to be res­

ponsible. Whilst surface conductivity on the walls of the cavity 

with discharge a c t i v i t y no doubt effects the discharge sequence, i t i s 

un l i k e l y to be responsible for s i g n i f i c a n t changes i n discharge incep­

t i o n voltage, that i s the f i r s t discharge occurring i n the cycle as the 

voltage i s gradually increased across the void. Discharge inception 

voltage i s substantially independent of frequency because the voltage 

across the void i s i n i t i a l l y determined by the permittivities of the system. . 

During the present experimental work V^, at 0.1 Hz, was found to 

be 10?̂  higher than that at 50 Hz. The inception voltage (V^), at 0.1 

Hz, was more d i f f i c u l t to determine than at 50 Hz, because of the reduced 

frequency and commutation noise from the VLF generator. Nevertheless, 

i t was established that at the two frequencies differed by no greater 

amoimt than 10^. A subsidiary experiment conducted at 1200 Hz on mica-

ceaous insulation also showed to be essentially the same as at 50 Hz. 

Since micaceous insulation has an extremely high volume r e s i s t i v i t y , 

frequency dependence due to discharge a c t i v i t y i s not to be expected. 

5.4 Presentation of results at 0.1 Hz 

The power (P) dissipated i n a d i e l e c t r i c with associated p a r a l l e l 

r e s i s t i v e loss (R) i s and since tan S = 1/̂ uCR, the power (P), 

therefore, may be wr i t t e n as 

P = V^WC^ tan - -. 5.̂ + 

where V=Applied voltage.to the d i e l e c t r i c or specimen 

Angular frequency of the applied voltage 
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Ĉ  ».Stoniple capacitance below discharge inception 

tan = Loss angle of the specimen below discharge inception 

This i s the power dissipated i n the s o l i d part of the specimen. Th( 

part due to discharge only, at 0.1 Hz, i s (tan S - tan 5^), i . e . 

Now discharge energy loss/cycle (E) i s 

E = 2^0^* §2 (V-V.)^ 5.5 

where Ĉ  = Ĉ  +AC, i . e . , s o l i d capacitance plus that due 
X X 

* 
to discharge (C = C ) . 

= Discharge inception voltage 

2̂ = Loss angle due to discharge only 

Clearly, E i s a function of (V-V^)^. Therefore, i f discharge energy 

loss/cycle i s plot t e d versus (V-V^)^, a straight l i n e graph i s obtained -

providing Ĉ  and S^^ remain sensibly constant with applied voltage. For 

good q u a l i t y insulation t h i s condition should hold, since the insulation 

may be thought to contain only small voids of approximately uniform dim­

ensions. B r i e f l y , for good quality insulation, discharge energy loss/ 

cycle increases t o no greater than (V-V^)^^ However, i f the insulation 

contains fissures or other weak long paths, i n e r t 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, p l o t t i n g discharge energy loss/cycle as a function of (V-V^) 

makes analysis more amenable. 

Later, comparison i s made with 8^ and §2°» 20 kV peak being 

applied to the specimen i n each case. To calculate over a range of 

test voltages and S2ra at 20 kV peak, equation 5.5 i s re-arranged to give 

$2 = E/[21CC^ (V-V.)^] 5.6 

and 52m = A0^E/2f{.C^ 5-7 

where E i s the t o t a l De(0.l) i n Joule, C i s the specimen capacitance i n 

picofaraefand (V-V^)^ = 10^ i n Volt. 
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The results i n Table 5.2«2.̂ for S2m, are obtained via these equations. 

The decrease i n C with ageing time of the stator bar section was accou-
X 

nted for i n c a l i b r a t i o n . 

5.5 The var i a t i o n of t o t a l De(O.l) versus (V-Vj)^ with thermal 
ageing time of the specimens 
The increase and va r i a t i o n of t o t a l De(0,1) versus (V-Vi)^ for the two 

specimens i s shown i n Figs. 5.1 and 5.2; only i n i t i a l , intermediate 

and f i n a l ageing times are shown for c l a r i t y . 

Before discussing the experimental results obtained, an examina­

t i o n i s made of the possible ways i n which t o t a l De(0,l) might increase 

with (V-V^)^, these are:-

(a) I f t o t a l De(O.I) increases l i n e a r l y with (V-V^)^, t h i s 

implies that there i s no large increase with voltage i n 

either the number of separate discharging s i t e s , or i n 

th e i r average length. 

(b) I f t o t a l De(O.I) increases l i n e a r l y with (V-V^)^, at low 

voltages and then ceases to increase at high voltages, t h i s 

indicates that a l l the voids i n the insulation sire being 

discharged and no new discharge sites are available. 

(c) I f the rate of change of De(O.l) with (V-V^)^ increases with 

voltage, t h i s implies that the insulation contains fissures 

or long weak paths, i n e r t at moderate stresses, but dis­

charging over progressively longer paths as the stress 

increases. 

Referring now to the present experimental work, the results of which are 

plo t t e d i n 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 i n t e n t i o n being:-
(1) To measure any increase of t o t a l De(O.l) with ageing time of 

the specimens. 

(2) To d i f f e r e n t i a t e , i f possible, between both the large and 

small voids created i n the specimens (Fig. 5.10a, b and c ) . 
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The f i r s t of these was easy to measure. Figs. 5.1 and 5.2 show 

that f o r a l l ageing times the t o t a l De(O.l) i n the two specimens increa­

ses, but i s always proportional to (V-V^)^ on average. The best straight 

l i n e s through the experimental points show t h i s . Unfortunately, t h i s 

indicates that small voids cannot be separated from the larger ones, the 

reason f o r t h i s being two-fold 

(1) Surface discharges across the guard-electrode interspace of 

the specimens made i t d i f f i c u l t to correlate measured inception 

voltage with the physical parameters - t h i s i s explained more 

f u l l y i n section 5.8. 

(2) Errors - since the measurement and calibration of t o t a l 

De(0.l) was a function of (C , V , V. , N , T) 
X S oC 

where Ĉ  i s the specimen capacitance 

V^ i s the square wave cal i b r a t i o n signal 

V̂ ^ i s the d.c. ca l i b r a t i o n signal 

N i s the count number error 

T i s the comt time i n t e r v a l , 

t o t a l De(0.l) could not be measured to a greater precision than ~ 15/o. 

Here, Ĉ , V^, V̂ ^ = - 3%, ̂  = i 10^, T = i 

This, as the error bars i n Figs. 5.1 and 5*2 indicate, made i t d i f f ­

i c u l t to assess, p a r t i c u l a r l y at higher test voltages, whether t o t a l 

De(O.l) was increasing or decreasing with respect to (V-V^)^. A l l that 

could be done was to draw the best straight l i n e s through the experimen­

t a l points - thus implying t o t a l De(O.l) i s proportional to (V-V^)^ for 

a l l e l e c t r i c a l stresses and ageing times; t h i s i s d i f f i c u l t to appre­

c i a t e . However, i t i s believed that voids of d i f f e r i n g dimensions 

could be detected, i f the measurements were completely automated and v i -
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sually displayed. This i s explained i n Section 6.0. 

5.6 The v a r i a t i o n of and Ŝm with thermal ageing time 

of the specimens 

Table 5.-22sives the measured values of and for the thermally 

aged specimens recorded over the same ageing period; these are shown 

graphically i n Figs. 5.3 and 5.^. Although and both increase 

with ageing time, i s larger than (̂ m̂ and apparently increases at a 

greater r a t e . The v a r i a t i o n of and with ageing time i s linear -

that i s , apart from the i n i t i a l reading at T = 0, before the bars were 

thermally aged. The only explanation offered for t h i s i s the i n i t i a l 

thermal shock which they experienced. 

As for the greater increase of , i t was d i f f i c u l t to obtain a 

sensitive balance on the Sobering bridge at the higher ageing times, 

and therefore the experimental error involved was larger. The greater 

increase of over was, therefore, considered i n s i g n i f i c a n t . 

The low measured value of compared with that of may be 

accounted for i n two ways; the f i r s t being due to measuring only h a l f 

the energy pulse d i s t r i b u t i o n , because of commutation noise from the 

VLF, generator. No great precision could be placed on exactly half 

the energy pulse d i s t r i b u t i o n being l o s t during any one in t e r v a l of 

test voltage. By examining the pulse count, which v/as approximately 

Gaussian d i s t r i b u t e d over various test voltage ranges, the maximum 

error expected was ̂  10%. The second reason for the comparably low 

measured value of h.^ i s because of the d i f f e r i n g experimental arrange­

ments. No re a l figure can be associated with t h i s , unless i t i s 

assumed that and are equal at the two frequencies. I t i s rea­

sonable to expect §̂  to be higher because of the method of measurement. 

A Sobering bridge i s used to measure which does not separate so l i d 
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loss from discharge loss. The instrument developed for use at 0.1 Hz 

measures the loss due to discharge only. 

E a r l i e r wor 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^. However, a 

perfect correlation between and S2m i n the present experimental work 

should not be expected, since the methods of measurement are completely 

d i f f e r e n t . To expect perfect correlation similar quantities must be 

measured, i . e . , tan 8 due to discharge loss only with the same experi­

mental arrangement. Unfortunately, the resolution of the constructed 

instriiment made t h i s impossible. 

5.7 The va r i a t i o n of discharge energy pulse/cycle before and 

af t e r thermally ageing the specimens with applied test 

voltage 

Discharge energy pulse/cycle versus t o t a l average channel energy 

as a function of applied test voltage to the specimens before and after 

thermal ageing i s i l l u s t r a t e d i n Figs. 5./. to 5.8 - see Tables 5.7,1 and 

5.72. f o r the recorded data. For c l a r i t y of i l l u s t r a t i o n , t h i s data i s 

shown as being continuous i n the figures rather than i t s more correct 

discrete histogram form, which could make display comparatively d i f f i ­

c u l t . 

From Figs. 5.5 and 5.7 both the specimens before ageing increase 

and vary i n the. same way, both having a maximum lower channel count of 

= 100>uJ. The specimens at the end of t h e i r thermal ageing programme 

also show similar characteristics (Figs. 5.6 and 5 .8) . Here again 

both have a maximum lower channel count of = 40 pulse/cycle, but with 

a t o t a l average channel energy of = 6OO/J. The increase of the t o t a l 
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average channel energy for the aged specimens i s 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 aft e r 

ageing occurs because the discharge energy pulse maximum i s used as a 

reference l e v e l f o r counting i n the PHA. This encompasses the same 

pulse/cycle d i s t r i b u t i o n for the specimens before and af t e r ageing, the 

only difference being that the pulses increase i n energy - experimen­

t a l l y t h i s was the case. 

5.7.1 Counting errors 

Two sources of error were involved i n 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 such that a 50/̂  

loss of pulses occurred. The figure of 50^ was determined by examin­

ing the d i s t r i b u t i o n of pulses i n given l e v e l s . This was monitored 

over the whole t e s t programme. The other source of loss involves 

the counters. The highest average pulse r e p e t i t i o n rate/cycle obser­

ved i n the lowest counter above commutation noise was 84 ps ̂  This 

was measured with 20 kV/0.1 Hz applied to a section of stator bar at 

the end of i t s thermal ageing programme. Equation 4.40 (P = 1 -

e"'^^) i s plotted i n Fig. 5.9 for various resolution times of the count­

ers involved i n the" experimental work. Therefore, with the pulse repe­

t i t i o n rates fovaid experimentally, and the resolution of the counters 

involved, i t was necessary i n certain cases to apply correction factors. 

5.8 Correlation of discharge energy and inception voltage with 

void dimensions i n the specimens before and a f t e r thermal 

ageing 

To analyse the void dimensions and content i n 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 i n Figs. 5.10a, b and c. 

The non-thermally aged specimen i s well consolidated and has 

p r a c t i c a l l y no void content. However, the specimen which had been 

severely thermally aged at l80°C, fo r a period of 260 hours, i n an un­

restrained condition, was delaminated (Figs. 5.10b and c ) . 

I n the following sections, an attempt i s made to correlate the 

measured discharge energy; and inception voltage (V^), with the void 

dimensions of the thermally aged specimens. 

5.8.1 Calctilation of inception voltage 

The capacitance (C ) of a s o l i d section of insulation i n vAich a 
s 

series void or a i r gap of capacitance Ĉ  i s present, i s given by 

€o^r A o 
^ s = -mry ^.s 

s S 
where,t i s the thickness of the t o t a l s o l i d insulation, and, t i s the s S 
thickness of the a i r gap. The capacitance of the a i r gap being:-

c = 5.9 
V t g 

The voltage developed across the a i r gap or void (V^) i s simply 

\ = ( c ^ ) V 5.10 
s V 

whereupon substitution of the respective physical quantities becomes 

M_/'l grV / ' I . ^r 1 c 
\ = T F i t j / L t " i r i t J J ^ 

or V^= V/ (1 for t ^ » t ^ 5.12 
S " K 

r g 
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The largest void volume found i n the thermally aged specimen was 

approximately, (0.1 x 10 x 5) mm"̂  - these figures are for gap, width and 

length respectively (Fig. 5.10c). The breakdown voltage (V^) for the 

0.1 mm a i r gap was found from Paschen's curve to be = 10"̂ V. However, to 

a t t a i n t h i s value of V^, the voltage at the test terminals of the speci- . 

men must be greater; t h i s depends upon the thickness and the p e r m i t t i v i t y 

of the s o l i d i nsulation i n which the a i r gap i s situated. Hence, the 

inception voltage (V^) measured at the test terminals i s found by equa­

t i o n 5.12. Here, t = 5 » t = 0.1 mm, and S = 5» giving a value of 
s nun 2 27 

V̂  = 10 kV peak. This was confirmed experimentally. From Figs. 5.1 

and 5 .2, V̂  remained reasonably constant throughout the'thermal ageing 

programme - that i s , from T = 0 to T = 260 hours. 

The void content of the non-thermally aged bar was extremely small, 

the largest void being approximately 30 }im i n thickness (Fig. 5.10a). 

This gives an inception voltage of 1? kV peak. I t becomes d i f f i c u l t , 

therefore, to accept the measured inception voltage for the non-thermally 

aged specimens as being r e a l - surface discharges across the measuring 

electrode and guards are presumably being measured. The measured incep­

t i o n voltage for the thermally aged specimens i s obviously real - the 

physical dimensions i n Fig. 5.10c confirm t h i s . 

5.8.2 Calculation of discharge energy 

Knowing the approximate values of V̂  and Ĉ  for the void i n question, 

the energy (E^) dissipated i n i t can be found from equation 2.25 
E = iV^^iC + C ) 

V b V s 

where, Ĉ  = 4.5 pF, Ĉ  =0 .5 pF, V̂  = 10^ 

.'. E^ = 2.5 yJ 

l4 55 

However, i t i s known ' that when a cavity breaks down e l e c t r i ­

c a l l y , only small fractions of the t o t a l area are involved, and conse-
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quently small capacitance discharged. A more r e a l i s t i c approach, than 

that adopted above, i s to measure the t o t a l f r a c t i o n a l capacitance 

(AC^) discharged i n the thermally aged specimens d i r e c t l y from the 

Schering bridge, i . e . , AC = (C - C ) . For the two specimens AC 

was found to be 7 and 10 pF respectively, - see sample tan S recording 

sheet Table 5.5. From t h i s i t i s possible to estimate the amount of 

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

aged specimens by the following 

\ = i \ ' A = x 5.13 

where V, = mean breakdown voltage of the voids, b 

Here AC^ = 10 pF, V̂  = 10^ 

E^ ^ 5 HJ 

The foregoing confirms that even when large voids exist i n insulation, the 

whole area i s not ac t i v e l y involved. For example, the largest void 

found from physical dimensions was i 4,5 pF, yet on measuring the t o t a l 

incremental change i n capacitance (AC^)i 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 

i n an attempt to evaluate the condition of stator bar ins u l a t i o n . '̂ Vhile 

the VLF generator used i n the present experimental investigation was 

e l e c t r i c a l l y very noisy, i t was possible, however, to perform reasonably 

sensitive discharge measurements on machine insulation. This was 

achieved by f i l t e r i n g the high voltage VLF supply and carefully screening 

the necessary components and the discharge detection c i r c u i t . 

The i n i t i a l experimental investigation indicated that discharge 

energy loss/cycle was approximately the same at 50 and 0.1 Hz, to within 

2̂0%. Although the two methods of measurements were completely 
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d i f f e r e n t . The 50 Hz measurement of discharge energy loss/cycle was 

obtained using a conventional instrument, the d i e l e c t r i c loss analyser 

(DLA), the 0.1 Hz measurement being obtained by a specially developed 

instrument. 

I n the f i n a l experimental investigation i t was decided to use a 

less complicated system and to dispense with both the complex d i f f ­

e r e n t i a l discharge detection system and the commercial single channel 

PHA, I n place of the d i f f e r e n t i a l discharge system a 'straight' dis­

charge detector was employed, the high voltage VLF supplying being 

f i l t e r e d by a greater amount to maintain the same discharge s e n s i t i v i t y . 

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 t o t a l average 

discharge energy loss/cycle at 0.1Hz, i . e . , t o t a l De(O.l) over a range 

of t e s t voltages for various ageing times of the specimens. To 

si m p l i f y analysis of r e s u l t s , and possibly indicate a method of detect­

ing small voids from the larger ones i n the insul a t i o n , t o t a l De(O.l) 

was p l o t t e d as a function of (V-V^)^. The developed instrument 

responds to both large and small amplitude discharge pulses. I t i s 

also more sensitive than a Sobering or DLA bridge i n that i t responds 

to single discharges. The increased s e n s i t i v i t y i s obtained by using 

the PHA as a recording instrument. The improvement i n s e n s i t i v i t y 

was 10^ for an average bridge, and 10 times for the most sensitive. 

I t was found that the d i s t r i b u t i o n of energy pulses taken from 

the VLF supply was similar for the specimens both before and af t e r 

ageing, the only difference being a s h i f t toward the higher energy 

levels for the thermally aged bars. 
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The maximum value o f t o t a l De(O.l) f o r the ageing times o f the 

specimens was converted i n t o an equivalent tan 5 discharge and compared 

w i t h a value measured on the Schering bridge a t 50 Hz. Whilst the 

v a r i a t i o n o f these q u a n t i t i e s w i t h ageing time o f the specimens were 

approximately the same, they d i f f e r e d by a constant amount. Some o f 

the d i f f e r e n c e was accounted f o r by only measuring h a l f the t o t a l 

De(O.l) because o f commutation noise from the VLF generator, the other 

being unaccountable and due t o the measurements of s i m i l a r , but not 

n e c e s s a r i l y equal q u a n t i t i e s on d i f f e r e n t experimental arrangements. 

During the experimental work t o t a l De(O.l) was found t o be pro­

p o r t i o n a l t o (V-V^)^ f o r a l l e l e c t r i c a l stresses and ageing times. 

Whereas i t was po s s i b l e t o show the increase i n t o t a l De(O.l) w i t h 

ageing t i m e , i t was not p o s s i b l e , w i t h the present experimented 

arrangement, t o detect voids o f d i f f e r i n g dimensions. This was because 

o f surface discharge across the guard electrode interspace, and la c k of 

p r e c i s i o n i n the measurements. However, i t i s believed t h a t the system 

now t o be described w i l l be more success f u l . Figure 6.1 shows the 

proposed system. Here, the discharge energy pulses are counted and 

averaged e l e c t r o n i c a l l y - t h a t i s , a voltage p r o p o r t i o n a l t o the t o t a l 

De ( 0.l) i s developed. This i s a p p l i e d t o the Y-input o f a recording 

device. The X-input i s simply obtained by squaring a known f r a c t i o n 

o f the t e s t voltage and t a k i n g the peak value of i t . The r e s u l t o f 

t h i s i s a continuous p l o t o f t o t a l De(O.l) versus (V-V^)^, or more 

c o r r e c t l y i n t h i s case versus V^, as the t e s t voltage increases a t a 

s t i p u l a t e d r a t e . T o t a l De(O.l) versus (V-V^)^ was measured over a 

t e s t voltage range of 10-20 kV peak, f o r a p a r t i c u l a r ageing time, 

i n t e r v a l s o f 2kV - each measurement t a k i n g 100s. Hence one complete 

set o f measurements t a k i n g 600s. The v i s u a l d i s p l a y o f t h i s however, 

need not be presented a t t h i s r a t e . With the advent o f m i c r o -
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processors, t h i s i n f o r m a t i o n could be stored during the t e s t , then d i s ­

played on a conventional o s c i l l o s c o p e at 50 Hz, - thus comparative 

measurement and a n a l y s i s would be obtained v/ith ease. 
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Discharge r e p e t i t i o n 
rate/second/^- cvcle 

( N i ) 

1 

Va VaNi 

15 0.75 112 

5 1.25 5.7 

5 1.75 52 

1 2.25 22 

1 2.75 27 

INTEGRATOR OUTPUT VOLTAGE/ 
HALF CYCLE 

TABLE ^+.5.1. 
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V + AV + ve J cycle 
No/lOOs 

-ve -J cycle 
No/lOOs 

Average i n t e g r a t e d 
charge/^ cycle (pC) 

V + AV + ve J cycle 
No/lOOs 

-ve -J cycle 
No/lOOs +ve -ve 

0 .5 + 0 .5 150 170 12375.0 14025.0 

1.0 + 0 .5 25 38 3^37.5 5225.0 

1.5 + 0 .5 27 18 5197.5 3^+65.0 

2.0 + 0 .5 12 13 297.0 3217.5 

2.5 + 0 .5 13 • 10 3932.5 3025.0 

3.0 + 0.5 7 12 2502.5 if290.0 

3 .5 + 0 .5 2 3 825.0 1237.5 

k.o + 0 .5 if 2 1870.0 935.0 

k.3 + 0 .5 k 2 2090.0 10if5.0 

5.0 + 0 .5 1 0 577.5 0 

^33104.5 ^36^+65.0 

C a l i b r a t i o n 0.1 V = 5 5fC. 

DISCHARGE M̂ i.Ĝ flTUDE AND AVERAGE IriTEGPATED CHARGE/HALF CYCL; 

TABLE 4.i»-..l̂" 
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V + AV Nc/lOOs Average i n t e g r a t e d discharge 
energy/cycle ( p j ) 

0.1 + 0.1 107 98.88 

0.2 + 0.1 56 7S.kQ 

0.3 + 0.1 29 56.84 

0.^ + 0.1 20 50.40 

0.5 + 0.1 15 ko.ok 

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 

Y_ 472.12 

C a l i b r a t i o n 01V = 5.6 ; i J , T o t a l average discharge 
energy/cycle = 472 jiJ. Sample capacitance C^= 280pF 

Expressing i n J/>iF/cycle = 472 x 10" 10̂  
280 " 

1.7J/uF/cycle 

TOTAL AVERAGE DISCH.'IRC-E ENERG'/ LOSS/CYCLE 

TABLE 4.tjC.3 
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" l - 2 
9 Mji 1̂09̂  , 20 kV (r.m.s) 

"3 
1 ^ Watt 

\ 220 k a -29̂  ^ Watt 

"5-7 
3 .3 - 2 ^ ^ Watt 

"8-13 
i f . 7 k ^ - 2 ^ 1 Watt 

" l i i - 1 5 
1 kil-2% -J Watt 

10 k a - 2 ^ ^ Watt 

"17-18 
3 .3 kSi t2% ^ Watt 

"19 
2 .7 kS^-2^ ^ Watt 

"20.3'* 
1 k S l - 2 ^ ^ Watt 

"35 
3 3 0 ^ 13% 1 Watt 

"36 1 k<,a-5/'^ 1 Watt 

"37 
150 l5?^ 1 Watt 

"38 
3 .3 ksi ^5?^ 1 Watt 

"39 
11 ST. - 5 ^ 1 V/att 

100 kSI ̂ 20^ 2 Watt 

""1-5 
10 k 5 l - 2 0 ^ 2 Watt 

50 kiL -20^ 2 Watt 

" V 100 k5l-2C^ 2 Watt 

^^8-12 1 kSl-205^ 2 Watt 

n 
"1 

0,33nF 1205̂  100 kV (r.ra.s) 

^2-3 
O.OljiF l20^ 100 kV 

0.005)iF l2Cj^ 100 kV 

25jiF ̂ 20?^ 30 kV 

^6 
2COyF l20^ 30 kV 

COMPONENTS LIST FOR INSTRUMENT TO 
MEASURE TOTAL De(O.l) 

TABLE if.5 .1 
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100 ]x7 tzc^o 50 V 

Cg_^^ O0I jaF 2̂0% 16O V 

C^g 1000 jiF ̂ 20?^ 160 V 

100 ;iF 120^ 160 V 
19 

Ĉ Q 470 iiF IzCP^ 16O V 

Ĉ ^ 1000 ixF -20^ I6O V 

470 jiF ̂ 20^ I6O V 

Ĉ ^ 100 ;iF ^20^ 160 V 

2̂̂ ^ 3500 jiF 1209̂  160 V 

20 diodes 400 p . i . v , 5OO mA. (Lucas) 

ZD^ 20 V 1 V/att Zener diode 1220 ( I n t e r n a t i o n a l ) 

ZD2 15 V 1 Watt Zener diode 1215 ( I n t e m a t i o n a l ) 

RG 15 V r e g u l a t o r , LM337 (Rastra) 

741 o p e r a t i o n a l a m p l i f i e r s (SGS) 

T̂  g BFY 52 t r a n s i s t o r s ( M u l l a r d ) 

Tg ACY 21 t r a n s i s t o r s ( M u l l a r d ) 

AD 530 M u l t i p l i e r (Analog Devices) 

^ SN 7473N dual binary d i v i d e r s (Texas) 

RL 12 V r e l a y (Qmron) 
CR̂  _ Veeder r o o t electro-mechanical counters 

1-5 

type KS/1643 24 V 

1 mA moving c o i l meter (Sifam) 

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

TR2 240 / 6 .3 V -0-6o3V transformer (radio-spares) 

L 6o3 V /0 .3 A p i l o t bulb 

S Counter r e s e t s w i t c h 

COMPONENTS LIST FOR INSTRUMENT TO MEASURE TOTAL De(O.l) 

TASLE4.5.2 
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SAMPLE RECORDING T A B L E FOR THE CALCULATION 

OF TOTAL AVSPJVGE DISCHARGE ENERGY LOSS/CYCLE 

AT 0„1 Hz i . e . TOTAL De(O.l). SPECIMEN D, 

AGED FOR 219 HRS. 

TABIJ : if. 5 . 3 
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1 o r-
X 

• 
O 
0) 
p 
H 

o 

T=0 T=46 T=112 T=157 T=:201 T=266 (V-V^)^ X 1 0 ^ 

1 o r-
X 

• 
O 
0) 
p 
H 

o 

0.00 0.10 0.02 0.02 0.03 0.02 0 
1 o r-
X 

• 
O 
0) 
p 
H 

o 

0.02 0.50 0.75 1.10 1.20 1.50 4 

1 o r-
X 

• 
O 
0) 
p 
H 

o 

0.37 1.20 2.10 2.60 3.25 4.50 16 

1 o r-
X 

• 
O 
0) 
p 
H 

o 

0.80 i . 8 o 3.70 4.30 5.30 6.60 36 

1 o r-
X 

• 
O 
0) 
p 
H 

o 1.50 2.70 4.20 6.50 7.30 10.10 64 

1 o r-
X 

• 
O 
0) 
p 
H 

o 

2.10 3.80 7.10 9.20 10.40 12.70 100 

Specimen C 

1 
o 

T=0 T=69 T=111 T=172 • T=219 T=262 ( V - V i ) ^ X 10°V 

1 
o 0.00 0.10 0.03 0.02 0.18 0.01 0 

X 0.02 0.21 0.57 1.20 1,24 1.50 4 

i(
0

.1
 

0.58 0.78 1.64 2.00 2.82 3.50 16 

o 
H 

0.78 1.90 3.20 4.80 5.30 5.75 36 
(0 
+> 
O 1.20 3.10 5.30 6.10 8.20 8.90 64 

1.60 4.70 7.50 8.60 10.10 
1. 

12.90 100 

Specimen D 

RECORDED VALUES OF THE VARIATION AND INCREASE OF De(O.l) '^flTH 
AGEING TIME OF THE SPBSIMENS VERSUS (V-V^)2 

TABLE 5.2.1 
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X 10"^ 'Q^m X 10"-̂  T ( h r ) 

7.6 0.74 0 

17.1 2.58 69 

22.0 4.41 111 

28.2 5.22 172 

33.0 6.13 219 

36.0 7.87 262 

Specimen D 

X 10"^ S2m X 10"^ T ( h r ) 

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 5'̂  and S2m V/ITH 

AGEING TIME OF THE SPBCIMSNS 

TABLE 5 .2 .2 
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Test 
V o l t s 
kV 

Average Channel 
Energy, 

ipJ) 

Channel counts 
(average No/cycle) Test 

V o l t s 
kV 

1 2 3 4 1 2 3 4 

10 0 0 0 0 0 0 0 0 

12 0 2 0 0 0 1 0 0 

14 0 37 0 0 0 14 0 0 

16 0 79 2 0 0 31 1 0 

18 4 62 11 3 3 23 3 1 

20 77 92 29 9 50 36 8 2 

Specimen C - before thermal ageing 

Test 
V o l t s 

A 

kV 

Average Channel 
Energy, 

( p J ) 

Channel counts 
(average No/cycle) Test 

V o l t s 
A 

kV 
1 2 3 4 1 2 3 4 

10 1 15 5 2 1 5 1 0 

12 50 79 30 22 15 14 4 2 

14 15^ 184 62 48 27 19 5 3 

16 202 297 94 69 35 31 7 4 

18 326 481 i l 6 85 37 33 6 3 

20 382 596 169 122 43 40 8 5 

Specimen C - a f t e r thermal ageing 

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

TABLE 5.7.1 
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• 

Test 
V o l t s 

kV 

Average Channel 
Energy, 
(nJ) 

Channel counts 
(average No/cycle) 

• 

Test 
V o l t s 

kV 1 2 3 4 1 2 3 4 

10 0 0 0 0 0 0 0 0 

12 3 9 3 1 1 2 1 i 0 

14 0 46 8 4 0 .1 11 1 1 1 1 

16 7 44 24 4 3 11 4 1 

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

20 80 100 30 . • 8. 47 32 
1 

11 1 3 

Specimen D - before thermal ageing 

1 
Test 

V o l t s 
kV 

Average Channel 
Energy 
(juJ) 

i 
Channel counts ' 

(average No/cycle) : 
i 

1 
Test 

V o l t s 
kV 1 2 3 4 1 

1 
i i 

10 ! 1 14 5 3 1 
, i 
4 1 1 

12 1 45 82 j 25 19 12 10 1 3 1 

14 160 168 55 58 24 17 i 4 
1 

2 ' 
i 

16 197 301 85 72 32 28 6 3 

i8 ! 330 456 110 81 40 30 1 5 2 

20 1370 
1 

580 jl70 110 45 41 1 9 1 4 j 

Specimen D - a f t e r thermal ageing 

RECORDED VALUES OF CHAr#!EL SrJERGY/CQUNTS PER CYCU 
TIiE AGED Am NGN-AGED SPECIi-lENS 

TABLE 5 .7 .2 
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T e s t 
V o l t s 

(k1^) (SI) 

C C = C , ^2 
X S — 

R l 
( p F ) 

TANS 
(«R^C ) 

8 2if50.0 0.ifif3 • 129.8 0.0443 
10 2450.0 0.ifif3 129.8 0.0443 
12 2ifif7.1 0.if51 130.0 0.0451 

l i | 2ifif0.0 0.if7i 130.3 0.0476 

16 2if l0 .0 0.580 132.0 0.0580 

18 236if,0 0,700 134.5 0.0700 

20 232if.3 0.790 136.8 0,0790 

Specimen C 

T e s t 
V o l t s 

( k V ) 

R l c , 
(/*F) 

C = C .^2 

( p F ) 

TANb 
ii^R C ) 

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 263600 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 24620I 0.610 129.2 0,0610 

Specimen D 

N . B . C^ = 10"^F, 2^ = 318,5^1, u j R ^ f c . ( p F ) ] = 0,1 

A C = (C - C ) - o v e r t h e range IO - 20 kV. 
X X X 

. ' . A C ( C ) i 7 p F , A C ( D ) = l O p F . 

SAMPLE TAN 6 (5O Hz) TABLES FOR THERtiALLY AGED SPECIMENS 

C AND D AFTER 260 HOURS OF AGEING AT l 8 0 ° C 

TABLE 5.8.1 
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INTERNAL 
DISCHARGE 

Discharges o c c u r r i n g 
i n i n c l u s i o n s or 
c a v i t i e s i n a d i e ­
l e c t r i c 

(FIG. 2.2a) 

IONIZATION 

GAS DISCHARGES 
Passage of current 
through gases by ava­
lanches of el e c t r o n s 

Any process by which an 
atom becomes e l e c t r i c a l l y 
charged. 

ALL OTHER PROCESSES 
INVOLVING IONIZATION 

PARTIAL DISCHARGES 
Gas discharges which do 
not bridge the electrodes 

SURFACE DISCHARGES 
Discharges o c c u r r i n g a t 
the surface of a d i e ­
l e c t r i c 

(FIG. 2.2b) 

ALL OTHER GAS 
DISCHARGES 

CORONA DISCHARGES 
Discharges oc c u r r i n g i n 
the s t r o n g l y inhomogen-
eous f i e l d around a s h a r j 
p o i n t or edge of ele c t r o c l 

(FIG. 2.2c) 

CLASSIFICATION OF DISCKARGES 
(AFTER KREUGER^^) 

- 110 -
FIG. 2.1 



o ^ 

o 

i 

R E A L I S A T I O N OF THE DISQH-^-ES 

(AFTER KRSUGER''^) 

- I l l - F I G . 2o2 



— 001 plane 

— S i / A l (tetrad 

— 0 ^ and OH A 

* - . - V - * - o - * . , —Al/Mg (octa^ 

— 0 ^ and OH 

_ S i / A l ( t e t r a ) 

— 0 0 1 plane 

— S i / A l ( t e t r a ) 

A and OH 

a) BUBcovite - | octahedral sites f i l l e d with Al***© 
phlogopite- a l l octahedral s i t e s f i l l e d with Mg**oo 

EXPLODED VIEW OF TH3 TDm-STaUGTURE OF MUSCO'/ITS" 
Afro PHLOGOPITS MICA" 
(AFTER RYDER '̂ '̂ ) 

- 112 -
FIG. 2.3 



1 0 A o 

— 0 0 1 plana 
_ 0 B 

•Si/Al (tetra.) 

•0^ and OH 
Al/Mg (octa^ 
0 and OH 
A 

— a Si/Al (tetrad 
B 

— 0 0 1 plane 
- O B 

— Si/Al ( t e t r a ) 

— 0 ^ and OH 

SITE ELEVATION'OF THE MICA LAYER CONSTRUCTION 
.(AFTER RYDER17) 

FIG. 2.4 



(a) ^ (b) 
Fig. 2.5 

S.E.M. AND EDAX ANALYSES OF A PLANE PHLOGOPITE SURFACE 
EDAX INDICATES PEAKS OF Mg, A l , S i , Au and K RESPECTIVELY 
- Au. IS USED TO COAT THE SPECIMEN FOR ANALYSIS (AFTER RYDER) ' 

2Se«EV 
l e K HS 

I t Z t I N T 
I S E V / C H 

(a) (b) 
Fig. 2.6 

S.E.M. AND EDAX ANALYSES OF A DETERIORATED PHLOGOPITS SURFACE 
EDAX INDICATES PEAKS OF Si and Au RESPECTIVELY, THE PRINCIPAL 
PEAK BEING Si - THIS IJTOICATES THE TOTAL LOSS OF METALLIC CATIONS. 
(S.E.M. MJIGNIFICATION IS SIMILAR FOR THE PLANE AND DETERIOPĴ TED 
SURFACES) (AFTER RYDER)'''? 

- 11̂ + -



4-> 
C 
0) 
u 
u 
o 

Breakdown 

Saturation region Transition 
region 

onmic 
conduction 

Voltage V 

(a) Typical V/I plot for a gas subjected to a d.c. po t e n t i a l , 
Breakdown i s usually by the Townsend mechanism 

10 

ta 

> 
c 
3 o 

TS 

ca 
u 

10^ 
10 10 10^ 

^0^ (mm Hg X Cm) 
(b) Typical breakdown voltage curves for di f f e r e n t gases between 

p a r a l l e l plate electrodes. Pi i s the gas pressure in m.m. 
Hg corrected to 0°C. (After Meek, J.M. and Craggs, J.D. ) 

PA3CHSN CmWS Airo V/I CHARACTERISTICS FOR TYPICAL GASES 

FIG. 2.7 
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CrROJIT OF THS SIMPLE DISCHARGE MODEL 

FIG. 5.8 
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^ = 25 

(0 
(U 
ft 

> 
0) 
bO 
(0 

-p 
H o > 
c o 
•H 
-P ft 0) 
o 

M 

6 • 

4 f 

10 

Air gap distance t (mm) 
3 

15 

(a) Inception voltage as a function of air-gap distance at 
atmospheric pressure for various values of ^ . 
(After Halleck23) . ^ = t^(mm)/e^. 

> 
X 
0! 
w 
CO 

4-> H O > 
C 
o 
•H 
+J ft Q O 
M 

2 t 

10 

o Mylar 
" Polyethylene 
- Theory 

(b) Minimum incpetion voltage as a function o f ^ . 
(After Halleck23). 

20 

CURVES OF INCEPTION VOLTAGE VERSUS t AJID & . 3 

FIG. 2.9 
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ru 

I " 

DIAGRAMS AND CALCULATION SKOV/ING THE SQUIVALSfiCE OF THE MSASURSMEMT 

^q^V AND ^-J, (AFTER PELZER)^^ -a 1 

- 118 - FIG. 2.10 



2if0V/50Hz 

- a 

L V 

- V 

o 

NON-SIrJUSOIDAL VARIABLE ̂ /LF V/Â /5F0RM GENERA.TOR 
(AFTER BOSSI, st al^°) 

-^119 - FIG. 3.1 



O 
(D H- o 3 H 
(O O 
1-1 C < JB H- o rl- fl­ M 
0 at 
>^ 0) 

OJ 
3 (D 
ft O fun 

ont 

o rt- o H-
O 
3 

HIGH QUALITY VARIABLE SI.W30IDAL '/LF GENERATOR 
(AFTER HILLER^^,et a l ). 

- 120 - FIG. 3.2 



2'K)V/50 Hz 

o a c 
P 
c+ 
H-
O 3 

0 W 

c+ O P 

0 QJ 

VLF GSr-JERATOR USED IN THS PRESENT 
INVESTIGATION (AFTER ASEA^^) 

- 121 - FIG. 3.3 



0 V. 
•<r o-

Ŝ  

i n A 
(a) The voltage m u l t i p l i e r 
(Basic c i r c u i t of the VLF generator) 
S. _ - Electro-mechanical r o t a t i n g switches 
C - Supply capacitor s 
Cĵ  - Load capacitor 

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

BASIC CIRCUIT AND WÂ /EFORMS OF THE VLF GEI'IERATOR. 

FIG. 3.̂ + 
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DEVELOPMENT OF THE VLF WA-REFORM (AFTSR ASSA^^) 

FIG. 3.5 
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(a) 50 Hz Modulated input wave to h.v. 
transformer 

(b) 0.1 Hz demodulated output wave 

VLF GEfJERATOR INPUT AND OUTPUT WAVEFORMS 

FIG. 3.6 
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VOLTAGE EFFICIENCY (V^V.^) OF TEE VLF GEM-ERATOR 
DEPENDING UPON THE RATIO (C^/C^). 

FIG. 
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1 

PRACTICAL LAYOUT OF THE ̂ JLF GENERATOR 

- 126 -
FIG. 3.8 



(a) Current generator (b) Voltage generator 

AV 

(c) Discharge current and voltage 
waveforms 

EQUIVALENT CIRCUITS AND WÂ /EFORMS FOR A DISCHARGE 

F I G . i f o l 
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^2 ( t ) M I ^ 

o 

) 
(a) C i r c u i t B 

(b) C i r c u i t A 

(c) Bridge C i r c u i t C 

BASIC DETECTION CIRCUITS 

- 128 -
FIG. if.2 



(b) 

o 

(a) 

(d) Detector c i r c u i t w i t h s t r a y s 

F i g . if.3 
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Um. 

AV 

^d ^'^d»^) 

(a) R e s i t i v e d e t e c t i o n c i r c u i t 

F i g . h.k 
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ML 

(J) 

C, V, 

(b) Resistance and capacitance i n -Darallel 

FIG. it.5 
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(4) 
La V. 

V. 
)verdamped 

^ C r i t i c a l l y damped 
Underdamped 

V, 
Underdamped 0 

( c ) I n d u c t i v e d e t e c t i o n shunts 

- 132 -
FIG. ko6 



AV ( t ) 
1 

•̂ 1 » I T 

1̂ « 

(d) Transformer coupled d e t e c t i o n shunt 

F i g . k.7 
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2ZZZZC, 

R. 

(a) Simple bridge c i r c u i t 
w i t h r e s i s t i v e d e t e c t i o n 
shunts. 

2ZZZZ c> 

T - p d^ ^2 

(b) Bridge c i r c u i t : capacitance 
i n p a r a l l e l w i t h r e s i s t i v e d e t e c t i o n 
shunt , 

-p 
c 
u 

C i r c u i t A 
Compensating Current 
Recharge Current 

JrC ^ C i r c u i t B 

^Compensating 

C i r c u i t A 
Recharge Current 
C i r c u i t B 

///////5</^/>f7>>.^ \ >. 
Recharge pulse 
C i r c u i t A* 

)Y';:uy^v-yw: : 
-, ' ' ' ' ' x. 

(C) THE EFFECT OF RECHARGE PULSE IN DETECTION CIRCUITS 
A AND B (AFTER HICKLING ) 

FIG. k.8 
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c +c, 
X k 

I ® AV 
(a) C a p a c i t i v e l y coupled 

(X) AV 

(b) I n d u c t i v e l y coupled 

(X) AV- R d M 

R. 

,(.c) Transformer coupled 

CONriSCTION OF MEASURING INSTRUl-lENTS (M.1) 

FIG. k.9 
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M.I 
Gam 

0 Frequency > "^2 

(a) C h a r a c t e r i s t i c gain and phase r e l a t i o n s h i p 

V 

Response t o u n i t step wave 

(c) Response t o pulse (response t o u n i t impulse 
has the same form) 

LOW PASS AMPLIFIER: IDEAL CHARACTERISTICS AND RESPONSE 

FIG. if.10 
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M.I Phase 

Frequency ? 
(a) C h a r a c t e r i s t i c gain and phase r e l a t i o n s h i p 

V 

0 Ti^U^nci^ —7 - 2 

(b) V/ide band a m p l i f i e r response t o step pulse 

•l/2Af 

1/ 

( c ) Narrowband a m p l i f i e r response t o step pulse 
( a l s o wide a n d ^ r r o w b a n d response to u n i t 
impulse). 

BANDPASS AMPLIFIER; IDEALIZED CHARACTERISTICS 
AND RESPONSES. 

- 137 -
?IG. ' f . l l 



Spark 

Cable Zn 
High pass 
f i l t e r 

CRO 

( a ) . Measuring arrangement f o r use w i t h oscilloscope 

M a t c h i n g Unit ERA 

R^,R2,L^,L2, have values depending upon u n i t , 

(b) Measuring arrangement w i t h the ERA d i s p l a y 

V 

(c) Output voltage waveform from the ERA d i s p l a y 

CRO AND ERA MEASURING CIRCUITS AI'iD DISPLAY 

FIG. 4.12 
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H.V. p o i n t Void adjacent t o h ,v . 
electrode 

Earth p o i n t Void ( i n t e r n a l ) 

Contact noise Void adjacent t o 
eart h electrode 

TYPICAL EXAMPLES OF DISCHARGE PATTERN OBTAINED 
WITH ERA MODEL I I I (MATCHING UNIT IN SERIES V/ITH SAMPLE) 

FIG. ̂ .13 
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SCHEMATIC DIAGRAM OF A MEAN CURRENT METER 

FIG. ^r.-]k 
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O 
CRO 

50 Hz Galvo 

(a) Double balancing Sobering bridge 

Supply from the Lv. side of 
t e s t i n g transformer. 

(b) Discharge power wattmeter 
c i r c u i t ( a f t e r Veverka) 

S.CHERING AND V/ATTMSTER BRIDGES 

FIG. 4.15 
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(a) 

7Z2ZZ 

(b) 

'U)OP TRACE' CIRCUITS (AFTER DAKIN) 

FIG. i+.l6 

- 1̂ +2 -



Discharging 
periods 

dQ=C -C 
dV ^ ° 

(a) Simple method f o r 
d i s p l a y i n g charge 
t r a n s f e r due t o 
discharge 

(b) Capacitance bridge method 
f o r d i s p l a y i n g charge 
t r a n s f e r due t o discharge 

' s o l i d 

C . a i r 

V 

(c ) 

! ! 1 
H 
i 

^ V. —; 
1 

V 

(d) 
max 

Representation of the area 
o f the charge diagram 

'LOOP TRACE•I DIAGRAMS 

FIG. if.17 

- I i f 3 
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SCHEMATIC DIAGRAM OF SINGLE CHANNEL PULSE HEIGHT ANALYSER 

FIG. k.l8 
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100% : 

'The graph shown below r e l a t e s to errors 
in observed ̂ count for pulses occurring 
over or of the h a l f cycle of the 
applied-test voltage 

-10' 

m 
o to H 3 
PH 
CH 
O 

CO 
M 
O 

1-1 

10 

10 -1 

10 10 10' 10 10' 

Average pulse repetition rate ps -1 

STATISTICAL LOSS OF PULSE COUNTS FOR A RAMDOM 
TIME DISTRIBUTION. (ALLOWANCE IS M̂ DE FOR BUNCHING 

OVER PART OF THE CYCLE). 

FIG. k.19 
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(a) Common mode voltage. 
(0.5 V/div, 0.2 mS/div) 

(b) D i f f e r e n t i a l voltage 
(0.1 V/div, 0.2 mS/div) 

THE EFFECT OF DIFFEPJ:fJTIAL MEASUREMENT ON COMMUTATION̂  
NOISE 

(6 kV/0.1 Hz applied to the bridge with discharge 
free specimen) 

FIG. 4.20 
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/ 

oq 

, 1 ^ 

0<? 

THE 0.1 Hz DIFFERENTIAL DISCHARGE BRIDGE AND ASSOCIATED 
BALANCING WATOFORf'IS 

- ^k7 -
FIG. k.2^ 



(a) Square wave injected at the top of the 
discharge bridge. 
(2V/div, 0.2 mS/div) 

(b) Differentiated square wave at the bridge 
detector terminals, i . e . , common mode 
voltage of the d i f f e r e n t i a l amplifier. 
(2V/div, 0.2 mS/div). 

DISCHARG5 BRIDGE BALANCIMG WAVEFORMS 

FIG. ̂ .22 

- iif8 -



(a) Output voltage from the d i f f e r e n t i a l 
amplifier under bridge balanced conditions 
(0.02 V/div, 0.2 mS/div). 

on 
simulated discharge pulse. 
(0.5 V/div, 2 )iS/div). 

DIFFERENTIAL AMPLIFIER OUTPUT WAVSFORMS 

FIG. 4.23 
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EXPERIMENTAL ARRANGEMENT FOR THE DETERMINATION OF CHARGE 
MAGNITUDE DISTRIBUTION/CYCLE AND TOTAL AVERAGE DISCHARGE ENERGY LOSS/CYCLE 

- 150 FIG. k,2k 
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H O >i 
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<t-t 

10 < 
to 
0) 10 H 3 ft 
tM 
o 

+ 1/2 cycle 
1/2 cycle 

itl 68 96 123 151 178 

Charge magnitude d i s t r i b u t i o n A a l f cycle 

10 

0) H O 

o 

m 
H 
3 ft 

o 

s 

0.8 1.^ 1.9 2.5 3.1/ 

Energy magnitude distribution/cycle 

3.6 

CHilRGE AND ErffiRGY MAGNITUDE DISTRIBUTIONS 

FIG. k,2S 
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-4 

PRACTICAL LAYOUT OF THE INSTRUMENT USED TO 
MEASURE TOTAL AVERAGE DISCHARGE E?fflRGY LOSS/ 

CYCLE AT 0.1 Hz 
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FIG. 4,26 
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i 1 

ro 

EXPERIME^^'AL ARRAMSEtffiNT FOR MEASURING THE iriDIVIDUAL 
APPARENT DISCHARGES -q AND TEST VOLTAGE V AT 0.1 Hz 

FIG. k.27 
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to 
3 ^ to O 1 . 
o a 
1̂ N 

t\) 4̂ ^ -c- 00 

BLOCK DIAGRAM FOR THE MEASUREIffiNT AND CALIBRATION OF TOTAL 
AVERAGE DISCHARGE ENERGY LOSS/CYCLE AT 0.1 Hz 

FIG. ̂ .28 
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APPARENT DISCHARGE MAGNITUDE AND TEST VOLTAGE INPUT UNITS 

FIG.if.29 
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THE ANALOGUE MULTIPLIER CIRCUIT USED FOR OBTAINING 
THE PRODUCT ^q V 

3i 

FIG. '+.30 
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VOLTAGE DISCRIMINATOR LEVEL CONTROL AND PULSE DRIVER 

FIG. ^.31 
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ARRANGEMENT OF THE PARALLEL CONNECTED ENERGY PULSE HEIGHT 
DISCRIMINATORS AND ELECTROMECHANICAL COUWERS 

FIG. 4.52 
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ro v»J -p- vji 
O <D to (0 . (0 tC. 

I S 
(9 

ARRANGUffiNT OF ENERGY DISCRIMINATION LEVELS 
(e^-5e^) AND CHANNEL ENERGY SEPARATION (^e^) 

FIG. 4.33 
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THE ENERGY PUI^S DISCRLMINATOR AMDEIECTRO-MECHANICAL 
COUNTER UNIT 

FIG. h,3k 
- 160 -



2k0 V/50 Hz 

t-W-

00 

U1 

Cl 
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c» 
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O 

SLTCTRO-MECHANICAL COUNTER AND POSITIVE RAIL/DISCRE-IINATOR 
PO'/̂  SUPPLIES 

FIG, 
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2kO^/30 Hz 

CO 

t d 01 • 

< 

BINARY DIVIDER AND NEGATIVE RAIL POWER SUPPLIES 

FIG, 
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AV 

6 ( i i ) 

(a) Direct calibrators 

Test 
voltage 

AV 

( i ) 

Test 
voltage 

tm 
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i AV 
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(b) Indirect calibrators 

CONNECTION OF DIRECT OR IfOIRSCT CALIBRATORS 

FIG. i+.37 
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T = 266h 

0 4 16 .36 Sk 

(V-V..)^ X l o S 
106 

VARIATION OF De(0,l) WITH'AGBII-fG TIME (T) OF 
SPECIMEN C VERSUS (V-V^)^ - SEE TABLE 5.2.1 

FIG. 5.1 
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T = 262h 

T = 112h 

0 4 16 36 6k 

(V-V.)2 X 10^V 1 

100 

VARIATION OF De(0.l) 'rflTH AGEING TIME (T) 
OF SPECIMEN D VERSUS (V-V^)^ - . SEE TABLE 5.2,1 

FIG. 5. 
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VARIATION OF and m WITH AGEING TIME (T) 
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VARIATION OF S AND m WITH AGEING TIME (T) OF 
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VARIATION OF DISCHARGE. ENERGY PUIiSES/CYCLS WITH APPLIED 
VOLTAGE BEg6fiE.:!I!HERMALLY AGEING SPECIMEN C - SEE TABLE 5.7.1 
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