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ABSTRACT

The results of measurements of internal partial discharge intensity
generally are used to assess the risk of failure of electrical insula-
tion due to internal discharges. However, with the use of present
definitions of discharge intensity, there is as yet inadequate informa-
tion for specifying acceptable levels of intensity.

The effectiveness of indicators of discharge intensity has been
checked while maintaining "similar conditions" at all discharging cavi-
ties belonging to a set of insulation arrangements. Each arrangement
consists of solid insulation with one air-filled cavity. A new, non-
measurable quantity, the average discharge current transferred across
the discharging cavity, has been introduced and its value is used to
check if "similar conditions" exist in the cavity. Furthermore, a new
and more accurate pattern of recurrence of discharges has been used to
identify four groups of discharges, which in turn leads to a new
definition of discharge intensity.

The results of computations of theoretical values of the new and
presently used indicators are presented. Theoretical values of two most
commonly used indicators are compared with published experimental
results. The advantages associated with the use of the new definition
are explained.

The results of computations indicate that, as an indicator, the new

proposed definition of discharge intensity is relatively free from dis-

advantages associated with presently existing indicators.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND, MOTIVATION AND OBJECTIVE

A partial discharge is an electric discharge that partially bridges
the insulation between conductors. These discharges may, or may not,
occur adjacent to a conductor. The partial discharge that occurs in
inclusions or cavities in a dielectric is called an internal partial
discharge or just an internal discharge. Internal discharges in insula-
tion occur commonly in gas-filled cavities. If these discharges occur
in cavities in dielectrics, they cause progressive reduction of the
electric strength with time. Internal discharges may cause progressive
degradation of insulation by erosion or chemical degradation, and
ultimate failure of insulation may be caused by tree propagation or
cumulative heating [1]. Measurements of discharge iﬁtensity are made
for assessing the relative resistance of materials to internal dis-
charges.

It is of great practical importance to define precisely the term
"internal partial discharge intensity". Measurements of discharge
intensity are carried out to assess the risk of failure of electrical
insulation by the action of internal discharges. However, there is as
yet inadequate information for specifying acceptable levels of discharge
intensity for many types of insulation and service conditions [1].
Therefore, the introduction of a new definition of discharge intensity

may lead to a better interpretation of the results of measurements.

The objective of this thesis is to propose a new definition of
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internal partial discharge intensity which, as an indicator, will be
relatively free from disadvantages associated with presently existing
indicators. The new definition is comprised of the values of two of the

new indicators of discharge intensity proposed in this work.

1.2 MAJOR PROCEDURES EMPLOYED IN THE THESIS

The internal discharges analyzed in this thesis occur under the
application of alternating voltage to solid insulation arrangements,
each arrangement consisting of one air-filled cavity. The cavities are
disc shaped with the diameter of the disc exceeding its thickness. The
field in the cavity is uniform.

Such a choice is justified from three points of view. First, it is
important to carry out such studies under uniform field conditions.
Secondly, it allows the calculation of the inception voltage of dis-
charges, V5, with good accuracy. Lastly, the electric stress concentra-
tion factor, €g, for such types of cavities is equal to €p, the relative
permittivity of the solid insulation, and is higher than the factor
which is obtained with either a spherical cavity or a disc shaped cavity
whose thickness exceeds its diameter.
| In order to check the effectiveness of an indicator of partial dis-
charge intensity, "similar conditions" are maintained at all the dis-
charging cavities belonging to a set of insulation arrangements. To
facilitate this, a new, nonmeasurable quantity, I, has been intro-
duced. I. is the average discharge current transferred across the

discharging cavity and its value may be used to check if "similar

conditions" do exist.
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Also, a new and more accurate pattern of recurrence of discharges,

introduced in earlier work [2], has been used. From this recurrence
pattern, four groups of discharges have been identified. Such a
grouping leads to a new definition of discharge intensity.

Theoretical values of the new and presently used indicators have
been computed for a series of insulation arrangements representing
laboratory model insulation. Theoretical values of two most commonly
used indicators have been compared with published experimental results.
The advantages associated with the use of the new definition of dis-

charge intensity have been explained.

1.3 OUTLINE OF THE THESIS

The importance of studies of internal partial discharge intensity,
the objective of this thesis, and the procedures employed to achieve the

objective, are briefly explained in this chapter.

In Chapter II the phenomena associated with internal partial dis-
charges are discussed.

Chapter III presents the analysis of recurrence of discharges,
which results in the grouping of discharges.

In Chapter IV the presently used definitions of discharge intensity
are presented, new quantities are proposed and a new definition of dis-
charge intensity is introduced.

Chapter V covers the procedures of computations of theoretical
values of the new and presently used indicators of discharge intensity.

Chapter VI presents the evaluation of the new and presently used

indicators of discharge intensity, carried out for a set of insulation

arrangements.
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In Chapter VII the results of computations are compared with

recently published experimental results.
The advantages associated with use of the new definition of dis-
charge intensity are explained in Chapter VIII.

Final conclusions, major contributions and suggestions for further

research are stated in Chapter IX.




CHAPTER II
INTERNAL PARTIAL DISCHARGES

INTRODUCTION

In this chapter the phenomena associated with internal discharges

are discussed.

Different methods of computing the breakdown voltage of air in a
cavity are reviewed. The commonly used equivalent circuit of a
dielectric is described and the commonly used pattern of recurrence of

discharges is explained.

2.2 BREAKDOWN STRENGTH OF GAS-FILLED CAVITY

The dielectric properties of inclusions or cavities in insulation
are usually inferior to those of the insulation [3]. If the voltage
applied to insulation just exceeds the voltage necessary to initiate
discharges in inclusions or cavities in insulation, discharges will
occur after a certain time lag [3]. 1Internal discharges may occur upon
application of alternating voltage, direct voltage and also single
impulses [1]. In this thesis, internal discharges occurring, due to
application of alternating voltage, in gas (namely air) filled cavities
in solid insulation, will be considered.

The electric stress in a gas-filled cavity depends on its shape and
dimensions, on the relative permittivity €, of the surrounding insula-
tion and on the inhomogeneity of the electric field. The dielectric
strength of a gas-filled cavity depends on the type of gas in it, its

pressure, and the cavity dimensions. The discharges occur between the
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cavity walls at about the same voltage as would be required between
equally spaced metal electrodes [3,4]. The discharge inception voltage
may therefore be found by application of Paschen's Law [4]. The voltage
necessary to initiate discharges can be predicted to about t15% when
alternating voltage is applied to discs containing a cylindrical flat
cavity perpendicular to the field [1]. In this case the cavity is
stressed at e, times the stress in the surrounding dielectric. However,
the actual breakdown strength of the cavity may vary considerably from
that predicted, due to the effect of semiconducting layers on the cavity
walls and static charges, either produced when the cavity was formed or
left from previous discharges.

The breakdown strength of air as a function of pressure and
electrode spacing is shown in Fig. 2.1 [5].

The breakdown voltage, Vp4, of air as a function of pressure p and
electrode spacing t can also be calculated for a wide range of pt values
using formula (2.1) from recent literature [6]; the computed values of
Vpq are accurate to about 3% of the measured values

Vpd = _____B_p_t___ (2.1)
In(pt) + K
where: B = 2737.5 V/kPa-cm,
K is a function of pt as shown in Table 2.1. -

Fig. 2.2, [6], compares the "Paschen curves," for different gases,

obtained experimentally and by application of formula (2.1).

In earlier works [7,8] a linear approximation was used to compute

the values of the breakdown voltage, Vpq, of air in the cavity, as a
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Table 2.1

K for Air as a Function of pt [6]

pt K
[kPa-cm] [-]
0.0133 - 0.2 2.0583 (pt)-0-1724
0.2 - 100 3.5134 (pt)0.0599
Table 2.2

Approximation of Vpq of Air as a Function of t at 1 atm

t Vpg = flt)

[mm] [V (peak)]
0.01 - 0.1 333 + 6670 t
0.1 -1 620 + 3880 t
1 - 10 1600 + 2840 t
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function of the cavity depth t at a pressure of 1 atm. This approxima-
tion is shown in Table 2.2.

The breakdown strength of air in a spherical cavity has been
reported in [5] and the results were used in partial discharge tests to
determine the applied voltage [9]. This breakdown strength is shown in
Fig. 2.3.

The electric stresses in elliptic cylindrical and oblate spheroidal
gas-filled cavities were considered in [10] and the formulae, relating
electric stress in the cavity to applied voltage and geometry of the
cavity, were obtained neglecting the effects of volume and surface con-
ductivities of the cavities. If either of these conductivities is appre-
ciable the electric stress in the cavity may be significantly reduced.

The effect of geometry and orientation of cavity on the stress con-
centration factor, eg, for cavities of simple geometrical shapes is

shown in Fig. 2.4 [1].

2.3 EQUIVALENT CIRCUIT

The behaviour of internal discharges with alternating voltage can
be described conveniently with the aid of the commonly used equivalent
circuit shown in Fig. 2.5 [1,2,3,5,7,8,11,12,13,14,15]. The capacitance
of the cavity is represented by C., the capacitance of the dielectric in
series with C. is represented by Cp, and the capacitance of the rest of

the dielectric is represented by Cj.

2.4 COMMONLY USED PATTERN OF RECURRENCE OF DISCHARGES

Fig. 2.6 [5] shows the high voltage V4* across the dielectric, the
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Fig. 2.3: Calculated breakdown strength of air in a spherical cavity
versus diameter at 1 atm [5].
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Fig. 2.4: Effect of geometry and orientation of cavity on the stress
concentration factor €g [1].




Fig. 2.5: Representation of a cavity in the dielectric:
I corresponds to faulty part of the dielectric;
II corresponds to healthy part of the dielectric.
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Fig. 2.6: Recurrence of internal discharges [5].
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voltage V* across the cavity, the fictitious voltage V. across the
cavity in the absence of discharges, and the current impulses associated
with individual discharges; the usefulness of these impulses is demon-
strated in Section 3.4.

When the voltage V* reaches the discharge inception voltage for the
cavity, Vi*, a discharge occurs in the cavity; Vit may be found from the

"Paschen curve." Then, the voltage V* drops to the discharge extinction
voltage for the cavity, Ve', when the discharge extinguishes. This
voltage drop takes place in less than 10-7 s; compared with the duration
of a 60 Hz sine wave the voltage drop may be regarded as a step function
[5]. After discharge extinction, the voltage V* across the cavity rises
to V5t again when the next discharge occurs. This happens several
times, after which the applied voltage Vz* decreases and the voltage V*
decreases until it reaches Vi~ when a new discharge occurs. In this way
a series of regularly recurrent discharges will be found. The voltage
V* across the cavity is determined by the superposition of the external
electric field and the field of the surface charges on the cavity walls
due to the last discharge. It is often assumed [5] that the voltages Vj
and Vg and the voltage drop AV are polarity independent, namely: Vit =
Vi=, Vet = Vg, and AVct = AVe~.  The above relations are also assumed
in this thesis.
The voltage drop AV which occurs across the cavity because of
appearance of internal discharge is expressed by
AVe = Vi - Ve (2.2)

where: V5 is the internal discharge inception voltage between opposite

walls of the cavity,




Ve is the discharge extinction voltage across the cavity.
As in [7,8] it is assumed that
AV = kVj (2.3)
where k is a discharge coefficient, 0 < k < 1.
It follows from (2.2) and (2.3) that the voltage Ve is equal to
Ve = (1-k) Vj (2.4)
It may be obtained,vas in [2], from Fig. 2.6 that the number i of
internal discharges per cycle of alternating voltage is
i = 4m* (2.5)
where m* is the largest integer which satisfies

A

Ve - V Ve - V
m* < et e o ¢ ® (2.6)
V'i"'Ve AVC
and QC is the peak value of V.
On the basis of the equivalent circuit of Fig. 2.5 the peak value

of the voltage V¢ is equal to [13]

~ C ”~
be=_2 1, (2.7)
Cc + Cp
where Va is the peak value of Vj.

An individual internal discharge causes the voltage drops AVc
across the cavity and AVy across the dielectric between the electrodes;
it is also responsible for the voltage gain AVp across the dielectric in
series with the cavity. On the basis of the equivalent circuit of Fig.
2.5, AV, and AV, are expressed as the following functions of AV [13]

c
AV, = 2 AV (2.8)

Cb+Ca
and
Ca
AVp = ——— AV¢ (2.9)

Ch + Ca



SUMMARY

The available methods from literature of computing the breakdown

voltage of air in a cavity have been presented. The method to be

employed in computations will be chosen in Chapter V.

The commonly used equivalent circuit of a dielectric, which will be
used throughout this thesis, has been described and the associated com-
monly used pattern of recurrence of discharges explained. This pattern

will be critically examined in the next chapter.




CHAPTER III
ANALYSIS OF RECURRENCE OF DISCHARGES

INTRODUCTION

In this chapter a critical analysis of the commonly used pattern of
recurrence of discharges is carried out. Based on three characteristic

energy states, a new and more accurate pattern of recurrence of dis-

charges, introduced in earlier work [2], is explained.

This pattern of recurrence is used to identify four groups of dis-

charges.

THREE CHARACTERISTIC ENERGY STATES

The equivalent circuit shown in Fig. 2.5 is commonly used in the
literature [1,3,5,7,8,11,12,13,14,15] together with the pattern of
recurrence of internal discharges shown in Fig. 2.6. The formu1§e
(2.5), (2.6) and (2.7) correctly describe the process of a discharge.
However, as shown in earlier work [2], use of these formulae in combina-
tion with the pattern of recurrence of internal discharges, Fig. 2.6,
Jeads to the conclusion that the energy balance of the discharges is not
satisfied. The energy balance was calculated by comparing the energy
dissipated due to the discharges with the energy supplied from the
voltage source, for one cycle of alternating voltage.

In earlier work [2], three characteristic energy states were pro-
posed. The assumption was made that the time intervals between these
states for an individual discharge are negligibly short when the applied

voltage has a frequency of either 50 Hz or 60 Hz; the voltage drops or
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gains between these states may therefore be regarded as step functions.
It was shown in [2] that this assumption does not affect the energy
balance of the discharges.

The energy states are [2]:

(i) state (just) before the occurrence of a discharge,

(ii) state (just) after the occurrence of a discharge,

(ii1) state (just) after recharging of the insulation from the

voltage source.

These energy states are illustrated in Fig. 3.1 and the associated
quantities are shown in Table 3.1 [2].

After the discharge extinction the voltage source compensates for
the voltage drop AV,, across the dielectric, which is caused by the dis-
charge, and the voltage gain across the dielectric due to its recharg-
ing, AVap, is equal to AVa. This equality is used in Table 3.1. The
recharging of the insulation from the voltage source also produces the
voltage gains AVcp across the cavity and AVpp across the dielectric in
series with the cavity [2]. On the basis of the equivalent circuit of

Fig. 2.5, AVcp and AVpy, can be expressed as follows [2]

C
AvVey = _b AVar

Cc + Cp

c
b Avq

Cc + Cp




a) state (1)

b) state (ii)

ave | ch

Vb

AV

c) state (iii)

AV, T ch
AV, Y

Vb tav,

AVy v Vg,
DV, ¥

Fig. 3.1: TIllustration of three energy states: a) (just) before the
occurrence of a discharge, b) (just) after the occurrence of a dis-

charge, and c) (just) after recharging of the insulation from the
voltage source.




Table 3.1

Capacitance, Voltage and Energy for Three Energy States [2]

Energy
State Capacitance Voltage Energy
1
(1) Ce Vo = Vi E¢' = E-Cc Vi2
Before the 1
Occurrence Ch Vp = Va - V§ Ep' = E.Cb (Va - V)2
of a 1
Discharge Ca Va Ea' = E.Cava2
1
(i1) Ce Ve - AVg = Ve = V§ - AV Ec'' = 5 Ce (Vi - AVe)?2
After the : :
Occurrence Cb Vh + AVp = V5 - Vi + AVp Ep'' = E.Cb (Vg - V5 + AVp)?2
of a 1
Discharge Ca Va - AV Ea'' =5 Ca (Va - AVy)2
(ii1) Ce Ve - AVg + AVcp = V5 - AVe + AVgy Ec''' = .;. Ce (Vi - AV + AVgp)2
After l
Recharging Ch Vp + AVp + AVpy = Vg - Vi + AVp + AVpp| Ep''' = E.Cb (Vg - Vi - AVp + AVpp)?
1
Va - AVg + AVap = Vg Eg''' = 5 CaVal
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The effective voltage drop AV.t across the cavity, due to a dis-
charge and subsequent recharging can be expressed by
AVey = AVe - AVer
= Vi - Vp (3.3)

where V, is the voltage across the cavity after the recharging.

3.3 NEW PATTERN OF RECURRENCE OF DISCHARGES

The three characteristic energy states illustrated in Fig. 3.1 lead
to the new and more accurate pattern of recurrence of internal dis-
charges introduced in [2]. This pattern is shown in Fig. 3.2 and
jdentified by the symbol V. Using this pattern of recurrence of intern-
al discharges it was proved [2] that the energy balance of discharges,
calculated for one cycle of alternating voltage, is satisfied. For
comparison, the pattern commonly used 1in literature has been shown in
Fig. 3.2 and identified by the symbol V*. As can be seen from Fig. 3.2,
these two patterns yield different numbers of discharges per cycle of
alternating voltage; the instants at which the discharges occur are also
different. It may be noticed that the difference between the two
patterns diminishes as the inequalities Cy >> Cp and Cc >> Cp get more
pronounced. The above inequalities are true for most practical
insulation systems but may not be true for many laboratory model insula-
tion systems.

It may be obtained, [2], from the new pattern of recurrence, shown
in Fig. 3.2, that the number i of internal discharges per cycle of
alternating voltage is

i = 4m (3.4)
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where m is the largest integer which satisfies
Ve - V Ve - V

mi C Y’= C r (3.5)
Vi = Vp AVcy

It may be noticed that the expression on the right hand side of the
inequality (3.5), obtained for the new pattern of recurrence, differs
from the expression on the right hand side of inequality (2.6), obtained
for the commonly used pattern of recurrence. Therefore these different
patterns, in general, yield different numbers of discharges per cycle.

The new pattern is considered to be more accurate because it does
not violate the energy balance of the discharges i.e. energy dissipated
per cycle due to discharges is equal to energy supplied per cycle by the
source. The differences in the two patterns of recurrence are due to
the inclusion, in the new pattern, of the process of recharging of the
insulation from the voltage source. The voltage gains produced by re-
charging are AV4p across the dielectric, AVcy across the cavity and AVp,
across the dielectric in series with the cavity. The voltage gains AVyy
and AV are identified in Fig. 3.2.

The differences between the two patterns of recurrence are even
more evident in Fig. A.1 (in the Appendix) due to the smaller number of
discharges per cycle. This makes it easier to show, in Fig. A.l, not
only two different functions of voltage across the cavity: V - for the
new pattern and V* - for the commonly used pattern, but also the differ-

ent functions of voltage across the dielectric: Vz - for the new pattern

and Va* - for the commonly used pattern. The latter two functions

differ only during the time of occurrence of a discharge and subsequent

recharging; otherwise they are identical. Because of this reason and
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also due to the fact that the number of discharges per cycle in Fig. 3.2
is larger, the function Vz* has not been shown in that Figure. The case
of discharges shown in Fig. A.1 has been used in the Appendix to conduct
a typical energy balance in order to illustrate the effect of neglect-
ing, in the commonly used pattern of recurrence, insulation recharging

by the voltage source.

PROPOSED GROUPS OF DISCHARGES

As can be seen from Fig. 2.6 an individual internal discharge is
accompanied by either a positive or a negative current impulse which is
a measurable quantity. The occurrence of these current impulses makes
the electrical detection and measurements of internal partial discharges
possible. In Fig. 3.2 all discharges of positive current impulses occur
in the positive half-cycle of the voltage sine wave and all discharges
of negative current impulses occur in the negative half-cycle of the
voltage sine wave. This, however, is not always the case. It is there-
fore possible to identify four groups of discharges, which are shown in

Fig. 3.3 where the new pattern of recurrence has been used.

The groups of discharges will be classified as follows.

(un) group of discharges of positive impulses in negative half-
cycle: unlike discharges in negative half-cycle;

(1p) group of discharges of positive impulses in positive half-
cycle: 1like discharges in positive half-cycle;

(up) group of discharges of negative impulses in positive half-
cycle: wunlike discharges in positive half-cycle;

(1n) group of discharges of negative impulses in negative half-
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Fig. 3.3: Four groups of discharges:
un - unlike discharges in negative half-cycle;
1p - like discharges in positive half-cycle;
up - unlike discharges in positive half-cycle;
1n - like discharges in negative half-cycle.
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cycle: 1like discharges in negative half-cycle.
Such a grouping of discharges is also possible if the commonly used

pattern of recurrence is employed.

3.5 CONCLUSIONS

A critical analysis of the commonly used pattern of recurrence of

discharges has been carried out, and, the new and more accurate pattern
of recurrence of discharges, introduced in earlier work [2], explained.
The new pattern is considered to be more accurate because, as opposed to
the commonly used pattern, it does not violate the energy balance of
discharges i.e. energy dissipated per cycle due to discharges is equal
to energy supplied per cycle by the voltage source. A typical energy
balance calculation is conducted in the Appendix in order to illustrate
the effect of neglecting, in the commonly used pattern of recurrence,
insulation recharging from the voltage source.

It has been noticed that the difference between the two patterns of
recurrence diminishes asvthe inequalities Cy >> Cp and C¢ >> Cp get more
pronounced. The above inequalities are true for most practical insula-
tion systems but may not be true for many laboratory model insulation
systems.

The new pattern of recurrence has been used to identify four groups
of discharges: (un) - unlike discharges in negative half-cycle, (1p) -
like discharges in positive half-cycle, (up) - unlike discharges in
positive half-cycle, and {(1n) - Tike discharges in negative half-cycle.

This grouping will lead to a new definition of discharge intensity which

will be introduced in the next chapter.




CHAPTER IV
DEFINITIONS OF INDICATORS OF INTERNAL PARTIAL DISCHARGE INTENSITY

INTROBUCTION

In this chapter the presently used definitions of indicators of
internal partial discharge intensity are reviewed.

A new, nonmeasurable quantity, the average discharge current trans-
ferred across the discharging cavity, is introduced. Moreover, based on
the identification of four groups of discharges, new indicators of dis-
charge intensity are proposed.

Next, a new definition of discharge intensity is introduced.

PRESENTLY USED INDICATORS

Partial discharge intensity is a general comparative term for the
amount of partial discharge. There are several indicators of partial

discharge intensity which are quantitative partial discharge para-

meters. Quantitative results of partial discharge measurements are

expressed in terms of one or more of these indicators. Indicators of

partial discharge intensity are specified quantities defined as follows

[161].

<1> Quantities related to individual discharges

<la> Apparent charge, g

The apparent charge q of a partial discharge is that charge which,

if injected instantaneously between the terminals of the test object,
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would momentarily change the voltage between its terminals by the same
amount as the partial discharge itself. The absolute value \q! of the
apparent charge is often referred to as the discharge magnitude. The
apparent charge is expressed in coulombs.

Note. - The apparent charge q SO defined is not equal to the amount of
charge, qc, actually transferred across the discharging cavity
in the dielectric. It is used because discharge measuring

instruments respond to this quantity.

<1b> Repetition rate, n
The partial discharge pulse repetition rate n is the average number
of partial discharge pulses per second.
Note. - In practice only pulses above a specified magnitude, or within a
specified range of magnitudes, may be considered. The results
are sometimes expressed as cunulative frequency distribution

curves of partial discharge magnitudes.

<1c> Energy, w, of an indjvidual discharge
The partial discharge energy w is the energy dissipated during one
individual discharge; it is expressed in joules.
Note. - Under certain assumptions regarding the electrical representa-
tion of the physical phenomenon, this energy is given, in terms

of q and Uj by

1
w=V2.—qUj (4.1)
2

where: q is the measured apparent charge

Ui is the corresponding value of the inception voltage.
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see <3> and <3a>.

For definition of the inception voltage,

k. value divided by V2.

Note that Uj is given as ped

<2> Integrated quantities

From the basic quantities, q and n, other quantities can be

d by summations over a time interval T.

defined, which are characterize

one cycle of the

This time should be long compared with the duration of

voltage supplied to the test object.

<2a> Average discharge current, 1
1, is the sum of the rectified

The average discharge current,

charge quantities passing through the terminals of a test object due to

n time interval, T, divided by this

partial discharges, during a certai

time interval:

- %[ ot + Jog] * Jos] + oo ot |7 (4.2)

|ql, this simplifies to
(4.3)

1f all discharges are of equal magnitude,

ool

The average discharge current is expressed in coulomb/second

(ampere).

<2b> Quadratic rate, D
is the sum of the squares of charges passing

The quadratic rate, D,
s of the test object due to partial discharges,

through the terminal

T, divided by this time interval:

during a certain time interval,
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1
D=_1[q12 + qo2 + q32 + ... + gj2] (4.4)
T

If all discharges are of equal magnitude, lql, this simplifies to
D = ng? (4.5)

The quadratic rate is expressed in (coulomb)2/second.

<2c¢> Discharge power, P

The discharge power, P, is the average power fed into the terminals
of the test object due to partial discharges during a certain time
interval, T.

This is given by
1

P=_1[quUy + quUp + q3U3 + ... + gjUi] (4.6)
T

where: U, Up ... Uj are the instantaneous values of the voltage across
the test object at the instants of discharges g1, q2 ... qj. The

average discharge power is expressed in watts.

<3> Voltage values related to partial discharges
Voltage values during partial discharge tests are usually given by
their peak values divided by V2. The following values are of particular

interest.

<3a> Partial discharge inception voltage, Uj
The partial discharge inception voltage Uj is the lowest voltage at
which partial discharges exceeding a specified intensity are observed,

under specified conditions, when the voltage applied to the test object




29
is gradually increased from a lower value at which no such discharges

are observed.

<3b> Partial discharge extinction voltage, Ug

The partial discharge extinction voltage U is the voltage at which
partial discharges exceeding a specified intensity cease, under speci-
fied conditions, when the voltage is gradually decreased from a value

exceeding the inception voltage.

<3c> Assured partial discharge free test voltage

The assured partial discharge free test voltage is a specified
voltage applied in a specified test procedure at which the test object
should be free from partial discharges exceeding a specified intensity.

The above nine specified quantities <la>, <1b>, <lc>, <2a>, <2b>,
<2¢>, <3a>, <3b>, and <3c¢c> are recommended by the International Electro-
technical Commission [16]. Five of the above quantities, namely <la>,
<2a>, <3a>, <3b>, and <3c¢> are used in the recommended practice by the
American National Standards Institute/Institute of Electrical and
Electronics Engineers [17], and another two, namely <lc> and <2c¢> are
defined for future reference but are not used in this recommended
practice. Of the nine quantities recommended by IEC, six, namely <la>,
<1b>, <lc>, <2¢>, <3a>, and <3b> are the same as, or similar to, the
quantities specified by the American Society for Testing and Materials
in the standard [18].

Indicators of partial discharge intensity referred to internal par-

tial discharges may be called indicators of internal partial discharge

intensity.
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4.3 NEW NONMEASURABLE QUANTITY

It is convenient to introduce a new, nonmeasurable quantity. This
is the average discharge current transferred across the discharging
cavity in the dielectric, Ic. This current is defined in the following
way; its usefulness is demonstrated in Chapter VI.

The average discharge current transferred across the discharging
cavity in the dielectric, I., is the sum of the rectified charge quanti-
ties being transferred across the cavity during a certain time interval,
T, divided by this time interval:

Ic = }‘[lQCll + |QC2| + IQC3! ..t |QCil] (4.7)
T

If all discharges are of equal magnitude, !qC!, this simplifies to
Ic = nlqcl (4.8)
The average discharge current transferred across the discharging
cavity in the dielectric is expressed in coulomb/second (ampere).
As mentioned earlier, I. is used to ascertain whether similar
conditions exist at the discharge sites in a set of insulation arrange-
ments. If the values of I. do not differ significantly, "similar condi-

tions" prevail at the discharging cavities of a set.

4.4 PROPOSED NEW INDICATORS

It is proposed that the following indicators of internal partial
discharge intensity, presented in Section 4.2, be considered separately
for individual groups of discharges (un), (1p), (up) and (In):

<la> apparent charge, q,

<1b> repetition rate, n,
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<2a> average discharge current, I,

<2b> quadratic rate, D,

<2¢> discharge power, P.

New proposed indicators of internal partial discharge intensity are
introduced in Table 4.1,

It may be noticed that nyn, Nip, Nup and nyp are the components of
the repetition rate, n; Iyp, I1p, Iup and Iy, are the components of the
average discharge current, I; Dyp, Dip, Dup and Dy are the components
of the quadratic rate, D; and finally that Pyn, P1p, Pup and Py are the
components of the discharge power, P.

In addition, the nonmeasurable average discharge current trans-
ferred across the discharging cavity in the dielectric, Ig, introduced
in Section 4.3, will be considered separately for jndividual groups of
discharges (un), (1p), (up) and (In), as shown in Table 4.2.

It may be noticed that Icyn, Icip, lcup and Ic1n are the components
of the average discharge current transferred across the discharging

cavity, Ic.

4.5 A NEW DEFINITION OF DISCHARGE INTENSITY

It was proposed in the preceding section that the repetition rate
of internal discharges be considered separately for individual groups of
discharges (un), (1p), (up) and (In). Then, the repetition rate of
unlike discharges will be equal to

Ny = Nun + Nup (4.9)

and the repetition rate of like discharges will be equal to

n = Mp+ Mp (4.10)




New Proposed Indicators of Internal Partial Discharge Intensity

Table 4.1
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Indicators of

Number, Name and Symbol of Indicator

.Unlike Discharges <la(un)> Apparent Charge, qun
in Negative <1b{un)> Repetition Rate, nyp
Half-Cycle <2alun)> Average Discharge Current, Iyp
(Group (un)) <2b(un)> Quadratic Rate, Dyn

<2c{un)> Discharge Power, Pyp
Like Discharges <la(1p)> Apparent Charge, qip
in Positive <1b(1p)> Repetition Rate, n
Half-Cycle <2a{1p)> Average Discharge Current, Iyp
(Group (1p)) <2b(1p)> Quadratic Rate, Djp

<2c(1p)> Discharge Power, Pip
Unlike Discharges <la(up)> Apparent Charge, qup
in Positive <1b(up)> Repetition Rate, nyp
Half-Cycle <2a(up)> Average Discharge Current, Iyp
(Group (up)) <2b(up)> Quadratic Rate, Dyp

<2c(up)> Discharge Power, Pyp
Like Discharges <la(1n)> Apparent Charge, Qip
in Negative <1b(1n)> Repetition Rate, nyp
Half-Cycle <2a{1n)> Average Discharge Current, Iyp
(Group (1n)) <2b(1n)> Quadratic Rate, Djp

<2c(1n)> Discharge Power, Pip




Table 4.2

New Proposed Quantitiés of Average Discharge Current
Transferred Across the Discharging Cavity in the Dielectric

Non-Measurabie
Quantity of

Name and Symbol of Quantity

Unlike Discharges
in Negative
Half-Cycle

(Group (un))

Average Discharge Current Transferred Across
the Discharging Cavity, Icyn

Like Discharges
in Positive
Half-Cycle
(Group (1p))

Average Discharge Current Transferred Across
the Discharging Cavity, Icip

Unlike Discharges
in Positive
Half-Cycle

(Group (up))

Average Discharge Current Transferred Across
the Discharging Cavity, Icup

Like Discharges
in Negative
Half-Cycle
(Group (1n))

Average Discharge Current Transferred Across
the Discharging Cavity, Icin
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It may be noticed that ny and ny are the components of the repeti-

tion rate, n, which is one of the most commonly used indicators of

internal discharge intensity [16,18]
n=ny+m

= Nyp + Mp + nyp + My (4.11)

The ratio ny/(ny + ny) may be used to define internal partial dis-

charge intensity. The advantages associated with the use of this
definition are described in Chapters VI and VIII.

¢

4.6 CONCLUSIONS

The present]y used definitions of indicators of internal partial
discharge intensity have been reviewed.

A new, nonmeasurable quantity, the average discharge current trans-
ferred across the discharging cavity has been proposed. 1Its value will
be used in Chapter VI to check if "similar conditions" exist at all the
discharging cavities belonging to a set of insulation arrangements.

Based on the identification of four groups of discharges, new indi-
cators of discharge intensity have been proposed and a new definition of
discharge intensity, the ratio ny/(ny, + ny), has been introduced. The
advantages associated with its use will be described in Chapters VI and

VIII.
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CHAPTER V

COMPUTATIONS OF THEORETICAL VALUES OF INDICATORS OF INTENSITY

5.1 INTRODUCTION

In this chapter the model insulation arrangement and a set of
insulation arrangements are defined, which will be used to compute
theoretical values of the indicators of intensity proposed in the pre-
ceding chapter.

The procedures for computing theoretical values of indicators of
intensity for a set of insulation arrangements are developed. These
procedures employ not only the new and more accurate pattern of recur-
rence, but also the commonly used pattern of recurrence. The Tlatter
procedure is developed to compare results derived from it with those
using the former procedure.

Also, the method of computing breakdown voltage of air in a cavity
is chosen from the methods available in literature. These methods were

reviewed in Chapter II.

5.2 DETERMINATION OF MODEL INSULATION ARRANGEMENT

Theoretical computations were performed on a model arrangement of
insulation. As in earlier work [8], it consists of plane layers of a
solid dielectric situated between two plane electrodes. One of the
internal layers has an artificial air-filled cavity of a depth t equal
to a thickness of the layer and of a diameter d smaller than the dia-

meter h of the electrodes; this ensures uniform electric field condi-

tions in the cavity (before an inception of the first discharge in this
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cavity). A typical insulation arrangement is shown in Fig. 5.1. The
auxiliary insulation shown in Fig. 5.1 is normally used in experimental

work to ensure that partial discharges do not occur adjacent to the
electrodes.

Theoretical computations are carried out for insulation structures
comprised of 3 or more layers. When a sufficiently high alternating
voltage is applied between the electrodes, internal discharges occur in
the cavity.

The voltage applied is, as in earlier work [8], increased in pro-
portion to the number of layers, i.e. if the voltage applied to three
layers is Vg, that applied to four layers is 4/3 V5 and so on. This
ensures that the average electric stress between electrodes, Egy, will
be the same for all the insulation arrangements. The average electric
stress, Ezy, is equal to the applied voltage divided by the electrode
separation. It was proved, [8], that for such a case, the fictitious
voltage V., across the cavity, in the absence of discharges, does not
vary substantially for a variation of number of layers from 3 to 10.
Also, it was prbved as well, [8], that the number i of discharges per
cycle does not vary substantially as the number of layers increases from
3 to 10. Fig. 5.2 shows the insulation arrangements and applied
voltages.

Since theoretical computations are performed there is no need to
consider the insulation thickness to be comprised of layers. However,
for convenience of calculations, the thickness of the insulation is
expressed in multiples 1t of the cavity depth t. The considerations are

true for bulk and layered insulation. The number of layers is varied

from 3 to 129.
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The capacitance Cy, Fig. 2.5, is considered to include all coupling

and stray capacitances. Therefore the quantity h is not equal to the
geometrical diameter of the electrode. It is assumed that the air in
the cavity is at atmospheric pressure, j.e., p = 101.325 kPa. Each con-
sidered set of insulation arrangements will have only one variable

quantity, namely the number of layers 1. For each set of insulation

arrangements the parameters: e, t, d, h, k, Eqv, and f need to be
specified.
5.3 PROCEDURE OF COMPUTATIONS EMPLOYING NEW PATTERN OF RECURRENCE

For each considered set of insulation arrangements the procedure
using the new pattern of recurrence of internal discharges is as
follows. All computations were performed using a digital computer pro-
gram written in WATFIV.

For a given cavity depth the internal discharge inception voltage
Vi is obtained as equal to Vpq, where Vpq is computed using the formula
(2.1) from [6]. This method of computing Vhq was chosen as it is the
most accurate from the methods available in literature.

Next, AV and Ve are computed from (2.3) and (2.4) respectively.
The voltage applied to three Jayers, Vg, 1s obtained as

Va = 3 Eavt (5.1)
and its peak value is
Va =V2 Va (5.2)

The capacitances represented in the equivalent circuit shown in

Fig. 2.5 are computed from the following formulae

T € d2
Cc = 42 (5.3)
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e qendl
Cp(1) = — 27 (5.4)
4 (1-1) t
me €, (h2-d2)
Call) = —27T (5.5)
41t
109 F e
where: €g = — — is the permittivity of vacuum.
3w m

The capacitances Cp(1) and Ca(1) are functions of the number of
layers 1. Initially a three layer dielectric, 1 = 3, is considered and
computations commence by calculating the values of the capacitances
Ch(1) and Ca(1). For 1 layers the peak value of the applied voltage

Va(1) is computed as

Val1) = =V, (5.6)

1
3
The peak value of the voltage Vc(1) is obtained by substituting Cc,

Cp(1) and V4(1) into (2.7)

R Cpl1l
Vc(]) = b( )

RGNS N (5.7)
CC + Cb(])

The ratios Vc(1)/9a(1) and QC(1)/Qa are also computed. The voltage
drop AV4(1) is obtained by substituting Ch(1), Ca(1) and AV into (2.8)

1
AV,(1) = S Ay, (5.8)

Cb(]) + Ca(])

The voltage gain AVcp(1) is obtained by substituting Cc, Cp(1) and

AV4(1) into (3.1)
Cp(1)

AVCY‘(]) =
CC + Cb(1)

AV,4(1) (5.9)

The voltage drop AVct(1) is obtained by substituting AVc and

AVcp(1) into (3.3)

Avct(1) = AVC - Avcr(]) (5-10)




40
It follows from (3.3) that the voltage V(1) is equal to
V(1) = Vi - AVct(T) (5.11)
1t follows from (3.4) and (3.5) that the number m(1) of internal
discharges per quarter-cycle of alternating voltage 1is the Tlargest
integer which satisfies
Vel(1) - V(1)

m(1) < = R(1) (5.12)
AVCt(])

where R(1) is the reference number as a function of 1.
The numbers of discharges per half-cycle, j(1), per cycle, i(1n,

and per second, n(1), are then computed from the following formulae

i(1) = 2m(1) (5.13)
i(1) = 4m(1) (5.14)
n(1) = 4fm(1)

= fi(1) (5.15)

In general, the magnitudes of individual discharges differ. How-
ever, on the basis of the equivalent circuit of Fig. 2.5, with the
assumption that AVct = AVe™, all the discharges are of equal magnitude
and the apparent charge q(1) is equal to

CcCp(1)
Cc + Cpll)

q(1) = [Ca(1) + 1 Ava(1) (5.16)

Similarly, the charge qc(1) actually transferred across the dis-
charging cavity is equal to
Cb(]) Ca(1

qc(H = [Cc"' )]AVC (5-17)
Ch(1) + Call)

Therefore, theoretically, the apparent charge has the same value

q(1) for each of the four groups of discharges (un), (1p), (up) and
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(1n), presented in Table 4.1. Hence, q{1) needs to be computed only
once. This is also true for the charge gqc(1) actually transferred
across the discharging cavity, and therefore this is true as well for
the charge ratio q(1)/qc(1) and for the squared apparent charge,

[q(1)12.
As in [2], it may be obtained, using (5.10), (5.16) and (5.17),

that the charge ratio q(1)/qc(1) is equal to
q(1) Cpl1)

- = (5.18)
and is independent of the capacitance Ca(1).
Using (5.3) and (5.4) in (5.18) it may be obtained that [2]
(1) €
A = r (5.19)
ac(1) ep +1 -1
The squared apparent charge, [q(1)]2, is equal to
CcCp(T)
[q(1)12 = [Ca(1) + S " 12 [ Ava(1)12 (5.20)
CC + Cb(])

In general, the numbers of discharges in individual groups (un),
(1p), (up) and (In), shown in Fig. 3.3 and in Table 4.1, are all
different. However, on the basis of the equivalent circuit of Fig. 2.5,
with the assumption made that Vi and Ve are polarity independent, it is
obtained that V, also is polarity independent. Therefore, as can be
seen from Fig. 3.3, the group (up) is a "mirror image" of the group
(un), and the group {1n) is a “"mirror image" of the group (ip). Hence,
the theoretical analysis of individual discharges needs to be carried
out for two groups only, such as (un) and {1p). Therefore, half-cycles,

between 270° el and 450° el in Fig. 3.3, are analyzed. The computer

program written in WATFIV analyzes j(1) discharges in such a half-
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cycle. It determines for each kth discharge the instantaneous value
Ve (1) of the voltage V(1) and the instantaneous value Ug(1) of the
applied voltage V4(1). If the value of Ug(1) is negative, the discharge
is classified as an unlike discharge occurring in the negative half-
cycle - group (un); if the value of Ug(1) is positive or zero, the dis-
charge is classified as a like discharge occurring in the positive half-
cycle - group (1p). The sums of the values of Uyg(1) are computed
separately for group (un) and group (1p). The numbers of discharges per
half-cycle in group (un), Jjun(1), and in group (1p), Jjyp(1), are also
computed.

The numbers of discharges per cycle in group (un), iyp(1), and in

group (1p), i1p(1), are respectively
Tun{1) = Jyn(1) (5.21)
i1p(1) = 31p(M) (5.22)
The repetition rates of group (un), nyp(1), and of group (1p),

n]p(1), are respectively

nyn(1) fign(1) (5.23)

fitp(1) (5.24)

Since all discharges are of equal magnitude, the discharge powers
of group (un), Pyp(1), and of group (1p), Pyp(1), are computed from

simplified formulae

1
Pun(1) = 2 q(1) ZUgyn(1)
T
= fq(1) ZUgun(1) (5.25)
1

T

fq(1) ZUgun(1) (5.26)
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Since all discharges are of equal magnitude, the average discharge
currents of group (un), Iyn(1), and of group (1p), I1p(1), and the
quadratic rates of group (un), Dyn(1), and of group (1p), D1p(1), and
also the average discharge currents transferred across the discharging
cavity of group (un), Icyn(1), and of group (1p}, Icip(1), are all

computed from simplified formulae and are respectively

Iyn(1) = nyn(1) q(1) (5.27)
Ip(1) = mpl1) af1) (5.28)
Dyn(1) = nynp(1) [g(1)12 (5.29)
D1p(1) = mp(1) [q(1)12 (5.30)
Teun(1) = ngn(1) qc(1) (5.31)
Ietp(1) = mp(1) qc(1) (5.32)

The following statements are true for the indicators and quantities
presented in Tables 4.1 and 4.2: those of group (up) are equal to their
correspondents of group (un), and those of group (1n) are equal to their
correspondents of group (1p).

Therefore the total indicators, which are presently in use, are

expressed in terms of the proposed new indicators as follows:

n(1) = 2 [nyp(1) + nyp(1)] (5.33)
1(1) = 2 [Iyp(1) + I1p(M)] (5.34)
D(1) = 2 [Dyn(1) + Dyp(1)] (5.35)
P(1) = 2 [Pyp(1) + P1p(1)] (5.36)

Similarly, the total new nonmeasurable quantity, Ic(1), can be
expressed in terms of its proposed components as
Ic(]) =2 [ICUH(]) + Ic]p”)] (5.37)

This total average discharge current transferred across the dis-
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charging cavity is used as a criterion to check if "similar conditions"
exist in the cavity, which has the same dimensions for the whole con-
sidered set of insulation arrangements.

Since nyp(1) = nyp(1) and nyp(1) = nyp(1), the repetition rates of

unlike discharges, ny(1), and of like discharges, nj(1), are computed as

nu(]) = nun(]) + nup(])

H

2 nyp(T1) (5.38)

n (1) = np(1) + myp(7)

il

2 mp(1) (5.39)

The function ny(1)/[ny(1) + ny(1)] introduced as a new definition
of internal partial discharge intensity is computed next.

After computing ny(1)/Iny(1) + n1(1)1 the computer program jumps to
the next number of layers 1 and proceeds as before until the computa-

tions are completed.

5.4 COMPARISON WITH PROCEDURE OF COMPUTATIONS
EMPLOYING COMMONLY USED PATTERN OF RECURRENCE

In addition to the computations employing the new pattern of recur-
rence of internal discharges, the computations employing the commonly
used pattern of recurrence were also performed for comparison. For each
considered set of insulation arrangements these computations proceed in
a manner similar to that outlined in Section 5.3. All the computations
were performed using another computer program written in WATFIV. This

program has many common steps with the program presented in Section

5.3. A comparison of these two programs showing the differences that
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exist between computations employing the two different patterns of
recurrence will be outlined below.

The computations initially proceed as in Section 5.3 using formulae
(5.1)-(5.8). Since the voltage gain AVcp(1) is not considered here, the
next step is the determination of the number m*{(1) of internal dis-
charges per quarter-cycle of alternating voltage.

It follows from (2.5) and (2.6) that the number m*(1) 1is the
largest integer which satisfies

Vell) - Ve
m* (1) < — = R*(1) (5.40)
AV¢
where R*(1) is the reference number as a function of 1.
The numbers of discharges per half-cycle, j(1), per cycle, i(1),

and per second, n{1), are given here by the following formulae

3(1) = 2m*(1) (5.41)
i(1) = 4m*(1) (5.42)
n(1) = 4fm*(1)

= fi(1) (5.43)

which, in general, do not yield the same values as the formulae (5.13),
(5.14) and (5.15) respectively.

Next, the computations proceed as in Section 5.3 using formulae
(5.16)-(5.39) with the only difference that the analysis of j(1) dis-
charges in the half-cycle yields, in general, different instantaneous
values Vci(1) and Ug(1) from those obtained in Section 5.3. Further-
more, in general, all computed numbers of discharges are different from

those obtained in Section 5.3.

Therefore, in general, the values of all the indicators and quanti-
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ties expressed by formulae (5.23)-(5.39) are different from those
obtained in Section 5.3.

The criterion for checking if "similar conditions" exist at the
discharge site is the same as the one used in Section 5.3; the computa-

tions continue in the same manner as in Section 5.3.

5.5 CONCLUSIONS

Thé model insulation arrangement has been defined. Each arrange-
ment consists of one air-filled cavity, which is disc shaped with the
diameter of the disc exceeding its thickness. The electric field in the
cavity is uniform. Such a choice is Jjustified from three points of
view. First, it is important to carry out such studies under uniform
field conditions. Secondly, it allows the calculation of the inception
voltage for the cavity with good accuracy. Lastly, the electric stress
concentration factor for such cavities is equal to the relative permit-
tivity of the solid insulation and is higher than the factor which is
obtained with either a spherical cavity or a disc shaped cavity whose
thickness exceeds its diameter.

A set of insulation arrangements has been defined. The average
electric stress is the same for all the cases considered. The useful-
ness of the definition of a set will be demonstrated in the next
chapter.

Two procedures of computations of theoretical values of indicators
of intensity for a set of insulation arrangements have been developed.

The first procedure employs the new and more accurate pattern of recur-

rence. The second procedure, employing the commonly used pattern of
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recurrence, is used to compare its results with those of the first pro-
cedure.

From the methods available in literature an accurate method has

been chosen to compute the breakdown voltage of air in a cavity.
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CHAPTER VI

EVALUATION OF INDICATORS OF DISCHARGE INTENSITY

6.1 INTRODUCTION

In this chapter the results of computations, carried out on a digi-
tal computer, are presented for a typical set of insulation arrange-
ments. The computations follow the two procedures described in the pre-
ceding chapter. First, the results of computations employing the new
pattern are presented. Next, those employing the commonly used pattern
are shown for comparison. In both cases, the definition of a set pro-
duces "similar conditions" at all the discharging cavities belonging to
a set.

In this thesis the risk of insulation failure means the likelihood
that an insulation will have a lifetime shorter than the expected 1life-
time for that insulation.

"Similar conditions" at the discharge site mean that the average
discharge current transferred across the discharging cavity, I, shows a
relatively small variation as the number of 1layers of a solid
dielectric, 1, increases from 3 to 129, i.e., forty three times.

In this thesis a stable indicator means the indicator which shows a
relatively small variation as the number of layers of a solid
dielectric, 1, varies in a set of insulation arrangements. On the other
hand, an unstable indicator means the indicator which shows a signifi-
cant variation as the number of layers of a solid dielectric, 1, varies
in a set of insulation arrangements.

Since "similar conditions" exist at the discharge site in a set of
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insulation arrangements, a desired indicator is a stable one. It may be
noted that generally a stable indicator fits the production line test of
an equipment, whereas an unstable indicator fits an in situ test of an
equipment in service.

In this thesis a more conservative assessment of the risk of
insulation failure means larger values of the indicators n, I, D, P, Ny,
ny and ny/(n, + ny).

The results of computations show that there are, in some cases very
serious, disadvantages associated with the application of the commonly
used indicators of intensity, and that a new proposed definition of
intensity, as an indicator, is relatively free of these disadvantages.
A comparison of the results of computations employing two different
patterns of recurrence shows that when the repetition rate or a quantity
derived from it is used as an indicator, the new and more accurate
pattern Teads, in general, to a more conservative assessment of the risk

of insulation failure than the commonly used pattern does.

6.2 RESULTS OF COMPUTATIONS EMPLOYING NEW PATTERN OF RECURRENCE

The computations employing the new pattern of recurrence, which
were carried out on a digital computer, followed the procedure defined
in Section 5.3. Tables 6.1-6.3 show the results of computations for a
typical set of insulation arrangements with parameters as indicated.
Similar results were obtained for other typical values of the parameters
€, t, d, h, k, Eay and f.

Table 6.1 shows the results of computations of discharge intensity

obtained by the application of the new definition, the ratio ny/(n, +
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Table 6.1

Results of Computations of Indicators of Discharge Intensity
Employing New Pattern of Recurrence;
2.3, t =36 pm, d =10 mm, h = 40 mm,

€p =
k = 0.3, Eqy = 13.1 kV/mm, f = 60 Hz

(-1 | (Al | Dpcl | [pcl | C-] [s711 | [s-11 | 5711 [-]

3} 7.404 | 2750 | 5141 | 0.5349 1440 360 1080 0.250

5 | 6.464 | 1405 | 3848 | 0.3651 1680 480 1200 0.286

9 6.117 711 | 3186 | 0.2233 1920 600 1320 0.313

17 | 5.474 358 | 2851 | 0.1257 1920 600 1320 0.313

33 | 5.795 180 | 2683 | 0.0671 2160 720 1440 0.333

65 | 5.162 90 | 2598 | 0.0347 2160 720 1440 0.333

129 | 5.521 45 | 2556 | 0.0177 2160 720 1440 0.333




Table 6.2

Results of Computations Employing New Pattern of Recurrence;

€. =23, t =36 pm d-= 10 mm, h = 40 mm,

K =0.3, Egy = 13.1 kv/mm, f = 60 Hz

R {n (np{mp (| ! | Im{ Dp D Dn Dip P { P {Pp| Ic |lan |Iap

1 lest Js (ot g | o | o [('?21 ["?21 [(“321 0 | o0 | o | Dl | [l | Al
6.129 | 1440 | 130 | 580 | 3.90 | 0.4% | 1.486 | 1B%0.75 1¥%1.38 | 034.03 | 2.757 | 0.172 | 1.550 | 7.404 | 0.925 | 2.776
73 1160 220 {60 | 2.330 | 0.337 | 0.843 | 3315.12 | 473.59 1183.97 1 2.38 | -0.242 1 1.441 Y 6.464 1 0.923 | 2.3B
8.063 11920 | 30 |60 |1.36|0.213 040 g7l 18183 | 3w |2.25 | 0.30] 1453 | 6.117 | 0.9% | 2.103
8.666 11920 | 30 [ 680 §0.68 | 0.107 | 0.2% 20652 B2 ;74 l2.004 | 022 | 130415474 1086 | 1.82
9.7 |28 | ¥ |70 [0.39 | 0.065 | 0.130 0.9 1.5 3.3 | 2.141 035 | 1.465 | 5.7% | 0.9%6 | 1.9
9.26 | 2160 | 380 | 720 | 0.1%5 | 0.0 | 0.06 17.% 2.92 5851203 1-0.334 11420 | 5.2 | 0935 | 1.81
9.331 | 2160 | 3 | 720 | 0.097 | 0.016 | 0.0 4.9 0.73 1.47 { 2.00 { 0379 | 1.38 | 5.521 {1 0.920 | 1.840

15



Table 6.3

Computed Quantities Which are Identical
Employing Either Pattern of Recurrence;
€0 = 2.3, t =36 pm, d =10 mm, h = 40 mm,
k = 0.3, Egy = 13.1 kV/mm, f = 60 Hz

52

1 Ve q qc q 9
qc
[-] vl [pc] [pC] [-] [(nc)2]
3 1070.2 2750 5141 0.5349 7.5630
5 | 1217.4 1405 3848 0.3651 1.9733
9 1340.4 711 3186 0.2233 0.5061
17 1425.0 358 2851 0.1257 0.1284
33 1475.8 180 2683 0.0671 0.0324
65 1503.9 90 2598 0.0347 0.0081
129 1518.7 45 2556 0.0177 0.0020
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ny). Also, the values of the component indicators, n, and ny, of the
new definition, the values of the two commonly used indicators q and n,
and of the quantities I., gqc and q/qc are shown in Table 6.1.

Table 6.2 shows the results of computations of new proposed and
existing indicators of discharge intensity, and of quantities as indi-
cated.

The computed quantities which are identical employing either
pattern of recurrence are shown in Table 6.3.

It is seén from Table 6.1 that for a very large variation of 1,
from 3 to 129, the values of I. vary between 5.162 and 7.404 pA only.
Furthermore, no definite trend is exhibited in this variation. There-
fore, 1. may be considered to have similar values as 1 varies from 3 to
129. Thus the conditions at the discharge site may be considered to be
similar.

Table 6.1 also shows that the apparent charge, q, one of the most
commonly used indicators of internal discharge intensity [16-18],
decreases to less than one sixtieth of its initial value as 1 increases
from 3 to 129. As an indicator, q is therefore very unstable. In con-
trast, the new definition, the ratio ny/(ny + ny) is stable as an indi-
cator; its value varies from 0.250 to 0.333, an increase of about 33%,
as 1 increases from 3 to 129.

Of the three remaining indicators n, ny and ny, ny shows a varia-
tion similar to that of ny/(ny + ny). Both n and n, show a greater
variation. The commonly used indicator, n, exhibits a variation of 50%,
whereas n; exhibits a variation of 100%.

It can therefore be concluded that ny/(n, + ny) and ny are the two
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most stable indicators and are much more stable than the apparent charge
q.

Another interesting fact emerges from an examination of the results
in Table 6.1. As 1 varies from 3 to 129, g decreases by only about 50%
from 5141 to 2556 pC. On the other hand, as pointed out earlier, the
decrease in q is comparatively large. For the same variation in 1, q
decreases from a value of 2750 to 45 pC. This clearly shows that the
use of apparent charge, as an indicator, results in an underestimation
of the risk of insulation failure when the amount of charge q. actually
transferred at the discharge location is large compared to the measured
apparent charge q. Table 6.1 shows that the underestimation of risk
becomes more pronounced for large 1; the ratio g/qc becomes very small
for large 1. On the other hand, the new definition, the ratio ny/(ny +
ny), is sensibly constant as an indicator and therefore does not under-
estimate the risk of insulation failure.

The fact that the measured apparent charge q may be in some cases,
as for large 1 in Table 6.1, several orders of magnitude different from
the amount of charge q. actually transferred at the discharge site has
been recognized for some time [19]. The problems of apparent charge
measurements were recently summarized in [19].

It is seen from Table 6.2 that as 1 varies from 3 to 129, the com-
ponents of n, i.e., nyy and nyp exhibit variations similar to those of
ny and ny respectively. Two latter variations as well as a variation of
n were discussed earlier in this section, Table 6.1.

Table 6.2 also shows that the indicator 1 decreases to less than

one fortieth of its initial value as 1 increases from 3 to 129. As an
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indicator, 1 1is therefore very unstable. Its components I,, and I]p
decrease to less than one thirtieth and less than one fortieth of their
initial values respectively, as 1 varies from 3 to 129. They too are
very unstable as indicators.

It is seen from Table 6.2 that the indicator D decreases to less
than one two thousandth of its initial value for a variation of 1 from 3
to 129. As an indicator, D is therefore exceptionally unstable. 1Its
components Dyp and Dyp decrease to about one two thousandth and less
than one two thousandth of their initial values respectively, as 1
varies from 3 to 129. They too are exceptionally unstable as indicators.

It can therefore be concluded that ny/{ny, + ny) and ny, as the two
most stable indicators, are much more stable than the average discharge
current 1 and the quadratic rate D.

Table 6.2 also shows that for a variation of 1 from 3 to 129, the
values of P vary between 2.024 and 2.757 mW only. Furthermore, no
definite trend 1is exhibited in this variation. Since the discharge
power P is related to the degradation rate of the insulation subjected
to discharges, a relatively small variation in P seems to confirm the
validity of using I. to ascertain whether similar conditions exist at
the discharge sites in a set of insulation arrangements. Table 6.2
shows that as an indicator, P is stable; its value varies about 36% as 1
varies from 3 to 129. It is also seen from Table 6.2 that no definite
trend is exhibited in a variation of either component of P, i.e., Pyy or
P1p, as 1 increases from 3 to 129. For this variation of 1, Pyp varies
between -0.172 and -0.395 mW, a variation of about 130%, whereas P1p

varies between 1.304 and 1.550 mW only, a variation of about 19%.
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Therefore, of the three indicators P, Py, and Py,, Pyp shows a smaller
variation than that of P, whereas P, shows a greater variation than
that of P. Hence, as an indicator Py, is stable. It may be noticed
that the values of Py, are negative which means that the energy flow
associated with unlike discharges in the negative half-cycle is directed
from the insulation to the voltage source. Also, the energy flow asso-
ciated with unlike discharges in the positive half-cycle is directed
from the insulation to the voltage source.

It may be noticed that Py, is equal to Pyp, since Py, is the cor-
respondent of P1p- It can therefore be concluded that the discharge
power of like discharges, Py, which is the sum of Py, and Pyp, and is
the component of the discharge power P, is also stable as an indicator.
However, as may be noticed from formula (4.6), the practical measurement
of the indicator P, and its component of 1ike discharges, Py, is more
difficult than the practical measurement of the new indicator, ny/{(ny +
n1). It may be seen from formula (4.6) that the measurement of P or Py
requires the recording of the values of gy and Uy for each kth discharge
considered. It is very difficult to do so with good accuracy. On the
other hand, the measurement of ny/(ny + ny) requires the recording of
the repetition rates ny and ny only. It is relatively easy to do so
with very good accuracy.

It can therefore be concluded that the new definition of discharge
intensity, the ratio ny/(ny, + ny), which is stable as an indicator, is
easier to measure than the stable indicators, the discharge power P and

its component of 1like discharges Py. Similarly, the indicator ny is

easier to measure than P and Py.
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It is seen from Table 6.3 that the fictitious voltage across the
cavity in the absence of discharges, QC, increases by only about 40%
from 1070.2 to 1518.7 V, as 1 varies from 3 to 129. Thus the quantity
Qc is sensibly stable, which further strengthens the validity of check-
ing that "similar conditions” do exist at all the cavities belonging to
a set of insulation arrangements defined in Chapter V.

Table 6.3 also shows that the squared apparent charge, q2,
decreases to less than one three thousandth of its initial value as 1
increases from 3 to 129. As an indicator, q2 is therefore exceptionally
unstable.

It can therefore be concluded that n,/(n, + n3) and ny, as the two
most stable indicators, are much more stable than the squared apparent
charge, q2.

Another interesting fact emerges from an examination of the results
in Table 6.2. As 1 varies from 3 to 129, the reference number R
increases by about 50% from 6.129 to 9.331. This increase is similar to
that of the repetition rate n. However, as one may also deduce from in-

equality (5.12), the variation of R is smoother than that of n.

6.3 COMPARISON WITH RESULTS OF COMPUTATIONS
EMPLOYING COMMONLY USED PATTERN OF RECURRENCE

The computations employing the commonly used pattern of recurrence,
which were carried out on a digital computer, followed the procedure
defined in Section 5.4. These computations were performed for compari-

son of the results obtained with those employing the new pattern of

recurrence. The results of the latter computations have been included
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in the preceding section. Tables 6.4 and 6.5 show the results of compu-
tations, employing the commonly used pattern of recurrence, for the same
typical set of insulation arrangements as considered in the preceding
section, Tables 6.1-6.3. All parameters indicated in Tables 6.4 and 6.5
are identical to those in Tables 6.1-6.3. Similar results were obtained
for other typical values of the parameters €., t, d, h, k, E5y and f.

Comparing the results shown in Table 6.4 with their correspondents
which were shown in Table 6.1 in the preceding section, one notices that
as 1 varies from 3 to 129, the quantity I.*, and the indicators n*, n,*,
n1* and ny*/(ny* + ny*) exhibit variations similar to those described in
the preceding section for their correspondents I, n, ny, ny and ny/(ny
+ ny) respectively. As pointed out in the preceding section, Table 6.3,
certain quantities are identical employing either pattern of recur-
rence. These are the voltage QC, the charges q and q¢, and the charge
ratio q/qc. Therefore, as 1 varies from 3 to 129, the indicator g*, and
the quantities qc* and g*/qc*, shown in Tab]e 6.4, exhibit variations
identical to those described in the preceding section, Table 6.1, for
their identical correspondents q, qc and q/qc respectively. Also, the
variation shown by V. as 1 increases from 3 to 129, which was described
in the preceding section, Table 6.3, is valid for the commonly used
pattern of recurrence as well.

Comparing the results shown in Table 6.5 with their correspondents
which were shown in Table 6.2 in the preceding section, it may be seen
that as 1 increases from 3 to 129, the quantities R*, n*, nyp*, n]p*,
I*, Iyn*, I1p*, D*, Dyn*, Dyp*, P*, Pun™, Pip*, Ic*, Icyn® and Icip®

exhibit variations similar to those described in the preceding section
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Table 6.4

Results of Computations of Indicators of Discharge Intensity
Employing Commonly Used Pattern of Recurrence;
€ =2.3, t=36pum, d=10mm, h= 40 mm,
k = 0.3, Egy = 13.1 kV/mm, f = 60 Hz

] IC* q* qc* * n* nu-k n]* no*
Qc ny*+ ny*
[-1 | [wA) | [pcd | Cpcd | [-) [s-11 | [s71 | [s71] [-]

3| 6.170 | 2750 | 5141 | 0.5349 1200 240 960 0.200

5 | 6.464 | 1405 | 3848 | 0.3651 1680 480 1200 0.286

9 | 5.352 711 | 3186 | 0.2233 1680 480 1200 0.286

17 | 5.474 358 | 2851 | 0.1257 1920 600 1320 0.313

33 | 5.151 180 | 2683 | 0.0671 1920 600 1320 0.313

65 | 5.612 90 | 2598 | 0.0347 2160 720 1440 0.333

129 | 5.521 45 | 2556 | 0.0177 2160 720 1440 0.333




Table 6.5

Results of Computations Employing Commonly Used Pattern of Recurrence;
€= 2.3, t=36pm d=10 mm, h = 40 mm,
k = 0.3, Egy = 13.1 kV/mm, f = 60 Hz

R* o r\n* mp* I* 1 m* I]p* N Dm* D1p* px Pm* Plp* IC* ICU]* IC]p*
(ro)2. | (ro)2. | ()2
(-] (s |0s 2 (0s1] | (Al | [pAd | Al | C S] L S] L S] W] | W] | O] | CpAd | (A | CpAd
sen | 120120 (40 33010330 1.30 | 075.62 | 907.% | 3630.25 | 2.218 | 0.0% | 1.233 | 6.170 | 0.617 2.468
7010 {1680 | 200 |60 |2.33010.337 | 0.843 | 3B15.12 | 473.59 | 1183.97 | 2.387 | -0.%1 | 1.4%4 | 6.464 0.923 | 2.3B
7.953 11680 | 240 | 60 |1.1% | 0.171 | 0.427 | 80.24 | 121.46 | JB.66 | 1.97% | -0.216 | 1.204 532 1 0.766 1 1.912
867 [ 190130 |60 |0.68 10107 {0.2% | 246.2 B2 .74 12,0001 0.297 1 1.3B | 5.474 | 0.86 | 1.8%
892 {19030 |0 |0.35 | 0.0+4 | 0.119 &.13 9.71 2.3 (192 | 0.2011.2015.151 {085 11.771
9.28 | 260 360' 70 10.1% | 0.032 | 0.065 17.55 2.2 5856|2072 | 03611422 | 5.612 | 0.935 | 1.871
9.1 | 2160 | 30 | 720 | 0.097 | 0.016 | 0.0 4.40 0.73 147 | 208 | 0.3011.39 ) 5.521 {0.920 | 1.840

09
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for their correspondents R, n, Mun> Mp> I, Tyns I]p, D, Dyn» D]p, P,
Puns P1ps Ic> Icup and Icyp respectively. However, in this case, where
the commonly used pattern of recurrence is employed, the fact that the
variation of R* is smoother than that of n* may be deduced from in-
equality (5.40).

Another interesting fact emerges from a comparison of the results
of R, Table 6.2, with those of R*, Table 6.5. It may be noticed that
for any tabulated value of 1, the computed value of R is always greater
than that of its correspondent R*. It may also be noticed that the
difference between these corresponding values of R and R* decreases as 1
increases from 3 to 129. This difference for 1 = 3 is equal to 0.239,
whereas for 1 = 129 it is equal to only 0.010.

As one may notice from inequalities (5.12) and (5.40), even a very
small difference between R and R* may cause a difference between the
repetition rates n and n*. This, indeed is the case of 1 equal to 33,
where R equals 9.027, Table 6.2, and R* equals 8.992, Table 6.5, the
difference of 0.035 only. However, the repetition rates for 1 equal to
33 differ, since n equals 2160 s-1, Table 6.2, and n* equals 1920 s-1,
Table 6.5.

It may therefore be concluded that since the computed value of R is
always greater than that of 1its correspondent R*, the values of the
repetition rate n, and the derived indicators I, D, P and the quantity
Ic, computed by employing the new pattern, are always greater than or
equal to the values of their correspondents n*, I*, D*, P* and Ic*
respectively, computed by employing the commonly used pattern. Comparing

the values of n, I, D, P and I., Table 6.2, with those of their corres-
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pondents n*, I*, D*, P* and I.* respectively, Table 6.5, one may notice
that the above statement is true for all corresponding pairs of tabu-
lated values, one taken from Table 6.2, the other from Table 6.5. An
example of this has been shown in the preceding paragraph for the value
of n and that of its correspondent n* for the case of 1 equal to 33.

Since the new and more accurate pattern of recurrence of discharges
yields the values of indicators n, I, D and P which are greater than or
equal to those obtained by the application of the commonly used pattern
of recurrence, it may be concluded that, when the repetition rate n or a
quantity derived from it I, D or P is used as an indicator, the new
pattern leads, in general, to a more conservative assessment of the risk
of insulation failure than the commonly used pattern does. It may be
noted however that the indicators do not depend strongly on the choice
of a pattern of recurrence.

It may also be noted that the procedures of computations have been
developed on the basis of the commonly used equivalent circuit of the
dielectric, shown in Fig. 2.5. However, that circuit does not explain
fully the behaviour of internal partial discharges. For instance, in
practice, when measuring the apparent charge, one obtains a distribution
of many values [1,8,13,20,21,22,23,24,25,26]. The equivalent circuit
does not yield this distribution and the apparent charge has the same

value for all discharges.

6.4 CONCLUSIONS

The results of computations, carried out on a digital computer,

have been presented for a typical set of insulation arrangements. The
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computations followed the two procedures described in the preceding
chapter. First, the results of computations employing the new pattern
of recurrence of discharges have been presented. Next, those employing
the commonly used pattern of recurrence of discharges have been shown
for comparison. In both cases, it has been pointed out that the defini-
tion of a set produces "similar conditions" at all the discharging
cavities belonging to a set.

It has been shown that for "similar conditions" existing at the
discharge site i.e. similar values of the average discharge current
transferred across the discharging cavity, I., significant differences
are obtained in the theoretical values of a presently used indicator of
discharge intensity, the apparent charge q. These significant differ-
ences are also obtained for the indicator I, the average discharge cur-
rent, and are even more pronounced for the indicator D, the quadratic
rate, and for the quantity q2, the squared apparent charge. On the
other hand, the theoretical values of the new proposed definition of
discharge intensity, the ratio ny/(ny + nj), do not differ signifi-
cantly.

As indicators, the quantities ny/(ny + nj) and ny are two most
stable ones, being more stable than the quantities n and ny. The
advantages associated with the use of the new indicator ny/(n; + ny)
over the use of the indicators ny, n and ny will be explained in Chapter
VIII.

The indicators ny/(ny + ny) and ny are easier to measure than the

other two stable indicators, the discharge power, P, and its component

of 1ike discharges, Pyj. It has been explained that it is relatively
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easy to perform the practical measurements of ny/{n;, + nj) and ny with
very good accuracy, whereas it 1is very difficult to perform the
practical measurements of P and Py with good accuracy.

The apparent charge q often underestimates the risk of insulation
failure, whereas the new indicator ny/(ny + ny) does not do so.

The values of the discharge power of unlike discharges in the
negative half-cycle, Py,, are negative which means that the energy flow
associated with unlike discharges in the negative half-cycle is directed
from the insulation to the voltage source. Also, the energy flow
associated with unlike discharges in the positive half-cycle is directed
from the insulation to the voltage source.

The voltage Vc, the charges q and qc, and the charge ratio q/q; are
the quantities which are identical employing either pattern of recur-
rence. For all other tabulated quantities: n, ny, ny, Nups> NMp> I,
Iun> T1ps> D5 Dyns Dips» Ps Pyns Pips Ics lcuns Icips and R, it has been
shown that their variations with 1 according to the new pattern are
similar to those of their correspondents according to the commonly used
pattern: n*, ny*, ny*, nup*, n1p*, I*, Iun™, I1p*, D*, Dun*, D]p*, p*x,
Pun*s P1p*s Ic*, Icun™> Icip™s and R*, respectively.

It has been concluded from a cbmparison of the results of computa-
tions employing two different patterns of recurrence that when the
repetition rate or a quantity derived from it I, D or P is used as an
indicator, the new and more accurate pattern leads, in general, to a
more conservative assessment of the risk of insulation failure than the

commonly used pattern does. It may be noted however that the indicators

do not depend strongly on the choice of a pattern of recurrence.
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The procedures of computations were developed on the basis of the
commonly used equivalent circuit, Fig. 2.5, which, however, does not
explain fully the behaviour of discharges. Therefore, a comparison of
the results of computations with recently published experimental

results, for insulation arrangements identical to the one considered in

this thesis, will be presented in the next chapter.
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CHAPTER VII

COMPARISON OF RESULTS
OF COMPUTATIONS WITH PUBLISHED EXPERIMENTAL RESULTS

7.1 INTRODUCTION

In this chapter the results of computations are compared with
experimental results, published in recent literature [20-22], obtained
using laboratory model insulation arrangements identical to the one
considered in this thesis. The procedure of computations employing the
new and more accurate pattern of recurrence of discharges is used.

Reasonable agreement is found between experimental and computed
values of the apparent charge g, the repetition rate n and the distribu-
tion of discharge pulses [20-22]. Several examples of this agreement

are shown.

1.2 COMPARISON OF RESULTS

Experimental values of the apparent charge q, the repetition rate n
and the distribution of discharge pulses, obtained using insulation
arrangements identical to the one considered in this thesis, have been
reported in recent literature [20-22]. Theoretical computations,
employing the new pattern of recurrence, were performed on these insula-
tion arrangements. Several typical examples of a comparison of the
results of these computations with the experimental results are pre-
sented below.

The value of the discharge coefficient k, k = (V5 - Vg)/Vj, for a
typical insulation is most often reported in the literature [1,2,4,7,8,

13,14,22] within the range between 0.1 and 0.5, with the average of 0.3
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used in analytical studies. Of the three considered in this section
experimental studies [20-22], in two, [20,21], the value of k has not
been reported. Therefore, the average value of k = 0.3 was assumed in
theoretical computations for the insulation arrangements from the
studies [20,21]. 1In the experimental study [22] the value of k has been
reported as presumed to be 0.5.

Table 7.1 shows a comparison of the results of theoretical computa-
tions with the experimental results published in recent literature [20],
for the apparent charge q, with parameters as indicated. The experi-
mental frequency f varied from 0.1 to 50 Hz [20]. The theoretically
computed values of the apparent charge q are independent of the
frequency f.

It is seen from Table 7.1 that the computed values of g, which cor-
respond to average values, agree reasonably with the experimental values
of q. For each value of the diameter of the cavity d, Table 7.1, the
computed value is always smaller than the experimental peak value and is
not much different from the experimental most probable value. For
example, for d equal to 5 mm, the computed value of 379 pC is smaller
than the experimental peak value of 800 pC, and is not much different
from the experimental most probable value of 500 pC.

Fig. 7.1 shows a comparison of the results of theoretical computa-
tions with the experimental results published in the literature [21],
for the apparent charge versus applied voltage, with parameters as indi-
cated.

It is seen from Fig. 7.1 that the computed values agree reasonably

with the experimental ones. The computed values of g, which correspond
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Table 7.1

Comparison of Results of Computations with
Experimental Results Published in Literature [20];
€.=2.3, t=0.18mm, h=25mm, 1 =3,
Eay = 6.4556 kV/mm, assumed k = 0.3

q
d [pC]
[mm] Experimental, from Literature
Computed
Most Probable Peak
2 30 90 62
3.2 180 400 158
5 500 800 379
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7.1: Comparison of results of computations with experimental
results published in literature [21], for apparent charge versus
applied voltage:

€,=2.3, t=0.2mm; d=5mm; h=25mm; 1= 3; f=50Hz;
assumed k = 0.3.
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to average values, are always smaller than the experimental peak values
of q. The computed values of q are independent of the applied voltage,
while the experimental peak values of q show very small variation with
the applied voltage.

Fig. 7.2 shows a comparison of the results of theoretical computa-
tions with the results published in the 1literature [21], for the
apparent charge, with parameters as indicated. The results published
are the experimental ones as well as the theoretically calculated ones.
Relevant comparisons can only be carried out for the case when the
degradation of the insulation has not yet occurred, i.e., just after the
voitage application to the insulation. Therefore, both the theoretical-
ly computed value and the published theoretically calculated value are
shown for the time after the voltage application from 0 to 6!min.

It is seen from Fig. 7.2 that the computed value of q agrees
reasonably with the published experimental peak values of q. The com-
puted value of q, which corresponds to the average value, is always
smaller than the experimental peak value. On the other hand, from Fig.
7.2, the published theoretically calculated value of q, which corres-
ponds to the average value, does not agree with the experimental peak
value published in the same work [21]. The calculated value is for some
samples larger than the experimental peak value.

Fig. 7.3 shows a comparison of the results of theoretical computa-
tions with the results published in the literature [21], for the appar-
ent charge and the repetition rate for half-cycles, with parameters as

indicated. The published results include experimental as well as

theoretically obtained results. Since the published results of the
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7.2: Comparison of results of computations with published in
Titerature [21] calculated and experimental results, for apparent
charge:

€r=2.3; t=0.2mm; d = 1.5mm; h = 25mm; 1 = 3;
Eay = 6.6667 kV/mm; f = 50 Hz; assumed k = 0.3.
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Fig. 7.3: Comparison of results of computations with published in
literature [21] calculated and experimental results, for apparent
charge and repetition rate for half-cycles:
€= 2.3; t=0.2mm; d = 1.5mm; h = 25mm; 1 =
Eay = 6.6667 kV/mm; f = 50 Hz; assumed k = 0.3.
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repetition rate have been expressed for half-cycles in the literature
[21], the theoretical computations for the comparison, Fig. 7.3, were
also performed to obtain the repetition rate for half-cycles. It may be
noted that the computed repetition rate for half-cycles is equal to one
half of the corresponding total repetition rate n. Therefore, the
relationships which are true for the former repetition rate are also
true for the latter one.

The experimental graph, Fig. 7.3, shows the accumulative distribu-
tion of discharge pulses in a cavity. The values theoretically computed
in this thesis as well as those theoretically calculated in [21] form
the straight lines of the accumulative distribution of discharge pulses
in an ideal cylindrical cavity, Fig. 7.3.

"It is seen from Fig. 7.3 that the computed distribution agrees
reasonably with the published experimental one. The computed distribu-
tion, which corresponds to the average value of q, has all the dis-
charges of q = 34 pC, which is smaller than the experimental peak value
of about 80 pC, Fig. 7.3. On the other hand, from Fig. 7.3, the
published theoretically calculated distribution does not agree with the
experimental one published in the same work [21]. The calculated dis-
tribution, which corresponds to the average value of g, has all the
discharges of q = 90.3 pC, which is larger than the experimental peak
value of about 80 pC.

It ﬁay be noticed from Fig. 7.3 that the computed value of the
repetition rate for half-cycles, which is equal to 500 s'l, seems to

agree with the published experimental one. The experimental graph ends,

at the apparent charge of about 10 pC and the accumulative repetition
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rate for half-cycles of about 350 571, probably because the measurements
have not been performed for smaller thresholds of the apparent charge.
Those measurements, had they been performed, could only add an addition-
al number of discharges to the experimental value of about 350 s-1,
therefore making the experimental value closer to, or probably even
exceeding, the value of 500 s~1 computed in this thesis. 0n the other
hand, from Fig. 7.3, the published theoretically calculated value of the
repetition rate for half-cycles, which is equal to 164 s=1, does not
agree with the published experimental one. The experimental value,
which has been reported as equal to about 350 s71, would differ even
more from the calculated value of 164 s-1, if the above mentioned
measurements had been performed.

Fig. 7.4 shows a comparison of the results of theoretical computa-
tions with the experimental results published in recent literature [22],
for phase distribution of discharge pulses, with parameters as indi-
cated. The experimental distribution is obtained for the case when the
degradation of the insulation has not yet occurred, i.e. just after the
voltage application to the insulation.

It is seen from Fig. 7.4 that the computed phase distribution is
similar to the experimental one. Most of the experimental discharge
pulses occur in the same phase windows, each of 15° el width, in which

the theoretical pulses, from computations, occur.

7.3 CONCLUSIONS

The results of computations have been compared with experimental

results, published in recent literature [20-22], obtained using labora-
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Fig. 7.4: Comparison of results of computations with experimental
results published in literature [22], for phase distribution of
discharge pulses:

€ = 2.3; t=0.235mm; d = lmm; h = 25mm; 1 = 3;
Eay = 6.3830 kV/mm; f = 50 Hz; assumed k = 0.5.
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tory model insulation arrangements identical to the one considered in
this thesis. The procedure of computations employing the new and more
accurate pattern of recurrence of discharges has been used.

Reasonable agreement has been found between experimental and com-
puted values of the apparent charge q, the repetition rate n and the
distribution of discharge pulses [20-22]. Several examples of this

agreement have been shown.
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CHAPTER VIII

ADVANTAGES ASSOCIATED WITH USE
OF THE NEW DEFINITION OF DISCHARGE INTENSITY

8.1 INTRODUCTION

In this chapter the advantages associated with the use of the new
definition of discharge intensity, ny/{ny + nj), as an indicator, over
the use of the indicators q, n, ny and ny are explained.

It is shown that the apparent charge q, the repetition rate n, and
its components n, and ny, are all influenced strongly by the value of
the discharge coefficient k, whereas the new proposed indicator ny/(n, +
ny) is virtually free of this undesirable dependence. The undesirabil-
ity of dependence of an indicator of discharge intensity on k is

explained.

8.2 RESULTS OF COMPUTATIONS EXAMINING DEPENDENCE
OF DISCHARGE INTENSITY ON DISCHARGE COEFFICIENT

Fig. 8.1 shows the computed dependence of the quantities n, ny, nj,
ng/{ny, + ny) and q on the discharge coefficient k, k = (Vj - Vg)/Vy.
The values of k considered are the typical values reported in the Titer-
ature [1,2,4,7,8,13,14,22]. They have been dealt with in the second
paragraph of Section 7.2. The parameters of the insulation arrangement
and the voltage range considered are identical to those considered in
recent experimental study [22]. The procedure of computations employing
the new and more accurate pattern of recurrence of discharges was used.

It is seen from Fig. 8.1 that the apparent charge q, the repetition

rate n and the indicators ny and ny are all influenced strongly by the
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Fig. 8.1: Results of computations of discharge intensity for:
€ =2.3; t=0.235mm; 1 =3; d=1mn; h=25mm; f= 50 Hz.

As indicated in the legend there are four line types i.e. solid, broken,
etc., corresponding to four different functions i.e. ny, ny, n, nu/(ny +

n1) and three line thicknesses corresponding to three different values
of k. In total, there are 12 graphs which represent all possible com-
binations of line types and thicknesses. For example, the graph drawn
in solid line with maximum thickness shows the variation of ny/(n, + ny)
versus applied voltage for the case when k = 0.5.
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value of the coefficient k. However, the values of ny/(n; + ny) are
virtually free of this undesirable dependence. It may be noted that q
is independent of voltage and hence its values have been tabulated. As
the value of the coefficient k varies from 0.1 to 0.5, the apparent
charge q increases about five times from 4.8 to 24.2 pC.

A decrease in the coefficient k implies more discharges of smaller
magnitude whereas an increase implies fewer discharges but of larger
magnitude. It is possible that the value of k may change during the
course of an experiment. Moreover the value of k may differ from one
insulating material to another, and often its exact value is not known.
It is doubtful that the risk of insulation failure will change signifi-
cantly with change in the value of k only. Since the new indicator,
ny/(ny + n1), has insignificant dependence on k, it is considered to be
free from a disadvantage associated with other indicators such as q, n,
ny and ny.

It may be noted that the measurement of the total discharge repeti-
tion rate n is not considered as an insignificant indicator. Since the
value of n must be used in the calculation of the discharge energy loss,
which is directly related to the degradation rate of the insulation sub-
jected to discharges, the indicator n constitutes one of the more useful
measures of the internal partial discharge effect. However, due to the
reason given in the last sentence of the preceding paragraph the new
indicator, ny/(ny + ny), is considered to be free from a disadvantage
associated with the indicator n. It may also be noted that since n = ny

+ ny, then the application of the new indicator, ny/{(n, + ny), when

obtained by the measurement of ny and ny, involves the information
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needed to know the value of n as the sum of ny and ny.

8.3 CONCLUSIONS

The advantages associated with the use of the new definition of
discharge intensity, ny/{n, + ny), as an indicator, over the use of the
indicators q, n, n, and ny have been explained.

It has been shown that the apparent charge q, the repetition rate
n, and its components n, and ny, are all influenced strongly by the
value of the discharge coefficient k, whereas the new proposed indicator
ny/{ny + ny) is virtually free of this undesirable dependence. The

undesirability of dependence of an indicator of discharge intensity on k

has been explained.
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CHAPTER IX

CONCLUSIONS

9.1 GENERAL CONCLUSIONS

The main objective of this thesis has been to propose a new defini-
tion of internal partial discharge intensity which, as an indicator, is
relatively free from disadvantages associated with presently existing
indicators.

Based on the results of analytical and digital studies, and also a
comparison with experimental studies published in recent literature, the
following conclusions are drawn:

1) The presently used indicators of discharge intensity, the
apparent charge q and the repetition rate n, depend strongly on the
value of the discharge coefficient k. The new proposed indicator is
virtually free of this undesirable dependence.

2)  The results of computations indicate that for "similar condi-
tions" existing at the discharge site i.e. similar values of the average
discharge current transferred across the discharging cavity, I., signi-
ficant differences are obtained in the theoretical values of a presently
used indicator of discharge intensity, the apparent charge q. The
theoretical values of the new proposed indicator, ny/(n; + ny), do not
differ significantly.

3) The apparent charge q often underestimates the risk of insula-
tion failure, whereas the new proposed indicator does not do so.

4) The values of q and n computed by the procedures adopted in

the thesis agree reasonably with experimental results published in
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recent literature for identical insulation arrangements.

5)  The results of computations show that for "similar conditions"
existing at the discharge site, significant differences are obtained in
the theoretical values of less frequently used indicators of discharge
intensity, the average discharge current I and the quadratic rate D,
whereas, as pointed out above in the conclusion 2), the values of the
new proposed indicator do not differ significantly.

6) The results of computations reveal that for "similar condi-
tions" existing at the discharge site, the values of a less frequently
used indicator of discharge intensity, the discharge power P, do not
differ significantly. However, the new proposed indicator is easier to
measure than the less frequently used indicator P.

7) A comparison of the results of computations employing two
different patterns of recurrence of discharges, the new and more accur-
ate pattern, and the commonly used pattern, indicates that when the
repetition rate or an indicator derived from it I, D or P is applied,
the new pattern leads, in general, to a more conservative assessment of
the risk of insulation failure than the commonly used pattern does. It
may be noted however that the indicators do not depend strongly on the

choice of a pattern of recurrence.

9.2 RELEVANT OBSERVATIONS

For the insulation arrangements studied, the following observations
are made:

1) The values of the discharge power of unlike discharges in negative

half-cycle, Pyp, Table 6.2, are negative which means that the energy
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flow associated with unlike discharges in the negative half-cycle is
directed from the insulation to the voltage source. Also, the energy
flow associated with unlike discharges in the positive half-cycle is
directed from the insulation to the voltage source.

2) The above observation 1) can be explained by the fact that the
electric current exchanged between the voltage source and the insulation
due to a discharge is the result of the voltage drop AVy across the in-
sulation. This current flow occurs during the recharging of the insula-
tion from the voltage source when the compensating voltage gain AVyy is
produced. For like discharges the voltage drop AV, is positive, there-
fore the current flows from the source to the insulation and recharging
it, produces the positive voltage gain AVyy. However, from Fig. 3.3,
for unlike discharges the voltage drop AV, is negative, therefore the
current flows from the insulation to the source and produces the
negative voltage gain AVy,. Hence, the energy flow associated with
unlike discharges, in the positive as well as in the negative
half-cycles, is directed from the insulation to the voltage source.

3) The difference between the two patterns of recurrence of dis-
charges, the new and more accurate pattern, and the commonly used
pattern, diminishes as the inequalities Cy >> Cp and Cc >> Cp get more
pronounced. The above inequalities are true for most practical insula-
tion systems but may not be true for many laboratory model insulation
systems.

4) The above observation 3) can be explained by the fact that, from
Fig. A.1 (in the Appendix) or Fig. 3.2, the difference between the two

patterns diminishes when the voltage drop AV., becomes smaller in com-
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parison to the voltage drop AVc. It follows from formula (3.1) that as
the inequality Cc >> Cp is more pronounced, the voltage drop AVip
becomes smaller in comparison to the voltage drop AV,. Next, it follows
from formula (2.8) that as the inequality C; >> Cp is more pronounced,
the voltage drop AV, becomes smaller in comparison to the voltage drop
AVc.  Therefore, AVcy becomes smaller in comparison to AV., as the

inequalities C3 >> Cp and C; >> Cp get more pronounced.

9.3 MAJOR CONTRIBUTIONS

1) A novel approach to define internal partial discharge inten-
sity, as the ratio ny/(n; + ny), based on an introduction of repetition
rates of unlike discharges ny, and of 1like discharges ny, has been
suggested and examined.

2) Based on an identification of four groups of discharges the
new indicators of discharge intensity have been introduced and examined;
further combining of these groups in two groups has led to the intro-
duction of the indicators ny and ny.

3) A novel approach of examining the indicators for an undesir-
ability of their dependence on the value of the discharge coefficient k,
has been suggested and carried out.

4)  Detailed studies have been conducted to examine the advantages
of employing the new proposed indicator, ny/(ny; + ny), in place of other
new proposed as well as traditionally used indicators.

5) A new concept of checking that "similar conditions," which
were introduced in earlier work, do exist in a set of insulation

arrangements, based on an introduction of the new, nonmeasurable
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quantity I., has been suggested and used.

6) Two patterns of recurrence of discharges, the new and the
commonly used, have been compared for the difference of their assessment
of the risk of insulation failure.

7) Two new procedures of digital computations of theoretical
values of the new and presently used indicators for a set of insulation
arrangements, one applying the introduced in earlier work, new and more
accurate pattern of recurrence of discharges, and the other applying the
commonly used pattern, have been developed and used.

8) A comparison of theoretical values of two most commonly used
indicators of discharge intensity with published experimental results

has been carried out.

9.4 SUGGESTIONS FOR FURTHER STUDIES

1) Investigating experimentally the effect of the value of the
new indicator, ny/(ny + n1), on the lifetime of an insulation exposed to
internal partial discharges, for various insulation arrangements and
insulation materials.

2) Studying experimentally the possibility of establishing the
"safe" values of the new indicator for various types of insulation and
service conditions.

3) Investigating experimentally the "mirror image" relation
between two groups of discharges in a pair of like discharges - groups
(1n) and (1p), as well as in a pair of unlike discharges - groups (un)

and (up).
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APPENDIX

TYPICAL ENERGY BALANCE CALCULATION

A typical energy balance calculation is presented for the case of
discharges shown in Fig. A.l, in order to illustrate the effect of
neglecting, in the commonly used pattern or recurrence, insulation
recharging from the voltage source.

The three energy states of Table 3.1, which were introduced in Lz},
allow one to calculate the energy dissipated due to a discharge as

Afgiss = E¢'' + Ep'' + Eg'' - E¢' - Ep' - Eg' (A.1)
and the energy supplied due to recharging from the voltage source as

AEgypp = Ec''' + Ep''' +Eg'" - Ec'' - Ep'' - E3'' (A.2)

The total energy change due to a discharge and subsequent re-
charging is

AE = AEgiss *+ AEsupp

= E'' v Ep''t +Ep' - E¢' - Ep' - Ea' (A.3)

The values of AEdjss, AEsypp and AE will be calculated from (A.1),
(A.2) and (A.3) respectively, for individual discharges applying the new
pattern of recurrence of discharges.

With the application of the pattern of recurrence commonly used in

Jiterature the energy dissipated due to a discharge is calculated from

CpC 1
AEdiSS* = - (CC + __.E_.a_———) AVC (Vi - —2- AVC) (A.4)

Ch + Ca
and the energy supplied due to recharging from the voltage source is

calculated from

1
AESUpp* = (Ca + —————-—) AVa (Va - -E Ava) (A—S)
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Fig. A.1: Case of discharges used to conduct typical energy balance:
V, V5 - new pattern; V¥, Va* - commonly used pattern; numbers 1, 2,
3, 4, 5 - indicate consecutive discharges according to new pattern;
numbers 1%, 2* 3%, 4* 5% - indicate consecutive discharges

according to commonly used pattern.
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The total energy change due to a discharge and subsequent recharg-
ing is calculated from
AE, = AEdjsex + AEsypp* (A.6)
The values of AE4iss %, AEsypp* and AEx will be calculated from

(A.4), (A.5) and (A.6) respectively, for individual discharges applying
the pattern of recurrence'common1y used in literature.

The following values were assumed; the capacitances in capacitance
units, Cc = 1, Cp = 1, and Cy = 1; the inception voltage in voltage
units, Vi = 8; the discharge coefficient k which is dimensionless, k =
1/2. Let us also assume that the voltage QC = Vi, therefore Qc = 8, in
voltage units. This is the case of discharges shown in Fig. A.1. It
can be obtained that the voltage drops or gains in voltage units are,
AVc = 4, AVa = AVqr = 2, AV = 2, AVgp = 1, AVpp = 1, AVgt = 3, AVpy =
3, and that the voltage Qa = 16, in voltage units.

We first apply the new pattern of recurrence and the energy states
of Table 3.1 [2]. It can be obtained that, in energy units (where
energy unit is the product of capacitance unit and the squared voltage

unit) for discharge 4:

Ecg' = 32, Ecg'' = 8, Ecg''' = 25/2,
Epg' = 2, Epg'' = 8, Epg'"'"' = 25/2,
Ea4l = 50, Ea4ll = 32, Ea4lll = 50,

and for discharge 5:

Ecs' = 32, Ec5'' = 8, Ecs''' = 25/2,
Eps' = 32, Eps'' = 50, Eps''' = 121/2,
Eas' = 128,  Ea5'' = 98,  Ea5''' = 128.
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The energy changes for discharge 4 are:

AEdissq = Ecg'' + Epg'" + Eaa'' - Eca' - Eps’ - Eag’
= -36

AEsypps = Eca''' + Epg"'' + Eag''' - Ecq'' - Epg'' - Eag’
= 27

AE4 = AEdiss4 + AEsupp4 = -36 + 27 = -9

Next, the energy changes for discharge 5 are:

AEgisss = Ec5'' + Eps'' + Eas'' - Ec5' - Eps' - Ea5’
= -36

AEsupps = Ecslll + Eb5||i + Easlll - ECSII - Ebsll - Easll
= 45

AE5 = AEdiss5 + AEgypps = -36 + 45 =9

Then,

AEgg5 = AEgq + AEg = -9 + 9 = 0,
for half cycle of discharges 4 and 5.

The results of such an analysis of discharges 2 and 3 are identical
to those obtained by analysis of discharges 4 and 5 respectively (all
corresponding voltages are opposite so that their squares are identi-
cal).

Therefore,

AB2s3 = AEgg5 = 0

Since AEpg3 + AEggs = 0 + 0 = 0, for one cycle of discharges 2,
3, 4 and 5, the energy balance is satisfied when applying the new
pattern of recurrence.

We now apply the pattern of recurrence commonly used in litera-

ture. It can be obtained that, in energy units, for discharge 4*:
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AEgissax = -36 ( = AEgisss)
and since Vag* = 8 ( # Vag = 10),

AEgyppa* = 21 ( # AEgypps = 27)
therefore,

AEgx = AEdissax + AEgyppg* = =36 + 21 = -15 (# AEq = -9)

Next, it can be obtained that for discharge 5*:

AEgigss* = -36 ( = AEdjsss)
and since Vagx = 16 ( = Va5),

AEgypps* = 45 ( = AEgypps)
therefore,

AEgx = AEgjsss5x + AEgypps* = -36 + 45 =9 (= AEg)

Then,

AEgxg5* = AEgx + AEgx = =15 + 9 = -6 (# AEggs = 0),
for half cycle of discharges 4* and 5*.

The results of such an analysis of discharges 2* and 3* are identi-
cal to those obtained by analysis of discharges 4* and 5* respectively
(all corresponding voltages or voltage drops are opposite so that cor-
responding energy changes are jdentical).

Therefore,

AEgxg3x = AEg*xgs* = -6

Since AEpxg3x + AEgxggx = -6 + (-6) = -12 # 0, for one cycle of

discharges 2*, 3%, 4* and 5*, the energy balance is not satisfied when

applying the pattern of recurrence commonly used in literature.




