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for on-line diagnosis Bo that efforts in performing
invaestigatione of equipment removed from service can
be concentrated where they will best be served, while
at the same time minimising the need for cff-line
diagnosis based solely on periodic time intervals.
Many of the ideas that are presently being uesed for
on-line diagnostics are relatjvely new and experience
is limited. It ie therefore, of critical importance
that more of ue become involved in using these newer
methods, even if some of these methods are still
clasgified as research. It ie only through a concer-
ned and intensive world-wide effort that the final
solutjon to the proper formula of on-line monitoring
and off-line investigation and diagnosis can result.

We wmwust all appreciate and understand that the pri-
mary goal in this entire effort is that we not only
understand what is necespary to make up a good insu-—
lation system design, but that we also understand the
pignificance of results presented to us through a co-
ordinated effort of on-line and off-line diagnosis.
The relationship that exists between insulation co-
ordination and DD is graphically represented in
Section 4. While it is obvious that an insulation
system that has been damaged in any way (electrical-
1y, mechanically, or thermally})}, cannot be axpected
to perform to its specification, it ies not as obvious
when we go one step further, how to predict how well
that 'same system will or will nor perform if allowed
to remajin in service.

The report of this Working Group is a key considera-
tion in the continued reliability of any electric
system. This is certainly of major interest to every-
one throughout the world and it i1s only through ac—
tive dialogue followed by action that we can achieve
our goal. This is the challenge to all power pro-

ducers.
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hssuming that these rhetorical gquestions resulted in
the expected answer, we can move to gquadrant II. The
ordinate shows the actual value of the withstand vol-
tage considered, U, while the abscissa shows the
value of the measured gquantity, qg. The solid line
U{g) represents the intrinslc relationahip for the
insulation considered. This line was drawn with a ne-
gative gslope, eince it is always possible to adopt a
scale for g o that +the higher the value of g, the
higher will be the deterioration of the insulation.
If g is measured as part of the type tests and again
after commissioning, its values should be higher than
@, and Q. respectively, Iif these are known. Other-
wise, they could be adopted, being on the sate side,
as Qy and Q. for future diagnosis. The value, Qp, of
q corresponding to U,., is the critical value that
cannot be reached if the equipment is to survive its
programmed service life under all expected condi-
tionsa.

Quadrant III, with co-ordinates t and g already defi-
ned, 1is the guadrant where the measurements of the
lnsulation diagnosis are plotted. If continuous meas-
urements could be performed on equipment subjected to
the expected service conditions, a curve gq(t) similar
to the solid one would be obtained, with gq starting
from Q. and reaching Q. at Tg at the end of the ex-
pected pervice life. It is the aim of DD to follow
the evolution of curve q(t), in order to take preven-
tive measures in case the deterjoration becomes
quicker than expected. That is, when the measured
value of g is found to be higher than that correspon-
ding to the hypothesised ageing.

At the present state of knowledge, very few of these
relationships are known. However, when on the basis
of a DD, we declide to either leave the equipment in
service or, which is certainly more serious, to re-
move it from service for further investigation,
whether we admit it or not, we assume to know some-—
thing about the relationships Jjust described. That
is, if we leave the equipment in service, we practi-
cally assume that the measured value of g is lower
than Q.. At the very least, we certainly have conclu-
ded that q can be expected to remain lower than Q.,
until the time of the next diagnostic tests. On the
cther hand, if our decision is to take the equipment
out of service, this assumes that q either is already
higher than Q. (immediate investigation is required),
or that it will become higher than Q. sooner than
originally anticipated {action is required, but can
be delayed for the time being).

The gquantity @ that has been examined wup to now can
be considered a T"etatic™ diagnostic, in the Bpense
that ite values are correlated to the values of the
withstand wvoltage U considered. There exist other
types of quantity, which can be ccneidered as corce-
lated to the rate of decrease, dU/4¢, of U with time.
They can be marked S, and referred to as “"dynamic”
diagnostics. The value of these guantities in regular
service should be zero, or negligible, as their pres-
ence will lead to a reduction of U below U, sooner
than originally expected for the life of the equlp-

ment. The large majority of the current diagnostic
methods refer to these gquantities, since they aim to
detect abnormal conditions of the insulation, due to
accidental causes. In principle, also these dynamic
quantities c¢an be dealt with in a similar way as the
static ones, as they are governed by the same philo-
sophy: the eguipment can remain in service until all

co-ordipation withstand voltages are met. Further de-
velopment and refinement of the matter are left to
the future work on DD.

Before closing, one more thought related to the last
of the three guestions: "Why is this matter being
raised only now?". Apart from the sarcastic answer
that we must always find something more to do, one

can find that increased interest in the DD is due to
the fact that the age dietribution of the eguipment
in service is changing. This is at least due in part
to a decrease in the rate of increase of power con-
sumption. Actually, when this rate waa 7% per year
{famous "doubling every ten years"), only 12.5% of
the equipment was older than 30 years. With a rate of
increase of 3% per year, this figure increases to 41%
Even more shocking is the comparieon at %0 years, the
usually considered canonic age of retirement: 3%

against 23%

5. CONCLUSIONS

This Report is meant to be a starting point for more
intensive discusaiona on the critically important
topic of DD. In the three meetings that this working

group has had between March and November of 1989,
they have come to appreciate that the asslgnment pre-
sented to them, as outlined in the PREFACE to this
Report, became far more involved and complicated than
was at first believed.

Ae the deliberations between the WG members progres-—
ged, both at the meetings and by separate communica-
tions, it became evident that we needed to better
define exactly what we were trying to achieve. We all
needed a mutually acceptable understanding of what DD
is and how it relates first to the general integrity
of the egquipment insulation at any given moment in
time, and second how it will be used to forecast how
well the lnpulation will meet all co-ordination with-
stand voltages for some future period of time. The
diagnosis must take into account both physical and
electrical properties and how they are inter-related
to the ageing, degradation and deterioration of
equipment insulation systems,

As the WG loocked more carefully into exactly what we
meant by terms such as "ageing", it wase found that we
had to compose our definitions carefully so that our
deliberationa (and eventually our conclusions and
recommendations), were coneiptent and understandable
to everyocne studying this Report.

Since electrical deterioration is closely associated
with any and all types of electrical stress which can
occur both in situations where system conditicne are
considered normal as well as when abnormal, it is
imperative that the diagnostic tooles be aple to
detect a variety of defect types.

For example, as already discussed in Section 2.2.,
two of the major specific conditions that could
result in reduced electrical strength are mcisture
and volids,

In another area, excessive thermal or mechanical
stresses could further reduce the insulation
capability to perform as intended.

Hence the tocls that we use to moniter equipment
insulation 1in service as well as those used to per-
form specific tests as part of any investigation
after removal from service, must cover a broad range
of technclogy. There is no one single tool that would
be more helpful than others.

Accordingly, Ln the work done thue far, the WG has
addressed each type of equipment and has attempted to
include the tocls that are known to be of some value
in the industry in Tables under each major equipment
heading. Each Table uses the same format to catego-
rise the specific problems for which sach tool is ge-
nerally used. It is the hope of the Working Group to
be able to produce cone single Table, where the compa-
rison of the various application is more immediate.

As noted in Section 3.12., the history of experience
in the use of off-line diagnoasis now spans mere than
fifty years. The trend today is to develop more tools
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In other cases (e.g. GIS), the development activities
carried out by manufacturers and/or Utilities, the
quality of the available sensors and the progressive
introduction of digital techniques have created the
option for dielectric monitoring and diagnosis to
become associated with and later on integrated to the
substation control and protection systems.

Other functions such as a computerieed support system
for maintenance and operation could aleo be integra-
ted in the system.

In this case the diagnostic system is not to be con-
sidered an auxiliary unit of GIS but an independent
system to improve the reliability of substations.

4, DIELECTRIC

GNOSIS S EF S _ON INSU-
LATION CO-O ’

ATION

The first reaction to this title is a series of gque-
stions: "What relationship can exist between insula-
tion co-ordination and DD?" or, even more simply,
“can a relationship exist?"; and, Lf it exists, "Why
was the matter not considered before?".

It is considered useful to recall here the procedure
of insulation co~ordination. The various voltages to
which the insulation is subjected in service are
grouped in several classes. For each class a "repre-
sentative" voltage is chosen to represent the effect
on the insulation of all voltages belonging to that
class. The co-ordination procedure, on the basis of
these voltages and of the dielectric strength of the
insulation, determines the “co-ordinatien withstand
voltages” that is the vecltages (power frequency,
switching impulse, etc.) that the insulation strength
ghould Bimultanecusly meet in service conditione, and
during all pervice life in order to satisfy the co-
ordination eriterion {(e.g. the acceptable failure
rate). The standard rated withstand voltages of the
insulation are selected to prove that, if the insula-
tion passes the relevant withstand tests, its actual
withatand voltages are not lower than the co-ordina-
tion withstand voltages, during all secrvice life.

From & philosophical point of view, one can ask one-

self what the ultimate scope is in performing the
various tests, which we consider under the heading
of: type, acceptance, routine and commissioning

tests. One could look at the guestion from all posasi-
ble sides, but the only answer Is: to forecast that
under the service conditions hypothesised when de-~
signing the insulation, this last will meet the co-
ordination withetand voltages for ite whole service
life.

The compariscn of the procedures of insulation co-
ordination and of DD, shows that both procedures
refer to insulation atrength in service. The first
gelects it and establishes the basis of all suitable
tests that will help to show that the insulation
design will meet the co-ordination withstand voltages
in service. The second checks, on the basis of other
less destructive tests, whether insulation deteriora-
tion will prevent the insulation design from reaching
its normal life.

A relationship, therefore, must exist between the two
procedures. This provides a poszjtive answer to the
first question. What about tha second? What is this
relationship between ineulation co-ordination and DD?
This is, really, a complicated question. In order to
reach a rational answer, for the moment we should put
aside the enormous difficulties involved with its
practical application.

The relationship between insulation co-ordination and
DD is based on the “during all service life" already
mentioned several times. Some grapha are needed.

The wupper left quadrant (I) of Figure 3 shows as the
ordinate the actual value, U, of one of the co-ordi~
nation withstand voltages of the insulation (e.g. the
ona-minute power frequency withstand voltage) and as

the abscissa (right to left) the time, t (t=0 at the
beginning of the service).

\ 1l

AN q(t)

Figure 3 - Diagnosis and ingulation co-ordination

The horizontal dotted line U(t)}=U,
value determined with the insulation co-ordination
procedure. Assuming that we know the law, U{t), of
deterioration of the insulation expected during "nor-
mal" service, the user can start to plot it backwards
from the finite time Tg (the life he requires for the
equipment) towards t=0 {solid line). The value U; =
U{0}, gives the co-ordination withstand voltage at
the beginning of eervice life, that is Jjust after
commissioning. AUg=U;-U, represents the margin requi-
red to account for insulation deterioration over ser-
vice 1life. Furthermore, if a reduction in the actual
withstand voltage is expected after type tests and
before commissioning, an additional margin AU; should
be introduced to account for it. The c¢o-ordination
withstand voltage to be verified with the type tests
will, therefore, be U,=U,.+AUg+AUq.

represents the

Let us now think about DD. From ite definition we are
entitled to assume that "suitable measurements" re-
fers to the measurement of a quantity q, related to
the reduction of at leagt one o the co~ordination
withstand vgltages of the insulation. Actually, why
should one be worried, unless the deterioration re-
duces at least one of the co-ordination withstand
voltages? If this does not happen, the insulation
withstands all the voltages to which it will be sub-
mitted, and, therefore, can remain happily in servi-
ce. And what is the meaning of measuring a quantity,
if it is not related to the deterioration of the in-
sulation, that is to the reduction of at least cne of
the co-ordination withstand voltages?
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techniques used for surge arresters

PROVEN
SERVICE STATUS EFFECTIVENESS
PROBLEMS DIAGNOSTIC TECHNIQUES CONDITIONS OF THE OF THE REFERENCE
OF THE DIAGROSTIC DIAGKOSTIC
EQUIPHMENT TECHNIQUE TECHN [QUE
CONVENTIONAL SURGE ARRESTERS
External pollution - Visusl inspection ON [ L
- Meesurement of external leakage
current ON ? i
Heating of grading resistors Thermavision oM A M
peterioration of grading system - Leakage current under controlled
volteage OFF A ] 3.11-3
- Watt loss under controlied
voltage OFF A L} 3.11-3
- S5QH1 sparkover voltage OFF A H 3.11-3
METAL-OX1DE SURGE ARRESTERS
External pollution - Visual inspection oN A L
- Wepsurement of external leakage
current o 7 L
- Integral charge oN c M 3.11-4
peteriorstion of varistor blocks §- Leaksge current aN A L 3.1141
- Harmonic d wosition of leakag
current ON A ]
- peak of resistive curreat ON A H 3.11-3
- 3rd harmonic of resistive current on B R 3.11-2
- Reference voltage OFF-L A H

Many technigues are based on the measurement of the
arrester leakage current. This current has capacitive
and resistive components. The reaistive component
comes from the active elements inside the arrester
and from any conductive layer on the surface of the
arrester housing. When necessary, the simplest way to
eliminate the external surface current is to do the
measurements in dry weather.

Even in the absence of external surface currenta, the
*total” leakage current is still not very representa-
tive of the state of the active elements, because the
resistive component (the interesting part) is hidden
behind the capacitive component which is an order of
magnitude higher.

A way to improve the effectiveness is to disecriminate
for the resistive component, but this requires the
measurement of the arrester voltage. This is somehow
equivalent to a measurement of watt losses in servi-
ce. Another method is to focus on the third harmonic
of the current which is more sensitive to the actual
non-linear characteristic of the active elementse.
This can be further refined if a compensation can be
made for the third harmonic component present in the
network voltage [3.11-3).

The same equipment can be used to check arresters of
different makes, but for the interpretatijon, specific
data by type and manufacturer are necessary.

Many of the diagnostic techniques are rather easy to
carry out and the relative cost of testing egquipment
is modest; therefore, even in the absence of definite
trouble, it seems justified to either include diagno-
atic tests in the asatation maintenance plans or to
simply carry out praventive controls on limited num-—
bers of samples.

It is expected that ~permanent service monitoring®
will be used .in extremely rare cases like in stations
with severe pollution or in very gtrategic points of
a network. '

However, as deterioration of arresters ils generally a
slow process and also because spot measurements do
not always lead to straightforward interpretations,

atilities will certainly appreciate portable systems
which could ba plugged-in for a couple of days or
weeks in order to register an evolution over a signi-
ficant peried.

3.12. Summary consideratiopns

The usefulness of performing off-line diagnosis on
the above mentioned electrical equipment at periodic
time intervals has been agreed on internationally and
in some cases more than 50 years of experience exist.
Today many test resulte are recorded on site by means
of suitable acquisition systems including PCs and are
gtored and processed in central computers with the
help of dedicated software programs. The trend toward
increased computer use is expected to continue.

In order to reduce unforeseen outage problems asso-
ciated with an unexpected failure, many Users are
developing on-line condition monitoring systems. The
development of new digital measuring methods, asso-
ciated with the application of computer-based on-line
analytical techniques, such as for example Fast Fou-
rier Traneform and Transfer Function, will aid the
implementation of these predictive methods.

The application of new measurement techniques and mo-
dern analytical methods will allow engineera to study
phenomena that could not previously have been monito-
red and that were previously considered intractable.

Howaver, the successful introduction of these syetems
will depend on the development of puitable sensors,
espacially for some equipment (e.g. transformers and
circuit breakeras). At present, for example, SC 12 is
assessing sensore for thermal applications, but sen-
gors to monitor other transformer conditions will be
atudied and claesified in the future.

Moreover, the knowledge for the interpretation of the
monitored data is not complete at all. In the firet
step of introducing new and advanced diagnostic meth-
ods into HV-systems, service experience must he gain-
ed to help to formulate more exact practical criteria
for action decisiens. In the long run this could be-
come the basis for expert-syetems.



— 27 —

sampling numbers should be used,

[3.10~-57.

ag explained in

"Insulators testers" have been used on the line teo
find cracked or punctured porcelain insulators,
usually on a statistical basis.

Composite insulators are
relatively new, in apite
operating experience.
During these fifteen years, a number of preblems have
occurred due to bad deseigns, faulty manufacture,
abuse during handling or operation (vandalism), de-
gradaticon or gradual deteriocration.

atill considered as being
of more than 15 yeara of

The following diagnostic techniques for
insulatore have been tested in the field:

composite

- Acoustical
rence of unusual corona.
embedded in a fibre glass core was
way.

nolse to try to determine the occur-
For example, a bullet
found this

~ Light amplifiers are also used to observe unusual
corcna patterne on insulators.

- Infrared thermography has been tested with scme
positive results in the laboratory but has been
so far unsuccessful in the field.

As these methods are still in an early stage of de-
velopment, the DD is currently made, as mentioned
before, by sampling the insulatore and testing them
according to the design tests reported in [3.10-1].

There 1is a strong demand for the development of "on-
line” diagnostic technlgues that could assess the re-

maining life of the composite insulators before
actual failure.

3.11. Surge arresters

3.11.1. General

surge arxesters are used as protective devices to
limit the amplitude of posaible overvoltages in the
electrical network; however, for most of the time,
they are expected to function as insulators. Accor-

most of the trouble
from the deteriora-

ding to service experience,
caused by surge arresters comes
tion of this "insulator function™.

The majority of arresters in service is still of the
go called conventional type, i.e., made of the series
combination of active gaps and non-linear SiC resi-
stors, encapsulated in a porcelain housing. For this
type, the insulator function reliea mainly on the
gaps and spacers. A very important feature is that
the voltage distribution acrose the several gaps in
series is controlled by “grading” non-linear resi-
stances and also sometimes by internal capacitors.

Nowadays, Metal Oxide Varistors (MOV) are able +to
perform the voltage clamping function as well as the
insulater function: several tens of non-linear ZInQ
resistors are connected in series and gaps are no
longer needed in MOV arresters.

3.11.2. Stresses acting on surge arrestsrs

In addition to the obvious electric stress, arresters
are exposed also to substantial thermal stress. Si-
zeable temperature increase ie caused by normal duty
ocperation or by external potential redistribution due
to pollution or salt in combination with rain or fog.

In the latter case internal discharges may also occur
generating reactive epecies which can cause internal
surface deterioration in the arrester.

normally taken entirely by
active arrester

Mechanical strescseas are
the porcelain insulator whereas the
parts are well protected.

3.11.3. Deterioration factors and failure mechanisms

The insulator function of arresaters can be deteriora-
ted in several ways:

- Moisture ingress: condensation and corrosion in-
side the arrester can affect the dielectric with-
stand of insulating pleces and surfaces; the
spark-over characteristics of the gaps can also
be affected. For good performance of arresters,
tightness is a muet!

- Heavy external pollution: the surface currents on
heavily contaminated housings, especially for
multi-unit arresters, affect the voltage distri-
bution and may c¢reate important temperature rises
and jeopardise the grading pystem of conventional
arresters or the blocks in MOV arresters.

- Discharges inside the arrester: decomposition
products resulting from gas discharges in the ar-
rester can lmpalr the chemical stability and the
dielectric wsurface properties of the internal
parta, especially of the varistorme.

- Varistor deterioration: ZnO blocks in MOV arre-
sters, as well as grading resistors im SiC gapped
type arresters, may suffer from changes of their
characteristics during service. This results in
higher leakage currents and losses. For conven-
tional arresters, the final stage is sparking at
service voltage, and for the MOV arresters, the
final stage is thermal runaway.

- Grading capacitor deterioration:
than grading resistor deterioration,
tially the same effect.

less frequent
but essen-

- Gap deterloration by arrester duty:
characteristice will be affected.

spark-over

The fallure rate of arresters depends on the keraunic
level, on the system voltage and on the margin used
in the selection of the rated voltage. For healthy
and well designed arreasters, the failure rate should
not be higher than about 1/1000 per year. Once a
particular category of arresters (make, environment,
age) suffers from one of the above mentioned pro-
blems, the failure rate becomes much higher.

Diagnostic techniques are then neceesary to make

decisions on the replacement policy. Otherwise,
diagnostic techniques are not likely +to be more
intensively used than 3just being included in the

maintenance programs.

3.11.4. Diagnostic methods
Table X summarises the diagnostic technigques most
widely used for surge arresters, together with their
field of application, present status, effectiveness
and specific references [3.11-1 to 3.11-4]).

COMMENTS

MOV arresters have less interpal parts and, there-

fore, diagnosgis in service is more effective.
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the mechanical strength decreases? As the line
was designed for certain loads, the safety might
actually be reduced.

- electrical characteristice: have to

be considered:

. pollution: the degree of pollution decreases
the withstand voltage of the insulators. What
margin of safety is left on a contaminated
line insulator string? This problem depends on
the operating environment of the insulators
and is not covered in this document;

two aspects

. electrical strength: some insulators may be
eracked, punctured or shattered, thereby redu-
cing the effective dielectric characteristics
of the complete string, even in a clean and
dry state.

3.10.4. Diagnostic methods

Diagnostic techniques for overhead line insulators
must take into account the following considerations:

- Insulators have a relatively simple design, with
one or two passive dielectric parts (porcelain or

toughened glass body for cap and pin insulators,

fibre glass rod and housing for the composite in-
sulators) and metal ceonnecting parts.

- They are a cheap {compared te the other elements
of the line), mass-produced component. It is es-
sential that insulators be designed, manufactured
and controlled for reliability.

- There are large numbers of insulators on a line
and the mechanical separation of only one of them
can lead to a catastrophic line drop.

At the present time, no diagnostic techniques sallow
the full knowledge of the reliability of the insula-
tors on the operating line. The best approach is
still to sample the insulators and to test them in
the laboratory for mechanical and dielectric
strength.

In the case of composite insulators, the reliability
can be assessed in the laboratory by using the design
tests described in [3.10-1].

Table 1IX reports the diagnostic techniques most wi-
dely used for ceramic and composite insulators, toge-
ther with their field of application, present status,
effectiveness and specific references [3.10-1 to
3,10-4].

COMMENTS

on-line diagnostic techniques for ceramic insulators
have been little developed for the following reasons:

- The insulators are numercus and spread out among
all the towers of the line, making the labour
cost of the inspection very high.

- The insulators are out of reach and under voltage
on the towers where they support the conductors.

- They do not have constituents like oll or gaseous
dielectrics that can be analysed.
Moreover, their mechanical strength is impossible to
measure in the field reliably and it is necessary to
take a representative sampling of insulators to the
laboratory. The dielectric scundness can be evaluated
on the line, at least on a representative sampling.
The sampling muet be made randomly on both the towers
and the insulators in the strings. A table of random

TABLE IX - Most important diagnostic technigues used for line insulators

PROBLEMS

DIAGHOSTIC TECHNIQUES

CAP AND PIN INSULATORS (Porcelain or glass)

PORCELAIN LONGROD INSULATORS
PORCELAIN LINE POST INSULATORS

MECHANICAL STRENGTH
Deterioration with time due to
ageing of varnish, sanded degra-
dation

Mechanical tests in the labera-
tory on a representative sam-
pling*

DIELECTRIC STRENGTH

The porcelain dielectric body can
be cracked by thermal stresses, or
defects in the material, and for
cap and pin insulators by cement
growth or pin carrosion.

The dielectric body can also be
punctured following a steep-front
wave.

Electrical tests (application of
bc or impulse voltages) to each
porcelain insulator**

- Electromechanical test in the
lsboratory on a representative
sampl ing

- Acoustic tests: when hit o cra-

cked shell does not ring as a

sound one

COMPOSITE INSULATORS

Fiber-glass core:

#echanical strength can be af-
fected by ageing, the environ-
ment {brittle frecture) or cree-
page

Electrical puncture due to pro-
gressive lengthning of internal
conductive channels consequent
to arcing associsted with defects
External housing: can erode or
track due to surface arcing asso-
ciated with environmental stres-
ses (UV, ozone, moisture, etc.)
Interfaces between housing and
core end-fittings, or between
sheds.

Localised deterioration due to
surface arcing may affect housing
ard core.

Mechanical tests in the labora-
tory on a representative sam-
pling

- Design tests according to IEC
34-71 on a representative som-
pling

- Visual examination using 8 tele-
scope
- Vigual examination using a light

intensifier at night

- IR messurements
- Corona noise measurements

PROVEN
SERVICE STATUS EFFECTIVENESS
CONDLTIONS OF THE OF THE REFERENCE
OF THE DIAGNOSTIC DIAGNGSTIC
EQUIPHENT TECHNIQUE TECHNIQUE
3.10-2
OFF-L A H 3.10-3
3.10-4
QFF-S A M
QFF-L A H
QFF-S A L]
OFF-L A H 5.10-1
GFF-L A H
OoN A L}
ON A L
oN c L
ON [:] ?
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Figure 2 - a) Typlical condenser buehing design
b} Hot=-collar test (GST) on bushing

voltage or applied test voltages (see Figure 2), and
will detect severe deterioration or short-circuiting
of condensger layers which cause increased tap voltage
and early failure.

DC resistance meapurements detect increased leakage
through and/or over the surface of bushing insula-
tion, resulting from detericration which producen
lower-than-normal Insulation resistance. Tests at

lower wvoltages may be insensltive to non-continuocus

leakage paths.

Infrared scanning of bushings is a relatively simple
field process, using portable equipment, for the de-
tection of higher-than-normal temperatures or hot-
spote. It is particularly sensitive at line terminals
of bushings, resulting from poor or corroded connec—
tionas. Overheating can result in gasket and insula-
tion damage.

One other test is worthy of mention as part of the
laboratory investigation of any bushing: combuastible
gas analysis {(CGA) can be helpful in determining
whether internal PDs have occurred. Care must be ex-
ercised in securing the sample.

3.10. Line ipnsulators
3.10.1. General

Overhead line insulators have two major functions:

- MECHANICAL, as they must withstand, without
breakage, the weight of the conductors and hard-
ware during the lifetime of the line and with-
stand overloads due to wind, lice, low temperature
(in tension), etc. Temperature variations induce
further satreeses which are superimposed to the
service strespses.

- ELECTRICAL, as they must withstand, without punc-
ture or deterioration, the service voltage of the
line even under polluted conditiens (but the pro-
per leakage distance must be provided) and vari-
ous overvoltages due to switching operations or
lightning strckes.

Different types of AC jinsulators are used in overhead
lines: suspension cap and pin, suspension long rod
and cantilever line post are made with ceramic mate-
rials (porcelains or glase according to IEC 672-3
{1984): porcelain (IEC C110, C120 and C130 for eili-
ceous and aluminium porcelain), toughened glass (IEC
G120)).

A new generation of suspension or cantilever insula-
tors is made of composite material (fibre glass core,
rubber or cast housing). The metal fittings are
usually ductile or malleable galvanised cast iron,
galvanised steel, aluminium or brass.

3.10.2. Stresses acting on insulators

As stated above, overhead line insulators are submit-
ted to all the mechanical and electrical loads and
overloads of the line, and they alsc have to with-
stand the existing outdoor environment: ambient tem-
perature, molisture, ozone, U.V. light, pollution,
arcing on the surface, etc.

3.10.3. Deteriorstion factors and failure mechanisms
The reliability of the insulators must be evaluated
during a diagnostic operation for the following pro-
perties:

- mechanical strength: is it constant in spite of
the permanant dynamic loads applied to the insu-
lator? 1Is there a risk of breakage ln service if
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The wound paper core may be:

1} oil-immersed in porcelain;

2} oil-impregnated, oil immersed;

3) resin-bonded, either oll or gas immersed;
4) resin-impregnated, oil immersed.

31.9.2. Stresses acting on bushings

Apparatus bushings are subject to the effects of in-
ternal apparatus voltage, current, temperature and
contamination; but are also subject to external atmo-
spheric and environmental conditiona, and mechanical
stresses.

3.9.3. Deterioration factors and failures mechanisme

insulation integrity degrades in normal ser-
viece from internal moisture, internal PD and track-
ing; from external corona, flashover and tracking;
from ageing, and from physical damage.

Bushing

Despite the intention that outdoor bushings be herme-
tically sealed devices, inadvertent entrance of
moisture resulting from defective gasket seals and
physical strain or damage is a major cause of insula-
tion deterioration.

Internal PD and tracking can be a symptom and result
of internal moisture contamination, physical ehrink-
age of plastiec or compound fillera, system overvolta-

ge or marginal designs where there is inadequate
stress distribution. External surface contamination
effects can be minimised by proper housekeeping and-

Jfor by use of coatings. Bushing ingulaticon systems do
not usually deteriorate due to time alone except
where they have been subject to unusual service con-
ditions such as excessive temperature or operating at
voltages above nameplate rating over long periods of
time.

3.9.4. Diagnostic methods

Bushings are ideally suited for field testing by DD
to detect and analyse defects or deterjioration re-
sulting from the conditions previously described.
Bushings are commonly field tested, when new, to
confirm factory test data and to monitor for shipping
damage, and then periodically, following system dis-
turbances or apparatus failures and routine outages.

Table VIII the dliagnostic

reports techniques most

with their field of applicatien,
effectiveness and sapecific references
3.9-5].

present status and
[3.9-1 to

COMMENTS

The most commonly used tests for bushings are capaci-
tance and loss angle measurements. Experience has
shown that they are sensitive to most conditicns of
bushing insulation deterioration. Factery data are
often available to compare with field-test results.

Tests may be performed on the bushing alone or utili-
sing test circuitry and technigue for electrically
isolating the bushing insulation from other compo-
nents such as transformer winding insulation by ener-
gising the bushing conductor with the potential tap
(or test tap for bushings rated 72 XV and below) con-
nected for un-grounded specimen test (UST} (see Fig-
ure 2).

To compare lass angle tests on bushings, the measured
results are corrected to a common temperature, usual-
ly 209¢, Correction factors are avallable.

Where installed bushings do not have a capacitance or
test tap, the exposed portion of the bushing can be
teasted by energising a conducting collar, referred to
as Hot-Collar, with the bushing conddctor grounded.
The collar can be placed at any position on the expo-
sed porcelain (insulating) bushing surface (see Fig=
ure 2)}. Hot-Collar tests detect moisture deteriora-
tion in the internal insulation and compound {plas—
tic) filler, and problems with dry, liquid or gas
filled eolid porcelain bushings.

Measurements of capacitance and AC dielectric loss
(not - dissipation factor/power factor) are evaluated
by comparison with similar tests done at the same
position on other similar bushings, all tested at the
game time or under the same atmospheric conditions.
additional collars, connected to the test set guard
circuit, when placed above and/or below the test
collar will help minimise any losses due to surface
contamination.

PD and RIV measurements detect internal discharges,
primarily in dry-type and resin-bonded bushings.
Field testing of oil-impregnated bushings is less
extensive. Tests for PD and RIV are most effective on
isolated bushings, and not when installed in appara-
tus.

Tap-voltage measurements on condenser bushings with

widely wused on bushings alone or installed, together capacitance (potential)} taps are performed at system
TABLE YII1 - Most important disgnostic techniques used for bushings
PROVEN
SERVICE STATUS EFFECTIVENESS
PROBLEMS DIAGNOSTIC TECHRIQUES COND]TIONS OF THE OF THE REFERENCE
OF THE DIAGHOSTIC DIAGNOSTEC
EQUIPMENT TECHNIQUE TECRN1DUE
Moisture Capacitance/loss angle OFF-35 A H 3.9-1,2,3,4
Tep voltage ON A L] 3.9-1,2,3.4
DC resistance OFF-S A L 3.9-1,4
Hot-col lar OFF-S A H 3.9-4
Corona Partial discharge (PD} OFF-S B H/sL 3.9-4
Radic-influence voltage (RIV) ON M 3.9-4
Ageing Copacitence/loss angle OFF-$§ A H 3.9-1,2,3,4
DT resistance QFF-§ A L 3.9-1,4
Short-circuited condensers Capacitance/loss angle OFF-5§ A H 3.9-1,2,3,4
Tap veltage ON/OFF-5 A L] 3.9-1,4
Internal surface leakage PO/RIV OFF-S A M/L 3.9-1,4
Capacitance/loss angle OFF-S A L] 3.9-1,4
AC dielectric loss OFF-S A H 3.9-4
Poor connections Infre-red scanning ON A H 3.9-4
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TABLE VIT - Most important diagnostic techniques used for capacitors

PROVEM
SERVICE STATUS EFFECTIVENESS
PROBLEMS DIAGNOSTIC TECHWIQUES CONDITIORS OF THE OF THE REFERENCE
OF THE DIAGNOSTIC DIAGNOSTIC
EQUIPMENT TECHNIQUE TECHN 1 QUE
POWER FACTOR CORRECTION CAPACITORS
Breakdown of parallel fused Decrease of capacitance oN A (routine) H
elements
Deterioration of dielectric in Increase of power factor oN A (routine} 3
peper capacitors
Deterioration of dielectric in Increase of PO level OFF-S A (periodical L
both paper and film capecitors on samples)
Breakdown of series elements tneresse of capacitance ON A (routine) L]
Tonisation in metallised paper Decrease of capacitance oN A (routine) ]
of film capacitors
QIL-IMPREGNATED COUPLING AND YOLTAGE TRANSFORMERS
Breakdown of series elements Increase of tapacitance OFF-$§ A (occasional) H
fonization Analysis of liquid impregnant ON A (occasional) L}

short-circuit, is of minor consequence and diagnostic
methods are not widespread. With medium and high vol-
tage banks the consequences are much more important
and, to detect the unite in which elements may have
broken down, moet utilities perform periodical measu=
rements of the capacitance of each unit of the bank.

Up to a certain number of faulty elements, the units
can be retained in service, possibly rearranging them
in the bank to maintain balance between phases. To
increase the number of faulty elements which can be
tolerated, the practice of manufacturing large unita
with internal fused elements tends toc become general.-

Additionally, in banks of capacitors made with paper
dielectric, the periodical measurement of the loss
angle and the comparison of results with the original
values may, in a numbar of cases, be effective in
detecting faulty unite before any breakdown.

This is not the case with banka of capacitors made
with polypropylena film, because the measurement of
the loss angle in the field is not possible, values
being 80 low as to prevent the use of industrial in-
strumentation.

Moreover,
capacitors,
limited

important as it certainly is with paper
the monitoring of the loss angle is of
validity; in most cases breakdown occurs in
units which have maintained their loas angle - and,
for the matter, all other characteristics - wunaf-
fected.
This 4i8 because, as already menticned, the electro-
chemical deterioration of the dielectric may proceesd
in such small areas as to pass undetected to any ex-
ternal measurement.

For capacitor banks ae a whole, a useful diagnostic
practice is the pariodical performance of PD tests on
even a very limited number of units. These tests may
be effective in revealing whether the bank has under-
gone abnormal service conditions (e.g. repeated over-
voltages caused by switching operations or by atmo-
spheric surges) as a result of which it may have de-
teriorated.

PD tests, which include the measurement of partial
discharge inception and extinction voltages, cannot
be carried out on the field but checks in laboratory
may be indicative for the whole bank, since results
do not depend on the presence of small localised
defects in the dielectric, but rather on the state of
the whole units: in particular deterioration of the
foil edges and chemical modification of the dielec-
tric in contact with same, and gaesing of the impreg-
nant fluid.

Methods of detection of partial discharges and of
measurement of their level have been the subject of
an extensive literature, and presently both electriec
and ultrasonic methods are in use, the former being
the more common.

In high voltage coupling capacitors and in capacitor
voltage transformeres which consist of a number of
series elements, the breakdown of one or possibly a
few of them may be tolerated during the acceptance
tests, but is very dangercus in service.

Check: of capacitance is a good practice; it is also
pogsible to extract small quantitiee of the liquid
impregnant from the top of the unit while in service:
the apalysis of the dissolved gases and infrared
spectroscopy can provide useful information as to the
poesible ionisation inception and atate of ageing of
the unit.

3.9. Bushings

3.9.1. General

Bushings provide ineulated terminale carrying current
into and out from power apparatus such as transfor-
mers and circuit breakers. They additionally serve as
mechanical supports for external bus and lines, as
well as for internal supports such as circuit breaker
contacts.

Bushings are constructed to numercus design conside-
rations but commonly consist of:

l) centre conductor,

2) mounting flange, and

3) insulation (solid, fluid, plastic or in combina-
tion) between conductor and flange.

The wound core may consist of only two terminals -

the bushing centre conductor and the mounting flange-
/ground saleeve system, in which case the voltage
stress will be concentrated between the conductor and
the flange (non-condenser design), or may include
strategically placed conducting wrappings or layers
to equalise axial and radial voltage stresses in the
core (condenser design). Most high-voltage bushing
designs are the condenser principle.

The inaulation system may be:
1) dry: bulk porcelain, gas or air;
2} wound paper.
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not be suitable for operation at the installation
pite where external interference ia present.

Techniques sultable for both factory and site testing
are acoustic techniques {method 11) with sensors
mounted on the enclosure, and techniques for measu-
ring the electromagnetic pulees due to partial dis-
charges using Fourier transformations and correlation
techniques.

The gas denslty/pressure is menitored to determine if
any leakage is occurring. Gas sampling can be made to
determine if there are any major discharges occurring
in the gas, but will not show any deterioration ef-

fecte - in insulatore. Gas sampling for buried systems
may be limited to the regions next to the termina-
tions.

Up to now the more promieing applications of diagno-
atic testing seem to occur in the field of extruded
cables, if the influence of water, as deterioration
parameter, is taken into account; although up to now
only limited practical experience has been collected.
The more sophisticated techniques for material eva-
luation need much further developments before an ef-
fective application can be expected. The major future
development will go into the direction of complete
non-destructive electrical testing at site and rela-
ted monitoring techniques.

3.8. Capacitors

3.8.1. General

capacitors in the
in a wvariety of
and consequently
failure

The wvariety of applications of
field of energy 8ystems reflecte
technoclogies for their manufacture
in diversities in the deterioration and
mechanisms and diagnostic practices.

capacitors for low wvoltages, wp to say 400 Vv, are
moatly of the dry metalllsed film type; electrodes
are deposited on the film by evaporating under vacuum
a layer of aluminium which is destroyed when the film
punctures allowing the capacitor te "heal”.

Medium voltage power capacitors employ as dielectric
layers of polypropylene or alternate layers of paper
and polypropylene and for electrodes aluminium foils;

they are impregnated with saynthetic dielectric 1li-
quid.

High voltage coupling capacitore and capacitor vol-
tage transformers, although making use of a similar
technology, differ im the gquallity of the materials

and in many agsemblage characteristics.

3.8.2. Stresses acting on capacitors

Dry metallised capacltors are designed for very high
electric stresses. Their healing properties insure
that occasional punctures do not result in their de-
atruction. Stresses are alsc high at the metal edges
and may cause ionimation. Heating of these capaci-
tors, in addition to that generated internally, may
result from application in restricted =spaces as are
frequently encountered in lighting appliances.

Larger power capacitors are designed either with
paper insulation for lower electric stresses or with
polypropylene' for very high dielectric stresses, but
for them the heating from dielectric loasses must be
taken into consideration: it is of minor importance
for film capacitors, but may become the limiting
factor of design in mixed paper/polypropylene capaci-
tors.

Capacitors, assembled in banks, installed in energy
systems may also receive additional stresseas from
long-term overvoltages and from switching impulse

overvoltages. These are particularly severe for non-—
energised banks if energised at very low tempera-
tures.

Coupling capacitors and capacitor voltage transfor-
mers are designed with wide safety margins: however,

in the latter severe overvoltages may result in the

case of ferro~rescnance phenomena.

3,8.3. Deterioration factors and failure mechanisms

In small dry metallised capacitors, due to the high
working electric stress and because the dielectric is
made of a single film layer, failures due to weak
spots may occur; although these do heal, each contri-
bute to a slight deterioration of the dielectric. An
additional deterioration factor results from the even
higher stress at the edges of the metal layer which
may initiate partial discharges. Both phenomena lead
to a progressive deterioration of the dielectric, to
consequent overheating and/or non-healable breakdowns
and possibly to capaciter fire. For this reason capa-
citors which are to be installed in appliances placed
in locatione difficult to keep wunder inspection are
provided with devices which disconnect them from the
mains before they take fire.

With larger power factor correction capacitors, when
they are correctly designed and applied, the deterio-
ration depends on the slow electrochemical modifica-
tion of the dielectric, brought about by the combined
electric and thermal stresses: both stresses being
important in the paper dielectric, only the former in
the . polypropylene film dielectric. The phenomenon is
very &low and well designed and properly manufactu-
red capacitors have a very long life: their decommis-—
sioning is usually dependent on obsolescence rather
than on physical deterioration.

The electrochemical deterioration may be concentrated
and proceed in small areas and may pass undetected to
any external measurement. This makes diagnostic pro-
cedures very difficult to implement.

High voltage coupling capacitors and capacitor volta-
ge transformers are subjected to the same deteriora-
tion phenomena but at a much slower rate, because
they are designed with large safety margins. Since,
however, their failure could result in serious” conse-
quences, to facilitate diagnostic many manufacturers
provide for the poselbility of extracting samples of
the liquid impregnant from the top of thelr contai-
ners.

3.8.4, Diagnostic methods

VII reports the diagnostic techniques moat wi-
dely used for capacitors, together with their field
of application, present status, effectiveness and
specific references [3.8-1 to 3.8-14].

Table

COMMENTS

small power capacitors are dispersed in fluorescent
lamps or in domestic appliances with capaclitor-start
motors: diagnostic methods are not consistent with
the very minor technical and economic consequence of

their failure.

Larger power factor correction capacitors may be as-
gembled in low, medium or, less frequently, high vol-
tage banks.

or even a few
the insuing

At low voltage the breakdown of one
units of_a bank, provided fuses clear



.21 —

TABLE VI - Most important diagnostic techniques used for cables

PROYEN
SERVICE STATUS EFFECTIVENESS
PROBLEMS DIAGNOSTIC TECHNIQUES CONDITIONS OF THE OF THE REFERENCE
OF THE DIAGNOSTIC DIAGNOSTIC
EQUIPHMENT TECHWIQUE TECHNIQUE
OIL-FILLED PAPER CABLES
Dielectric (accessories) 1. PD detection {acoustical method) o A H 3.7-1
Thermal (accessories) 2. 01l enalysis OFF-$ A M 3.7
Dielectric (accessories) 3. 0il analysis GFF-5 A M ' 3.741
Thermat 4. Degree of polymerisation OFF-S A M 3.71
EXTRUDED CABLES
Dielectric + water S. Insulation characterisation test OFF-L A H 3.7-4
6. Dual polarity test OFF-L C ? 3.7-5
7. Non-destructive electric tests QOFF-$ B/C L 3.7-6
DC-resistivity, loss angle, ete. 3.7-7
8. Oscillating wave test QFF-S ¢ T 3.7-8, -9
Dielectric 9. PO detection ON c ? 3.7-10
COMPRESSED GAS- ENSULATED CABLES
Dielectric 10. PD detect, (electrical method) ON A M 3.7-1
11, PD detect. (acoustical method) ON A H 3.7-1

ming because a piece of taken from

the installation.

cable has to be

As a general practice a piece of cable is taken cut
after falilure to carry out diagnostic testing in the
laboratory.

Extruded cables

Synthetic insulating materials (XLPE, EPR, PE) are
widely wused, for extruded cables. Only very limited
information is at present available about their long-
term performance.

There is therefore an interest for characterisation
tests to collect information about changing of pro-
perties and related ageing processes and particularly
to know if certain processes can be responsible for
detericration resulting in a significant reduction of
cable life.

In (3.7-2] an extended survey i8 given of variocus
analytical techniques for characterising insulating
materials to be used for extruded cables. Applying
these techniques a greater understanding will be
obtained of phenomena involved in the ageing of high-
voltage cables. The most useful techniques according
to [2.7-2]) are those being capable to detect defects,
differences in density, the nature of antioxidants
and water content.

However, as already stated in subsection 3.7.3., up
to now synthetic dielectrics used in extruded cables
do not appear to exhibit changes that can easily be
detected or that can be claimed to be significant in
terms of cable life reductlon, when the influence of
water ie excluded [3.7-3). In [3.7-4] extanded infor-
mation is given about the deterioration mechanism due

to the combined influence of water and electric
stress (water-treeing) and related testing procedu-
res,

The insulation characterisation test (method 5), pro-
posed by CIGRE WG 21.11, enables to establiseh the
rate of deterioratlon of a cable affected by water-
treas. The test results, level of breakdown voltage
and maximum wize of tree, qualifies the cable with
respect to the level of deterioration and related
life expectancy. For this characterisation test, to
be carried out in the laboratory, about 60 meter of
cable ip necessary.

In the dual pelarity test {method 6) [3.7-5], cable
pieces are subjected to impulse breakdown, while
being pre-streseed with DC-voltage of opposite pola-
rity. The degree of ageing can be related to the
threshold wvoltage Vipne . above which the value of
impulse breakdown is decreasing: so far no practical
experience is available.

In [3.7-6] and [3.7~7] non-destructive electric tests
(method 7) such as, loss-angle, DC-resistivity, DC-
component in AC-current and DC-relaxation are descri-
bed to be carried out immediately at site, in order
to collect, in general, global information about the
quality of cable affected by water-trees. So far only
in Japan and USA some experience has been collected,
however more statistical analysis of data is needed;
besides, the strong impression is given that only
very heavily degraded cablee can be detected, of
which water-treee have almost crossed the ingulation.
In [3.7-8] a proposal is given to stress aged cables
at waite (method 8) with a voltage of low frequency
{0.1 Hz). Apart from the practical advantage, the 0.1
Hz is supposed to have the advantage of being wmore
sensitive in detecting water-trees; so far not prac-
tical experience is available.

The osclllating wave test method, intended and recom-
mended ae after laying test on new cable mystems
[3.7-9], may be extended also for application as dia-
gnostic test to aged cables. The DC-test is certainly
not recommended as a dlagnostic test, because of the
dangerous risks [3.7-9].

PD detection at site (method 9), although not suit-
able for detecting water trees, could become a dia-
gnostic tool to check the general quality of cable
and particularly accessories, !f very sensitive de-
tection at site could become possible., In [3.7-10)
firat experimental work is described on PD detection
using impulse voltages. No information 1s avallable
to detect partial discharges at eite using 50 Hz vol-
tage.

Compressed Gas-Insulated cables

Diagnostic techniques are important to detect and lo-
cate partial discharges [3.7-11}. The conventional PD
techniques (method 10}, used in factory testing, may
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practical cable systems, is about 750 kV. Their way
of installation can be underground, overground or
gubmarine. The regquired lifetime is generally 30-50
yearsa.

There are three main types of high voltage cables:

0il-filled paper cables

The classical
consists of lapped paper
viscosity mineral eoil, or
synthetic oil, at a small overpressure. The insula-
tion is enclosed by a lead or aluminium sheath in
caspe of self-contained oil-filled cables, by a steal
pipe at a high overpressure in case of pipe-type oil-
filled cables.

oil-filled paper cable dielectric
layers filled with a low
nowadays fregquently used

Extruded cables

The dielectric is a synthetlc material, mostly XLPE,
PE or EPR, placed around the conductor, generally in
combination with two semiconducting layers, by an
extrusion process. High voltage cables are usually
provided with a metal sheath to protect them against
water ingress.

Compressed Gas-Ingulated cableg {CGI}

CGI-cables are in general built up in separate sec-
tions. These sections consist of a central conductor,
coaxially supported by cast epoxy spacers within a
metal enclosure. The system is filled with pressuri-
ged SF6 gas.

3.7.2. Stresses acting on cables

During service the cable is subjected to the follo-
wing stresses which directly or indirectly influence
the insulation deterioration processes.

T (thermal}): due to operating current under nor-
mal and abnormal (emergency} condi-
tions. The maximum operating tempe-
rature depends on the insulating
material and operating conditions.
E (electrical): due to operating voltage under nor-
mal and abnormal conditiens. The
maximum operating stress depends
essentially on the voltage level.

due to environmental conditions and
parameters such as corrosivity of
soil, resistivity of water, presen-
ce of U.V. light, etc.

A (amblent):

M {mechanical): due to mechanical (for instance in

bends) and/or thermomechanical
stresses (cyclic and short-circuit
behaviour). The maximum stress de-

pends on the installation and ope-
rating conditions.

3.7.3. Daterioration factors and failure mechanisms

causes of insulation deterioration and related failu-
res are dependent on the type of cable and therefore
are to be distinguished for the cables mentioned in
gubsection 3.7.1.

Oil-filled paper cables

peterioration of paper oil dielectric because of
thermal or electrical ageing (partial discharges) can
result into failures. The metal enclosure of this

of cable is of vital importance to maintain the
overpressure and to avoid water penetration Inte the
dlelectric. Generally, a sericue damage of the matal
enclosure {lead or aluminium sheath) caused by inecha-
nical deterioration {fatigue) or chemical deteriora-
tion (corrosion) or any other external effect can be
detected immediately because of the decrease of pres-
sure.

type

In case of overground inatallations, U.V. light may
cause stress-cracking of the outer jacket (PE) with
increased risk of corrosion of the metal sheath.

Extruded cables

Up to now synthetic dielectrice used in extruded
cables do not show significant reduction in electric
properties because of thermal, electrical or chemical
ageing, when the influence of PDs or presence of
water is excluded.

The detrimental effect of partial discharges, as de-
terioration factor of solid dielectrics, has already
been menticned in section 2.2.1. The effect of water
in combination with electric stress appears to be a
very Berious deterioratioen factor, resulting in the
formation of so-called water-trees and subsequent
failures.

Compressed Gap-Insulated cables

Spacer surface deterioration due to flashovers, pre-
sence of impurities and partial discharges in the gas
or in the insulators are possible deterioration fac-
tors that can lead to complete failures.

3.7.4. Diagnostic methods

Table VI reports the diagnostic techniques moat wide-
ly used for power cables, together with their field
of application, present status, effectiveness and
specific references [3.7-1], 3.7-4 to 3.7-111.

COMMENTS

oil-filled paper cables

Apart from electrical measurement techniques as loss
angle or PD detection, which are not very senaitive
and not easy to be applied at site, except atoustic
detection (mathod 1) for accessories, a more intere-
sting diagnostic technique is the analysis of gases
dipsolved in insulating oil (method 2, 3) [3.7-1].

The sampling can take place at site, causing a mini-
mum of disturbance of the system. The interpretation
of results from cable oil hae not reached the same
degree of sophistication as for transformers., In
principle the presence of CyHy ise referring to {par-
tial) discharges, the presence of major gquantities of
CC or CO; refers to thermal deterioration of mainly
paper, and the presence of H; can be related to both
(mainly thermal) deterioration of paper and oll. The
major problem, when applying this technique for
cables is the lack of representativity of waamples
with respect to the overall quality of the cable,
because of the relatively long system length. This
technique could be more usefully applied in case of
diagnostic testing of accessorles, where the oil
gample is taken from the immediate vicinity of the
relevant component. Design defects by diffusion of
SF6 into oil at sealing ends can be detected simul-

tanaously.

Another technigue, although far less simple than the
oil analysis, is the meagsurement of the DP of insu-
lating paper (method 4) [3.7-1). For this meapursment
the sampling technique is expenaive and time consu-



—_19 —

tems are reached. In principle, the DD of a GIS is
the combination of the DDe of the individual equip-
ment. But they have been normally applied to the GIS

as a total system. The diagnostic system ie not an
auxiliary of GIS but an independent syetem to improve
the reliability of the substation.

The function of the system should be discussed in re-
lation to the performance of whole power system and
not that of GIS. The new recognition of the function
will be crucial to justify a wider application of the
eystem.

In future, the system may come to be integrated as a
part of the digitalised control and protection system
for a ‘substation in future. Other functions such as a
computerised support system for maintenance and ope-
ratien will also be integrated in the system.

3.6.2. Stresses acting on GIS

Under service conditions, the stress of each compo-
nent in a GIS ia generally the same as those of con-
ventional devices in open-type gubstations.

In addition to the common stresses, however, GISs are
also subjected to the very fast transiente which oc-
cur during a disconnector or an earthing switch ope-
ration with open ended gas-insulated busbars [3.6-1j.
With these stresses, however, the design dielectric
stresses of GISs are well below the critical levels
to cause dielectric deterioration discussed in Sec-
tion 2, and the ageing in that sense needs not to be
taken into account.

3.6.3. Deterioration factors and failure mechanisms
Possible causes of insulation deterioration in GISs
are some kinds of anomalies in the gas-insulation
structures such as metallic foreign particles, loose
bolts, etc. Deterioration of the surface of epoxy
insulators by decomposition gases of SF6 due to
arcing may be an other example of the anomalies.
These causes of 1insulation deterioration have been
the objects of DD for GIS.

In the case of GIS, the metal enclosure normally
prohibits a vieual check of the high voltage parts
from the outside of the enclosure. If an internal
inspection is carried out, diemantling and reassembly
at high costs is inevitable. Therefore, diagnostic
technigques have been studied frem the very first
stage of the development of GIS and are desired in
operation to detect potential and existing defects.

3.6.4. Diagnostic mathods

Table V presanta the diagnostic techniquee most wide-
ly used for GISs, together with their field of appli-
cation, present status, effectiveness and specific
references [3.5-1, -2].

COMMENTS

Introduction of metallic particles is a common cause
of dielectric deterioration of GIS. Detection of PDs
due to the particles and other kinds of defect is the
most important item of DD for GIS. Internal PDs are
detected by either electrical or vibrational means
from outside of the tanks.

Electrical methods measure the electrical pulses in-
duced on the grounded tank of GIS. Since the elec-
trical pulses travel along GIS bus with minimal at-
tenuation, the methods are efficient to monitor de-
fecte continuously in GIS in operation.

Vibrational transducers attached on the surface of
GIS enclosures are used in vibrational measurements.
Because of the high attenuation of vibrational sig-
nals along GIS bus, the methods are efficient to lo-
cate a defect after it ip detected by an electrical
method.
Since these diagnostic means are applied in high
voltage osubstationa with very high background noise
levels, opto-electronic signal transmission and di-
gital data processing are key technologies to get rid
of the noise problem.

Performance of the gas-insulation i8 a key factor:
the density of the filling gas is always monjitored as
an important parameter to detect any possible leaking
of the gas.

Impurity of the gas does not significantly deterio-
rate the performance of gas-insulation and it is not
usually the item for DD. However, chemical detection
of the decomposition products of SPg is often applied
to check the dielectrics conditions of the gas and to
locate the internal faults or internal discharges
when they are found by sBome other means.

DD of GIS8 are widely applied in some countries like
Japan in combination with the diagnostics on mechani-

cal and other kinds of defects as an integrated sys-
tem [3.6-3 to 3.6-5]. Since dielectric¢ problems are
only a fraction of all the field problems of GISs,

the integration is essential for GISs.

3.7. cables

Diagnoatic techniques for GIS has long been an im- 3.7.1. General
portant subject in CIGRE WG 23.03. The results of a
survey are summarised in [3.5~1). Recent studiea are High voltage cables are used to transport energy, as
presented in [3.5-2) and in other papers to come for an alternative to overhead line transmission. The
the 1990 General Session. maximum transmission voltage, presently used for
TABLE V - Most important diagnostic techniques used for Gas-Insulated Systems (G1$)
PROVEN
SERVICE STATUS EFFECTIVENESS
PROBLEMS DIAGHOSTIC TECHNIQUES CONDITICKS OF THE OF THE REFERENCE
OF THE DIiAGNOSTIC DIAGNOSTIC
EQUIPMENT TECHNIQUE TECHRIOUE
Electrical discharge pulse ON A H 3.5-1
Metallic particles
Mechanical vibration OoN A H 3.5-1
Imperfection in epoxy spacer Electrical discharge pulse o B L 3.5-1
Loose bakt Mechanical vibration ON 8 L 3.5
Electrical discharge pulse ]
Bad contact e} B 3.5
: Mechanical vibration B
Internal fault Gas analysis OH/OFF-5 A H 3.5-2
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TABLE 1¥ - Most important diagnostic technigues used for circuit breakers

PROVER
SERVICE STATUS EFFECTEVENESS
PROBLEMS DIAGNOSTIC TECHNIQUES CONDITIONS OF THE OF THE REFERERCE
OF THE DIAGNOSTIC DIAGNOSTIC
EQUIPMENT TECHNIQUE TECHNIQUE
insulation defects Measuring
- gas density o A H 3.5+
- PD At coupling capacitor oN D M/ H -1
- HF current probe oN D L} -2
- WF capacitive probe o )] M -3
- ultra-sonic o] p K/H -4
Dielectric gas-quality Sf6 Quality control
- dieilectric check ON D L 2-t4
- gas analysis
* gas chromatography ON R L 3.5-2
* infra-red spectrography ON R L 3.5-2
* colour detector o D L 3.5-2
* air contents ON A L 3.5-2
* moisture contents OoN A L 3.5-2
wear of circuit-breaker Measuring
- location of shaft position OFF-S D L 3.5-2,3
- contact wear In“i=K o A ] 3.%-%
- dust and powder contents in SFé oH D L 3.5-5%
Abnormal mechanical cperation Reasuring
- at potentiometer onh moving contact OFF-5 A H 3.5-...
- optical markers on moving parts OFF-§ A H -1
- friction of driving elements QFF-S A H -2
- tripping time ON A K -5
Over heating Measuring
- infra-red camera ON ] L/ M 3.5-...
- contact resistance OFF-$ A M -1,-2,-3
The wear of the circuit breaker contacts in the in- rature outside the breaker. This gives indireck in-
terrupting chamber is very difficult to measure. The formation of the temperature of the inner conductors.
measurement of the location of the operating shaft

position corresponding to the moment of closing gives
only very imprecise information, as contact erosion
can be distributed very differently on the contact
surface. The amount of by-product concentration does
not indicate the contact wear, because absorbers in

the breaker can neutralise and reduce the by-pro-
ducts.
Most promising is the general law for contact wear,

which gives information about the total deterioration
of a breaker chamber:

T ng * Ii% = K

The cumulative effect of interrupted currents can be
evaluated in order to estimate the lifetime of the CB
which has been used up. Values of the parameters in
the above equation are available from the breaker ma-
nufacturers. It must be emphasised, that this equa-
tion is related to the "electrical™ ageing (and not
to the dielectric), l.e. the switching performance of
the breaker. Compared to the electrical deteriora-
tion, the dielectric deterioratlion is a minor effect.
The maintenance interval for the switching chamber is
determined by the electrical ageing, i.e. by the re-
duction of switching performance.

n few diagnostic methods are available to measure ab-
normal operation. Contact movement, slower than nor-
mal and contacta which are not fully separated in the
OPEN condition can be detected by space-time diagram
of the moving contacts. The operating time for OPEN/-
CLOSE can be easily measured for the auxiliary cen-
tacts by means of the trippifig signal. Abnormal fric-
tion, which can cause a low contact speed, can be de-
tected by resistance sensors.

These diagnostic methods are often used during deve-
lopment tests but they can be applied in service too.
This is normally done OFF-LINE, with circuit breaker
out of service; generally the ON-LINE application is
possible.

Overheating of breakers can be observed ON-LINE by an
infrared camera, which can detect an abnormal tempe-

3.6. Gas-Insulated Systems (GISs)
3.6.1. General

For important substations where high rellability per-
formance is absclutely required, or for those diffi-
cult applications where space requirements or heavy
contamination 1s a problem In using a conventional
bus arrangement, GIS®S are available at voltage clas-
ges up to 765 kV.

GISs are a combination of busbars, circult breakers,
disconnectore and other switchgears, surge arresters,
instrument transformers and other substation equip-
mant.

High wvoltage pacrta of GISs are completely enclosured
in ground metal tanks and supported by epoxy insula-
tors in clean dry compressed SF6 gas. They are free
from the jinfluence of oxygen and water which are re-
cognised as major causes of insulation deterioration
in other kinds of high voltage apparatus.

Current transformers normally form an integral part
of GiISs with a common encapsulation. The annular mag-
netic core and the secondary windings (cecils) are
electrically shielded by a grounded electrode.
Inductive voltage transformers are generally situated
in a separate housing flanged to the GIS5; in many
cases they form separate gas rooms. An epoxy bushing
is therefore present between the main body of the GIS
and the voltage transformer. High voltage electrodes
generally shield the various design of windings
{coils).

Capacitive voltage dividers
high voltage capacitor - e.g. a short length of
coaxial line - need an electronic amplifier at the
low voltage side to fulfill the present-day power
requirements of most protection and measuring equip-
ment in use. Diagnosis on the electronice are outside
the scope of this paper.

using an 5Fg insulated

GISs are normally considered to be maintenance-free,
in the sense that no maintenance is necessary on live
parts, wunless a specified number of operations or
current interruptions of switchgears and driving sye-
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The insulating media inside the circuit breaker, used
for current interruption, for are extinction and for
insulation, are liquids or gases. While cil-breakers
are disappearing and breakers operating with comprea-
sed ajr are still in operation, SFé gas circuit
breakers are mostly used today (vacuum breakers are
not dealt with in thie Report).

3.5.2. Stresses acting on circuit breakers
The main stresses acting on the circuit breaker are:

ELECTRICAL stressea, due to:

- AC rated value and temporary overvoltages .

- Transient Recovery Voltage (TRV) after opening of
short-circuits

- Lightning impulses and BIAS, where LI+AC are su-
perimposed

- Switching impulses and BIAS, where SI+AC are su-
perimpeosed

- Very Fast Transients (VFT) with disconnector- or
CB-operation

- VFT especially after a period of DC-voltage

- DC from trapped charges after opening CB or Dis-
connectors

MECHANICAL stresses, due to:

- forces consequent to driving operations
pipes)

- forces created by the short-circuit currents

- gas shock waves and hot gas streams from power
arcs

- tensions from internal gas pressure

- subsonic coscillations with earthquakes

{rods,

THERMAL stresses, due to:
- temperature rises due to high currents
- additionally high ambient temperatures

- temperature differences between inside and out-
side the breaker

CHEMICAL stresses, due to:

- hot gas-~stream of by-products during sewitching
operations

- high concentration of by-products after switching
operations

- dust and powder produced by arc-erosion during

switching operaticna
- additive moisture in combination with by-products

3.5.3. Deterioration factors and failure mechanizms

The withstand voltage of a breaker insulation can be

reduced in service due to the effects discussed in

the following.

Insulation failures inside the breaker can be deter-

mined by:

- aggressive chemical by-productsa,

- conductive particles,

- defects in solid dielectrics
adhesion, c¢racks, humidity,
¢cles).

{(e.g. voids, poor
conductive parti-

The first two items produce cenductive areas on insu-
lators surfaces or protrusions on conductors, leading
to local field enhancement and finally to a flash-
over. The third item c¢reates PDa which are activated
from service stresses and may lead to a breakdown.

The dielectric quality of the gas can be reduced,
Small amounts of air or moisture in §Fg do not
strongly affect the gas withstand values, as long as
there is no additicnal quantities of by-products. The
combination of moisture and $Fg by-products causes a
strong reduction of the flashover voltage on insula-
tor surfaces.

The dielectric properties of compressed air are also
reduced by moisture.

The wear of contacte in the circuit breaker inter-
rupting chamber preoduces rough electrode surfaces,
which can reduce the breakdown voltage across the
contact gap. The melted contact material can produce
dust, metallic particles and conductive layers on the
surfaces of lnsulatore.

Abnormal operation of mechanical elements are not ge-
nerally claseified as a deterjoration factor, but
they can cause dielectric failures. Ae an example,
the salow movement of the driving components, which
cause an increasing arcing time with higher amount of
hot by-products, can cause breakdown during switching
operations. If the switching contacts are not in full
open position, this reduced insulation gap gives a
lower breakdown voltage. In this sense the mechanical
conditions are related to the dielectric aspects.

Overheating can alsoc be the origin of a dielectric
breakdown. An abnormal increase of temperature usual-
ly indicates a defect at the contacts. It can be cau-
ged by a lost metallic component, e.g. a Bcrew which,
being loocse, can also become the origin of a break-
down. Moreover, if the insulator is heated, its die-
lectric strength is normally reduced.

Programmed maintenance for circuit breakers is car-
ried out after periodic intervals or after a speci-
fied number of switching operations.

With the introduction of DD, the maintenance activi-
ties can be adapted according to the CB conditions.
In case of good conditions maintenance intervals can
become longer, while dangerous conditions could in-
dicate the necessity of an earlier intervention, in
order to avoid failures in service. The possibility
of on-condition maintenance leads to cost reduction
for maintenance and for failure repair.

3.5.4. Diagnoszstic methods

Table IV reports the diagnostic techniques most wide-
ly used for circult breakers, together with their
field of application, present atatus, effectiveness
and specific references [J.5-1 to 3.5-5, 2-14].

Cco N

A  number of small defecte inalde the bhreaker, e.g.
metallic particles, conductive layers, etc. can be
detected by PD measurements, but this ie only posei-
ble with GIS breakers.

During commissioning on site, PD measurements are not
always effective, aa background noise considerably
reduces very much the senaitivity. For PD detection
in service there are different types of sensors
available: they detect the PD high frequency signal
either by current measurements or by voltage measure-
ments via a capacitive pick-up probe.

Direct measurementa of the SFg gas characteristics
{i.e. breakdown voltage or field in a special test
cell [2~14]) is a wvalid quality control dielectric
check. Gas analysis by means of gas chromatography or
infrared spectroscopy respectively gives accurate
compogition results, but is difficult and very expen-
aive. At least the interpretation of the by-product
concentration remaina. Devices and procedurea for de-
tecting air contents in 5Fg are available and quick
working. Measurements of moisture in gas ls also pos-
sible on a sample bagis.

Insulation weaknesses caused by a too low gas preseu-
ra, can be detected by monitoring the gas-deneity.
This is a simple and very essential method.
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capacitive grid (the one nearest to earth
potential) has been connected and earthed.
Therefore, it is possible to measure the loss
angle of the main insulation between this termi-
nal and the bottom flange of the CT.

Wwith 1IVTs, it would be poseible to measure the
ioss angle of the insulation between the shiel-
ding grid and the secondary winding, but this is
not common practice.

It is to be noted that the wvalue of the loss
angle depends on a number of factors such as vol-
tage, temperature, design features, etc., 80 that

lowest

the interpretation of the measurements is not
easy. In particular, it would be convenient to
carry out the measurements at high temperature

{about 90°C) at which the presence of contaminant
can be detected as a function of the voltage
[2.4-9, -10].

Analysis of gases dissolved oil

Most types of ITs are provided with an oil valve
from which is possible to take samples of oil.
However, this must be done with cautieon if per-
formed in service.

For gas analysis and their interpretation, the
same methods as with power transformers are in
use [3.3-16, -17].

Precautions are to be taken during oil sampling,
because the volume of oll is quite small and may
require a refilling. The presence of a large
amount of hydrogen is generally connected with
the presence of PDas in the oil between the paper
layers. Formation of X-wax in these areas is typ-
ical.

Recently, a number of IVIs have been provided
with Hy detection prebes: The Hy concentration in
oil may be checked after diffusion from the oil
through a membrane by a thermal conductivity de-
tector [3.4-8).

Ultrasoni etectie PDsg service

Some Utilities employed this technique to detect
PDe in ITs transformers in service by means of an
ultrasonic detector instalied on the outside of
the tank and fixed with magnets [3.4-8].

The method is rellable for detecting the presence
of large PDa (more than 1000 pC) and could be in-
cluded in diagnostic programs.

Zero gequence check on CVTs
The presence of PDs in capacitor

sulted in some failures.

layers has re-

These phenomena, which resulted initially in a
slow variation of secondary voltage, were capable
of leading to the explosion of the equipment.

To detect the existence of failed elements test
devices are available to measure the zero sequen-—
ce voltage across the secondary of a set of three
CVTs [3.4-8}.

Check by thermovision

This technique ie now used systematically in
large substations. Baaically, it raveals over-
heating at the level of the connecting contacts.
It might be possible to detect the olil level
within sealed apparatus. It was also reported
that PDs in CVTe were detected by means of ther-
mavision [3.4-8].

Other oil checks

After several years of sarvice it is suggested to
perform some inepections of the internal insula-
tion [3.4-11].

Even with leak-free terminationa, ageing can oc-—
cur and may result in the formation of water from
the paper or of other subatances that can have
adverse chemical effecte on the ingulating oil.

This, in turn, influence the breakdown strength
or the thermal stability of the insulation in an
unfavourable manner.

As all these phenomena can result in physical and
chemical changes of the insulating oll, certain
basic measurements are important. These are:
breakdown strength, water content, neutralisation
value, dielectric interfacial tension, dielectric
loss angle, etc.

In the near future the checking of IT# should be sys-
tematically included in the diagnostic programs pro-
vided for high voltage substation equipment.

The application of computer-based techniques with ad-
vanced procedures for data acquieition and procesaing
is in favour of on-line methods. However, the exten-

sive application of these techniques depends on the
availability of simple and rellable diagnostic sen-
BOX#E.,

Internal pressure, gas detection and bellow poaition
gensors could be already systematically mounted, at
least on ITs for extra and ultra high voltage sys-
tems.

Considering that ITs are located near to other ex-
pensive components, such as power trangformers and
circuit-breakers, it would be convenient to provide
for a local computerised system at which all the dia-
gnostic signals of the surrounding equipment will be
transmitted for a preliminary treatment.

A8 it is expected that on-line application of gas-in-
oil analysis will be provided for power transformer,
it should be easy to extend the use of gas analyser
also to CTs and IVTs.

This solution should reduce considerably the total
cost of the diagnostic system and advanced methods
would be justified also for those components of rela-
tively low cost.

As regards the future development in the IT field,
the following aspects should be pre—eminent:

- the reduction of expleosion risk on conventional
ITs;

- the improvement of response time to fast tran-
Biente;

- SFg lnstrument transformers.

It is evident that aleo new diagnostic tools espe-
cially conceived for these applicationa should ke de-
veloped.

3.5. Circuit breakers

3.5.1. General

High voltage circuit breakers are used to sewitch
ON/OFF different kinds of current lcoads. Morecver, in
case of failures in the electrical network, they have
to interrupt short-circuit currents.

Contact electrodes and nozzles are designed to extin-—
guish the electric arc and interrupt the curxent. In
OPEN condition they have to lsolate the contact elec-—
trodes, until disconnectore are opened.

There are three different types of circuit breakers
({CBs) existing:

- the Dead Tank breaker type (DTB), which contains
all the active parts in a grounded metallic ves-—
sel, with bushings at each contact side;

- the Live Tank breaker type (LTB), which contains
the current-interrupting elements in inasulating

tubes at HV potential.

- the metal-enclosed breaker type (GIB), which has
all its elements integrated in a metallic enclo-
sure.
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of the insulator can endanger, under certain circum-
stances, persons and other substation equipment near-
by.

Meticulous maintenance and diagnostic programs,
should deo much to prevent such breakdown and are
accoxdingly strongly recommended. In this regard, it

is of great importance to adhere to the manufactu-
rer's cperating and maintenance instructions.

3.4.4. Diagnostic methods

A diagnostic program should be preferably based on
methods that do not interfere with operation, leaving

off~-line tests to perledic and special occasione
[3.4-7, -B]).

Table III reports the diagnostlc techniques most wi-
dely wused for ITs, together with their field of ap-

plication,
references

present status, effectiveness and epecific
[3.4~8 to 3.4-11, 3.3-186].

COMMENTS

In order to facilitate the checking of the IT condi-
tions, it may be convenient to provide for some moni-—
toring systems of low cost, fully justified in the
case of EHV and UHV systems.

The types of devices to be used depend on the sealing
and oil compensation systems adopted. They may in-
clude pressure sensors, pressure valves, bellow posi-

tion indicators, gas detection systems, and so on
[3.4-8).
Visual checks should be performed for traces of oil

oeriginating from hair-line cracks on the porcelain
and for connection discoloration indicating over-
heating of poor contact.

Tha following diagnostic methods are
according to the circumstances.

also applied

a. Logs angle measurements

Some types of current transformers are provided
with a lose angle measurement probe, to which the

TABLE I1I A - Most importsnt diagnostic techniques used for instrument transformers (paper-oil)

PROVEN
SERVICE STATUS EFFECTIVENESS | APPLICATION
PROBLEMS DIAGNOSTIC TECHNIGQUES CONDITIONS OF THE OF THE ) REFERENCE
GF THE DIAGNOSTIC DIAGNOSTIC
EQUIPMENT TECHNIQUE TECHN IQUE CTs }IVIs|CyTs
MECHANTCAL 1. Pressure inside enclosure oN B N/H X X X 3.4-8
2. Pressure valve oN H X X X 3.4-8
3. Bellow position o B H X X X 3.4-8
4. @il level indicaeter oM A M/H X X - 3.4-8
5. Inspection for oil Leakage ON A M/ X x X
6. Water content in the oil oN A M/4H X X - 3.3 T
THERMAL 7. Inspection of contacts oK A H X - - 3.4-8
8. Gas-in-ofl chromatography o B LA X - 3.3-16
9. Thermovision checkings ON B M/H X - X 3.4-8
CHEMiCAL 10. Dil testing {neutralization
value, corrosive sulphur,
oxidation, viscosity, etc.) [+ ] A K X X - 341
DIELECTRIC 11. Gas-in-oil chromatography ON M/H X X - 3.3-16
12. H2 detection ON B M/H X X - 3.4-8
13. 0il dielectric strength ON A H 1 X - 3.4-1%
14. Ultrasonic PO detection on B L/ M X X - 3.4-8
15. PD measurement OFF A M/ H X X X 3.4-9
16, Iero sequence checking OFF B M/H - - X 3.4-8
17. Loss angle measurement OFF A L X - X 3.4-9
18, Error checking OFF A L X X X
TABLE 111 B - Most important diagnostic techniques used for instrument transformers (SF6)
PROVEN
SERVICE STATUS EFFECYIVENESS
PROBLEMS DIAGNOSTIC TECHNIQUES COMDITIONS OF THE OF THE REFERENCE
OF THE DIAGNOSTIC DIAGNOSTIC
EQUIPHENT TECHNIQUE TECHN [QUE
Loss of pas; partial liquefation Pressure monitoring, density moni-
of gas due to low temperature toring ON A L}
Water condensation on insulator
surface due to low temperature Check of dew point OM/OFF-5 = A K
Prolonged PO causing SF6 decompo- [P measurement QFF A L/ W
sition Chemical detection ON/OFF-5 * A H
Dilution of SFé Electric strength of the gas ON/OFF-5 * B H/M
Sound velocity ON/OFF-S * A H
Heat conductivity ON/OFF-§ * A H/H
Envirenmental pollution of seconda-
ry bushings Electrical resisterce OFF-% A N
MAINLY FOR GIS
Discharges Light detection o A #
PD from surface and internal epoxy
imperfections PD measurement OFF-§ B L/ N
[Bouncing particles PO measurement ON/OFE-S B L]
Acoustical detection ON A H

" During gas sampling, in many places the high voltage is switched off.
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iTs are intended to transmit information signals to
measuring instruments, meters and protective or con-—
‘trol devices. The capacitive voltage dividers of CVTs
are hormally used alsc as coupling capacitors for
high-frequency communication transmission eystems.

¢Ts and IVTe transfer the guantity applied to one
winding (primary winding) to another winding (secon-
dary winding) electromagnetically coupled to the

first one, while a CVT is essentially a capacitive
voltage divider associated with an electromagnetic
unit.

Oil-impregnated paper is the most frequently employed
system used for the main insulation of CTs and IVTs.
In CT8 where insulation thicknesses of the order of a
few centimetres are provided, the electrical stress
is equalised by adopting capacitive stress grading
foils, similar to condenser bushings.

In capacitive voltage dividers of CVTs, the dielec-
tric of the elements may be mixed (paper and resin
fiim)} or all resin film.

Mineral insulating oil is used as an impregnant for
both dielectric and cooling purposes.

The active parts of ITs are normally mounted inside a
porcelain enclosure in order to prevent moisture con-
tamination of the internal insulation. This enclosure
is externally shaped in order to cbtain the creepage
distance required for installation in pelluted areas.

ITs are being manufactured also based on gas—insula-
tion, mainly for GIS applications: some considera-
tions on these particular components are presented in
section 3.6.

CTs mounted on breakers or bushings are not consider-
ed as their dielectric requirements are relevant to
the components of which they are a part.

3.4.2. Stresses acting on instrument transformers
The internal insulation of ITs is submitted to combi-

nations of stresses of different nature whose effects
are the deterioration of the mechanical and dielec-

triec properties of paper or other insulating mate-
rials.
As regards DIELECTRIC stresses, the insulation

strength lies in the IT capability to withstand ser-
vice voltage, temporary overvoltages at power fre-
quency, switching and lightning overvoltages [3.4-1].
Generally speaking, the design of internal insulation
of an IT mainly depends on the service voltage and
lightning overvoltages, while external insulation i=s

more sensitive to switching overvoltages and to ser-
vice voltage when operated in severe polluted condi-
tions.

Ferro-resonance overvoltages may occur on IVTs and

CVTes when their non-linear inductances and capaci-
tances of the netwerk form a resonant circuit. ITs
may be damaged by over-heating and overvoltages

stresses [3.4-2]).

hAs far as the MECHANICAL stresses are concerned, se-
vere conditions are meet during transportation and in
occasion of eeismic phenomena.

ELECTRODYNAMIC stresees due to failures on the system
invelve only CTs, and correct countermeasures are to
be adopted to aveoid insulation damages.

THERMAL
windings
ITs.

stresses due to the heat produced inside the
are more important for CTs than for other

3.4.3. Deterioration factors and failure mechanisms

The sensitivity of oil-impregnated cellulose to the

combined influence of heat and voltage stress acqui-
res speclial significance in high voltage CTs. Because
of the absence of oil cilrculation, heat tranafer
takes place mainly by conduction and any local con-
centration of contaminants can only be relieved by
slow diffusion processes.

The process is started either by local overheating or
by permanent or transient enhancement of the field
strength.

Both types of mechanisms, frequently coexisting, in-
teract and evolve into each other.

In CTs for HV systems, a significant part of the

total losses is represented by dielectric losses.
Moisture and soluble polar contaminants are the most
common causes of increased dielectric losses at ele-

vated temperatures. Sometimes the contamination can
be traced back to the manufacturing process, either
to incorrect selection of materials or to inadeguate
processing or quality control.

High dissipation factors associated with wax-like
residues of polymerised oil molecules have been ob-
gerved in CT8 known to have undergone extensive
fonisation phenomena [3.4-3, -4).

A second deterioration process is associated with
PDs. While occasionally the discharges may be ini-
tiated by lightning or switching overvoltages, more
often they originate in more complex phenomena, ge-
nerally related to local enhancements 'of the electric
field. Discontinuities in the dielectric typically
congist of gas filled voids within which discharges
can initiate even at the rated field strength.

Four mechanisms are generally recognised by which gas
bubbles are generated:

- poor impregnation of paper;

- thermal decompositicon of cellulase;

- supersaturation of the oil with air or
gasg;

- local breakdown of the
electrical discharges.

blanket

impregnating oil by

For CTs a source of fleld enhancement is from high
frequency current pulses associated with switching
operations [3.4-5). This situation arises for instan-
ce when a disconnector switches off and on a subata-
tion bus system.

The response of CTs depends on the design of its
field grading shields and in case of uneven distribu-
tion of the current field along the shields and their
connecting leads, dangerous voltage stresses may
arise at particular locations.

These phenomena acquire critical importance for elec-
tric systems at and above 400 kV.

With CvVTs the deterioration of the dielectric of ca-
pacitive voltage dividers ias mainly due to PDs ini-
tiated by overvoltages at the edges of the capacitor
sections. The presence of moisture or negative
inside the porcelain insulators, as well as
usually responsible for

unit
pressure
manufacturing defects are
this phenomencn.

ITe rated at 72.5 kV and above, consisting of paper-
oil insulation system, have been considered in a re-
cent survey on failures carried out in the framework
of CIGRE WG 23.07 activity [3.4-6].

Over a population of about 130,000 units, the failure
rate was of the order of 0,6%, irrespective of the
function eof ITs.

With regard to the cause of failure, the large majo-
rity of the events has been attributed to inadequate
design, bad quality control and lightning, but the
opinion e that the information available is not to-
tally reliable as the criteria followed in collecting
data have been different in the various countries.
Among CTs and IVTs, about 30% of reported failures
clagesified as violent failures. These failures

were
have as an extreme consequence, the destruction and
expiosion of the equipment. The resulting fragments
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TABLE I[ - Most important diagnostic techniques used for power transformers
PROVEN
SERVICE STATUS EFFECTIVENESS
PROBLEMS DIAGNOSTIC TECHMIQUES CONDETIONS OF THE OF THE REFERENCE
OF THE D1AGNOSTIC DIAGNOSTIC
EQUIPMENT TECHNI1QUE TECHN [QUE
MECHANICAL 1. Excitation current OFF-§ A L}
2. Low voltage impulse OFF-$ A L 3.3-2
3. Freguency response analysis OFF-S B L 3.3-3
4, Leskege inductance messurement OFF-S§ A M7H 3.3-4
5. Fourier analysis oN c ? 3.3-5
THERMAL GAS-IN-DIL ANALYSIS
6. Gas chromategraphy oN A H 1.3-6, -7
7. Equivelent Hydrogen method o] A 3.3-8
OIL-PAPER DETERIDRATION
8. Ligquid chromatography-DP method oN ] L/iHN 3.3-9
HOT-SPOT DETECTION
9. lnvasive sensors oN ] L 3.3-10
DIELECTRIC QIL ANALYS]S
10, Mofsture, electric strength,
resistivity, ete. oN A L] 3.3-n
1. Turna ratie OFf-$§ A L
PD MEASUREMENT
12. Ultreasonic method ON B LIV ¢ 3.3-12,-13
13. Electrical method N B M/H 3.3-14
14, Loss angle measurement OFF-S A L} 3.3-1%

of these tools are sulitable for a possible on-

application, using advanced information sBys-
this would allow a better correlation between
service stress levels and trends of diagnostic indi-
catore, thus increasing the rellability of the dia-
gnosis itself. Further improvements could be obtained
by intreducing more invasive-type sensore (e.g. tem-
perature, dissolved gas, ultrasonic, etc.), but this
is acceptable only if no additional weak points are
created.

Some
-~line
tems:

COMMENTS

Some simple tests for the detection and localisation
of faults in transformers have been included in Table
II to acknowledge their wide use over many years (me-
thods 1 and 11). They have less relevance to DD but
deserve to be included.

Methods 2, 3 and 4, although not strictly oriented to
DD, are considered very important to evaluate the po-
tential risks of dielectric failures consequent to
mechanical movements. While for the leakage inductan-
ce measurement technique a certain degree of standar-
disation has been reached, the responses of the other
two methods are not eapily interpretable.

Method 5 is under development using Fourier Analysais
techniques to increase the sensltivity of detecting
emall changes of impedance using on-line measurements
of voltage and load current.

Analysis of the transformer olil to determine water
content, electric strength, dielectric loss angle,
volume resistivity, interfacial tension and acidity

is the traditional and successful approach to the
diagnosis of insulation deterioration (method 10).

Method 6, gas-in-cil analysis using gas chromatogra-
phy, is now the most widely uwsed diagnostic tool for
transformers: much experience is available, together
with an adequate level of standardisation [J3.3-16,
~17]. The limitations concern its poor capacity to
detect fast-developing dielectric troubles; moreover,
a rigid interpretation of the limit values of gas
content, without a precise knowledge of the relevant
source, may lead to erronecus evaluations.

The development of low-coet, simplified systems for
gas analysis have alsc allowed an on-line applica-
tion, particularly when based on the detection of
hydrogen alone {(method 7}.

Method B, based on the determination of the DP of in-
sulating paper cellulose due to thermal deteriora-
tion, presents limitations very pimilar to the cones
considered for method 6.

Hot-spot detection in windings can be performed using
a variety of devices (method 9), mainly during labo-
ratory testing; problems still to be resolved with
these systems include reliability, life-expectancy
and calibration techniques to verify the readings ob-
tained.

Methods 12 and 13 are the mest powerful tools for DD.
PD maasurements using ultrasonic systeme can be used
both for the on-line detection and localisation of
the sources of internal discharges. Electrical PD
meagurements have been used on-line in a limited num~
ber of cases: more often the method has bheen applied
as an off-line occasional check using a mobile power
supply system. Method 14 is used as a simple techni-
que to determine the general overall condition of
tranaformer insulation and is especially senaitive to
moisture and other conditions that can cause increas-
ed dielectric loss.

3.4. Instrument transforwers

3.4.1. General

The
are:

electrical componente considered in this section

current transformers (CTe),

inductive voltage transformers (IVTs),
. capacitive voltage transformere (CVTs),
. combined transformers.

attention is paid to instrument transformers
{ITe) wused on extra—~ and uwltra-high voltage systens,
aven though many considerations are valid also for
lower voltages ITs with similar insulation designs.

special
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The surge winding test is being used to additionally
determine the insulation strength conditions between
the turns of form wound coils. A capacitor charged to
the desired test voltage is usually discharged to the
winding part to be tested, and a surge voltage oscil-
lation with a frequency of approximately 100 kHz that
decays with time is generated in this manner.

The recommended time intervals in which winding dia-
gnosis checks should be performed is 3-5 years.

$ince no single method ls known that can provide ade-

quate information on the actual condition of the ma-
chine windinge and the operational reliability, a
combination of several methods is recommended. The

methods must be selected depending on the type of ma-
chine and its economic significance.

Winding monitoring methods will be more used, parti-
cularly with machines of high ratings, to evaluate
the effects of the electrical stress and temperature.
The objective is, in connection with the diagnostic
mathods, to detect possible changes in the winding
system at an early stage.

Incorporating knowledge of these changes with infor-
mation of the ageing characteristics of the particu-
lar system [3.2-4, -1], at the actual operating con-
ditions, may in the future enable an estimation of
the remalning insulation life.

3.3. Power Transgformers

3.3.1. General

Power transformers are considered to include genera-—
tor step-up transformers, inter-tie transmission
transformers and DC converter transformers, together
with such associated equipment as shunt, series and
saturated reactors.

Power transformers are used to reduce the costs of
power transmission by transforming the voltage at
which current is transmitted. shunt and series reac-
tor components are similar to transformers, but need

to absorb reactive power and to limit fault currents
respectively.

The insulation generally used in power transformers
is based on oil-impregnated paper in the form of
Kraft paper as a turn-to-turn insulation, or as cot-
ton~ and/or Kraft-based transformer board used for
winding spacers and as major insulation between win—
dings and from windings to earth. Mineral insulating
0ii is used as an impregnant for dielectric and cool-
ing purposes.

A new class of tranaformers is being manufactured
based o©n gas-insulation with cooling through either
gas circulation or by a two-phase cooling system
using a low vapour pressure insulating fluid.

3.3.2. Stresses acting on power transformers

The major stresses acting on the windings of a power
tranaformer, either individually or in cenjunction,
are:

- MECHANICAL stresses between conductors, leads and
windings, due to overcurrents or fault currents,
mainly caused by system short-circuita.

- THERMAL stresses, due to local overheating, over-
load currents and leakage flux when loading above
nameplate rating, or due to malfunction of the
cooling eystem.

- DIELECTRIC stresses, due to system overvoltages,
transient impulse conditicns or internal reso-
nance within a winding.

A definitive analysis of the subject of diagnostic
tests on power transformers wmust take into account
that the majority of diagnostic indicators are sensi-
tive to all three fundamental stresses acting on the
transformer. Therefore, the general interpretation of
the outputs of the diagnostic indicators, including
the localisation of faults, can be problematic for a
reliable evaluation of the risk of failure.

Moreover, the situation is more complicated due to
the fact that dielectric failure is often the final
stage consequent to the mechanical and/or thermal
stresses, especially if moisture and/or oil deterio-
ration have already placed the transformer in a haz-
ardous condition. This fact determines the importance
of assessing the stresses [(overveoltages,
overcurrents, temperatures, etc.), jointly with a de-
tailed knowledge of the design technology and mate-
rials.

service

The interpretation of the values and trends af the
diagnostic tools must therefore be tailored on the
different units in order to avoid unjustified alarms.

31.3.3. Deterioration factors and failure mechanisms

peterioration of the paper-oil insulatien is caused
by thermal stresses and is accelerated by the presen-
ce of moisture. The insulation is unlikely to exhibit
a lower dielectric strength after deterioration, but
it ism more subject to rupture under mechanical stress
leading to dielectric failure as a consequence.
However, few transformers die due to old they
usually fail as a consequence of:

age;

(a) short circuit faults;
(b} local overheating due
current missharing or

currents,
of leakage

to circulating
the effects

flux;
{c) as a result of insulation failure under electric
atress, perhaps as the final stage of a scenario

involving (a) or (b) above.

Faults can be classified as developing in one of

three time-scales:

(a} an immediate fault where electrical breakdown oc-
curs within seconds of a short-circult or light-
ning impulse surge;

(b} a local fault developing over days, weeks or
monthsa;

(¢} a deterioration of HV insulation over a period of
months or years.

Diagnostic techniques have been introduced mainly to
detect the presence of emall local faults, and to mo-
nitor their development over a pericd of weeks or
monthse. They provide evidence to plan for further in-
vestigation and remedial work to take place on a
planned basis, rather than as an emergency.

The use of diagnostic tests developed for this pur-
pose was addressed as a Preferential Subject in CIGRE
5C 12 Session for 1986 [3.3-1].

3.3.4. Diagnostic methods

Table II reports the diagnostic techniques most wide—
ly wused for power transformers, together with their
field of application, present =atatus, effectiveness
and specific references [3.3~2 to 3.3-15].
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TABLE | - Most important diagnostic techniques used for stator windings of rotating machines

min at 500-1000 v DC)

PROVEN
SERVICE STATUS EFFECTIVENESS
PROBLEMS DIAGNDOSTIC TECHNIQUES COMDITIONS OF THE OF THE REFERENCE
OF THE DIAGHOSTIC DIAGNOSTIC
EQUIPMERT TECHNIQUE TECHNIQUE
Detection of major external changes
in condition, e.g. 85 & consequence ¥isual inspection OFF-S A M/H 3.2-1, -3
of looge parts, corona discharges
or inadmissibly high temperatures
Evaluation of the influence of Insutation resistance measurement
moisture and contamination winding to esrth (usually after 1 OFF-$ A L/N 3.2-1, -3

ductivity (tracking) ted voltage of the machine)

Detection of local inhomogeneities |Insulation [eakage current measure-
in the stator winding, e.9. cracks |ment &s a function of DL voltage to OFF-§ A [ ] 3.2-1, -3
in the insulation or surface con- [earth, usually up to 2.4*Un {Un=ra-

a minfmum winding insulation level [sionally DC)

Detection of local weak-points in  |voltage test winding to earth at
the insulation and verification of [1.5*Un for 1 min (usually AC, occa- OFF-5 A 3 3.2-1, -3

as well as of the winding capacity |up to 0.6 or 1.2%Un)

|Evaluation of dielectric losses, of[Loss angle measurement as & func-
the homegeneity of the insulation, [tion of voltage to earth (usually OFF-$ A LA | 3.2-1, -3

|Evaluation of POs and their value

in the solid insulstion and espe- |PD measurement as m function of QFF-§ A M 3.2-1 to
cially outside, e.0. end winding winding voltage to earth up to Un

multi-turn coils tage surge

or between condiktor and core in N A/ B M 3.2-4
the slots (monftoring)

Evatuation of the mechanical fixa- [Check of stater slot wedging {me-

tion of winding bars in laminated [chanical end electrical methods) QFF-§ A L] 3.2, -3
core

Evaluation of the insulation and Voltage surge test with coil win-

voltage strength between turns of |ding by means of oscillating vol- OFF-S AJB M 3.2-1, -3

Lagenda for Tables I to Xi

SERVICE CONDITIONS OF THE EQUIPMENT:

OFF-5% = equipment out of service at site
OFF-L = equipment out of service in laboratory
ON = equipment in service.

STATUS OF THE DIAGNOSTIC TECHNIQUE:
A = generally applled;

B = development stage;

C = research stage.

PROVEN EFFECTIVENESS OF THE DIAGNOSTIC TECHNIQUE:

H = high
M = nmedium
L = low
? = unknown

In some countries the high voltage test (either AC or
DC} is still a controverslial matter because of the
risk of causing prior damage or weakening of the in-
sulation. To overcome this, overvoltage testing at
low frequency (e.g. 0.1 Hz) but at 1.6 to 1.8*U, has
been adopted. Alternative testing has also been pro-
posed using a single application of a 50 Hz half-wave
with an amplitude of 2.5+U,.

In most countries the AC voltage test is the prefer-
red method for finding leocalised weak points.

Because of the reduced capacity and size of the test
apparatus, DC voltage testing at 1.6 to 1.7 times the
ARC test veoltage level has gained acceptance as an al-
ternative to power freguency testing.

The loss angle measurement is widespread and there
are a lot of empirical results; in many cases it is
already being used for guality control in winding ma-
nufacture. The results are affected by various machi-
ne related factore. Chiefly, the absolute values of
the loss angle at a low applied voltage are agsessed,
as well as their variations as a function of the ap-
plied voltage. With a certain experience, an exact
analysis of the results permits interesting conclu-
sions, e.g. on the performance of the corona protec-
tion.

The PD measurement in connection with rotating elec-
trical machines was not introduced on a broad basis
world-wide until recent years. One reason ls that the
mica-based insulation is very resistant against dis-
charges. The discharge pulses are usually filtered
out with coupling capacitors on the high voltage si-
de, With regard to the further processing of signals,
uniformity is not yet recognisable. Typical of rota-
ting machine winding systems js that, even with new
windings at service strese, PDs will occur, so that
it is rot necessary for the measuring system to be
very sensitive. Selective narrow-band measuring devi-
ces that measure the partial discharge energy in the
frequency range of a few kHz to MHz are relatively
widespread.

The stator slot wedging control has gained importance
as a diagnostic method with machines of high rating.
In addition to the striking method using a hammer and
evaluation by means of human hearing that was used
for years, new person-independent measuring systems
were pguccessfully introduced. With this system the
slot wedge to be evaluated is excited mechanically by
a pulse generator or a hammer, and the tightness is
evaluated by energy or vibration measurement. As an
alternative for machines with ripple spring wedging
systems, the pre-stressing force is measured.
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- commission new power apparatus, substations or
transmission lines

- determine experimentally
fast transients

- measure overvoltages for insulation co-ordinatien
studies

- monitor power apparatus [3.1-18)

critical parameters of

In general, transients are generated by switching
operations during service, external tranaients
{lightning) or by system faults. Monitoring of random
transients call for an automatic recording system
with pre-trigger possibilities., Current measuring
channels have in general a higher dynamic range than
voltage channels. The frequency band-width of the re-
cording system should be designed up to 1 MHz, to co-
ver lightning transients.

As gensors for voltage measurements, voltage trans-
formers, epecial voltage dividers, capacitively-gra-
ded bushings or electric¢ field sensors are used. For
the current measurement, the sensor Ls a current
transformer, a Rogowski coil or a shunt.

The transmission of the signal from the sensor to the
recording instrument is done by coaxial cables or by
an optical transmission system.

Nowadays, the recording instruments are transient re-
corders, especially built for this task with a large
memory, with up to 15 channels, with 8, 10 or 12
pits, with a sampling rate of more than 1 MHz, and
with the ability of on-line data reduction.

3.2. Rotating electrical machines

3.2.1. General

Rotating electrical machines represent important key
components in both the power generation and indu-
strial fields, in the former as generators with high-
est wunit outputs of approximately 1600 MVA and rated
terminal voltages up to approximately 30 kv, and in
the latter as motors with power up to approximately
40 MW and rated voltages up to 15 kV.

From the dielectric point of view, the stator win-
dings of these machines with a rated voltage above
approximately 3 kV are of particular importance with
respect to availability and operational reliability
and, therefore, are especially considered here. More-
over, the stator winding is the part of the machine
in which the full electrical power is generated.

The insulation of the field windinga is mainly mecha-
nically-stressed and the behaviour of the insulation
itself is less important.

The stator winding insulation system separates the
wire conductor (mostly copper) from the stator core
{laminated £from lron sheets). The insulated conduc=-
tors are embedded in the stator slots in form of bars
(generators) or as form wound coils (motoraj.

Up to approximately 1960, the solid stator insula-
tions employed world-wide consisted of a combination
of mica splittings, cellulose paper with shellac or
asphalt compound as the binder, which were built up
in the form of wide sheets, and were wrapped around
the conductors. As there are many generators with
this insulation still in operation [3.2-1), these
systems maintain thelr importance.

Today mica paper/synthetic resin combinations (poly-
ester, epoxy and silicone resins) are employed almost
exclusively in the form of tapes, which are wrapped
around the conductor and later impregnated, mostly at
low pressure, and afterwards cured.

3.2.2. Stresses acting on rotating machines

During machine operation, the stator windings are
mainly subjected to the following TEARM stresses:

. T (Thermal): up to approx. 140°C (thermal
clasa F)

. E (Electrical): 1-4 kV/mm (lower figure for
older machines)

. A (Ambient): dependent upon type eof machine
and operation, above all humidi-
ty and contamination

. M {Mechanical): dependent upon output and type

of duty.

3.2.3. Deterioration factors and failure mechanisms

It is prominently the combination of T/E stresses
which particularly affects the stator insulation and
determines the deterioration processes. In larger
units, mostly the action of E/M stresses has to be
considered.

In the case of machines with form wound coils (mo-
tors), voltage transients coming from the power sup-
ply system must also be taken into consideration.

3.2.4. biagnostic methods

Several international surveyg have shown that the re-
liability of electrical rotating machines depends
mainly on the behaviour of the stator winding. There-
fore, systematic winding diagnostic methods were de-
veloped and used for electrical machines more than 30
years ago [3.2-2}.

Today a number of standardised diagnostic methods are
employed for the assessment of stator windings of
electrical machines in many countries as shown in an
analysis recently completed by CIGRE WG 11.07 [3.2~
3]. Table I summarises the diagnestic techniques most
widely used for rotating machines, together with
their fleld of application, present status, effecti-
veness and specific references [3.2-1 to 3.2-4].

COMMENTS

The
very

visual imspection is generally considered to be
impertant. It requires very good knowledge of
the machine construction and presumes the correspon-—
ding experience. Detalled checklista are recommended
as working aids.

Ingulation resistance measurement is used very widely
and performed at low DC voltage, the value after 1
minute of application of such voltage being of prima-
ry interest. The minimum insulation resistance values
that are still admimsible for eervice are dependent
on the machine design (e.g. 500 k@ for directly wa

ter-cooled windings, 100 MO for gas—cooled windings)

Determining the apparent insulation reeiptanca, using
a series of increasing DC test voltages, is also fre-
quently used. The variation of apparent resistance
gives an indication of the state of the winding. The
test voltage is applied in steps, held for relatively
long times so that the influence of polarisation ef-
fects of the insulation ie theoretically proportional
to the voltage applied. The current flowing in each
phase tested is measured, as well as that in the
other two phases. The use of DC voltage instead of AC
results in different stress distributions in the win-
dings compared with saervice conditions, and this
needs to be taken into account when selecting the DC
test voltage.
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Before doing this, some consideration must be given
to the advanced measuring techniques that are used
for on-line applications. The measuring techniques
developed in laboratories and also those off-line
commonly applied at site are not dealt with.

3.1.2. Measuring techniques

3.1.2.1. Partial Discharge measuring techniques
It is generally agreed that the measuring techniques

which detect PDs in an apparatus are effective tools
for non-destructive testing or monitoring of mate-—

rials or insulation systems. The PD measuring tech-
nique is well established in research and laboratory
testing ([3.1-1], but many problems exiet if this

technique is applied for on-line diagnosis on insula-
tion systems in service. Therefore research efforts
have concentrated on the improvement of on-line PD
measurements (3.1-2 to 3.1-8}. The main research
goals are to improve the sensitivity of PD detection
under heavy noise signals and to develop expert sys-
tems.

PD measuring technigues use quantitiea from the par-
tial discharge to detect the discharge itself. The PD
technique can be clasgified according to the follo-
wing measured quantities:

- current pulses {(conventional
nigue)

- electromagnetic waves

- acoustic waves

= «chemical products

PD measuring tech-

Conventional PD measuring devices [3.1-1] measure the
current pulses at the earth side of the object. To
get a certain sensitivity the return path for the PD
has to be a2 low impedance, e.9. a coupling capaci-
tance. This is normally applicable in the laboratory.
The Standard for PD measurements [3.1-9) presents de-
finitions, requirements for clircuite and measuring
devices, calibration methods, disturbances and test
procedures. The main measuring quantity is the appa-
rent charge of a PD pulse, additional guantities are
its phase position, the repetition rate n, and inte-
grated gquantities such as the cumulative apparent
charge gq, the discharge power or the average current.

The apparent charge can basically be determined in
the frequency domain or in the time domain. The com-
monly used PD instrumente determine the charge in the
frequency domain. Two types of basic circuits are in
use, the narrow-band (Afm
(Af =100 + 500 kHz) measuring instruments. Radio in-
terference voltmeters are also used and ara of the
narrow-band type. The frequency response is determi-
ned by tuned band-pass filters having a variable re-

sponse frequency and a narrow band-width., The in-~
strument does not directly indicate the apparent
charge, but gives a general indicatjon of the PD ma-

gnitude. The peak value may increase or decrease with
the repetition rate n, because of superposition pul-
ges.

Newly developed PD instruments extend the frequency
range to more than 1 MHz. In this case the integra-
tion of the current pulse to get the apparent charge
is done in the time domain after the amplification of
the current pulse [3.1-3].

For the measurement of the PD current pulse, an impe-
dance or a current traneformer working in the rele-
vant frequency range is used. For on-line use, the
current transformer principle has certain advantages.

The principles when
wave of the PD use

measuring the electromagnetic
either the conducted [3.1-5] or

10 kHz) or the wide-band

the radiated [3.1-3) waves. The conducted electro-
magnetic wave can only be used for equipment with
travelling wave behaviour, like GIS or cables. The
measuring frequencies are some 10 MHz to some 100
MHz. Both principlea have the ability to locate the
PD.

For the conducted and radiated principle, an electric
field sensor, e.g. a flat sensor in the GIS-housing
or in a tranaformer tank is used as primary sensor
{3.1-5].

The acoustic wave of the discharge is measured with
accelerometers or acoustic emission sensors [3.1-4)
at the earth side of the apparatus. Tha highest sen-
sitivity for typical defects in GIS is in the ultra-
sonic range (25 + 100 kHz).

The chemical methods of PD detection measures the
amount of different gases in oil (e.g. in transfor-
mers) or in gasea (e.g. in GIS). Different sensors
for on-line applications have been developed.

Because for on-line monitoring in service the ab-
solute value of the apparent charge of a PD is of
lesa interest, further principles giving a qualita~

tive information on the increase or decrease of PD

activity can be applied.
Noise reduction in PD measuresments

All the mentioned measuring principles can be applied
for on-line monitoring, but the noise level in PD
field measurements has to be reduced for a succesaful
application. The following principles are used or
under development:

Bridge method
This well-known conventional meapuring technique sup-

presses the external common mode noise in a balanced
bridge. An additional PD-free reference object is
needed. Therefore, it can only be applied for off-

line measurements [3.1-10, -11].

Pulse discgrimination metheod

External interferences are recognised by e.g. pulse
polarity and eliminated by electronic ¢circuits [3.1-
12].

Hindow method

A measuring window, synchronised with the ac voltage,
adjustable in time duration and phase angle is used.
This method can eapecially eliminate interferences
fixed to the phase angle of the AC voltage. An impro-
vement of this method is the electronic interruption
of the PD measurement for a short time period, if the
interference is recognised, e.g. with a separate pick
up antenna [3.1-13]).

Hathematical methods

An effective reduction of interferencea in PD measu-
rements can be achieved by the application of mathe-
matical methods connected with PD data processing.
Such methods are the averaging procedure [3.1-14],
the croes correlation technique [3.1-15] or the ap-

plication of digital filters [3.1-7]. 1In addition
expert systems will help to differentiate between
noise egignals and PD signale by using different al-

gorithms like phase angle analysie of apparent charge
and PD energy, or statistical analysis of PD data
[3.1-16, -17].

3.1.2.2. Recording systems for field measurements of
HY translents

Field measurements of transiente in HV power systems
are conducted in order to:

- validate analog or digital models of power systems



8

~ the stressed volume of an insulating system in a
power apparatus is much larger than that of a test
specimen so that the volume effect has to be con-
sidered.

Revaertheless, the experience gained with material

gamples is a general base for the evaluation of

equipment, s8ince the sensitive criteria which have

been found for materiale are in most cases also im-

portant criteria for the whole insulating systems.

Material investigations must be continued with the
goal of obtaining more basic knowledge about deterio-
ration mechanisms and effects, in order to be finally

able to reduce the large gap between intrinsic

strength and permissible service stress.

3. INSULATION DETERIORATION OF ELECTRICAL EQUIP-
MENT

3.1. General

3.1.1. Dielectric Diagnousis of electrical equipment

In the present treatment it ie assumed that the elec-
trical equipment complies with the reguired perfor-
mance, since the type tests guarantee the correctness
of the design, the routine and acceptance tests guar-
antee that each individual piece of equipment corre-
sapondd  to the prototype and the commissioning tests
guarantee that the degradation due to the installa-
tion did not exceed prescribed limits. This is not
always true, and failures in service due to this
cause, even catastrophic ones, have been experienced
by almost all Utilities throughout the years. One of
the aims of DD is also to detect this inconvenience.
Moreover, any equipment is subjected in its service
life to combined stresses (electrical, mechanical,
thermal, environmental) that may cause its premature
failure in short times (e.g. 1llightning strokes or
short-~circuits) or in longer periods (e.g. overloads,
service in severe conditions, etc.).

The appearance of critical conditions is generally
related to changes in particular physical quantities,
the so-called diagnostie indicators; periodic or con-
tinuous monitoring of these gquantitiea represent,
therefore, an important way to follow in time the
conditiona of the components of the electrical sys-
tem.
Figure 1 shows the flow-chart of the diagnostic pro-
cedure adopted by several Utilities. As can be seen,
off-line diagnostic checks are used occasionally or
at periodic intervals, generally in correspondence of
maintenance operations. The checke can be convenient-
ly performed by means of test and measuring devices
installed on board mobile wunits, which may be also
used for a number of other on-aite teste and measure-
ments. When being checked, the component or apparatus
under consideration must be disconnected from the
network.

This approach ia suitable for small electrical compo-
nents in large numbers (for which a dedicated diagno-
stic system would not be economically justified) and
also for large apparatuses as first level of diagno-
stic control.

On the contrary, on-line diagnosis is based generally
on a continucus wmonitoring of the equipment wunder
contrel and requires the uee of instrumentation per-
manently installed in the site and properly connected
to the apparatus, the latter being normally connected
to the network.

This type of diagnosis 18 beat suited for critical
and/or large electrical apparatuses, for which a de-
dicated diagnostic system is economically justified.

Research activities in the field of DD for complete
components have included in the last years the under-
standing and modelling of the physical mechanisme of
deterioration and failure, the study and selection of
suitable diagnostic indicators, the design, construc-
tion and testing, both in laboratory and in the
field, of proteotypes of diagnostic systems (hardware
and software).

In the following eections the most important equip-
ment present in electrical installations are reviewed

Figure

The purpose of DD is to check the conditions of the dealing briefly with the major stresses to which they
equipment in service, 1in corder to detect defects, are Bubjected, the main deterioration factors and
ancmalies and walfunctioning which may eventually failure mechanisms experienced so far, and tha dia-
lead to a failure. In this sense diagnceis is the gnostic technigques, either off-line or on-line, that
ultimate and perhaps most decisive action towards the have been developed in order to examine the condi-
achievement of rellability of equipment and installa- tions of the componente and foresee their behaviour
.tiens. in time.
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1 - Flow-chart of a possible diagnostic procedure for electrical egquipment.
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bility of breakdown in many gas gaps can be congi-
dered statistically independent of the previous wvol-
tage applications.

The main interest in the following is focused on com-
pressed gas-insulation. Uniform field breakdown data
for the technically important gases, i.e. nitrogen,
air, SFg, hydrogen, CO; and helium were collected by
CIGRE WG 15.03 "Insulating Gases" and published in
[2-13]. These “Paschen curves™ show a steady increase
of bPbreakdown veoltage for increasing values of the
product of the gas density times the electrode Qi-
stance for HV compressed gas-insulations.

The rated dielectric strength of compressed gas-insu-
lated equipment requires a gas density higher than
the minimum design value. An excessive loss of gas
will therefore degrade the insulation withstand abi-
lity. For that reason the gas pressure and/or density

are generally monitored in such equipment. Further-
more, a compressed gas might get diluted by another
gas leading to degraded insulation ability. To check

the dielectric strength of compressed gases (mainly

SFg) a suitable test procedure was proposed by CIGRE
WG 15.03 [2-14].

Rough electrode surfaces, edges or needles cause
local electrical field enhancements which will de-
crease the onset voltage of discharges. At moderate
gas pressures and moderate ratea of voltage rise
(e.g. standard switching impulse voltage), this may

lead to corona stabilisation (PDs}, or
to a disruptive discharge. For several applications
high voltage commissioning tests are therefore com-
plemented by PD measurements.

it will lead

In typical designse, such as GIS with SFg insulation,
PDs must not occur under normal operating conditions.
The reason is that any discharge will decompose a
small amount of the SFg leading to secondary decompo-
sition products, e.g. metal fluoride powder. The de-
composition of SFg alee leads to typical gaseous by~
products which can be detected chemically in gas sam-
ples. If the discharges are not noticed, in the long
run there will be enough powder in the gas gap that a
complete failure can occur.

Foreign particles can cause severe deterioratien in
insulationa with high electric fields. Under the in-
fluence of an electric field the particle becomes
charged, etands up and is lifted by the electrostatic
force against the force of gravity. Under AC voltages

the polarity and the force in the field will reverse
after each half cycle and the particle will bounce
erratically.

Conditioning will be achieved if the particle can
move into a harmless low field region where it will
remain inactive. Under DC voltages the particle will
cross over to the opposite electrode, yeverse charge
polarity and cross back to repeat the cycle. As the
particle approaches an electrode, 1t discharges at
the close tip leading to a sudden change of the vol-
tage at the other particle tip; this can cause break-
down without corona stabllisation. Impulse voltages
are especially dangerous if they are superimposed on
AC or DC voltages and particles are cloee to highly
stressed electrodes just at the moments of the im-
pulses. Bouncing particlea on their touch of the
electrodes cause acoustic waves as well as PDs.
Acoustic detectors are mainly effective in the ultra-
sound regicn, PDe have an erratic pattern.

Chargees from PFDe 1n gas gaps move along electric
field lines; these charges will accumilate on insula-
tor surfaces which croes the field lines. 1If the
charge density exceeds a certain value, a surface
discharge will occur. Similar effectes can be caused
by conducting particles adhering to an insulator sur-

face. Such surface discharges can be detected mainly
by their light emission.

Low temperatures may cause liguefaction of a part of
the insulating gas. The remaining gas will then have
a lower density than the original filling, resulting
in degraded insulation ability as mentioned above. In
gas mixtures liquefaction of the components can occur
at substantially different temperatures.

In compressed gas-insulated equipment, a drop in tem-
perature may cause water condensatlon on the inesula-
tor surface if the humidity of the gas is excessively
high, i.e. if the dew point is too high. The water
will lead to flashover on highly stressed surfaces.
The dew point can be checked by gas sampling.

In SF6 insulated ewitches, thin layers of powdered
decomposition products can develop on the surfaces.
If humidity is added (e.g. normal air moisture during
maintenance periods), acidic products will result
which in turn can significantly impair the electrical
surface resistance of some common materials (e.g.
Bilica-filled epoxy insulators}).

The energy of a disruptive discharge during testing
of gas-insulated equipment may alter the gas gaps
and/or inpulator surfaces:

- the electrode surface can get smocther ({8park con-
ditioning) or it can get damaged by a small crater

- a foreign particle can get burned away (spark con-
ditioning)

= a small amount of gas will be decomposed; many ga-
sas with high insulating ability will release free
carbon and thereby degrade the dielectric strength

- traces from gas and/or solid decomposition pro-
ducts developed during test flashover may be depo-
s#ited on insulator surfaces [2-15]. Az a conse—

quence, the surface resistance may be reduced re-
sulting also in a decrease of the flashover volt-
age.

Conditioning of the degraded surface is possible
by applying low energy flashovers [2-16].

The insulating ability of open air gaps is variable
according to changing climatic conditions, but in ge-
neral there will be no pronounced degradation effect.
On the surfaces of the insulators in open air, how-
ever, esignificant degradation effects result from
pellution in combination with climatic conditions
{including precipitation). These effects are fre-
quently decisive for the size of equipment. General-
ly, long service experience is available for this de-
gradation parameter.

2.3. Summary considerations

Concerning the deterioration of materials, many in-
fluencing factore have to be considered. Intensive
research and actual field experience have produced

many results, and it has improved scientific know-
ledge about deterioration mechanisms and endurance
phenomena. However, so far only in a few cases has it
been possible to eatablish quantitative relationshipe
between etresses and life or other important proper-
tiea. The tranafer of such results, which were ob-
tained on material samples, to real insulation sys-
tems, however, should be performed with caution for
the following reasons:

- w®experiments in laboratories are done with samples
produced under pharmaceutical conditions, while aa
industrial fabrication on an economic scale leads
necessarily to a higher amount of Impurities and
inhomogeneities;
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formative to establish the deterioration lawe of the
insulation not on samples, but directly on capaci-
tors.

Thermal deterioration

Liquids - In the case of hydrocarbon oils, the dete-
rioration is identified mainly ae an oxidation pro-
cess, highly temperature dependent. As a proof of

this, oils maintained at 1609C under vacuum for one
year showed no change in their properties [2-9].

consequently oxidation of cils has been the subject
for a large amount of research. Until the pixties,
oxidation stability was the most important criterion
to purchase an oil and acidity, sludge, interfacial
tension, dielectric losses and dielectric breakdown
the main degrading criteria in the laboratory and in
service. It was aleso felt that acid products would
have a deleterious effect on the solid insulation and

that sludge deposits would impalr the cooling pro-
cess.
Nowadays the improvement in the oxidation stability

of modern oils, sometimes owing to oxidation inhibi-
tors, the increased protection against oxygen in
equipment, the increased consideration to PD deter io-
ration have reduced the consideration given to oxi-
dation effects. It must nevertheless be borne in mind
that oil oxidation gives rise to peroxides which are
active and may affect the surrounding solid in-

very
sulation well before acid and sludge become notice-
able. Accordingly, the basic tests mentioned ahove

remain important.

Compared to hydrocarbon oils, the other presently
used liquids usually exhibit by far better oxidation
stability. Their actual service temperature limite
are related to other considerations, such as direct
thermal, decomposition or environmental effects.

Liguid-impregnated insulation - Thermal deterioration
of paper-olil systems may be considered as exemplary
when looking at all the informaticn gathered on the
specific materials used. In a very condensed way, the
paper-oil deterioration can be described as follows:
the cellulose chain, composed of a large number of

elementary glucose rings, iB progressively broken
into smaller chains. The degree of polymerisation
(DP) initially equal to around 1300 comes to around

150 at the end of paper life, i.e. when Lts mechani-
cal strength has been reduced to nearly zero. A cor-
relation was established between DP and the mechani-
cal strength of Kraft paper. It is thus possible to
appreciate the remaining life, not by the mechanical
criterion but by the DP, easy to measure on a small
paper sample, even when it has become very brittle.
and, what ia more, the DP at time t, D, and the ini-
tial DP at time 0, Dy, can be combined to introduce a
“Deterioration Factor"™ ¢
€ = 1000 (1/D - 1/Dy)

which is, in other terms the number of broken bonds
to decrease DP from D, down to D. ¢ may be used as a
criterion describing the remaining life ([2-10).

At each temperature, ¢ - ¢, = kt as may be checked
experimentally. k is thus the rate of deterioration,
which obeys the Arrhenius law.

The thermal deterioration of the paper is accompanied
by the formation of gases, such as CO and €Op, which
may be either dissclved in oil, or evolved under the
shape of a bubble, depending on the gas amount, -the
temperature, the electrical field and the gasaing
properties of oil. As mentioned in the previously, if
bubbles are present, PDs will be produced and dete-—
rioration under the effect of combined stresses will
finally take place [2-11].

A new question not answered so far is the following:
is the €O and CO; formed the result of oil- or paper-
deterioration? And if the anawer ls "paper”, can the
temperature of the paper be conaldered as the cause
of defect, or is it a normal deterioration process?
That is the reason for the development of new techni-
proposed several years ago. These are based on
{High Performance Liquid Chromateography) which
permits the detection of specific components of aged
papers. It is quite sure that these techniques will
become excellent complementary methods to gas chroma-
toegraphy within the years to come.

ques,
HPLC

The knowledge about the thermal deterioration of

other impregnated systems has not received until now
the same attention as paper-oil for twe reasons:
phorter terms of service, better resistance to ther-

mal deterioration. In those cases usually the effect
of electric stress is of prime importance, and tempe-
rature is considered only as a factor of acceleration
of those effects.

Environmental deterioration

The main factors to be considered in this section
are: humidity, particles, and compatibility. The last
two factors are not usually listed, in most classifi-
cations, in the environmental group, but are of such
importance in this context that they have to be taken
into censideration [2-12]).

Humidity drastically affects the properties of all
liquid dielectrics, as may be observed by the de-
crease of the breakdown voltage. This decrease ¢an be
related to the combined effects of water and parti-
cles. The breakdown voltage was in the past and still
is, but to a lesser extent, a most important crite-
rion of the state of an equipment. As mentioned in
the previcus clause, humidity is formed also by the
deterioration of the paper. For some liquids and esome
solids, it is also a deterioration factor by a mecha-
nism of hydrolysis: esters and polyesters are known
to be of this type. It is true also, to a conaider-
able extent, for paper, although this is not always
recognised for its actual value. Important is also
the combined effect of temperature and humidity on

paper deterioration. The speed of deterioration of a
Kraft paper is 25 timeas higher at 130°C when the
raelative humidity of the paper is 4% instead of 0.2%

at the beginning of ageing.

Particles may be the result of the deteriocration of
the solid components of an insulation as well as a
factor coming from the environment of the egquipment.
Their combination with humidity is of major influence
on the electric behaviour.

Lack _of compatibility: if paper and oil combination

is an excellent association, this is not the case for
all solid-liguid combinations. Lack of compatibility
is often a reason for premature failures. This may be
the result of chemical interaction, which leads to
accelerated deterioration of one of the components,
or both of them. It may also be a physical effect,
when there is a mismatch in the permittivities, resi-
stivities or lack of wettability of the components.

2,2.3. Insulating gases

Gas gape are shaped by electrodes, and the surface of
thepe electrodes can play a major role on the insula-
ting ability of such gaps. However, during typical.
test voltage applications, the insulation of a gas
gap can be considered, in many cases, as self resto-
ring, i.e. it recovers its full insulating ability
after a disruptive discharge. Furthermore, the proba-
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by effecting a surface deterioration in form of the
build up of deposite or erosion. Pure weathering
leade to aereal deterioration: as a diagnostic test
to check the resiptivity of a material, the weather-
O-meter test #Sesma very useful. Under electrical
stress, surface erosion will be mainly dominated by
electrical discharges which may develop temperatures
high enough to decompose the material.

The very important hydrophobic properties of outdoor
polymers can easily be checked by measuring the con-
tact angle with water, and for the evaluation of the
tracking and erosion resistivity, methode and devices
are available like the inclined plane test, the salt
fog test and the carousel test [2-7)]. The surface hy-
drophobicity is a dynamic property which may be lost
temporarily after surface discharges. Physical proce-
dures like secondary ion mass spectroscopy or elec-
tron spectroscopy for chemical analypes may be useful
tools to investigate this phenomenon.

In the bulk, water attacks the main dielectric pro-
perties. Water absorption follows the diffusion laws,
and it has baen cbserved that up to 3% of the volume
of a polymer can be occupied by water under saturated
conditions. Both the breakdown strength and the di-
electric loss, but also the conductivity and the per-
mittivity, are properties of polymers which exhibit
remarkable detericration after wetting [2-8}). In fil-
led or composite materials, lnterfacial polarisation
is the main effect. On the other hand, hydrolytic de-
composition of polymers has been observed, especially
when the diffusion process was accelerated by the ap-
Plication of elevated temperatures. Both the dielec-
tric loss and the permittivity are sensitive quanti-
ties for diagnostic testing.

The dominating problem of combined stresses for ca-
blesa, the electrochemical treeing, will be dealt with
in the relevant section.

2.2.2. Liguids and liquid-impragnated insulations

This section deals with the subjects relevant to 1li-
quids and liquid-impregnated insulations. As a matter
of fact, there are only very few cases where the in-
sulation is made only of liquids; the vast majority
of eguipment 1s inaulated with a combination of sol-
ids and liquids. The characteristice of the liquids
are of prime importance and much has been studied
about their behaviour and their deterioration. Gener-
ally speaking, in the following subsections liquids
will be dealt prior te the liquid-impregnated insula-
tions.

In the range of liquids for HV equipment, hydrocarbon
oil has been and etill is the most widely used. It
was employed in many types of equipment: capacitors,
bushings, cables, switchgear, instrument and power
tranasformers. Practically only this last group of
electrical components is still using oil as the insu-
lating and cooling liquid.

Due to the banning of Polychlorcobiphenyles (PCB),
nearly everywhera in the world, many replacement li-
guids have been propcosed and are used at present. In
most cases they exhibit properties which in some re-
spects are better than the corresponding cnes for
mineral oilae.

With the words "impregnated syetems” various types of
insulations are covered whare the sclid may be paper
like: cellulose papers or non-woven plastic mate-
rials, or alternatively film layers. The well known
paper-oil system is certainly the best example of a
liquid-impregnated system, and its use for approxima-
tely eighty years enables us to present considerable
background., Ranking second in the past was certainly
the paper-PCB system, no longer accepted in new

equipment, but still present in transformers as well
as in capacitors.

Again, the banning of PCB has resulted either in the
association of paper with other liquide in some small
and medium range transformers (esters, eilicone,
fluorocarbons, etc.), or in the association of films
{mainly polypropylene) with a long list of liquids of
very different chemical types.

Electrical deterioration

Ligquids = There is presently a consensus on the fol-
lowing fact: in normal, dry conditions, liquids do

not degrade due to the electric stress ltself.

But Iif PDs exist for any reason, llke local stresses
or gas bubbles, then the following facte have to be
taken into consideration. The PD inception voltage
for most liquids ranges from 25 kV to »BQ kV in the
test cll to be etandardised, capacitor liquids being
at the upper end of the range. Thie seems to be re-
lated more to the chemistry of the liquid (in oils to
the presence of epacific additives) than to its con-
ditioning.

The evolution of the situation after the appearance
of the first diacharges is governed by the "gassing”
properties of the liquid. In other words this pro-
perty describes the way a bubble of gas trapped in
the liguid and subjected to electric stress will be-
have: Lt will expand if the liquid is "gas evolving®,
it will shrink if the liquid is "gas absorbing”. This
property is Btress- and temperature-dependent. At
high stresses and temperatures, a deterioration of
the gassing preperties 1s always observed.

Ligujid-impregnated insulatjop - In a eimilar way, a
dry, well-impregnated insulation is not reported to
dagrade under the application of an electric stress
only. But deterioration mechanisms may result from
PDes, tracking, electrochemical deterioration, and
often at the solid-liquid interface. Undoubtedly, the
existence of water and/or air/gas bubbles in the in-
pulation is the cause of wsuch phenomena. As far as
PDE are concerned, when the process has started, its
evolution will strongly depend upcn the characteri-
stice of ligquids. The effect of satreas on paper oil
insulation is described in [2-4] and gives the rela-

tionehip between gases evolved from both paper and
oil and the PD energy. This is very useful for the
diagnosis of the deterjoration by the gas 1in oil
analysis using gas chromatography as will be ex-

plained later.

The other field-induced degrading processes vary ac—
cording to the types of insulation. For example, com-
posites that have components with high intrinsic con-
duction and/or high dielectric losses can trigger a
thermal breakdown.

The case of capacitor insulation is & good example
for a situation where ecological lawe have led to a
noticeable improvement in the quality and performance
of insulation. The new association of all film sclid
insulation (normally polypropylene) with some highly
aromatic liquids such as PXE (phenyl-xhylenea-etha)
MIPB (mono-iso-propyl-biphenyle) or more recently de-
veloped and manufactured M/DBT (mono/di-benzyl-tolue-
ne} has resulted in a considerable increase in the
working stress up to 60 kV/mm compared to 18 kV/mm in
the paper-PCB case. This is due at the same time to a
reduction of dielectric losses of both solid and 1li-
quid, in the swelling of the film by the liquid, and
in the improved breakdown voltage of the polypropyle—
ne compared to paper and of the new types of liquids
compared to PCBs. But the deterioration laws of the
new impregnated systems have not been systematically
studied as such, for it is generally found more in-
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Electrical deterioration

It is commonly accepted that electrical deterioration
in molid dielectrics 18 normally connected to the
existence of partial discharges (PDs). PDs may exist
in voids which are present in the solid according to
an imperfect manufacturing process, or which have
been produced by treeing in the solid. In the latter
case, also the pre-treeing effects are to be consid-
ered as deterioration phenomena [2-1, <2}. Normally,
inorganic materials are much less sensitive to PDs
than organics.

In gas filled voids, PDs bridge the gap. Ione and
electrons are generated by the gas discharge, and
they attack the wallas of the void with the conae-
quence of erosion and finally of tree inception from
the ercded walls. Such trees may bridge the whole
dielectric effecting a total breakdown. The PDs which
are the cause of deteriocration appear as steep-
fronted current or charge pulses which are detectable
at the terminals of the test set-up. Only recently it

became clear that PDe may occur in a pulsed or
»pulseless" form; the latter expression is incorrect
in 8o far as detailed investigation showed that
"pulseless" PDs consist of pulsed events with very

low peaks and high repetition rate, and, therefore, a
better name of these PDa is "microdischarges”. It was
also demonstrated that the mode of PDs may change in
the same void from pulsed to microdischarges which is
believed to be caused by changes of the gas pressure,
the gas compositlon and/or the spurface resistance of
the walls. Experiments also showed that microdischar-
ges lead to deterioration effects.

The measurement of the charge or current impulses of
internal PDs has been a diagnostic tool for many
years; actually, PD detection and evaluation is a
main dielectric diagnostic procedure.

The PD resistivity of solids is an important proper=-
ty, and many efforts have been made to develop rele-
vant test procedures and test samples to be used as
diagnostic tools for the evaluation of materials
[2-3). The life time reduction caused by internal PDs
of the deterioration of other {important properties,
e.g. the breakdown strength, has been clearly demon-
strated. However, for several reasons, a clear rela-
tionship between PD quantities and the rate of dete-
rioration is still missing so that intensive research
must go on. A good approach might be to evaluate the
degrading PD quantity not according to the apparent
charge but by estimating the PD energy [2-4], or,
still better the energy density. Nevertheless, cer-
tain PD limits have been introduced for different ap-
paratus according to long term field experience.

Whichever guantity may influence the detericration
process, the final effect is a reduction of electri-
cal strength with time. The voltage~time curve is an
inclined line with a negative gradient. Over a long
period it has been believed that the inverse power
law describes in a satisfactory way the correlation
between stress (field-strength) E and time t:

t . EN = k

where k is a constant, and n is the voltage endurance
coefficient. When plotting the inverse power law in a
logE - logt scale the well known inclined straight
line with the slope =1/n is obtained. The weak part
of the inverse power law is the fact that it predicts
a limited life even for very low stresses. If PDs are
pelieved to be the only degrading effect in solids,
life must be infinite for stresses lower than a PD
onset stress Eo. Assuming such a threshold satress
Ec, the life time law may better be expressed in the
following empirical expression [2-5]:

log {t (E - Eo}] = k; - X3 (E - Eo)

where kj and ky are constants, and t is the life at
atrese E. The existence of a threshold is backed by
many investigatlions and has been found true for in-
stance for epoxy bonded mica, polyethylene, epoxy
resin and some more materials.

Life time laws for multi-stress conditions are dealt
with in [2-6].

Thermal deterioration

The main effect of thermal deterioration is the acce-
leratian of physical/chemical processes hy elevated
temperatures. Normally, all chemical reactions acce-
lerate with increased temperature, and this holds
true for oxidation as well as for polymerisation and
depolymerisation processes. Of course, the absolute
upper temperature limit must be lower than the decom-
position temperature.

Many important electric and dielectric properties are
strongly influenced by elevated temperature. Due to
an increasing ion mobility with rising temperature,
both the conductivity and the dielectric loss in-
crease. Especially the response of dielectric loss to
temperature changes is an important, simple and reli-
able tool for DD. But also the breakdown strength
depends on the temperature: in most cases it de-
creases with increasing temperature.

The combined application of electrical and thermal
stresses may result in a thermal instability, the
thermal breakdown. The increasing dielectric losses
under rising temperatures produce more heat with the
effect of even more increase in loss and sc on, and
in the case that the heat production exceeds the heat
transfer to the surrounding, the thermal instability
is unavoidable. A stable value of the less angle in-
dicates thermal stability.

Mechanical deterioration

Concerning mechanical stresses, problems may arise
with creepage (for instance PTFE), with crack propa-
gation in the case of brittle materials (for instance
porcelain), or material fatigue when the solid mate-
rial is subjected to an oscillating bending stress.
The mechanical strength is normally reduced by the
applicaction of elevated temperature.

Combined stresses may cause severe deterioration in
the case of simultaneously existing high mechanical
and electrical stresses; by excessive wmechanical
stress which may be caused by temperature gradients
in the interface area of materials with different
thermal characteristics, microcracks in the material
can be produced which are the place of PDs. The same
phencmenon can happen close to electrodes when the
mechanical stress is higher than the adhesive power
of the insulating material, and, consequently, a void
or crack appears in the vicinity of the electrode.

In the case of fibre reinforcement, the time depen-
dency of mechanical failing loads must be considered.
pue to the failure mechanism, the permissible perma-
nent service load can be remarkably lower than the
short time failing load. In the case of fibre glass-
reinforced epoxy rods under low tensile atress, brit-
tle fractures have been observed which most probably
are caused by acids produced by stress corrcsion in
the glass fibres.

Environmental deterioration

The environment influences insulating materials on
their surface and in the bulk mailnly by oxygen, hu-
midity, contamination, radiation and temperature
changes. Concerning surface properties, contamina-
tion, radiation and oxygen play the dominating role
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2. DETERIORATION PARAMETERS FOR INSULATING MATERI-
ALS AND DIAGNOSTIC CRITERIA APPLICABLE ALSO TO
EQUIPMENT

2.1, General
In the present treatment it is assumed that the insu-
lating materials do not present fundamental manufac-
turing defects, considered avoided by proper manufac-
turing process, or detected by the tests performed
before manufacturing the egquipment and by the tests
cn the equipment. Theraefore, at the beginning of
thelr 1life, the insulating materials do comply with
the required performance. During life, ageing and de-
terloration may occur due to the effects of variocus
stresses, which normally result in a deterioration of
physical/chemical properties.

Generally, for a given material, a three-dimensional

construction can be bullt to describe deterioration

with the following co-ordinates:

- TIME: this iB the parameter which runs inexorably
and causes ageing.

=~ STRESS: this is the cause that makes materials
suffer some modifications in their physical/chem-
ical nature, resulting in deteriocration.

- PROPERTY: the deterioration, depending upon its
type, affects more or less all the properties of
the materjal. If one property ig of prime inter-
est,

. either because it is a fundamental property of
the material in the equipment,

. or because it is a useful tool to identify the
deterioration,
this property can be selected aB a deterioration

criterion.

Usually the three-dimensional construction Ls decom-
posed into two plane figures: the firet is property
versus time at various constant stresses, the second
is stress versus time for a given failure criterion.
A well known example is the so called V/t curve for
gaseés, another one ie eimply the Arrhenius plot for
solids.

This approach is valid for each type or family of ma-
terials, but for various reapons (specificity of a
material, habite from the past, etc.), it is presen-
ted separately for each of them. Before doing so in
sections 2.2.1. to 2.2.3., some general features
which are common to all materials need to be intro-
duced.

Stressing factors

It is necessary to deal with electrical, thermal,

mechanical and environmental etresses. Depending on
the type of equipment, one of them may be predomi-
nant.

- ELECTRICAL stress: even at the same rated veoltage,
the actual electric stresses are very different from
equipment to equipment and are in decreasing order:
capacitors, cables, bushings, transformers, rotating
machines.

Thie fact is mostly related to the ability of the in-
sulation to withstand the electric strese during its
life.

- THERMAL stress: during operation, elevated temper-
atures may be reached, due to dielectric losses, ohm-
ic losses in conductors, or by heat absorptien from
the surroundings.

- MECHANICAL stress: there may be elther permanent
stresses (rotating machines, circuit breakers), or

they may appear occasionally, for instance as the re-
sult of short-circuitsa or thermal c¢reepage.

- ENVIRONMENTAL stress: environmental factors inclu-
de pollution, radiation, humidity, particles, etc.,
and may be either a deterioration factor in itself or
a "revealing" factor which has the property of in-~
creasing the effects of deterioration.

- COMBINED stress: indeed, in equipment normally
some of the stressing factors mentioned above are
present simultaneously (multi-stress conditions}. It
dapends on the type of material and eguipment whether
or not the interaction of stresses taking place will
result either in an acceleration or in a slowing of
deterioration.

Propsrties — Deterioration Criteria

This 1is a fast moving subject for materials, insula-
tion and equipment. The trend is that the criteria
are aither tallored to the materlal or to the equip-
mant. A rough classification may be introduced as
followsa:

= DIRECT criteria: these are directly connected with
the properties required in service: e.g. electrical
strength, flexural strength, etc.

If the values of the property decrease below an ac—
ceptable 1limit, the material fails. Some tests to
verify these criteria are destructive, and, there-
fore, are applicable to material samples only.

- INDIRECT criteria: such criteria have a relation-
ship with properties required in eervice: e.g. loss
angle, insulation resistance, partial discharge, wa-
ter content, non-chmic behavicur, ete.

Changes of these indirect variables may indicate a
deterioration of important properties. Since the
tests to verify them are usually non destructive, in-
direct c¢riteria are of vital importance for the dia-
gnoeie of equipment conditions,

- OTHER TYPES of criteria: these are more specific
to ons kind of material or to one type of egquipment.
They are mostly of physical or chemical nature, have
demonstrated relationship with the deterioration it-
self, and, usually, a correlation between properties
useful in eervice and these criteria has been estab-
lished, either thecoretically or statistically.

New criteria may be developed in the future from the
application of physical/chemical tools like struc-
tural, morphological and cristallinity investigations
or spectroscopical procedures, etc., which have not
been in extended use sc far for DD.

2.2. Insulating waterials

2.2.1., Solid dielectrics

Sclids are parts of the insulation systems of all
equipment. For HV applications, both indoor and out-
door, we have to deal with inorganic materials llke

the conventional porcelain and glass (for insula-
tors), and with organic dielectrica, the main groups
being cast resins, thermoplasts and elastomers (for
spacers posts, cables, etc.). In addition, we have to
lock to compoeite materiale like fibre-reinforced
plastics, filled cast resins, etc., due to thelir in-
creasing use (insulatore, terminations).

As it is impossible to deal in detail with all the
various materials in different equipment, only some
basic aspects of deterioration of solids which are
valid for most materlals in thelr main applications
can be dealt with in the following msectiona.
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1. INTRODUCTION

First of all, in order to be consistent throughout
the paper with the language used, it is necessary to
premise the definitions o©f a number of terms that
will be used with sapecific meanings that might be
different from the genesral sense.

DIELECTRIC DIAGNOSIS
sujitable measurements
insulation
service

(DD): 1is the application of
and procedures to evaluate
degradation and detericration caused by
conditions. It is performed to forecast the

period for which the insulation of equipment will
meet the required withstand wvoltages.

DIAGNOSTIC:

adjective - of or pertaining to diagnosis, e.g.
rdiagnostic methods®”, "dliagnostic pro-
cedures”, etc.

substantive - any characteristic quantity which is
measured for diagnosis, e.g. "water
content in oil", "partial discharge
level*, etc.
Note: The singular form is sometimes
used for "methodology of dliagnosis®.
The collective plural ("diagnestics")
is occasionally used for "diagnesis”.

OFF~LINE DIAGNOSIS: is any diagnostic technigque that
requireas the eguipment wunder consideration to be
taken out of service.

ON-LINE DIAGNOSIS: is any diagnostic technigque that
can be applied leaving the equipment under considera-
tien in service.

AGEING: refers to the passage of time and is only
linked to changes of properties in the presence of an
influencing factor (a stress).

DEGRADATION: the physical meaning is a ‘temporary re-
duction of properties which disappears with the re-
moval of the influencing factor (a stress); e.g. the
reduction in withstand voltage of the external insu-
lation due to the humidification ef a pollution lay-
er. The chemical meaning is a reduction to simpler
melecular structure,

DETERIORATION: is a permanent reduction of physical/-
chemical properties caused by the the application of
an influencing factor {a etress) during time; e.g.
the reduction in withstand voltage of paper insula-
tion due to tracking. :
Usually the deterioration involves more severe and
more important reductions of the properties than the
degradation.

The subject of DD has been treated from the pointe of
view of insulating materials and of electrical eguip-
ment.

section 2 of the Report deals with dielectric mate-
rials which are used in the manufacture of electrical
equipment insulation. The most important deteriora-
tion processes characteristic of these materials and
the relevant laws for different atresses and the
types of criteria that best describe the deteriora-
tion are considered. Diagnostic methods available at
thig level of investigation, i.e. to check the degree
of deterioration of insulating materials are summa-
rised and discussed.

In wmost cases the present knowledge is fragmentary,
but even thus it can help, or has already helped, to
provide & diagnosis for the Insulation of various
eguipment.

Section 3 of the Report deals with the electrical
equipment as such, manufactured with different sub-
components each having suitable insulation. 1In this
case the failure mechanisms are considered and the
relevant diagnoastic techniques are discussed in gen-
eral terms. References are made to publicatijons where
details can be found.

Section 4 is an attempt to determine the correlation
between DD and insulation deterioration and its feed-
back to insulation co-ordination concepts.

Finally Section 5 attempts to draw possible conclu-
sions on this wlide and difficult subject.



igre

112, boulevard Haussmann
75008 Paris

1990 Session
26th August — 1st September

DIELECTRIC DIAGNOSIS OF ELECTRICAL EQUIPMENT
FOR AC APPLICATIONS AND ITS EFFECTS
ON INSULATION COORDINATION
State of the art Report

On behalf of Study Committees 15 and 33
Presented by Working Group 33/15.08

(presented at the 1990 Session)

EREFACE

At the 1988 CIGRE General Session, Study Committees
33 and 15, in co-cperation with Study Committees 11,
12, 13, 21, 22 and 23, decided to set up a new joint
Working Group, WG 33/15.08, to deal with the subject
of Dielectric Diagnosis {DD).

The terms of reference for
were defined as follows:

the newly-established WG

a) Define DD and its scope.

b) Identify the parameters characterising insulation
ageing.

¢} Determine how to account for insulation ageing
when selecting insulation levels.

d) Analyse the procedures in use for DD.

e) Analyse existing type, acceptance and commission-
ing tests as starting reference for DD.

f) Prepare a report on state-of-the-art to be pres-
ented as Study Committee-sponsored Report at the
1990 CIGRE General Session.

The appointment of all the WG Members was completed,
for several reasons, only at the end of March 1989
and thus the WG had less than nine months to carry

out the specific goals assigned.

The present Report, prepared after three WG meetings,
presents the state-cof-the-art of the diagnostic meth-
ods available today, te the WG Members knowledge, to
verify the dielectric conditions of insulating mate-
rials wused in electrical equipment for AC applica-
tiens.

In writing the different parts of this Report, the WG
Members have taken into account, as much as possible,
all the previous work on the subject performed within
CIGRE S5tudy Committees and Working Groups and refer-

ences to the relevant published papers have been
made. Moreover, the present Report, far from being
exhaustive on the subject, is intended to stir up a

lively discussion during the 1990 CIGRE Conference.

Finally, it must be stated that the contents of the
Report reflect the personal views of the individua)l
WG Members and not necessarily those of the Study
Committees to which they belong.
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ing Member.



Le CIGRE a apporté le plus grand soin a la rédisation de cette brochure thématique numérique afin de vous
fournir une information complé&te et fiable.

Cependant, le CIGRE ne pourra en aucun cas étre tenu responsable des préudices ou dommages de quelque
nature que ce soit pouvant résulter d’ une mauvaise utilisation des informations contenues dans cette brochure.

Publié par le CIGRE
21, rue d' Artois

FR-75 008 PARIS

Tél.: +3315389 1290
Fax : +3315389 12 99

Copyright © 2000

Tous droits de diffusion, de traduction et de reproduction réservés pour tous pays.

Toute reproduction, méme partielle, par quelque procédé que ce soit, est interdite sans autorisation préalable.
Cette interdiction ne peut sappliquer a I'utilisateur personne physique ayant acheté ce document pour

I"'impression dudit document a des fins strictement personnelles.
Pour toute utilisation collective, priére de nous contacter asal es-meetings@cigre.org

The greatest care has been taken by CIGRE to produce this digital technical brochure so asto provide you with
full and reliable information.

However, CIGRE could in any case be held responsible for any damage resulting from any misuse of the
information contained therein.

Published by CIGRE
21, rue d’ Artois

FR-75 008 PARIS

Tel : +33153891290
Fax:+33153891299

Copyright © 2000

All rights of circulation, translation and reproduction reserved for all countries.

No part of this publication may be produced or transmitted, in any form or by any means, without prior
permission of the publisher. This measure will not apply in the case of printing off of this document by any

individual having purchased it for personal purposes.
For any collective use, please contact us at sales-meetings@cigre.org




