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ABSTRACT
In order to sustain transmiss ion grid availability and reliability it is imperative that the
condition of vital and costly high voltage equipment is ascertained on a continuous or
regular basis. It is necessary to establish the effective diagnostic tools or surveillance
devices that can be used to assess equipment condition.
Emphasis has been placed on refining well-established and more novel but
developing condition assessment techniques. It is important to note that condition
assessment of equipment also allows the opportunity to predict failure. Based on a
complete and systematic assessment, the failure of defective equipment may be
evident or predicted in time, thus preventing a forced outage and loss of valuable
'system minutes'. It has also become necessary to extend the life of existing
equipment since most of them are reaching the end of their useful life. Replacement
strategies have proven to be ineffective due to financial and resource constraints
experienced by utilities.
Life extension is the work required to keep equipment operating economically beyond
its anticipated life, with optimum availability, efficiency and safety. One of its principal
components is condition assessment, with the possibility of predicting remnant life.
As a result, refurbishment projects are then raised. Refurbishment by replacement,
uprating, modifications or change of design of certain key components to extend the
life usually requires a substantial amount of capital to be invested. These projects
must be economically justified.
This thesis focuses on establishing condition assessment techniques for major power
equipment such as power transformers. Assessment techniques for instrument
transformers and circuit breakers are included, since these are commonly replaced
or modified under refurbishment projects.
An experimental investigation was carried out to determine the effectiveness of
integrating data of two diagnostic techniques i.e. dissolved gas analysis (on-line) and
acoustic detection of partial discharges. It was found that there is a correlation
between data obtained from an acoustic detection system and an on-line single gas
(Hydrogen) analyser. By integrating the data of both on-line monitoring systems, the
diagnostic process is further enhanced. In addition, the location of a fixed discharge
source was verified by using an acoustic detection system. Further, the sensitivity of
the acoustic technique to partial discharge inception voltage, relative to the
established electrical detection technique was determined for the experimental
arrangement used. The results obtained indicated that this is an effective technique
for the evaluation of activity within a transformer structure.
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CHAPTER 1: INTRODUCTION
1.1

Importance of High Voltage Power Equipment in Substations
An electrical power transmission system extends over the entire geographical area
of a country to supply power in bulk as required to the regional distribution network.
The availability of electric power to consumers within the various regions is of
paramount importance to the maintenance and growth of the national economy. In
order to ensure that electric power is securely available to consumers, the
operational reliability of the transmission system must be assured at all times.
A transmission system comprises a complexity of subsystems and components,
whereby redundancy techniques are widely employed in order to achieve the
required overall system reliability. However, due to economic reasons, such
redundancy cannot be applied in the case of major high voltage plant installed in the
substations throughout the system. These costly plant items must therefore meet the
reliability requirements by virtue of design, correct application , operation within
design limitations and preventative maintenance over the plant lifetime.
During the operational lifetime of the high voltage equipment not only do
maintenance requirements increase due to ageing, wear and change in operational
duty as a result of transmission system growth and load flow adjustments. Therefore
similar items of plant installed in different regions of the system will eventually exhibit
widely differing condition. Some equipment may be in a condition to operate with the
expected reliability for a further period of extended life due to being adequately
maintained. Other equipment items will be unsuitable for continued operation thus
requiring substantial refurbishment or complete replacement. For economic reasons,
utility operators are forced to keep the equipment in service for as long as
reasonably possible. In order to establish the risk of failure the condition of plant
equipment may be determined through life assessment.

1.2

Life Assessment and Life Extension
Life assessment requires that condition monitoring techniques be employed to
ascertain actual condition . Condition based evaluation is a means of assisting a
utility to decide if and when equipment need to be replaced or refurbished,
maintenance performed and life extension measures be implemented. Life extension
is the measures taken to keep equipment operating economically beyond its
anticipated life, with optimum availability, efficiency and safety. When the cost of life
extension methods exceeds the cost of the equipment then replacement is
necessary.

1.3

Economic Considerations in Condition Assessment
Through life assessment techniques the operational condition may be established.
Based on the findings of the life assessment, equipment may then be considered for
refurbishment (upgrade/modification) or replacement. Refurbishment projects may
then raised with the intention of ensuring that the useful life is extended i.e. life
extension. These projects usually require large amounts of capital that must be
economically justified to ensure that the required funds are appropriated. These
project proposals generally do not call for adding facilities but rather for an increase

in the reliability of existing facilities. The business driver for capital expenditures is a
positive real return within the shortest possible time. There are no exceptions and
replacement due to ageing, modifications or uprating of equipment must be
economically justified as well.

1.4

Aims of this Study
The object of this treatise is to present condition monitoring techniques (including
condition diagnosis) for assessing the condition of the major high voltage plant
equipment installed in transmission system substations and to provide
recommendations for life extension. Various economic models to justify the capital
expenditure required for refurbishment or replacement are proposed. The equipment
items under consideration are:
•

Power transformers (excluding bushings and tapchangers) ,

•

Instrument transformers and circuit breakers

These equipment items of high voltage plant represent the most significant parts of
capital expenditure in a substation . The operational lives of this equipment are most
influenced by system operating conditions; therefore life assessment and
refurbishment with the objective to extending life is relevant.
The subject is presented in four sections, namely:
•

Life assessment techniques to establish the condition of equipment under
consideration.

•

Provide techniques or measures to extend the operational life of these items of
plant.

•

An experimental investigation that involves the combining of two monitoring
techniques.

•

Various methods to economically justify refurbishment and replacement of
equipment items under study. Several case studies are included.

The sections that follow focus on power and instrument transformers. High voltage
circuit breakers have not been investigated or explored in this study with the same
depth as was explored for transformers.

1.5

Structure of Thesis
This thesis has nine chapters . Chapter 1 (this chapter) is an introduction and defines
the scope of this study. Chapter 2 provides an overview of the failure mechanisms
and diagnostic techniques for power transformers, instrument transformers and
circuit breakers. Chapter 3 describes various condition monitoring techniques that
may be performed on power transfo rmers, instrument transformers and circuit
breakers . Condition diagnostics (interpretation of monitored data) and the evaluation
of equipment condition (condition assessment) to determine whether each
equipment item is acceptable for continued operation, is presented as well. Chapter
4 provides techniques or practices in brief to extend equipment life. Chapter 5
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provides a literature review and theory on electrical breakdown and partial
discharges in liquids. Chapter 6 presents the results of a laboratory experimental
investigation that was carried-out to:
•

Determine the sensitivity of the electrical and acoustic detection system to partial
discharge inception voltage; and the corresponding partial discharge magnitude;

•

Detect and verify the location of a single partial discharge source (in a fixed
position), by acoustic technique;

•

Determine if a correlation exists between gas-in-oil measurements (on-line) and
acoustic emission data.

Chapter 7 proposes financial methods that may be used to economically justify
replacement or refurbishment of defective or aged equipment under study. The
technical and economic aspects associated with condition assessment are explored
in the form of case studies. Chapter 8 discusses the various developing and
available condition monitoring techniques for power transformers, instrument
transformers and circuit breakers. The application of financial methods for the
refurbishment and replacement of equipment items is discussed as well. As a
conclusion, chapter 9 summarises the methodology of the experimental investigation
and conclusions drawn. Lastly, comments are made with regard to the
implementation of financial models in the case studies presented.
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CHAPTER 2: FAILURE MODES AND DIAGNOSTIC METHODS
FOR TRANSFORMERS AND CIRCUIT BREAKERS
This chapter provides an overview of the failure mechanisms and diagnostic
techniques for power transformers, instrument transformers and circuit breakers. The
various stresses that these equipment items are subjected to while in-service are
presented as well. The definitions below are referred to throughout this document:
On-line monitoring of equipment refers to equipment, which is employed on a
continuous basis, providing surveillance while the primary unit is in-service.
Off-line monitoring is regarded as that equipment which is utilised for condition
assessment on a periodic basis, with the primary unit out of service.
In-service in this study refers to techniques that may be utilised whilst the primary
unit is energised.

Firstly, a review of the failure modes and diagnostic methods for power transformers
are presented. Thereafter , a similar literature review with regards to instrument
transformers and circuit breakers follows respectively.

2.1

Power Transformers
Power transformers are the most critical and costly single item of equipment in the
distribution of electrical power; therefore , above all other plant equipment and
systems, they should be either effectively monitored or have their in-service condition
assessed. Failures may and do occur without warning, resulting in interruptions in
service. The failures of these large transformers are sometimes catastrophic. If
incipient or developing failures are detected before leading to a fault condition, then
the transformer may be refurbished or repaired in a controlled fashion. Early
detection of incipient faults may eliminate a forced outage, prevent possible damage
to adjacent equipment and/or loss of life.
The insulation used in power transformers is generally based on oil-impregnated
paper in the form of kraft paper as a turn-to-turn insulation, or as cotton-and/or
kraft-based transformer board used for winding spacers and as major insulation
between windings and from windings to earth. Mineral insulating oil is used as an
impregnant for dielectric and cooling purposes.
Graine et al [1] stated that predictive and preventative measures have been the
normal procedures for many utilities for cost effective equipment maintenance. As
power transformers age in the network, assessing or monitoring their condition
becomes more important. There are a number of diagnostic techniques, test and
surveillance devices that may be implemented. A study of power transformer failures
by various utilities over an extended period has yielded valuable information as to the
most common failure modes. Ongoing research in the area by the Electric Power
Research Institute (EPRI), Doble Engineering Company, IEEE, CIGRE and many
utilities aims to establish the most effective tools with which to diagnose and
safeguard against catastrophic failures of power transformers , which are coming
under increased risk of failure as the plant ages beyond 25 to 30 years.
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There is ongoing development of techniques and methods for preventative failure
prediction. On-line monitoring of the condition of power transformers has not been
implemented by many utilities due to the unavailability and unreliability of certain
sensing or measuring devices of continuous surveillance equipment.
Graine et al [1] stated that power transformers that are correctly maintained should
not need refurbishment in their expected life. The same researchers also reported
that there are other factors that have an effect on expected life. Refurbishment of a
unit should be based on the outcome of its condition evaluation. Kogan et al [2]
concluded that the expected life of a typical transformer is approximately 30 to 40
years, depending on its utilization. For example, at 50% load a transformer may be
expected to last longer than a transformer loaded to 90% of its rating. In Europe, the
mean transformer lifetime was reported to be 38 years, with the most common cause
of failure being ageing [2]. Beyond a certain age, both internal insulating systems and
external components deteriorate rapidly. De Klerk [3] reported that in South Africa,
transformers have a more onerous short circuit exposure than transformers
elsewhere in the world and thus seldom fail of age only. The cause of this exposure
is due to the low impedance transmission network. Myers et al [4] stated that the
decision to refurbish a transformer may not necessarily extend a unit's designed
operational life, but may ensure that the expected life is achieved. The terms
'designed operational life' and 'expected life' are considered to have the same
meaning.

2.1.1

Deterioration Factors and Failure Mechanisms
The decision to refurbish a transformer should be based on one or more parameters
that are indicative of condition such as short circuit withstand capability, insulation
condition and moisture content. These parameters are discussed below.

2.1.1.1 Short Circuit Withstand Level
Power transformers are specified and designed for certain short circuit withstand
levels. These values are an estimate of the short circuit levels in-service for the
application of the particular transformer . When these levels are computed , future
network growth is taken into consideration. However, the growth cannot be
accurately predicted over a long period of time, and the fault levels in certain
locations of the network may increase more rapidly than initially expected due to
network expansion. It is possible that the fault level in a particular location may
exceed the transformer design fault level in that location, especially towards the end
of the expected transformer lifetime.
De Klerk [3] reported that throughout the service duty of a transformer , short circuits
which occur are reported to have an accumulative degrading effect on the short
circuit withstand strength. In order to establish the integrity of a specific unit, the short
circuit history of that unit would therefore need to be analyzed. The information
required with regard to the short circuit capability is the amplitude of the current, the
duration and the type of fault. The original design withstand level of the transformer is
also required.
It may be difficult to determine the serviceability of a transformer with regard to short
circuit withstand capability. Schmidt and Malewski [5] reported that a visual
inspection of each individual winding and the measurement of actual winding
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clamping pressure is one possible method of confirming the serviceability of a
transformer for short circuit withstand . In order to do this the transformer has to be
dismantled in a workshop environment. There are other off-line diagnostic methods
that may provide an indication of winding movemenUdeformation. Refurbishment
motivated based on short circuit withstand is therefore very difficult. Elovaara et al [6]
stated that when the actual fault levels at a substation exceeds the design levels,
then the movement of that particular transformer to a location of lower fault levels
should be considered.

2.1.1.2 Insulation Degradation
The insulating system of a transformer consists of solid and liquid insulation. The
liquid (oil) also serves as a cooling medium. Both the solid and liquid insulation age
during operation. Kogan et al [2] reported that the factors that may influence the rate
of the ageing process include high temperatures (>98 "C), high levels of moisture
content and oxygen. The deterioration of the solid insulation produces by-products
such as sludge, furfurals and acids. These acids may reduce the dielectric strength of
the oil [2]. The reduction in electrical breakdown strength of the oil is caused mainly
by the combined presence of moisture and foreign particles. This will be addressed
as part of "wet insulation" (section 2.1.1 .3 below).
The acidity of the oil is expressed as mg KOH/g and the suggested limits for inservice oils vary by group and voltage class [7]. Relevant IEEE standards [7,8]
specify that for voltage classes less than 288 kV, an acidity limit of 0.2 is
recommended . IEEE standard 62 [7] and Cardwell [9] specify for in-service oils in
transformers of voltage class greater than or equal to 345 kV, the suggested limit is
0.1 mg KOH/g. The oil may be processed on site (regeneration) or alternatively the
oil can be drained and replaced with new oil. Old oil may be regenerated by static
plant at a workshop or refinery. It is however important to note that the solid
insulation ages together with the oil and the paper ageing process is irreversible.
Another by-product of ageing, namely sludge, is deposited in the cooling ducts of the
windings and radiators. This may cause the transformer to operate at higher
temperatures due to poor circulation. The operating conditions would have to be the
same in order to compare the difference in operating temperatures. These operating
conditions are system voltage , tap position, ambient temperature, loading and
cooling status. However, all other possible causes would have to be eliminated prior
to concluding that the higher operating temperatures are caused by sludge deposits.
Myers et al [4] stated that the desludging of transformers is done at elevated
temperatures (greater than 80°C) . The sludge is dissolved by the hot oil and then
filtered out. On site desludging of transformers is limited to smaller units (40 MVA
and less). Myers et al also reported that the heating of the transformer active parts to
temperatures in excess of 80°C makes this process impractical for large
transformers [4]. Desludging of large transformers may be performed in a workshop
environment (where the transformer may be de-tanked).

2.1.1.3 Wet Insulation
All oil filled power transformers contain moisture, which is distributed in the solid
insulation and the oil. Myers et al [4] stated that the solid insulation contains the
major percentage of moisture , but the equilibrium depends on the actual temperature
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of the insulating oil. IEEE standard 62 [7] specifies a moisture content of 2% or less
in the solid insulation to be acceptable for new transformers.
As mentioned previously, moisture is one of the contributing factors to insulation
degradation. There is therefore a limit to the levels that are acceptable. The
acceptable in-service limits of moisture content are contained in international
specifications [7,8]. These limits are 20 ppm and 3% for the oil and solid insulation
respectively. These specifications also specify that moisture levels in excess of 4.5%
impose an unacceptable risk of failure. Beyond 20 ppm of moisture content, the
dielectric strength of the oil may deteriorate rapidly. Allan and Corderoy [10,11]
reported that when the dielectric strength of the oil as determined by ASTM 0-1816
reduces to 50 kV the unit is not suitable for continued operation. ASTM 0-1816 [12]
specifies the procedure for the breakdown voltage test. The moisture content in the
oil may be an indication of the moisture content in the solid insulation. By using a set
of curves (Piper Chart) contained in IEEE standard C57.1 06 [8] the moisture content
in the solid insulation may be obtained for a specific moisture level in the oil, at
various equilibrium temperatures . At any given time the total amount of moisture in a
unit does not change, but the distribution thereof in the oil and the solid insulation
depends on the temperature of the unit. At higher temperatures the moisture
migrates from the solid insulation to the oil. IEEE standard C57.106 [8] states that the
moisture content of a transformer may be correlated at different operating
temperatures for varying voltage classes.
The sampling of solid insulation for the testing of moisture may be done when the
transformer is de-energized and the oil is drained to a level of access where a small
piece of insulation may be removed without placing the unit at risk. The moisture
extracted and the calculation of the percentage moisture in the insulation is usually
done in a laboratory

2.1.1.4 Generic Defects
Certain units may show similar problems relating to their particular specification,
design, manufacture or operation. Graine et al [1] reported that such a batch or
generation of identical units are generally addressed together when decisions are
made to refurbish (modify) them. Examples of generic problems are loose magnetic
shunts, low short circuit withstand , insufficient cooling, local overheating, part winding
resonance, tapchanger design, bushing design and magnetic shunt design.
Depending on the location and the severity of the problem, some modifications may
be done on site.

2.1.1.5 Oil Leaks
Oil leaks may occur on welded seams, gasketted seals and even through the casings
of components such as valves. An oil leak may be an indication of moisture ingress
that may increase the rate insulation ageing.

2.1.1.6 Unreliable Fittings
Power transformer fittings include temperature indicators, pressure relief devices,
Buchholz relays, dehydrating breathers, current transformers, fans, pumps, cabling
and tapchanger protective devices. When these devices operate incorrectly,
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replacement or repairs are required. This is a process that is usually done in situ, b~t
some of these devices require the oil to be drained to a level that would allow their
safe removal. An outage would have to be arranged in most cases.

2.1.1.7 Incipient Faults
Internally developing faults in power transformers are termed incipient faults.
Incipient faults are detected by gas-in-oil analysis. Different failure modes produce
different ratios of hydrocarbon gasses. By analysing the concentration of each of
these gasses, the type and possible severity of the fault can be suggested. Important
factors to note are:
• The total case history of the unit i.e. all work that has been done on the unit
including maintenance ;
• Similar units that have had failures;
• Ratio and key gas analysis may only be effective when significant quantities of
dissolved gasses are present i.e. total gas content greater than 300 ppm [8].
• The stability of the gas levels may also be an indication of the severity of the fault
i.e. trending gas levels is important.
On-site inspection may provide limited success in the actual location of the indicated
problem due to limited access within transformers , however some important external
parts may be inspected i.e. bushing connections and tap leads.

2.1.1.8 Deteriorated Bushings
The condition of the bushings is generally established through visual inspection and
a leakage current test. The leakage current test, better known as Tan (delta) or loss
angle measurement provides an indication of the condition of the bushing insulation.
A test voltage is applied between the main insulation and the bottom flange of the
bushing. The loss angle is then measured. At the same time the bushing capacitance
is measured. These values are then compared with the original values given by the
manufacturer. Myers et al [4] stated that a variance of 5% may be acceptable,
otherwise the bushing should be repaired or replaced.
An outage is not required for visual inspections. Any leak on the bushings is
considered serious. Bushings are sealed units and any leaks would mean that
moisture ingress into the insulation is possible with catastrophic results. The bushing
would have to be replaced or repaired urgently. The replacement of bushings may be
done on-site however; the actual refurbishment requires a workshop environment. It
may be cost effective to replace a faulty bushing with a new bushing rather than to
remove and repair it.

2.1.1.9 Faulty Tapchangers
The transformer accessory that fails the most frequently is tap changers, followed by
bushings [4]. On load tap changers (OLTC) are the only moving parts in the
transformer. They require regular maintenance. When tap changer contacts start to
malfunction, carbon forms on the contacts surfaces that contaminate the oil. Tap
changers of older generation transformers have insulating cylinders of resin bonded
paper. Myers et al [4] reported that they have a tendency to leak after being in
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operation for several years. The same researchers also reported that leaks from the
arcing chamber to the main tank could contaminate the main transformer oil and
distort the dissolved gas analysis results.

2.1.2

Diagnostic Methods
Diagnostic or monitoring techniques have been introduced mainly to detect the
presence of small local faults, and to monitor their development over a period of
weeks or months. They provide evidence to plan for further investigation to take
place on a planned basis, rather than as an emergency. These important diagnostic
techniques listed in Table 2.1 below form an integral part of the condition monitoring
and assessment that is described in Section 3.

PROBLEMS

Dielectric

DIAGNOSTIC

ON/OFF

METHODS

LINE

REFERENCES

OIL ANALYSIS
1. Oil tests : Moisture , dielectric strength,
acidity , dissipation factor, etc

OFF

[4,7,8,12]

2. Moisture (Polarisation spectrum)

OFF

[44]

3. Furfural analysis

ON

[3,46,50,115,117-120]

PD MEASUREMENT

Thermal

4. Ultrasonic method

ON

[58,60]

5. Acoustic method

ON

[3,56,58,59,62]

6. Electrical Method

OFF

[57,61,64,124]

7. Insulation Power factor

OFF

[4,7,8,64,124]

8. Sampling (analysis, interpretation)

ON

[7,8,9,14,15,23-25,51,52]

9. Gas chromatograph y

ON

[3,13,53,64,124]

10. Equivalent hydroge n method

ON

[30,79,114]

11. Degree of polyme rization

OFF

[3,45,48-50]

12. Liquid chromatography - DP method

ON

[47,121]

13. Invasive sensors

ON

[63-65]

14. Infra-red / thermal scanning

ON

[3,29]

15. Vibration analysis

ON

[3,68,70,122,123]

16. Hydrau lic load cell /transduce rs

ON

[5,69,70]

17. Low voltage impulse tests

OFF

[71,72]

18. Frequency response analys is

OFF

[73-76]

19. Leakage inductance measurement

OFF

[5,64]

GAS-IN-OIL ANALYSIS

PAPER DETERIORATION

HOT-SPOT DETECTION

Mechanical

WINDING DISTORTION

Table 2.1 . Diagnostic methods used for power transformers (paper-oil ).
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The advantages and/or disadvantages of each of the methods tabulated above
(Table 2.1) are listed below.
Method 1 (oil tests) - Myers et al [4] commented that the analysis of the transformer
oil to determine water content, electric strength , dielectric loss angle, volume
resistivity , interfacial tension and acidity is the conventional and most successful
approach to the diagnosis of insulation deterioration.
Method 2 (polarisation spectrum) - Mogiba and Moore [44] concluded that he
diagnosis of the total insulation condition by the polarisation spectrum may be traced
from the results of recovery voltage measurements, without the need for specimens
to be extracted from the transformer.
Method 3 - Furfural analysis is the measurement of cellulose (insulating paper)
breakdown products (called furanic compounds) present in the oil specimen.
International specifications such as IEC 1198 [46] contain the methods for
determ ining the furfural and related compounds It is however an indirect method of
determining the degree of polymerizat ion. Various researchers [3,50] commented
that technically , the age of a transformer is mainly determined from the condition of
the insulating paper. Shroff and Stannett [50] have reported that by analysing the
furfural content in the oil specimen the useful life of the transformer may be
estimated. Degradation of the cellulose is advanced by heat, moisture, oxygen and
acids , leading to a decrease in the quality of insulating medium. These results are
trended and continually analysed.
Methods 4, 5 and 6 (partial discharge measurement techniques) are powerful tools
used to determine incipient faults . Various researchers [3,56,58,59,60,62] have
reported that acoustic and ultrasonic systems may be used both for the on-line
detection and localisation of the sources of internal discharges . Researchers
[57,61,64,124] have reported that electrical partial discharge measurements have
been used on-line in a number of case, however, the tendency is to apply this
method as an off-line occasional check using a mobile power supply.
Method 7 (tan delta) is used as a simple techn ique to determine the general overall
condition of transformer insulation. IEEE standards [7,8] and various researchers
[4,64,124] have stated that this measurement may be sensitive to moisture and other
conditions that can cause increased dielectric loss.
Method 9 - Gas-in-oil analysis using gas chromatography, is a routine and most
widely used diagnostic tool for transformers: much experience is available, together
with an adequate level of standardisation [13,53]. The limitations concern its poor
capacity to detect fast developing dielectric problems ; moreover , a rigid interpretation
of the limit values of gas content, without a precise knowledge of the relevant source,
may lead to erroneous evaluations .
Method 10 (on-line gas-in-oil) - Various researchers [30,79,114] have reported that a
low-cost , simplified system for on-line hydrogen gas analysis have been developed
and successfully implemented .
Method 11 (DP method) - Various researchers [3,45,48,50] have concluded that the
determination of the Degree of Polymerization (DP) of insulating paper (cellulose)
due to thermal deterioration provides an indication of the quality of the insulating
medium . The disadvantage of this technique is that the transformer would have to be
taken out of service for a paper sample to be extracted . Cellulose consists of fibre
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chains, made up of a string of glucose molecules. The average length of these
strings is called DP
Method 12 (liquid chromatography) - Researchers [47,121] have reported that the
examination of oil samples, by High Performance Liquid Chromatography (HPLC) to
measure the furanic component, assists in determining the cellulose condition. This
technique allows for on-line analysis and an estimate of useful life.
Method 13 (invasive sensors) - Hot-spot detection in windings may be performed
using variety of devices or sensors. Various researchers [63-65] have reported that
optic and acoustic sensors may be fitted on transformer windings to obtain the hotspot temperature. These researchers stated that this may only be possible for new
units or for units that are being rewound. The reason for this is that it may be difficult
to retrofit a transformer with optical and acoustic sensors in the windings. Winding
temperature indication provides valuable information on the service condition of a
transformer. Ageing and loading capabilities, affecting overall reliability, can be
determined with the aid of accurate temperature measurements. Most importantly,
management of emergency overloading can be confidently undertaken, when it is
based on true winding temperature.
Other means of early fault detection are infra-red scanning, vibration, audible noises
and operating temperatures. Moja [29] stated that with infra-red scanning, relative
temperatures are more important than actual temperatures i.e. compare bushings,
etc. Vibration measurements could be used to detect changes, alerting the user of
any possible movement inside the transformer . Abnormal noises may also indicate a
requirement for further investigation. Visual inspections are important in detecting
leaks, cracked bushing housings, low fluid levels, broken gauges showing high
temperatures, etc.
Method 14 (infrared scanning) is an apparatus used to measure the relative
temperature (externally and internally) of components of any equipment. Hot spots
and areas of uneven cooling may be located on the tank, connections and other
areas. Various researchers [5,64,69-76] have reported that methods 15 to 19
(winding distortion detection) are considered very important to evaluate the potential
risks of dielectric failure consequent to mechanical movements, distortion or
displacement

2.2

Instrument Transformers

2.2.1

Introduction
Instrument transformers in a high voltage power system form part of the
instrumentation and protection system used for detecting, locating and initiating the
removal of a fault from the power system. The instrument transformer is therefore
critical for efficient management and control of a power transmission network.
Insulation deterioration within these instrument transformers may take place over a
~ong period. Transients resulting from breaker operations or faults in the network may
Increase the rate with which deterioration takes place. System conditions and the
mishandling of such equipment may lead to effects such as partial discharges that
degrade insulation properties and eventually lead to breakdown. The effect of these
actions may remain undetected for years, in some cases.
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An EPRI report [17] stated that several utilities have experienced problems with
exploding free-standing high voltage current transformers (HVCTs) endangering
personnel and damaging nearby equipment and facilities. Although the capital cost to
replace these high voltage current transformers are relatively low compared to other
substation equipment , the financial consequence of the catastrophic failure mode
may result in the loss of generation , loss of supply to customers, poor quality of
supply to customers , damage to adjacent plant and risk of injury to personnel.

2.2.2

Instrument Transformer Design
The construction and service duty of instrument transformers is different from power
transformers. This characteristic can be seen in manufacturers datasheets. Voltage
or potential transformers have small volt-ampere ratings so that the conductors are
quite small compared to distribution and power transformers . The volts per turn are
kept low so that the magnetic circuit will be small. The total losses are quite low so
that cooling is not a problem , and the insulation is frequently made from paper tape
without built in oil ducts. Conducting layers are sometimes used within the insulation
to improve the voltage distribution. The oil volume around the outside of the
assembly is relatively small.
Free-standing current transformers used for metering and control are constructed in
a similarly manner to bushings. The primary conductor is either a copper or
aluminum tube or a cable. Solid insulation made from paper tape is used between
the high-voltage portions and the shielded ring type transformers. Conducting layers
are used within the stressed insulation region to improve the distribution of voltage in
the insulation. There are two types of free-standing current transformers i.e. hairpin
and through-type. The hairpin type has a primary conductor that is U shaped with the
core and secondary terminals located at the bottom of the U. In the through-type, the
primary conductor at the top end of the unit is straight. The core is located on the
conductor with the terminals housed in a tube leading to the bottom of the unit. In
both the hairpin and the through-type free-standing transformers , there is very little oil
volume around the assembly . In both voltage and current transformers, the only oil
within the insulation assembly is used for impregnation of the paper and spaces at
the edges of the paper.
Current transformer designs are based on hermetically sealed oil-paper insulation.
For external insulation, the oil-paper systems are installed in a hollow porcelain post
insulator attached to the head and the foot sections to house the cores and terminal
box. The combination of hermetically sealed oil-paper, porcelain and the galvanised
metal or epoxy resin containers at the top and bottom ends, are designed to
nominally eliminate the need for maintenance and to ensure maximum service life.

2.2.3

Hermetic Sealing
General acceptance of hermetic sealing for achieving long, reliable and maintenance
free operation required that the pressure variations in the oil-paper insulation system
had to be controlled. These variations resulted from a range of specified ambient and
load related temperatures that cause oil expansion or contraction in the sealed
environment.
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2.2.3.1 Gas Cushions
Initially, hermetically sealed solutions were based on a gas (typically nitro.ge~) or
simply an air cushion at the top of the unit. Nitrogen was favoured for Its inert
characteristic , which maximises insulation life by eliminating oxidisation. Gas filling at
a slight over pressure biases the system to avoid negative pressure during low load
and low ambient temperature . Avoiding the occurrence of a negative pressure
condition under all specified operating conditions is a fundamental requirement in
preventing moisture ingress. Such a condition may lead to the reduction of the
voltage withstand capability of the insulating system. Any successful re-filling
procedure must take into account the temperature at that point in time. A slow
leakage of the gas cushion has the potential to aid in the development of under
pressure condition when the load or ambient temperature drops suddenly.

2.2.3.2 Expansion Bellows
Due to failures being attributed to inadvertent excessive pressure variation and the
possible formation of bubbles in the oil a bellow system for controlling pressure is
normally implemented. Bellows take several forms, and can, for example, be external
concertina type stainless steel bellows, or rubber membranes floating on the top of
the oil surface. Some systems that have been employed also contain gas filled
rubber bags. The objective of these systems is to keep the oil free of gas and oxygen
and to minimise the pressure variations. Initially, rubber-based bellow systems had a
very limited lifespan compared to the technically more challenging stainless steel
bellows. However, rubber technology has drastically improved over the recent years.

2.2.4

Stresses In-Service
The internal insulation of instrument transformers is subjected to combinations of
stresses that may result in the deterioration of the mechanical and dielectric
properties of paper and other insulating materials. An international specification such
as IEC 185 [18] states that in terms of dielectric stresses, the insulation strength lies
in the instrument transformer 's capability to withstand service voltage, temporary
overvoltages at power frequency, switching and lightning overvoltages. In general,
the design of internal insulation of an instrument transformer mainly depends on the
service voltage and lightning overvoltages while external insulation is more sensitive
to switching overvoltages and polluted environmental conditions.
Mechanical stresses may be severe during transportation and during the occasional
occurrence of seismic activity. Electrodynamic stresses such as short circuits cause
damage due to failures on the system. CIGRE work group 23.07 [19] reported that
thermal stresses due to the heat produced inside the windings are more important for
current transformers than for the other instrument transformers. Since current
transformers form part of the power transmission circuit, a failed current transformer
would result in the interruption of supply.

2.2.5

Deterioration Factors and Failure Mechanisms
The sensitivity of oil-impregnated cellulose to the combination of heat and voltage
stresses is of special significance to high voltage current transformers. In the
absence of oil circulation, heat transfer takes place mainly by conduction; therefore ,
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any local concentration of contaminants may be relieved by slow diffusion processes.
The heat transfer process is started either by local overheating or by permanent or
transient enhancement of the field strength.
In current transformers for high voltage systems, a significant part of the total losses
is represented by dielectric losses. An EPRI report [17] stated that moisture and
soluble polar contaminants are the most common causes of increased dielectric
losses at elevated temperatures. Sometimes the contamination may be traced back
to the manufacturing process, either to incorrect selection of materials or inadequate
processing or quality control.
The proceeding of an EPRI workshop [17] reported that high dissipation factors
associated with wax-like residues (x-wax) of polymerised oil molecules have been
observed in current transformers known to have undergone extensive ionisation
phenomena.
A second deterioration process is associated with partial discharges. While
occasionally the discharges may be initiated by lightning or switching overvoltages ,
more often they originate due to local enhancements of the electric field.
Discontinuities in the dielectric typically consist of gas filled voids within which
discharges are initiated.
Four mechanisms are generally recognised by which gas bubbles may be generated:
•
•
•
•

Poor impregnation of paper;
Thermal decomposition of cellulose;
Supersaturation of the oil with air or blanket gas;
Local breakdown of the impregnating oil by electrical discharges.

The performance of current transformers depends on the design of its capacitive
grading shields. In the event of uneven distribution of the current field along the
shields and their connecting leads, dangerous voltage stresses may arise at
particular locations. According to EPRI [20] these phenomena acquire critical
importance for electric systems at and above 400 kV. Most current transformers are
not protected by surge arresters that are closer to transformers .
The deterioration of the dielectric of capacitive voltage dividers is mainly due to
partial discharges initiated by overvoltages at the edges of the capacitor regarding
sections. Research conducted by EPRI [20] concluded that moisture or negative
pressure inside the porcelain insulators, and manufacturing defects are usually the
causes for this phenomenon .

2.2.6

Diagnostic Methods
Allan et al [21] stated that condition monitoring systems should be based on
diagnostic methods that do not interfere with operation , leaving off-line tests to
periodic and special maintenance or situations . Information obtained from these
condition monitoring systems will then be used to determine the maintenance
schedule and replacement (end of safe, useful life) date. The on-line concept is to
obtain every possible service minute from instrument transformers by retiring them to
avoid in-service failures . Table 2.2 highlights diagnostic methods most widely used
for instrument transformers , together with references .
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PROBLEMS

Mechanical

Thermal

Chemical

DIAGNOSTIC METHODS

ONI
OFF
LINE

APPLICATION
TO:
CTs VTs CVTs

REFERENCES

1. Pressure inside enclosure

ON

X

X

X

[26]

2. Pressure valve

ON

X

X

X

[26]

3. Bellow position

ON

X

X

X

[26]

4. Oil level indicator

ON

X

X

-

[26]

5. Inspection for oil leakage

ON

X

X

X

[26]

6. Water content in the oil

ON

X

X

[52]

7. Inspection of contacts

ON

X

-

8. Gas-in-oil chromatography

ON

X

X

-

[13,17]

9. Thermal scanning

ON

X

-

X

[26,27,29]

ON

X

X

-

[30]

11. Gas-in-oil chromatography

ON

X

X

12. H2 detection

ON

X

X

-

[19,26,79]

13. Oil dielectric strength

ON

X

X

-

[12,27,30]

14. PD measurement

ON

X

X

X

[19,21,26-28]

15. Zero sequence checking

OFF

-

X

[27]

16. Tan (delta) measurement

ON

X

-

X

[18,21,22,27,80]

[26]

10. Oil testing (neutralization
value , corrosive sulphur,
oxidation , viscosity , etc.)

Dielectric

[13,27]

Table 2.2: Diagnostic methods used In Instrument transformers (paper-oil).

In order to facilitate the monitoring of the instrument transformer condition, the
installation of a low cost monitoring system should be economically justified in the
case of high voltage systems. CIGRE reported [19] that these types of devices used
depend on the sealing and oil compensation systems adopted and that they may
include pressure sensors, pressure valves, bellow position indicators and gas
detection systems.
Visual checks are generally performed to identify traces of oil originating from hairline cracks on the porcelain and for connection discolouration indicating overheating
of poor or loose contact. Depending on the circumstances the following diagnostic
techniques are usually applied:

2.2.6.1 Tan (delta) or Loss Angle Measurement
The tan (delta) or loss angle measurement is a measure of the power loss in the
insulating material and therefore a general indication of the quality of the dielectric.
Some types of current transformers are provided with a connection point at the
lowest capacitive grid in order to measure the loss angle. Therefore , it is possible to
measure the loss angle of the main insulation between this terminal and the bottom
flange of the current transformer.
In the case of voltage transformers, it is possible to measure the loss angle of the
insulation between the shielding grid and the secondary winding. However, this is not
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common practice. The value of the loss angle depends on a number of factors such
as voltage, temperature and design features. IEC 358 [22] recommends that
measurements be carried out at higher temperatures (about 90 °C) at which the
presence of contaminant may be detected as a function of the voltage.

2.2.6.2 Analysis of Gases Dissolved in Oil
Most types of instrument transformers are provided with an oil valve from which it is
possible to take samples of oil. International standard IEC 567 [23] states that oil
sampling must be done with caution if performed while the unit is in service. This is
due to the fact that air bubbles created during sampling may cause failure. For gas
analysis and their interpretation, the same methods as with power transformers are in
use [24,25].
Precautions may be taken during oil sampling, because the volume of oil is small and
may require refilling. The presence of a large amount of hydrogen is an indication of
partial discharge activity in the oil between the paper layers. According to EPRI
research [17] the formation of x-wax in these areas is typical.
Various researchers [19,26,79] have reported that voltage transformers have been
provided with hydrogen detection probes. These researchers stated that the
hydrogen concentration in oil is checked after diffusion from the oil through a
membrane by a thermal conductivity detector.

2.2.6.3 In-Service Partial Discharge Detection
Various researchers [27,28] reported that some utilities employ this in-service partial
discharge detection to detect discharge activity in instrument transformers by means
of acoustic sensors fixed with magnets on the outer tank surface. Gabriel et al [27]
stated that this method is reliable for detecting the presence of large partial
discharges (more than 1000 pC). High intensity partial discharges may result in rapid
violent failure of equipment.

2.2.6.4 Thermal Scanning
Thermal scanning may be used systematically in substations. Moja [29] stated
thermal scanning reveals overheating at the level of the connecting contacts and that
it might be possible to detect the oil level within the sealed apparatus.

2.2.6.5 Other Oil Checks
International specification IEC 422 [30] states that an inspection of the internal
insulation should be performed every 3 to 5 years. In the case where there are 'leakfree' cable terminations, ageing may occur and result in the formation of moisture
from the paper or of other substances that may have adverse chemical effects on the
insulatinq oil.
!his, i.n t~rn, influences the breakdown strength or the thermal stability of the
insulation I~ an unfavourable manner. As all these phenomena can result in physical
and chemical changes of the insulating oil, certain basic measurements are
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important. These are breakdown strength, water content, neutralisation value,
dielectric interfacial tension , dielectric loss angle, etc.
Presently, the condition of instrument transformers may be monitored systematically.
The application of computer-based techniques with advanced procedures for data
acquisition and processing favours on-line methods. However, the extensive
application of these techniques depends on the availability of simple and reliable
diagnostic and surveillance sensors. According to EPRI research [20] internal
pressure, gas detection and bellow position sensors can now be mounted on
instrument transformers for extra and ultra high voltage systems.

2.3

Circuit Breakers

2.3.1

Background
Failures of high voltage circuit breakers may have direct impacts on network stability,
availability of supply and may cause extensive damages to connected equipment.
The associated replacement costs of damaged equipment may be significant.
Traditionally , maintenance of circuit breakers has been preventive i.e. according to
fixed maintenance schedules or based on the accumulated number of operations.
Apart from regular inspections the circuit breaker may be removed from site, opened
and overhauled. It is commonly known that over-maintaining carries the risk of
introducing new failures , especially in complex equipment. The reliability of the
equipment may well be decreased following a major overhaul or periodic
maintenance. As a result, there are additional disadvantages such as excessive
labour costs, unnecessary planned outages and equipment actually needing
maintenance may be overlooked. CIGRE working group 13.08 [31] reported that
circuit breakers represent 40% of operations and maintenance related substation
expenses of utilities in North America . Various research groups [31 ,32] state that
there is a trend (or necessity) to reduce operating and maintenance expenditure.
However, the same reliability and availability of supply is demanded on a reduced
budget. Thus it appears that maintenance philosophies require a re-examination.
A CIGRE report on life management on circuit breakers [31] commented that in
Europe and North America, maintenance philosophies are focusing on predictive
maintenance where maintenance is performed only when required. The ability to
assess the condition of a circuit breaker by non-invasive methods is a useful tool in
the maintenance and refurbishment of breakers. EPRI [32] and Noack et al [33]
reported that sophisticated condition monitoring systems are commercially available.
IEEE standard C37.10.1 [34] and IEEE standard C37.10 [35] provides various
diagnostic methods for the condition assessment of circuit breakers. In essence,
these systems are able to provide an indication on (1) the status (open/close
position) and (2) excessive wear or an impending failure of the circuit breaker. In this
way circuit breakers are logically prioritised for maintenance and the overall reliability
of the network is thus enhanced.
According to the CIGRE publication on the life management on circuit breakers [31]
many utilities still have a large number of oil and air blast breakers in-service, a
number of which are over 30 years old. In the same publication it was stated that in
some utilities air blast breakers represent a significant portion of the circuit breaker
population. Maintenance on both types of circuit breaker may be costly because the
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technology may be outdated and spare parts are unavailable. It is financially and
logistically difficult to replace old breakers with the more modern SFs type all at once
on a planned refurbishment or replacement program . EPRI [32] reported that older
breakers reaching the end of their useful lives could be refurbished, where the
decision-making should depend on condition monitoring systems or the results of a
combination of diagnostic techniques. Diagnostic techniques may be used to
evaluate condition and where possible detect failure of apparatus and systems.

2.3.2

Stresses In-Service
Circuit breakers in-service are subjected to various stresses that may cause the
insulation to fail. These stresses summarised from the work of CIGRE [31] are listed
below.

2.3.2.1 Electrical
The expected electrical stresses in a circuit breaker include rated ac and temporary
overvoltages, lightning impulses, switching impulses fast transients overvoltages with
disconnector or circuit breaker operation .

2.3.2.2 Mechanical
This type of stress is caused by normal operating (switching) as well as due to
external apparatus . These include forces consequent to driving operations (rods,
pipes) and forces created by the short circuit currents, gas shock waves and hot gas
streams from power arcs, tension from internal gas pressure and subsonic
oscillations caused by earthquakes.

2.3.2.3 Environmental
Environmental stresses are due to extreme temperatures , humidity, rain and
pollution. Temperature rises cause by high currents and high ambient temperature
differences between inside and outside of the breaker.

2.3.3.4 Chemical
These stresses are caused during and after switching operations that form byproducts , dust and powder. As a result the insulation dielectric strength may be
reduced . During switchinq operations a hot gas-stream of by-products may be
formed . After switchinq operations there may be a high concentration of by-products.
Dust and powder may be produced by arc-erosion during switching operations.

2.3.3

Deterioration Factors and Failure Mechanisms
The withstand voltage of a breaker's insulation can be reduced in service due to the
effects discussed below.
According to EPRI [32] insulation failures inside the breaker can be caused by:
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(1) Chemical by-products,
(2) Conductive particles,
(3) Defects in solid dielectrics (e.g. voids, poor adhesion, cracks, humidity and
conductive particles).
The first two items produce conductive areas on insulator surfaces or protrusions on
conductors, leading to local field enhancement and finally to a flashover . The third
item creates partial discharges , which are activated from service stresses and may
lead to breakdown.
For SF6 insulated circuit breakers, the dielectric quality of the gas may be reduced.
Small amounts of air or moisture in SF6 do not strongly affect the gas withstand
values, as long as there are no additional quantities of by-products. EPRI [32]
reported that the combination of moisture and SF6 by-products causes a high
reduction of the dielectric strength of insulator surfaces. The same source also stated
that the dielectric properties of compressed air and oil breakers may be reduced by
moisture as well.
The wear of contacts in the circuit breaker interrupting chamber produces rough
electrode surfaces, which may reduce the breakdown voltage across the contact gap.
The melted contact material may produce dust, metallic particles and conductive
layers on the surfaces of insulators.
Abnormal operations of mechanical elements are not generally classified as
deterioration factors , but they may cause subsequent dielectric failures . As one
example , a slow movement of the driving components, which cause an increasing
arcing time with higher amounts of hot by-products, may 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 may also be the origin of a dielectric breakdown. An abnormal increase
of temperature usually indicates defects on the contacts. This may be caused by a
loose metallic component.

2.3.4

Field Experience of Failures
Koert and Schenk [36] stated that the reliability of aged circuit breakers are reduced
due to the high number of operations and excessive maintenance to which they have
been subjected. These researchers also stated that most circuit breaker problems
relate to the operating mechanism and not the interrupter (arc contacts and
quenching) portion of the circuit breaker. Additionally the auxiliary systems of
especially the more modern breakers have had a negative influence on overall
reliability.
Major failures in the interrupting units comprise mostly of electrical breakdowns whilst
major failures in the operating mechanism comprise "breaker does not open or close
on command" and relate to components such as compressors, pumps, motors and
pipework. Wear in SF6 circuit breakers occurs mainly in the arc quenching parts and
the operating mechanism. Koert and Schenk [36] reported that this is due to either
ageing or actual operation of the breaker.
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2.3.5

Diagnostic Methods
EPRI [32] reported the following with regard to maintenance and diagnostic methods
of circuit breakers. Preventative maintenance for circuit breakers is carried out after
periodic intervals or after a specified number of switching operations. With the
introduction of diagnostic techniques, the maintenance activities are adapted
according to the circuit breaker conditions. Under good operating conditions
maintenance intervals become less frequent, while dangerous conditions could
indicate the necessity of an earlier intervention, in order to avoid failures in service.
Table 2.3 below is a summary of diagnostic techniques widely used for SFe circuit
breakers, together with references. Other types of diagnostics may be performed for
the assessment of bulk oil and air blast breakers.

DIAGNOSTIC
METHODS

ONI
OFF LINE

REFERENCES

- Gas pressure

ON

[31,33-38]

- PO at coupling capacitor

ON

[35,36,40]

- HF current probe

ON

[37]

- HF capacit ive probe

ON

[35,36,41]

- Ultra-sonic

ON

[34]

ON

[31,40]

* gas chromatography

ON

[31,37]

* infra-red spectroscopy

ON

[31,37]

* colour detector

ON

[31,37]

* air contents

ON

[31,35-37]

* moisture contents

ON

[31,35-37]

- Location of shaft position

OFF

[31,37,41]

- Contact wear

ON

[31,35 ,36,39]

- Dust and powder contents in SFs

ON

[31,35,36,39]

- At potent iometer on moving contact

OFF

[31,33 ,34,37-41]

- Optical markers on moving parts

OFF

[31,40]

- Friction of driving elements

OFF

[31,40]

- Tripping time

ON

[35,36,39]

- Infra-red camera

ON

[31,33-41]

- Contact resistance

OFF

[31,33,35-38,40,41]

PROBLEMS
Insulation defects

Dielectric gas-quality

Measuring :

SFe Quality Control :
- Dielectr ic check
- Gas analysis :

Wear of circuit-breaker

Abnormal mechanical
operation

Overheating

Measuring:

Measuring :

Measuring:

Table 2.3. Diagnostic methods used for SFs CIrCUIt breakers.
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Each of the above problems and diagnostic methods indicated in Table 2.3 are briefly
discussed below.
Insulation defects may result in rapid and catastrophic failures. It is important that any
method used is sensitive enough to ensure that serious defects are detected. A
number of small defects inside the breaker, for example, metallic particles may be
detected by partial discharge measurements. During on-site commissioning, partial
discharge measurements are not always effective, as background noise considerably
reduces the sensitivity. Various researchers [35,36] reported that there are different
types of sensors available for partial discharge detection in service. These
researchers also stated that these sensors detect the partial discharge high
frequency signal either by current measurements or by voltage measurements via a
capacitive pick-up probe. Various researchers [31 ,33-38] commented that reductions
in the insulation strength caused by a very low gas pressure could be detected by
monitoring the gas-pressure. This may be a simple and essential measurement.
Dielectric gas quality is related to insulation but may not be diagnosed using the
more traditional partial discharge measurement techniques described above. Direct
measurements of the SF6 gas characteristics (i.e. breakdown voltage) may be a valid
quality control dielectric check. Gas analysis by means of gas chromatography or
infrared spectroscopy may provide accurate composition results. Jeanjean et al [37]
stated that devices and procedures for detecting air contents in SF6 are available and
a measurement of moisture in SF6 gas and air may be possible by taking a sample
for analysis.
Wear of circuit breaker internal mechanical components such as the operating shaft
and contacts are important to measure in order to establish condition. Several
researchers [31 ,36,39] commented that the wear of the contacts in the interrupting
chamber is difficult to measure. Setsuta et al [39] stated that the measurement of the
location of the operating shaft position corresponding to the moment of closing
provides imprecise information, as contact erosion can be distributed very differently
on the contact surface. The amount of by-product concentration may not indicate the
contact wear, because absorbers in the breaker may neutralise and reduce the
by-products . Kawada et al [37] concluded that the general law for contact wear,
which gives information about the total deterioration of a breaker chamber, is:

Comments made by the same researchers with regard to the above equation are
summarised briefly. The cumulative effect of interrupted currents may be evaluated in
order to estimate the lifetime of the circuit breaker that has been consumed. Values
of the parameters in the above equation are available from the breaker
manufacturers. It is emphasised, that this equation is related to the switchinq
performance of the circuit breaker, and not to the integrity of the dielectric. The
maintenance interval for the switching chamber may be determined by the electrical
ageing, i.e. by the reduction of switching performance through contact wear.
Abnormal mechanical operation could be measured by a few diagnostic methods that
are available. Barkan et al [40] reported that contact movement, longer than normal
operating times, and contacts, which are not fully separated in the open condition,
can be detected by a space-time diagram of the moving contacts. The operating time
for open or close condition may be easily measured for the auxiliary contacts by
means of the tripping signal. Various researchers [34,35,38] reported that abnormal
friction, which causes low contact speed, could be detected by resistance sensors
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Overheating of the circuit breaker may result in the deterioration of the circuit breaker
insulation. Various researchers [33-41] stated that overheating of breakers may be
observed with the breaker in-service by an infrared camera, which may detect an
abnormal temperature outside the breaker. This gives indirect information of the
temperature of the inner conductors

2.3.6

Assessment of Diagnostic Methods

2.3.6.1 Power Transformers and Instrument Transformers
Based on the review above, it has been established thus far that there are a number
of techniques available or currently under development that may be used to assess
the condition of power transformers , instrument transformers and circuit breakers.
The techniques for power transformers and instrument transformers (oil-paper filled
equipment) are similar to a certain extent, but those techniques applicable to the
assessment of circuit breakers tend to be different e.g. the focus is on the
mechanical integrity of circuit breaker mechanism..
Power transformer condition assessment is possible through well-established off-line
techniques such as several standardised oil tests. Off-line testing techniques are still
relied upon as the most dependable methods. Off-line gas-in-oil analysis is widely
implemented but requires careful management of sampling intervals. Although
sampling is performed on-line, the analysis of the oil is performed in a laboratory.
Since the results of the analysis are historical, it may become difficult for operational
personnel to make a decision under emergency conditions. However, the research
and development emphasis is on on-line gas-in-oil analysis. On-line monitoring of
gas levels and concentrations is now possible. The development and commercial
availability of on-line fault gas monitoring systems or sensors is encouraging
however, their reliability is questionable .
Partial discharge detection and localisation by acoustic means is available
commercially and is being implemented with some success. However, significant
improvements need to be made to the continuously operating monitoring system for
a commercial system. A major problem with electrical partial discharge detection online are the high levels of background noise that may be found in a substation
environment. This technique may be ideally implemented under laboratory
conditions.
Methods of determining the condition of the transformer paper insulation without the
need to extract samples are available and may become an extremely valuable
means of approximating the unit's remaining operational lifespan. Techniques that
fall into this category are recovery voltage measurement (polarisation spectrum) and
furfural content in oil. Although , recovery voltage measurements taken to determine
the moisture content in the paper insulation may be a reliable technique the
transformer would have to be de-energised. In order to determine the furfural content
an oil sample may be taken on-line and analysed in a laboratory. The remnant of the
transformer may then be inferred.
The detection of transformer winding displacement or deformation may be
established via out of service methods such as frequency response analysis.
Conductors and clamps connecting the transformer to the overhead busbar may
have to be disconnected. It appears that the accuracy of the measurement
instrumentation employed for this monitoring technique may be of concern to
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researchers and users. The interpretation of frequency response results may pose a
challenge to researchers as well. A means of perform ing this technique on-line is
currently under development. On-line techniques to detect winding displacement
continue to be researched . On-line vibration monitoring and infrared scann ing,
although not new, have been successfully implemented.
Most of the monitoring or diagnostic techniques for power transformers may be
applied to instrument transformers. In some instances, where instrument
transformers are not fitted with a test tap to obtain an oil sample for analysis other
measurements such as tan delta , capacitance , leakage current, power factor and
partial discharge detection (either performed on-line or off-line) may be relied upon to
establish insulation condition . Commercial systems to measure tan delta, leakage
current and power factor off-line are available. These measurements provide an
indication of insulation deterioration. On-line systems are being developed.
As a result of a large number of catastrophic failures occurring in a number of high
voltage free-standing current transformers, there has been some experimentation
with sensors for on-line monitors. It appears that the development of various sensors
listed below for on-line monitoring have provided encouraging results . These sensors
may be applied to voltage transformers as well.

Leakage current sensors were used to determine if changes occurred in the
insulation capacitance. The tan delta is obta ined from this measured quantity as well.
Acoustic sensors to detect partial discharges may be attached to the lower end of the
porcelain. Improvements need to be made to this detection system .
Hydrogen-in-oil sensors connected to a monitor determ ine the hydrogen content.

2.3.6.2 Circuit Breakers
Most networks comprise of old technology breakers (airblast, bulk oil and minimum
oil). Financial and logistic constraints forestall the immediate upgrading of these
breakers to the extent that some means of condition monitoring or assessment is
sought. Continuous, on-line condition mon itoring will yield returns only on breakers
which operate relatively frequently, otherw ise inspections and off-line monitoring
methods of breakers will have more meaning . The on-line and off-line condition
assessment techniques appear to be well established with commercial systems
readily available. This is probably due to the key role that circuit breakers play in the
power system .

2.3.6.3 Conclusions
Condition monitoring is regarded as the ideal diagnostic tool to identify imminent
failures in the equipment under study to enable prioritisation of maintenance,
refurbishment or replacement. In some cases where the off-line testing is still relied
upon as the most dependable means of establishing condition , imminent or
catastrophic failure would be unavoidable. On-line monitoring enhances early
warning and diagnosis of sporadic or rapidly developing faults that may cause violent
failure . In this way , damage to surrounding substation equipment and loss of life may
be prevented. While some feasible techniques to monitor equipment on-line are
being enhanced and made available , off-line methods may no longer be relevant.
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CHAPTER 3: CONDITION MONITORING, CONDITION
DIAGNOSTICS AND CONDITION ASSESSMENT APPLIED TO
TRANSFORMERS AND CIRCUIT BREAKERS
The failure modes discussed in chapter 2 may be prevented by applying the
diagnostic methods also covered in chapter 2. From a utilities perspective, the
techniques available need to be applied in a co-ordinated way. Hence, the methods
discussed in chapter 2 need to provide operational staff with information on both past
and current status of the equipment condition. Where trends are established these
may be used to predict the remaining life of the equipment or when maintenance
should be performed. This co-ordinated approach is referred to as condition
monitoring, condition diagnosis and condition assessment. Each of these concepts is
briefly defined and then each technique is discussed for power transformers ,
instrument transformers and circuit breakers.
Breen [42] stated that life assessment maps condition assessment to a failure risk
assessment. Technical , financial and strategic issues may be included when
performing the assessment. Breen also stated that life assessment is an integral part
of asset management, allowing control of lifetime costs, maintenance needs,
effectiveness of expenditure and a means to identify incipient failure process.
Various researchers [42,43] stated that there are three factors that may impact on the
useful life of equipment i.e. technical, economic and strategic. Technical factors such
as ageing, mechanical and electrical overstressing, and insulation contamination may
impact on the life expectancy of equipment.
A financial or economic factor is a measure used to quantify asset value in company
accounts. According to CIGRE [43] the normal practice is to depreciate the capital
cost over 35 years, just short of the designed operational life of the asset. There are
other aspects that also influence the financial value of costly equipment e.g.
transformers . By virtue of their design, there are costs associated with load and noload losses. At some future time, energy conservation measures may cost-justify
replacement with lower loss cores and this may be sufficient to fully depreciate the
cost of a transformer in-service against the purchase of a new unit. As transformers
age, maintenance costs may increase, but this may be less of a factor than for circuit
breakers where the maintenance costs may increase substantially with age. Finally,
there may be a financial cost associated with increasing failure risk. A catastrophic
failure of a transformer may result in other equipment in close proximity being
damaged , environmental pollution due to oil spillage and loss of supply to industrial
and residential customers. The net cost of failure in the end may turn out to be far
more expensive than the capital cost of a much larger unit embedded in the
transmission system.
The strategic factor relates the equipment's ability to meet load and fault rating
requirements, etc. The consequences of failure may have a capital cost of the current
asset value, but the failure may have other negative effects. It may have a negative
impact on the community, fuelled by adverse media reporting that could probably
cause a decrease in share value. Much of system design and operation revolves
about maintaining system security in the event of one or two faults (n - 1 or n - 2
criteria) . The risk of failure of key equipment in a system requires ongoing
assessment and the condition of a unit may become an unacceptable risk.
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Various researchers [42,43] stated that life assessment is therefore a process of
reviewing the risks of failure from technical , strategic and financial considerations.
According to CIGRE [43] there are various types of evaluation techniques that may
be applied to assess equipment condition. These are:
•

Condition monitoring is any repetitive observations or data taken that is related to
the condition of the equipment for the purpose of detecting developing faults.
Monitoring is aimed at detecting changes in the equipment insulation or any other
component , over a period of days, weeks or months, so that sufficient evidence
may be available to make further investigations or take remedial action on a
planned rather than an emergency basis.

•

Condition diagnostics is the interpretation of that data to indicate the onset of a
malfunction.

•

Condition assessment is where a single or a range of condition monitoring or
diagnostic techniques may be applied to evaluate the technical condition of
equipment. Other relevant information such as routine maintenance and
inspection data may be taken into account to establish condition.

This chapter describes various condition monitoring techniques that may be
performed on power transformers , instrument transformers and circuit breakers.
Condition diagnostics (interpretation of monitored data) and the evaluation of
equipment condition (condition assessment) to determine whether each equipment
item is acceptable for continued operation, is presented as well. The focus of this
thesis is on power and instrument transformers . High voltage circuit breakers have
not been explored in this study with the same depth. Circuit breakers are included
because of two case studies that are presented in chapter 7 on economic
considerations in condition assessment.

3.1

Power Transformers
There are various monitoring that may be used to assess the condition of a power
transformer . These monitoring techniques are either used on- or off-line. Several
monitoring techniques together with condition diagnosis are described for power
transformers. For some monitoring techniques , only on-line measurements are
possible. Some of these techniques are applicable to both power and instrument
transformers .

3.1.1

Insulating Oil Analysis

3.1.1.1 Condition Monitoring
3.1.1.1.1 Oil Sampling (On-Line)

Periodic oil sampling and analysis is the most widely used tool for condition
monitoring. An oil sample may be taken once or twice a year and tested in an
accredited laboratory. International standards [7,8,15,23] stipulate the preparation
technique of the oil sample and also the manner in which the tests are carried out.
The test results provide key performance characteristics and may provide an
indication of the condition. For the purpose of accurately recording and monitoring
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the test results of all sampling undertaken, all data are may be logged onto a
database system. The test results are trended and analysed on a continuous basis.
Standardised tests (section 3.1 .1 .2 below) may be performed on the oil sample
taken.

3.1.1.2 Condition Diagnostics
3.1.1.2.1 Moisture in Oil: Moisture is introduced into the oil by various means such as the
degradation of the paper insulation, through the breathing system and damaged
gaskets. This test is a measure of the moisture content in a known quantity of
insulating oil. Myers et al [4] stated that the limit for moisture content is 20 ppm.
3.1.1.2.2 Acidity: This test is a measure of the presence of organic acids in the oil. These
organic acids will promote the degradation of the insulation and may also cause
rusting. The test consists of mixing a known quantity of the sampled oil with a
suitable solvent and an indicator, and then neutralising with Potassium Hydroxide
(KOH). The end point is noted using a colour indicator. The quantity of KOH used to
neutralise the acid is the measure of the acid content. An increase in the acid number
indicates a deterioration of the oil. The disadvantage of this technique that is unable
to detect colour changes in dark oils. This problem is overcome through the use of
potentiometric titration . IEEE standards [7,8] specify 0.1 mg KOH/g as the limit for
acidity.

3.1.1.2.3 Interfacial Tension (1FT) : 1FT is a measure of the tension at the interface between two
immisible liquids, oil and water. The tension is influenced by the property of oil decay
products and contaminants from the insulating materials used in the transformer. The
surface tension is measured due to a vertical linkage being formed between oil and
water molecules caused by the contaminant. IEEE standards [7,8] specify clean oil to
yield values around 40 - 50 dynes/cm, while contaminated oil may produce results in
the range of 20 to 30 dynes/cm .
3.1.1.2.4 Dielectric Strength : The dielectric strength of oil is measured in terms of the
breakdown voltage . A high moisture content in oil is one of the factors that lowers the
dielectric withstand capability. Other impurities such as particles may further
exacerbate the deterioration in dielectric strength of the oil. An international standard
[12] describes the test procedure to be an application of an alternating voltage at a
controlled rate, to a set of spherical electrodes (either 1.0 or 2.5mm apart), immersed
in the oil specimen or sample. The voltage at which electrical breakdown (visible arc
observed between electrodes) , is the breakdown voltage. The limits for service aged
oil by voltage class is suggested in IEEE standard [8]:

Test Gap at Minimum Voltage

Voltage Class

Breakdown Voltage

1mm

230 kV and above

30 kV

2mm

230 kV and above

50 kV

3.1.1.2.5 Furfural Analysis (FFA) : FFA is a measure of 2-furfurals compounds in transformer
oil. Furfural is a by-product of the ageing process of the paper used in the insulation
of transformers. This ageing will result in the chain scission of the cellulose and a
reduction in the Degree of Polymerization (DP) or strength of the insulating paper.
There exists a relationship between the Furanic content in the oil and DP. FFA is
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preferred to a direct measure of DP since the test gives an indication of the DP and is
non-invasive. International standards [7,8] stipulate that a DP value of around 1200 is
expected for new insulating paper, while values around 200 are regarded as end of
life criteria for insulation material. Due to the difficulties in obtaining a cellulose
sample from a transformer in operation, another technique of measuring furans has
been developed. This may be accomplished in a laboratory using High Performance
Liquid Chromatography (HPLC). The interpretation of the results is done using trend
analysis.
3.1.1.2.6 Dielectric Dissipation Factor (or Tan delta): This test is performed to check the
deterioration and contamination of the insulating oil. This is achieved by measuring
the leakage current when an alternating voltage is applied between the electrodes in
a sample of oil. This leakage current is displaced by an angle of 90 degrees from the
voltage due to capacitance. Since the capacitance is not ideal, an angle exists
between the perpendicular current axis. The tangent of this angle is a representation
of this loss current i.e. tan delta of oil. In the ideal situation the tan delta would be
zero. For transformer oil, 0.5% is the accepted limit specified in IEEE standards [7,8].
3.1.1.2.7 Colour of Oil: The oil sample is compared to a reference chart contained in IEEE
standard [7], which indicates the condition of the oil based purely on the colour of the
oil. This is probably the easiest means of evaluating the condition of the oil, but is
very subjective.
3.1.1.2.8 Percentage Saturation of Water in Oil: The possibility of free water forming in the oil
may be calculated. Reference [8] provides a method for calculating the percentage
water saturation in the oil and gives a table that relates it to the condition of the paper
insulation. The presence of free water may lead to unacceptable dielectric withstand
capability of the oil.
.

3.1.1.2.9 Gas Analysis : Various faults in a transformer will be exhibited in the breakdown
products of the oil and paper insulation as dissolved gasses. The primary method for
determining the nature of problems within the transformer , is gas in oil analysis. The
gases present in the oil are indicative of different types of fault conditions that have
either occurred or are evolving. The Total Dissolved Combustible Gas (TDCG) is
measured against the limits stipulated in international standards [14,15].

3.1.2

Estimate of Moisture in Paper Insulation
Moisture in insulating systems adversely affects the transformer performance and,
ultimately, service life. There are numerous reasons for the presence of moisture in
oil and paper insulating systems. These include ingress of water via breathers, poorly
gasketted bushings, inspection ports, etc. This situation is normally contained by the
application of air dehydrating devices. In addition to the normal moisture developing
mechanism , ageing of the cellulose accelerates moisture production.
Insulating paper contains hydrogen and oxygen molecules and a certain amount of
moisture. Ageing or degradation of the cellulose causes water to be evolved which
either migrates into the oil or is present in various parts of the insulation itself.
Cellulose may hold a far greater quantity of moisture than oil (this is temperature
dependant). The useful life of a transformer may be determined by establishing the
amount of moisture present in paper insulation. In addition to moisture content in the
oil and paper, the calculation of possible formation of free water or percent saturation
of water in the oil may be of greater significance. Percentage water saturation
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indicates the possibility of water formation in the oil. Free water in the oil leads to
unacceptable dielectric strength values of the oil. IEEE Standards [7,8] gives a
method for calculating the percentage saturation of water in oil and provides a table
that relates it to the condition of the cellulosic insulation. Among other techniques
there are two proven reliable techniques to determine moisture content in paper.
These techniques are explained below.

3.1.2.1 Condition Monitoring
3.1.2.1.1 Oil Sampling (On-Line)
The presence of moisture in a thermally and electrically stressed cellulosic insulation
system will ultimately lead to failure. Moisture causes the insulation strength to
degrade, accelerates the ageing/oxidation process and causes the formation of
bubbles that may further reduce the insulation strength by discharge activity. The
objective would be to maintain the moisture level to a minimum and in order for this
to be attained, a means of measuring this component is imperative. Detecting
moisture concentration levels may be an important condition factor.
In order to provide good electrical characteristics, transformer insulation (oil and
paper) is dried during manufacture or refurbishment. The amount of moisture present
(i.e. where it will reside) in either the oil or paper insulation is dependant on
temperature (see figure 3.1).
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Figure 3.1: Equilibrium or Water Absorption Curves for paper-oil transformers [4,7,8].

Various researchers [4,7,8] stated that when applying these curves an estimate of
moisture content in the paper is obtained when the top oil steady state temperature
and the moisture content in the top oil have been measured. The same researchers
also stated that the moisture in the transformer oil migrates back and forth between
the cellulose insulation and the oil at varying operating temperatures .
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An increase in temperature causes moisture to migrate from the paper to the oil and
during cooling, the possibility of saturation of the oil exists. Solubility of the moisture
in the oil affects the amount of water that can be carried by the oil (cold oil absorbs
less water). At some point the oil becomes saturated and free water is formed. The
insulation medium may be weakened , with a high probability of the transformer
failing.

3.1.2.1.2 Polarisation Spectrum (Off-Line)
Mogiba and Moore [44] concluded that without the need for specimens to be
extracted from the transformer , the diagnosis of the total insulation condition by
Polarisation Spectrum can be traced from the results of recovery voltage
measurements. Mogiba and Moore explained that paper and oil combinations exhibit
a space charge polarisation effect, where molecules of hydrogen and oxygen are
affected by an applied electric field stress. This effect may be influenced by the
properties of the materials and their dielectric state. Ageing bi-products and moisture
content alter the dielectric state and hence the polarisation process. Dielectric
dissipation factor, or tan delta, is frequency dependent. To detect moisture, it may be
necessary to observe the lower end of the frequency spectrum . A direct current (DC)
excitation source may be required for this time variable field application. This
technique involves electric stress and time for charging (dipole orientation),
discharging and recovery (dipole depolarisation) periods. Mogiba and Moore reported
that during this recovery the voltage across the insulation is monitored, providing the
necessary information required in the analysis process.
Bassetto and Mak [45] reported that when the transformer is disconnected , the oil
and paper insulation between the transformer HV and LV windings and ground is
charged with a DC voltage source produced by an instrument, utilising the Recovery
Voltage Method (RVM) principle. The charging process may temporarily halted and a
discharge effected (short-circuited) for a predetermined period. When the short circuit
is removed a recovery voltage will appears at the test terminals due to the internal
electrical characteristics (see figure 3.2).

Urmax · ····· ·..

tc
t crit

Figure 3.2: Recovery voltage (Ur) as a function of charge time (tc) [44].

This voltage and its initial slope are then measured, during that which is termed the
recov~ry ~eriod . This process may continue over many cycles during which the
charging time may be Increased. Different values of Maximum Voltage and Initial
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Voltage are obtained for each charge/discharge cycle. Mogiba and Moore [44] stated
that when each residual voltage (Umax ) is plotted logarithmically against its
corresponding charge time (tc), an indication of the dielectric quality (ageing and
water content) of the paper insulation is deduced, from Urmax at tc(dominant) on the
Polarisation Spectra Curve shown in figure 3.3.
Bassetto and Mak [45] stated that the RVM instrument is a micro-processor
controlled device that allows for complete automation of the tests required to
determine polarisation spectra. Setting of test parameters (Excitation Voltage,
Charge Time and Charge/Discharge Time Ratio) and automatic logging of test data
may be accomplished.
The increased sensitivity level and information content of this technique compared to
other methods such as absorption and dispersion factors have made this a useful
testing method. In addition, the tests can be carried out using a portable measuring
instrument that is fully automated.

LogUrmax

: tc dominant

Logtc

Figure 3.3 : Polarisation spectra curves related to moisture content of paper [44).

3.1.2.2 Condition Diagnostics
Once the moisture content of the oil is determined for a given temperature, the
corresponding moisture content for the paper may be estimated from either on or offline methods. IEEE standards [7,8] provide the limits for moisture in paper content
together with an interpretation of the condition. These are as follows: a - 2% (Dry
paper), 2 - 4% (Wet paper) and >4.5% (Excessively Wet Paper) [7,8].

3.1.3

Paper Insulation Condition
Various researchers [45,46] stated that the analysis of a paper or cellulose sample,
together with oil infers the condition of the insulating system. Cellulose consists of
fibre chains made up of a string of glucose molecules held together by glycosidic
bonds. Reference [45] stated that the average length of these strings is called the
Degree of Polymerization. The length is expressed as the polymerization number of
molecules, which form the average chain. Mogiba and Moore [45] stated that new
paper has long chains of between 1000 - 1500, compared to a few hundred for aged
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paper. These researchers also stated that the shortening of the chains is asso~iated
with diminished mechanical properties (tensile strength, burst strength, elongation to
rupture), so it is possible to relate DP to mechanical properties. Degradation of the
cellulose may be advanced by heat, moisture, oxygen and acids, leading to a
decrease in the integrity of the insulating medium.
Degradation of cellulose under the influence of heat is observed by the breaking
down of the glycosidic bonds, which leads to the production of free glucose, further
forming water, carbon monoxide and carbon dioxide. Cellulose may be susceptible to
oxidation, while by hydrolytic (water and acid) degeneration , free glucose is yielded.
Cataldi and Griot [47] reported that this free glucose degrades under the influence of
water and acids, to produce furanic compounds (Furfuraldehydes), the principal one
being 2-furfuraldehyde. These researchers also stated that different types of
cellulosic insulation seem to generate furans at different rates when heated and the
generation rate may be influenced by moisture content. A measurement of furanic
compounds may provide an indication of cellulose degradation.

3.1.3.1 Condition Monitoring
3.1.3.1.1 Oil Sampling (On-Line)
Essentially furans are breakdown products of cellulose (insulating paper). Insulating
paper may be readily dissolved in the transformer oil. Examination of oil samples, by
Cataldi and Griot [47] also reported that High Performance Liquid Chromatography
(HPLC) to measure the furanic component may lead to the determination of the
cellulose condition. The major advantage of furanic analysis is being able to
determine the cellulose condition without the removal of the transformer from service.
3.1.3.1.2 Removal of Paper Sample (Off-Line)
This method requires the removal of one or more specimens of insulating paper.
Whilst oil sampling may be routine, obtaining insulating paper for laboratory testing
and evaluation requires that the transformer be taken out-of-service. The oil is
drained and the unit undergoes a degree of dismantling for access to the internal
leads. Samples of cellulose are removed and later analysed in a laboratory to
determine the Degree of Polymerization.
Bassetto and Mak [48] reported that the hottest and most aged conductor insulation
may be located at the top of the transformer , where the oil may be the hottest. These
researchers also stated that the most convenient and least hazardous location from
which to sample, is a lead at the top of the transformer. Typically leads are sized to
have a hot-spot temperature that may be comparable to that of the windings.
Bassetto and Mak also stated that the lead hot spot is deep within the insulation, at
the conductor surface, so an appropriate sample may be taken. Researchers
Bassetto and Mak concluded that the thin paper insulation on winding conductors will
be at relatively uniform temperature at the given location in the winding, so an outer
wrap would be satisfactory.
Viscometric measurement performed in the laboratory is the technique used to
determine the length of these fibre chains. This technique is performed in accordance
with an international standard [49]. Briefly, the standard requires that a sample of
paper be pulverisinq and then dissolved in a solvent. Viscosity readings are then
taken and converted to a DP value.

31

3.1.3.2 Condition Diagnostics
Shroff and Stannett [50] concluded that a correlation between furanic and DP
measurements on transformer oil have been found to be accurate. An indication of
transformer condition based on furfural analysis is given in Table 3.1.

Furfural Content

Condition

< 2.5 ppm

Normal

2.5 - 5.0 ppm

Uncertain

> 5.0 ppm

Abnormal ageing

Table 3.1: Typical furfural analysis [50]

These researchers also concluded that if any set of ageing data is plotted with DP on
a logarithmic scale and time on a linear scale, a straight-line results for the portion of
the data after the initial rapid drop-off. The zero time intercepts for the straight lines
range from DP = 700 to 900 for sets of test data at different temperatures. All of the
data can be grouped by normalising , based on the time required for the DP to reduce
to 200 (the life end-point). The resultant graph of normalisation life versus DP is
shown in figure 3.4. The application of the curve may be understood by looking at a
few examples extracted from reference [50].
A very aged transformer should have an insulation DP = 200. Figure 3.4 says that
the normalisation life = 1, or total insulation life has been consumed i.e. useful
mechanical properties of the paper is lost. Typically, moderately aged transformers
have insulation with DP = 500. Figure 3.4 shows that the normalisation life (or
consumed life) is about 0.33, with a possible range of from 0.27 to 0.39. This means
that the insulation is still useful. Transformers of moderate age, but with histories of
being lightly loaded would have DP = 800. According to figure 3.4 the normalised life
(or consumed life) is zero. This means that the insulation is still very good.
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Figure 3.4: Normalised insulation life consumption versus degree of polymerization [50].
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3.1.4

Dissolved Gas Analysis
When the insulating oil used in transformers breakdown as a result of abnormal
conditions (such as overheating of paper and oil, partial discharges and arcing)
gases appear in the oil. Gas-in-oil analyses are made to determine the presence of
such gases. Gas-in-oil analysis or dissolved gas analysis is a widely used condition
assessment technique that involves sampling and analysing gases dissolved in the
oil of operating transformers. This technique may be sensitive to a wide range of
malfunctions, both thermal and electrical , which could eventually lead to failure of a
transformer if corrective measures are not taken .

3.1.4.1

Condition Monitoring (On-Line)

3.1.4.1.1 Oil Sampling

The objective of the sampling process is to collect a representative sample, while
avoiding entrance of contaminants , and to preserve the integrity of the sample until it
is analysed. Lombard [51] reported that sampling intervals are typically from 1 to 3
years depending on the size and voltage of the transformer, with more frequent
sampling for large, critical units and less frequent sampling for smaller, less critical
units. The same researcher also stated that should an abnormal condition be
detected the frequency of sampling may be increased . There are a international
standards [8,52] that address the sampling procedure for oil.
For example, ASTM 0-3613 [52] suggests that samples be taken from a convenient
valve at the bottom of the tank , which may be equipped with a sampling adapter. The
same standard recommends that samples may be taken from energised apparatus
provided it is certain that a positive pressure exists at the sampling point. It could be
disastrous if the pressure were negative, causing an air bubble to be drawn into the
unit. Normally the same samples are used for dissolved moisture and dissolved gas
analyses.
Three possible styles of sampling containers are mentioned in ASTM 0-3613 [52],
namely glass hypodermic syringes , stainless steel sampling cans, and flexible-sided
metal cans, all of which must be thoroughly cleaned prior to use. In all cases, the
sampling technique involves pre-cleaning of the sampling connection and flushing of
one to two parts of oil through the connection and sampling container to assure the
absence of contaminants . Each sample container should have provision for a tight
seal to avoid loss of gas during transportation and storage prior to analysis.
Each sample should be tagged to identify the apparatus sampled, the date sampling,
and the oil temperature. Sample containers are forwarded to the laboratory for
analysis. The process involves separation of the gas from the oil, introduction of the
gas into a gas chromatograph , and calculation of the composition of the gas sample
from the resultant chromatogram . This laboratory technique is described in ASTM 03612[13].
Research by CIGRE [53] recommended the repeatability of gas analysis between
reputable laboratories. ~uch information may be derived from comparative data over
a period of time. CIGRE also recommended that a periodic check of results between
the customary laboratory and another laboratory of known reliability be performed
especially when an unusual break in the trend of data is noted. An analysis error may
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generate concern leading to unnecessary action being taken . The result could be the
irrecoverable loss of valuable time and money .

3.1.4.1.2 Fault Gas Monitors
Increasing demands on system reliability has led to the development of on-line
measuring systems. A fault condition produces gases that dissolve in the oil, and
form oil bubbles that reach the surface where it is finally detected in the blanket. The
major advantage of on-line monitoring systems is their ability to detect faults as they
evolve. There are at present several suppliers that provide continuous on-line
dissolved gas monitoring systems such as Micromonitors [54], Hydran [55] and other
on-line cont inuous sensors.

3.1.4.2 Condition Diagnostics
Various key gases that may be identified and their presence or combinations thereof,
are used to interpret the oil condition , leading to fault determination. International
standard [13] specifies the procedure for the separation and quantification of the
gasses by Gas Chromatography. Various methods for interpretation are utilised .
These include the Key Gas Method , Rogers Ratios and Doernenburg Ratio
techn ique. The methods are described in IEEE Standard C57 .104 [14] and IEC
60599 [15].
3.1.4.2.1 Interpretation of Dissolved Gas Results (IEEE Std C57.104)
IEEE Standard C57.104 [14], is an invaluable aid for the interpretation of gas-in-oil
analysis results . The standard offers advice on both a simple qualitative
interpretations based on certain key gases , as well as detailed quantitative diagnosis
based on absolute levels and ratios of gases . In addition , it prov ides a rational stepby-step action plan to carry the user from the first recognition of abnormal gas
generation and trending through an increased surveillance period to possible
removable from service. Briefly, the methodology the calculation of the total dissolved
combustible gases (TDCG) . The transformer condition is classified according to each
gas. The rate of change of the gas values in ppm is monitored . When these values
become high a course of action should be decided .
The presence of the fault gases listed below , may be interpreted as follows:
•

Carbon monoxide and Carbon dioxide (CO and CO 2 )
Thermal decomposition of cellulose , even at normal operating temperatures,
produces these carbon oxide gases . Thus , low rates of production are not a
cause for alarm. However, production of such gases at an abnormally high rate is
associated with overheated insulation . Both the rate of production and the ratio of
the two gases may be indicative of the severity of the overheating.

•

Hydrogen and Hydrocarbon Gases
Thermal breakdown of mineral oil generates this family of gases , with certain
ratios of the gases indicat ing the severity of the overheating . Little or no
acetylene and a broad spectrum of the other gases usually is the result of
metallic parts being overheated by stray flux or circulating currents . These
metallic parts are not covered by cellulose.
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•

Hydrogen
Low intensity electrical discharges in oil, sometimes referred to as corona,
produce principally hydrogen, with some methane, but lesser quantities of the
other hydrocarbon gases.

High-density electrical discharges or electrical arcs produce very high
temperatures (over 800 to 2000 DC) , which causes the generation of small but
significant quantities of acetylene [14]. Acetylene is absent for other types of
faults. There is reason for major concern when it is detected.
Since all normally operating transformers will have some levels of the above
mentioned gases dissolved in the oil with the exception of acetylene, it is important to
identify concentration levels for which the user should have some concern. This is
tabulated in IEEE Standard C57.104-1991 [14]. Table 3.2 has been extracted from
this source.

Status
See Notes

H2
Hydrogen

CH 4
Methane

co

CO 2

TOCG

Carbon
Monoxide

Carbon
Dioxide

See Notes

Cond 1

100

120

35

50

65

350

2500

720

Cond 2

101-700

121-400

36-50

51-100

66-100

351-570

2501 -4k

721-1 920

Cond 3

701-1800

401-1k

51-80

101-200

101-150

571-1.4k

4001-1k

Cond 4

> 1800

> 80

> 200

> 150

> 1400

> 10 000

> 1 000

1921-4630

> 4 630

Notes:
Cond

=

Cond ition

TDCG

=

Total Disso lved Combustible Gas (Excludes CO 2 ) ,

Cond 1

=

Dissolved gas in this range indicates normal operation.

Cond 2

=

Dissolved gas in this range indicates greater than normal generation .
Begin analysis.

Cond 3

=

Dissolved gas in this range indicates a high level of insulation
decompostion . Sample frequently to establish the trend of gas
evolution and apply gas ratio analysis for diagnosis.

Cond 4

=

Disso lved gas in thi s range indicates excessive decomposition.
Continued operation could result in failure.

Table 3.2: Dissolved gas concentration limits in ppm [14] .

Gas ra~io anal~sis may be helpful in determining the source of abnormal gas
generation. Ratios of the hydrocarbon gases and hydrogen may indicate the
temperature range of the heat source. Refer to reference [14] for more details of ratio

35

methods, but note that significant levels of dissolved gas must be present before this
technique may be practised (gas levels beyond Condition 1).

3. 1.4.2.2 Interpretation of Dissolved Gas Results (lEe 60599)
It has been established that various faults in a transformer will be exhibited in the
breakdown products of the oil and paper insulation as dissolved gases. The rates of
production of these gases will indicate the severity of the problem. The yearly
acceptable limits of gas production are specified in IEC 60599 [15]. These limits are:
•
•
•
•
•

3.1.5

Hydrogen
Methane
Ethane
Ethylene
Acetylene

<
<
<
<
<

5 ppm
2 ppm
2 ppm
2 ppm
0.1 ppm

Partial Discharge Detection
Partial discharge (PO) is the phenomena of the deterioration or partial breakdown of
a dielectric under electrical stress. It may be similar to small explosions producing
pressure waves that are emitted as high frequency electrical pulse discharges or
corona. PO may be caused by faults such as, surface degradation , delamination of
paper insulation, cavities or foreign bodies entrapped in the insulation and loose
components. Some dielectric failures may be caused by damage from through faults,
short-circuits and other causes. This PO activity within a transformer may eventually
lead to irreparable damage, in the form of total breakdown of the insulation. The
challenge is to detect partial discharges in the incipient stages in order to prevent
catastrophic failures. It may be prudent to perform partial discharge detection tests
after such events rather than wait for an indication that partial discharges are
present.
Various researchers [56,57] have demonstrated that PO is detectable via various
means. These researchers reported that the PO measuring techniques are well
established under laboratory conditions, but many problems exist if these techniques
are applied for on-line diagnosis. Therefore , various researchers [56,58,59,60] have
concentrated efforts on on-line PO measurements. The main research goals were to
improve the sensitivity of PO detection to the small signal levels presented against
higher amplitude background noise levels.

3.1.5.1 Condition Monitoring
3.1.5.1.1 Acoustic Detection (On-Line)

Acoustic emission (AE) sensing may be more effective at localisation of PO
associated with high voltage connections , exposed segments of windings and core
stress shield faults. Various researchers [58,59] reported that by utilising a number of
AE sensors simultaneously with specialised filtering, signal processing and software,
the PO source may be located within the transformer. Various researchers [58-62]
reported that when partial discharges occur in oil, acoustic signals are generated in
the oil and transmitted in all directions throughout the transformer. Research by EPRI
[59] concluded that these signals may be detected using special acoustic sensors.
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Studies performed by various researchers [58-60] reported that such sensors have a
frequency response band in the range of 20 - 300 kHz.
Piezo-electric sensors may be used to convert the acoustic signals to electrical
signals that are transmitted to detector circuits. The sensors are placed at different
locations on the tank wall to determine if acoustic signals are present. Various
researchers [58,59] stated that if such signals are detected, then by triangulation an
approximate location of the discharge may be obtained.
3.1.5.1.2 Audible Discharges (On-Line)

EPRI [59] reported that partial discharge activity inside the transformer could be
heard. EPRI also stated that different individuals use different terms to describe such
noise. Terms such as "frying sound", "popping noise" or "spitting noise" are used. If
such noises are heard, immediate action should be taken to investigate the noise
since only high pitched discharges may be heard by the human ear.
3.1.5.1.3 Oil Sampling for DGA (On-Line)

Hydrogen gas may evolve from partial discharges under oil. It may take appreciable
discharges to produce sizeable quantities of hydrogen in the large volumes of oil that
are used in power transformers . If there are appreciable amounts of hydrogen in the
oil without corresponding amounts of other gases, there is a good probability that
partial discharges may exist.
3.1.5.1.4 Electric Detection (Off-Line)

Conventional PO monitoring devices measure the current pulses at the earth side of
the object. In order to obtain a certain sensitivity, the return path for the PO may be a
low impedance e.g. a coupling capacitance . This is normally applicable in the
laboratory. The standard for PO measurements (IEC 270) presents definitions,
requirements for circuits and measuring devices, calibration methods , disturbances
and test procedures. The main measuring quantity is the apparent charge of a PO
pulse, additional quantities are its phase position, the repetition rate n, and integrated
quantities such as the cumulative apparent charge 'q', the discharge power or the
average current.
The apparent charge may be determined in the frequency domain or in the time
domain. The commonly used .PO instruments determine the charge in the frequency
domain . According to CIGRE [61] two types of basic circuits may be used, the
narrow-band (M == .10 kHz) and the wide-band (M == 100 - 500 kHz) measuring
instruments . CIGRE also reported that radio interference voltmeters may be used
and are of the narrow band type. The frequency response is determined by tuned
band-pass filters having a variable response frequency and a narrow band-width.
The instrument does not directly indicate the apparent charge, but gives a general
indication of the PO magnitude. The peak value may increase or decrease with the
repetition rate n, because of superposition pulses.
Hilder [57] reported that newly developed PO instruments extend the frequency
range to more than 1 MHz. In this case the integration of the current pulse to get the
apparent charge may be done in the time domain after the amplification of the current
pulse.
EPRI [59] recommended the following process (figure 3.5) for detecting partial
discharges in in-service transformers .
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Figure 3.5: In-service partial discharge detection [59].

Research and investigation by EPRI [59] demonstrated that portable acoustic
detection equipment for the isolation of corona noise sources in the substation
environment is possible . An instantaneous indication of the relative level of discharge
activity from in-service equipment may be provided.

3.1.5.2 Condition Diagnostics
IEEE standard C37.127 [62] suggests guidelines on discharge activity in power
transformers . These are:
•
•
•
•

10 - 50 pC may be regarded as normal.
< 500 pC = normal deterioration (ageing insulation).
> 500 pC = questionable.
> 1000 pC = defective .

IEEE standard C57.104 [14] states that a transformer having 300 ppm hydrogen with
only very low levels of other gases , probably has a source of partial discharge that
should be investigated . The standard also suggests that more investigations be
conducted if such trends continue. The next step would be to perform an internal
inspection . If the transformer has a history of dielectric problems and the hydrogen
levels start to increase, action may have to be taken to determine if partial discharges
are present.
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3.1.6

Temperature Monitoring
The thermal behaviour of a transformer is an important element taken into
consideration in its design and utilisation. From a manufacturer's perspective,
knowledge of a transformer's thermal performance allows for improved quality and
competitiveness of product. The operator now has the ability to manage emergency
loading without compromising life expectancy, overall reliability or any performance
guarantees of the transformer. The main reason for monitoring the thermal behaviour
of transformers is to ensure reliable operation and long-life. A transformer outage
means loss of potential revenue to the power utility and high maintenance costs.
The life of a transformer may be directly related to its insulation condition. Lampe et
al [63] reported that the ageing process is minimal provided that the oil and paper is
kept dry, the oxygen content is nominal, and the hot-spot temperatures are not above
standard allowances. The same researchers reported that it may be possible to load
the transformer at or above its rating depending on the ambient temperature, without
significant loss of life if the transformer temperature does not exceed the rating of the
paper. There may be specific areas of the insulation that have relatively high
temperatures in comparison to the surrounding oil. These are hot spot locations that
seriously affect the life expectancy of a unit.

3.1.6.1 Condition Monitoring (On-Line)
3.1.6.1.1 Indirect Method - Thermocouple
Oil temperature may be monitored, to determine loading effects, abnormal heating,
oil cooler malfunctioning, arcing, stray flux, etc, via various means. Thermocouples
are used to provide indications, such as direct top oil temperature and indirect
winding temperature (which is simulated by the passing of current derived from a
load measuring current transformer via a heating element utilised to heat a pocket of
oil which in turn is monitored).
Various researchers [63-65] reported that direct measurement of temperature at the
windings may be achieved with the use of single-point sensors. Although these
sensors have been available for many years, technique developers [63-65] have
been faced with the dilemma of isolation from high electric stresses. Further research
and development has led to the introduction of acoustic [64] and optic sensors
[63,65]
3.1.6.1.2 Acoustic Sensors

Pratt [64] reported that the acoustic sensor is a device operated on the principle of
resonant frequencies , i.e. a variation in temperature would, in effect, vary the
resonant frequency of the sensor. The same researcher reported that the results of
the tests carried out on this device were encouraging , but the sensors exhibited
severe problems with seals and waveguide attachments even though electron beam
welding was used. In addition, sensors were susceptible to fibre damage during
assembly when installed on heavy transformer coils. The fibres were damaged
during the manufacturing, handling and transportation of the heavy transformer coils.
Many of these sensors, however malfunctioned while in operation. These
manufacturing problems of the sensor and the waveguide system have therefore
prevented implementation of this device.
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3.1.6.1.3 Optical Sensors

The second direct measurement method of winding temperature sensing uses optical
fibre sensors with a fluroptic thermometer. Saravolac [65] reported that the
performance of the thermometer is based on the fact that certain chemical
compounds (e.g. phosphors), when excited by ultraviolet light emit fluorescence, the
intensity ratio of which varies with temperature . Saravolac also reported that the
optical fibre device combined with phosphor, is temperature sensitive. The device
may be embedded in the windings at manufacture and provided that the correct
positioning of the sensor is determined or estimated at the design, an accurate
measurement of the hottest area may be obtained. However, there are concerns
about the accuracy of predicting the hot spot area. Myers et al [4] stated that the area
is estimated to be approximately two thirds of the way up the coil stack and one third
of the way into the HV winding. This device provides an efficient means of measuring
winding temperature directly without requiring any insulation as in the case of
thermocouples.
According to Lamp et al [63] the use of optical fibre devices, have provided excellent
results, their application has its disadvantages . Firstly, they were susceptible to
mechanical damage and their long-term reliability is yet to be proven. Secondly, they
require precise installation to prevent them from being damaged by high electric
stresses. Also , the sensors have to be installed during manufacture or at open-tank
maintenance.

3.1. 6.1.4 Infrared Scanning
Moja [29] reported that infrared thermography and thermal imagery techniques have
been developed and have now found their application in the overall substation
environment. Optical ports located around the transformer monitor individual internal
components. It appears that the major advantage of these techniques is that they are
non-invasive providing satisfactory measurements obtained by external monitoring
apparatus . For example, blocked cooling radiators may be identified using infrared
thermography techniques . The disadvantage , however, is that the inner winding
temperatures cannot be easily obtained. For the optical port method, it may be
installed during the manufacturing or refurbishment.

3.1.6.2 Condition Diagnostics
With reference to Table 3.3 IEEE standard 57.91 [66] state that the useful life of
transformer oil is halved for every 10 °C increase above 60 °C of top oil temperature .

Oil Life Expectancy

Oil Temperature (OC)
60
70
80
90
100
110
Table 3.3. Temperature effects on transformer all [66].
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20 years
10 years
6 years
2.5 years
1.25 years
7 months

Another international standard IEC 354 [67] stated that the relative rate of ageing of
insulation is doubled for every 6 "C rise above 80°C (hot-spot temperature) .
Reference [67] also stated that for a hot-spot temperature of 92 "C, one per unit life
of a transformer will be consumed.

3.1.7

Mechanical Condition
In the transformer design process, mechanical forces are considered very carefully,
and allowances are made for most type of events throughout the transformer's life.
Winding clamping pressures are set to accommodate the range of forces that could
be applied during short circuit fault conditions. Compensation, by the application of
opposing forces on the same plane may be employed within the structural design, to
ensure minimal effect during fault conditions. For example, hydraulic assisted spring
systems (adjustable coil clamping) may be installed, to compensate for nominal
winding movement under fault conditions. During manufacture, windings may be
tightened during the drying out (vapour phase) process.
Kogan et al [2] reported that transformers are usually very reliable equipment, with an
average lifespan of 38 years. The same researchers also reported that there are
units that have a longer technical lifetime than initially assumed by the designers, and
some units are still operational after 40 and even 50 years of service. However, when
faults occur they may have catastrophic results with excessive repair costs. In
addition to electrical and thermal failure mechanisms, a transformer may be
subjected to high through fault currents during short-circuits, the mechanical structure
and the windings may be subjected to large mechanical stresses. Transformers may
be designed to withstand the effects of short duration through fault currents. Stresses
of mechanical origin may be capable of causing transformer failure due to secondary
effects, such as insulation breakdown.
The paper insulation of transformers that are seldom loaded to rated capacity may
not age by the effect of thermal stresses. However, paper may lose its initial elasticity
after many years of service. An initial compression of the winding that may ensure its
mechanical integrity is reduced since the compressed paper does not spring back,
and the winding may be prone to displacement or deformation. For example, a shortcircuit in the transmission system may draw a heavy current from the transformer for
a few cycles before the current is interrupted by the breaker. Such short-circuit
current may be as high as ten to twenty times the rated current. A dynamic force
induced in the transformer windings by the short-circuit current tends to deform or
displace the winding. A new transformer may be designed to withstand the dynamic
force resulting from the short-circuit current. However, some of the older transformer
windings lose their initial winding compression and the winding discs are kept in
position just by gravity. A resulting short-circuit current may then shift the coils or
buckle their outer turns or displace other components. Aged or brittle paper insulation
may be crushed and a bare copper conductor exposed. The dielectric strength of the
bare metal electrodes immersed in oil may be lower than of the electrodes wrapped
in paper. These changes unnoticed would eventually lead to unit failure in time. A
possible overvoltage condition could follow causing breakdown of the weakened
insulation, leading to failure in service. To reduce the probability of a costly failure
there are several on- and off-line monitoring techniques that may be employed to
assess winding displacement or deformation. Monitoring or measurement of certain
mechanical parameters could assist in the early detection of incipient failure.
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3.1.7.1 Condition Monitoring
3.1.7.1.1 Vibration Monitoring (On-Line)
Displacement of windings may be detected by monitoring vibrations on the tank.
These patterns emanating from loose windings, connections and core clamping
components in a transformer may be analysed and imminent failure could be
predicted. According to Drake [68], sophisticated sensors such as accelerometers
have been developed to measure vibration in varying degrees of sensitivity.
The same researcher also reported that the G-Force Recorder was developed to
measure vibrations on the tank wall of suspect and even significant units on a
network. Single-plane accelerometer modules, developed specifically for this
application, are attached to the transformer tank at up to eight positions. Drake [68]
reported that these modules are connected to a data logging system, monitoring
vibration levels (with a pre-programmed maximum recording level of 2.5Gs) for up to
a period of three months is possible, before download. The monitoring system is
mains powered (with battery backup for the logging facility) and has the option of
remote communication with control, included.
3.1.7.1.2 Winding Tension (On-Line)
Loosened windings or core clamping structures inevitably begin to vibrate, further
increasing the likelihood of insulation failure with sometimes-catastrophic results.
While off-line testing procedures such as frequency response analysis (FRA) and
impedance measurement are utilised to assess winding integrity, continuous
monitoring of winding slackness has also been undertaken. De Klerk [69] reported
that direct measurement of winding movement or change in winding tension (loss of
clamping pressure) has been applied successfully. In another source De Klerk [70]
stated that with strain gauge technology , monitoring these parameters is possible,
with the employment of sensors in various positions. The same researcher also
stated that with the development of a hydraulically coupled force measuring system
(Hydraulic Load Cell) the winding tension or slackness can be measured.
3.1.7.1.3Irnpulse Testing (Off-Line)
The impulse strength of a transformer relates to its ability to withstand surge voltages
(lightning and switching surges) , without being damaged while in-service. Myers et al
[4] stated that a transformer is nominally designed to withstand 2.5 times the normal
operating voltage under impulse conditions. During the operational life of a
transformer , primarily moisture, oxygen and elevated temperatures may influence
ageing of the insulatinq system. These three factors may playa role in the reduction
of the impulse strength characteristics as well, rendering the unit vulnerable to fault
conditions that may lead to failure. These changes contribute to a decrease in the
impulse strength.
To ensure that the transformer may withstand an impulse of 2.5 times the nominal
operating voltage, various tests may be carried out at time of manufacture
(acceptance testing). Myers et al [4] stated that these tests include the application of
artificially induced lightning and switching impulses, and induced overvoltage tests.
While the application of a pure high voltage impulse at full or reduced levels could
indicate deteriorated insulation characteristics, the goal to accurately assess the
mechanical aspects (especially winding clamping pressure or distortion/movement)
of the transformer are equally important. This objective has driven the emphasis
toward methods of measuring changes in the transformer impedance. Various

42

researchers [71-76] reported that techniques such as low voltage impulse (LVI)
method or frequency response analysis (FRA) may be utilised to obtain the impulse
transadmittance function of a transformer . These researchers stated that the transfer
function is given as the amplitude and phase shift of a sine wave, for each frequency
of the applied signal in the frequency domain.
3.1.7.1.4 Low Voltage Impulse (Off-Line)
Researchers [71,72] stated that this method consists of an application of a
microsecond duration LVI to the winding and recording the winding response. The
relative geometry of the windings may then be ascertained and compared with initial
("fingerprint") readings on the same unit. Wang et al [71] reported that the initial
fingerprint , or signature, may be determined by the unit's natural resonant
frequencies within the range reaching approximately 1 MHz.
Voltage impulse application with a view to observing the transfer function of the
transformer may be regarded as a significant condition-measuring tool. The
interaction of the distributed capacitance and inductance of the windings generate a
particular frequency response for a specific winding geometry. This provides the
fingerprint for that particular transformer winding, which may be referenced during
subsequent diagnostic testing. Any changes to the winding geometry i.e. the
inductance and capacitance of the winding, may cause a change in the frequency
response of the transformer or the winding itself. This impulse response waveform is
transformed into the frequency domain using the Fast Fourier Transform (FFT) that
may be used as a reference (an initial "fingerprint") for future tests.
3.1.7.1.5 Frequency Response Analysis (Off-Line)
Frequency response analysis is a technique used to detect winding movement and
looseness . This subsection briefly describes the use of two known excitation
techniques used to test the internal winding condition. e
A transformer winding consists of many winding turns that are inductively and
capacitively coupled to each other. A capacitive coupling also exists between the
windings and the earthed core and tank. Mechanical changes influence the
equivalent circuit (inductance and capacitance) of a transformer , hence the transfer
function/impedance under impulse conditions will provide an indication of a change in
winding geometry . Faults such as HV winding shift relative to LV winding, shortcircuited turns, earth faults between core and windings and some tapchanger faults,
etc, would possibly bring about the mechanical changes.

Cs
Cs - Series Capacitance

Cp • Parallel Capacitance

Cp

Figure 3.6: Equivalent circuit of a transformer winding.
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The transfer function of a transformer is a frequency domain measurement, which
provides the amplitude amplification and phase shift (for a range of frequencies) of a
sine wave at each particular frequency . Vaessen and Hanique [74] reported that the
transfer function is mainly influenced by the inductive impedance of the coils and not
the capacitance's which at low frequencies (e.g. 50 Hz) present a very high
impedance.
Vets and Leite [75] reported that two excitation methods are used to conduct FRA
measurements. They are the Low Voltage Impulse and the Sweep Frequency
method. In the low voltage impulse excitation, a source voltage/current is applied to
HV terminal of the transformer and the voltage/current response is measured on the
LV terminal of the transformer. In the sweep frequency excitation method a frequency
source, connected to a particular winding, is swept over a range of frequencies and
the frequency response of that winding is measured.

3.1.7.2 Condition Diagnostics
Vandermaar et al [76] published the results of FRA tests carried out on a 300 MVA
transformer by using LVI excitation techn ique. In order to facilitate understanding of
the transfer impedance technique , it is briefly described.
The test transformer was firstly isolated from the power system. A short duration, low
voltage impulse was then injected on the HV terminal of the transformer with the
neutral end of the winding earthed. The output voltage/current signal was measured
on the LV terminal. The applied voltage and output secondary voltage/current were
measured with the aid of a digitizer. A Fourier Transform was applied to the digitally
recorded time data to obtain the frequency response. The transfer function was
obtained by dividing the transformed output voltage/current by the transform of the
input voltage. Changes in the winding were detected by comparing the results
obtained with previous recorded results of the transformer under test or results
recorded on an identical transformer. Figure 3.7 shows the FRA tests carried out this
300 MVA, 345/138 kV unit. The response of the transformer before re-c1amping is
compared with the results of a reference transformer.
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Figure 3.7: Frequency response analysis comparison of a reference and are-clamped
transformer [76].
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The trace with the larger peak is from the transformer with a loose winding and the
trace with the lower peak is from the reference transformer. Figure 3.8 shows the
results of the FRA tests carried out on the same transformer before and after reclamping. The trace with the larger peak is before re-c1amping and the lower trace is
after re-c1amping .
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Figure 3.8: Frequency response analysis comparison before and after re-c1amping [76].

Low voltage impulse test results should conform to the limits contained in
international standards such as lEG 76-5 [77]. The standard specifies that a change
in impedance of 1% is regarded , as an impending problem while the transformer will
necessitate opening and stripping for detailed examination for an impedance change
exceeding 2%. It appears that the accuracy of the measurement instrumentation that
may be employed should be of concern to researchers and users of this monitoring
technique . A phase shift or change in amplitude of the impulse response peaks
caused by an inaccurate measurement device would lead to the incorrect
interpretation of results.

3.2

Instrument Transformers
High voltage instrument transformers in a power system are intended to transmit
information signals to meters and protective or control devices. They provide the
information to discriminate and quickly isolate faulty equipment or system
components in order to minimize equipment damage and to limit the disruption of the
power system operation . These signals may be necessary for calculating and
regulating power flows.
EPRI [17] reported that there have been a number of catastrophic failures in service
involving instrument transformers . Most of the failures have involved high voltage
current transformers . EPRI also reported that all manufacturers of current
transformers have experienced some failures , but most of the failures have involved
four manufacturers. Apparently, these four manufacturers also produced more units
than the others because they were supplied with breakers. According to EPRI the
causes for all of the failures were not identified .
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This section focuses on performance , impact and assessment procedures related to
current transformers since the number of voltage transformer problems to date has
not been significantly large enough to initiate the same sort of action taken for current
transformers. Some of the results from current transformer investigations also applies
to voltage transformers (VTs).

3.2.1

Condition Monitoring

3.2.1.1 Current Transformers (Off-Line)
With reference to EPRI [17] research and investigation , the following is a brief
summary of tests that may be performed on current transformers. The testing of
current transformers may depend to a large extent on the history of the
manufacturer's product line in service. The lower voltage class current transformers
such as 138 kV and below are seldom tested in service unless there has been a
record of problems on a specific brand. However, some utilities perform power factor
tests on all oil filled current transformers at some interval. The experience in service
with high voltage breaker current transformers indicates that periodic testing may be
required although the manufacturer's instructions may state that such testing is not
needed. The type of tests and frequency of testing depends on the history of
performance . If there has been no history of problems in service, it may be advisable
to perform insulation power factor tests and oil tests after being in service for 10
years. If there has been a history of problems including failures , the test frequency
may be decreased . EPRI sponsored accelerated ageing tests on current
transformers concluded that periodic oil testing is a useful technique for detecting
certain forms of insulation degradation . The following tests are typically performed .
3.2.1.1.1 Oil Tests

•

Gas in oil analysis to determine if hydrogen or acetylene is present indicating
partial discharges or arcing respectively.

•

Moisture in oil content to determine if there are any leaks.

•

Dielectric tests.

3.2.1.1.2 Insulation Power Factor or Tan Delta (Dissipation Factor)
It is usually difficult to get free standing current transformers out of service to make
power factor tests since they are a part of the breaker set-up. It may be performed if
oil tests indicate a possible problem. Prasad et al [78] stated that the power factor
(cos <1» or the dissipation factor (tan 0) is a measure of the power loss in the
insulating material. This measurement is an indication of the dielectric quality. The
presence of contaminants, moisture and oxygen may result in the degradation of the
insulating oil. Prasad et al [78] reported that power factor may increase due to an
increase in following conditions :
•
•
•
•
•

Temperature
Metallic corrosion
Mechanical and electrical insulation degradation
Water solubility
Oxidation
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IEEE standard 62 [7] specifies the power factor of new oil to be less than 0.001.
According to Prasad et al [78], the power factor or dissipation factor of a dielectric
may be obtained as follows. When a voltage source is applied across a perfect
dielectric, there is no loss i.e. the power factor is zero. At zero power factor the
induced capacitive current (Ie) leads the applied voltage (V) by 90 degrees. This
relationship is shown in figure 3.9 on the following page. Practical dielectrics may
have a degree of conductivity. When these dielectrics are subjected to an alternating
or direct current voltage source a small current (L) is in phase with the applied
voltage (V). As a result the vector sum of the two currents (It) leads the voltage by
less than 90 degrees as shown in figure 3.9. The cosine of the angle 4> by which the
current (It) leads the voltage (V) is the power factor of the dielectric. The angle 0 or
(90 0 - 4» is designated as the dielectric loss angle, if the angle 0 is small, then cos 4>
is equal to tan O. Alternatively, the power factor of an insulation is given by the ratio:
Loss in dielectric (Watts)! Apparent power (Volt-Amperes). Typically, a Scheuring
bridge is used to generate an applied voltage up to 10 kV.

0= 90° - <t>

<---

~....L--------+V

Figure 3.9: Vector relationship of voltage and current in a practical dielectric [78] .

3.2.1.2 Voltage Transformers (Off-Line)
If the manufacturer's manuals do not contain instructions for testing or maintenance,
Gabriel and Bradley [27] reported that the following tests may be performed. A
complete set of oil evaluation tests are advisable for 220 kV voltage classes and
above after 3 years in service. If there is no indication of problems, samples at
intervals of 5 years are advisable. The oil tests should include:
•

Gas in oil analysis. This may be an important test in that many of the problems in
voltage transformers have involved partial discharges, which are indicated by the
presence of hydrogen.

•

Moisture in oil content if there are any leaks due to deteriorated gaskets.

If the oil test indicates a high moisture content, power factor tests could be made to
check if the insulation is wet. Researchers Gabriel and Bradley also stated the testing
of voltage transformers may be a function of the history in service.
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3.2.2

Current Transformers (On-Line)
After performing various tests, EPRI [20] reported that current transformer failures
may occur very. EPRI suggested that the number of failures could be reduced by
more frequent off-line testing, but getting equipment out of service frequently to
perform such tests is difficult to schedule. Even if the testing frequency could be
increased to once a year, failures may occur because of the rapidity of some failure
modes. EPRI also reported that on-line monitoring is needed to effectively reduce the
number of erratic and sometimes rapid nature current and voltage transformer
failures.
During testing EPRI [20] used various monitoring devices to determine which were
the most effective in detecting a current transformer failure. The parameters
monitored on-line were :
•
•
•
•
•
•
•
•

Capacitance
Power factor
Leakage current
Surface temperature
Moisture in oil content
Oil pressure (hermetically sealed units only)
Partial discharge (acoustic and electrical)
Hydrogen-in-oil content

The tests indicated that the most effective parameters to monitor may be partial
discharge , capacitance and dissipation factor . EPRI [20] reported that a commercial
product manufactured by Doble Engineering Company for effective on-line
monitoring of dissipation factor and capacitance is available. According to EPRI a
suitable product for field application to detect partial discharges on-line is not
presently available. Balanger and Duval [79] reported that a sensor for monitoring
hydrogen-in-oil has been successfully implemented. Researcher [80] reported that
encouraging results were obtained after installing leakage current sensors at several
Eskom sites in South Africa.

3.2.3

Condition Diagnostics
An instrument transformer may be either removed from service or considered
suspect when the measured or monitored parameters discussed below indicate
changes.
Leakage current trend begins to increase over a period of time. The primary voltage
together with the leakage current may be recorded or logged at the same time since
fluctuations in the voltage cause the leakage current to change proportionately. Any
increase in the leakage current may imply that the capacitance of the insulation has
changed.
A sustained increase in capacitance may imply that there is a reduction in capacitive
layers as a result of one or more layers deteriorating. The voltage stress across the
remaining layers of capacitance may be increased. An increase in electric stress
could result in the onset of partial discharges especially where there are areas of
weakness due to contamination or voids. Eventually the entire insulation or remaining
capacitive layers may fail.
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Gas in oil analysis or hydrogen-in-oil sensors indicates an increase in hydrogen
content. The presence of hydrogen is associated with partial discharge activity. Oil
analysis may indicate the presence of acetylene gas. Arcing is generally associated
with acetylene. Discharge activity or arcing may be confirmed by acoustic or
electrical means.
Boshoff [81] suggested that the following action be taken based on the insulation
power factor results. For a value of 1% and greater the unit should be taken out of
service immediately. Units having a power factor of 0.3 to 0.5% is acceptable for
continued operation. A unit is considered to be suspect when the power factor falls
within the range of 0.6 to 1%.
While in service, an increase in the trend of oil the moisture content over a period of
time could imply moisture ingress due to leaking gaskets. During routine
maintenance and inspection intervals, the presence of oil leaks may confirm the
increases in moisture levels.

3.3

Circuit Breakers
A power circuit breaker is a device for closing, maintaining and interrupting an
electrical circuit between separable contacts under both load and fault conditions.
Interruption of electrical circuits has been a necessary part of electric utility systems
since the first use of electricity. Initially, this interruption was achieved simply by
separating the contacts in air. Wright et al [82] reported that as current levels became
higher, arcing between the opening contacts presented greater problems that
required the development of methods to deal with plasma arcs that may occur during
the opening process. The problem may be severe during faults or short-circuits at
which times practically instantaneous interruption of current may be necessary as a
protective measure for the connected apparatus.
By the late 1920s, all principal methods of arc interruption had been developed with
the exception of the SF6 types, which came into being in the late 1950s. Oil, airmagnetic, air-blast and vacuum methods were all in use by 1930. Many of the
principles of these first modern breakers are still used in today's breaker designs.
In this era of deregulation, the focus is to maintain the level of reliability of existing
circuit breakers and to predict with some level of confidence their future reliability. A
circuit breaker may be replaced when it does not meet system reliability requirements
or when the cost of life extension measures exceeds the cost of replacement. On the
other hand, when the circuit breaker continues to operate reliably, the focus should
be on extending the life of the circuit breaker through condition assessment.
However, the basic functionality of the circuit breaker must be preserved during its
extended life.
The intent of condition assessment is to identify the factors that contribute to an
overall reduction in the reliability of a circuit breaker so that its life may be extended.
The age of circuit breakers at many utilities has already exceeded design life so
programs for life extension are very necessary to defer capital costs. Good circuit
breaker maintenance practices may provide for the repairs needed to return the
equipment to service. Diagnostic testing is a key component for the proper condition
assessment.
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3.3.1

Condition Monitoring (On-Line)
A preferred on-line condition monitoring system may employ sensors to obtain
information concerning the functionality of the circuit breaker. These sensors
employed may be non-invasive. CIGRE [31] reported that these sensors may not
interfere with the insulating properties and surface insulation of the breaker, and may
not decrease the reliability of the breaker by causing inadvertent or sporadic tripping.
This meant that the part of the condition monitoring system that directly interfaces
with the breaker requires a level of reliability greater than that of the breaker itself.
With regard to circuit breaker condition monitoring CIGRE [31] reported the following.
A sophisticated condition monitoring system should monitor all possible parameters
and store these in a database for each circuit breaker. Each time the breaker
operates, the operational data may be stored and compared to previous operations.
Once the variations in breaker parameter values become too large, an indication is
may be given to initiate maintenance. Essentially a "fingerprint" or "signature" of the
breaker may be compiled through the monitoring system and compared to a
reference signature obtained at commissioning and subsequently directly after
maintenance. In addition, mechanical-monitoring methods such as vibration sensors
and accelerometers may be utilised. Some of these on- and off-line monitoring
parameters are described briefly below.

3.3.1.1 Monitoring Parameters (On/Off-Line)
Various researchers [31-34] reported that circuit breaker parameters that may be
monitored, are categorised into the following :
a)

Gas or oil which refers to the insulating and arc quenching medium.

b)

Electrical which refers to the main (and arcing) contacts and components in the
breaker head directly affected by the arc (such as SFs nozzles).

c)

Mechanical - referring to the operating mechanism.

d)

Auxiliary systems which refer to compressors, motors, trip and close coils,
hydraulic oil, etc. The parameters depend entirely on the individual design of the
breaker e.g. spring operated versus hydraulic.

Additionally the parameters may be classified as suitable for off-line or on-line
monitoring, or both. Off-line monitoring requires that the breaker be de-energised and
may be periodic (or inspectional) whilst on-line monitoring means the breaker is inservice and may be continuous or periodic depending on the condition monitoring
philosophy adopted. Table 3.4 on the following page shows the typical parameters
that various researchers [31-34,36-40] highlight as suitable for condition monitoring.
In my opinion condition monitoring is necessary to identify imminent failures in circuit
breakers and to enable prioritisation of condition based maintenance and
refurbishment. Also continuous, on-line monitoring may yield returns on breakers
which operate relatively frequently ; otherwise, inspections of breakers may have
more meaning. Inspection of breakers may necessitate their operation that may have
an advantage for seldom operated breakers in preventing the clogging of grease in
mechanical parts for instance.
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ONI
OFFLINE

AIR
BLAST

OIL

SFa

Temperature
Pressure
Moisture content
Arc products

X
X
X
X

X
X
X

X
X
X
X

ON
ON/OFF
ON/OFF
ON/OFF

Oil level
Dielectric strenath test

X

X
X

X

ON/OFF
OFF

X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

ON
ON
ON
ON
OFF
OFF

X
X
X
X

X
X
X
X
X

X
X
X
X
X

ON/OFF
ON/OFF
ON/OFF
ON/OFF
ON

linkage wear ; clogged grease
pole and break synchronisation
misalignment damage ; loose parts
contact speed and timing
operational aaeina

X

ON/OFF

gas tightness

X
X
X
X

ON/OFF
ON/OFF
ON/OFF
ON/OFF

reliabil ity
breaker timing
breaker slower at low temperature
reliabilitv

PARAMETERS

COMMENTS

GAS/OIL
arc energy
gas tightness
measure of dielectric strength
measure of dielectric strength and
contact wear
oil leaks
measure of dielectric strength

ELECTRICAL
12 t
Temperature
Re-strike
Pre-strike
Dynamic resistance
Main contact timina

contact
contact
contact
contact
contact
contact

and nozzle wear
wear
opening speed
closing speed
quality
wear

MECHANICAL
Contact travel
Contact position
Vibration
Auxiliary contacts
Number of operations

X

AUXILIARY SYSTEMS
Compressors
Motor currents/hydraulic
oil
Trip/close coil currents
Heating
ACIDC suoolv voltaae

X

Table 3.4: Circuit breaker condition monitor ing parameters.

3.4

Condition Assessment
On- and off-line monitoring techniques to establish the condition of power
transformers, instrument transformers and circuit breakers have been presented . By
using a single or a combination of available techniques it may be possible to
determine whether these items of equipment may be acceptable for continued
operation with required reliability. Other relevant information such as routine
maintenance and inspection data may be taken into account to establish condition as
well. A means to establishing the condition of power transformers, instrument
transformers and circuit breakers by the use of monitored data is discussed.

3.4.1

Power Transformers
Oil sampling and analysis may yield valuable information on power transformer
condition. Several tests performed on a sample of oil taken may reveal the condition
of the transformer's insulation . However, furanic analysis may provide a good
indication of remnant life of the transformer. A DP value of 200 is an indication of end
of useful life. Allan and Corderoy [10] reported that a transformer with insulation DP =
300 should be considered for a partial rewind, because about 70% of the insulation
life has already been consumed. This is an appropriate technique for assessing the
condition of the solid insulation.
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Moisture within oil-paper insulating systems is detrimental to the life expectancy of
power transformers . According to IEEE standards [7,8] transformers in-service
having moisture levels in paper of up to 3% are considered to be acceptable.
Recovery voltage measurements used to determine the condition of the transformer
insulation without the need to extract samples is possible and may become an
extremely valuable diagnostic technique .
The presence of fault gases may infer the condition of the insulating system. Sharp
increases in hydrogen or acetylene content that is associated with partial discharge
activity and arcing respectively, is cause for concern. However, other diagnostic tests
such as partial discharge detection (by electric or acoustic means) may have to be
performed to confirm the presence of discharge activity. International standard [14]
suggested that a sudden change in the total gas content by approximately 300 ppm.
would require further investigating and action to be taken to remedy the fault
condition. Dissolved gas analysis remains a key technique for assessing the
condition of the internal insulating system
Partial discharge detection and localisation by acoustic means is available
commercially and is being implemented with some success. International standard
[62] suggested a guideline for partial discharge detection in power transformers
which is as follows. The integrity of a unit is considered to be questionable if the
discharge intensity is found to be greater than 500 pC. If the discharge magnitude is
greater than a 1000 pC the transformer should be taken out of service. Early warning
and diagnosis may be enhanced when acoustic emission and gas-in-oil (on-line) data
may be used in conjunction. If it may be possible, on-line or conventional gas
analysis results may be taken into account when interpreting partial discharge
measurements.
It is evident that thermal stress plays a significant role in the overall life of the
transformer . Myers et al [4] reported that the useful life of transformer oil is halved for
every 10 °C increase above 60 °C of top oil temperature. Reference [67] stated that a
hot-spot temperature of 92 "C in the winding would cause a one per unit loss of life.
Based on these findings, constant monitoring of transformer temperature (winding
and oil) is of major importance. It appears that the objective of utility operators would
be to maintain the hot-spot temperature below 90 °C. Various researchers [4,67]
reported that loading of transformers having oil and hot-spot temperatures in excess
of the suggested limits should be avoided, otherwise the useful life may be drastically
reduced. In order to maintain the life of a power transformer , managing the loading of
a unit may be extremely important.
There are several techniques that may be used to establish winding displacement of
deformation in transformers . The detection of abnormalities in windings may be
established by off-line transfer impedance methods such as frequency response
analysis and low voltage impulse testing. Vibration monitoring and direct
measurement of winding movement or change in winding tension (loss of clamping
pressure) may be possible.

3.4.2

Instrument Transformers
Various monitoring devices may used to determine the most effective way in
detecting a current transformer failure. These devices may be applied to voltage
transformers as well. EPRI [20] concluded that the most effective parameters to
monitor on-line were partial discharge, capacitance and tan delta (dissipation factor).
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Sokolov et al [83] reported that imminent failure of may be caused by thermal
runaway or electrical origin. These researchers also stated that for a unit to be
regarded as defective (prior to failure) changes in certain monitored parameters were
observed and recorded. For each cause of failure the observed changes in
parameters were as follows. When thermal runaway caused failure ; rapid rise in Tan
(5 or dissipation factor in the range of 0.58% to 1.6% occurred. The partial discharge
intensity was greater than 250 pC. An increase in capacitance occurred (5 to 15%). A
rapid rise in surface temperature was noted. In the case were failure occurred due to
electrical origin; a rapid rise in partial discharge intensity of greater than 3000 pC
occurred. The Tan (5 increased rapidly from 4 to 6%. A high generation of fault gases
(hydrogen and carbon dioxide predominantly) was recorded. The in capacitance
increased due to short-circuiting between layers

3.4.3

Circuit Breakers
While the present condition of a circuit breaker may be evaluated on the basis of online monitoring , a complete out-of-serv ice inspection and series of diagnostic tests
may be performed. CIGRE [31] reported that there are also other factors discussed
below , that may be considered for dependable long-term service use.

•

Inspections, diagnostic tests and maintenance records

Historical records of the individual circuit breaker may be reviewed in complete
detail and compared with records for other breakers of the same manufacturer,
type , and voltage/current ratings. This comparison may be helpful in highlighting
conditions that may be common to any particular breaker group or family.
Additional data available from other utilities and from the manufacturer may be
used to corroborate the conclusion . This data could emphasise inherent areas of
concern and help to determine whether these may be economically correctable .
•

Does the circuit breaker's design and rating fits its application?

As substations age, and as system short-circuit currents increase with larger
loads to the point where the older breaker design and capability may be
exceeded , the possibility of in-service failure of the circuit breaker increases.
Accordingly, an important part of assessing the condition of a breaker is to make
sure that its rating is capable of handling any anticipated future system expansion
at that location. If not, it may be important to know if modification kits are
available to uprate this breaker.
•

Does the circuit breaker pose an environmental problem?

If the circuit breaker or attached bushings were initially filled with or were
subsequently contaminated with an environmentally hazardous material (such as
Polychlorobiphenyls) , corrective action may be considered.

This process discussed above is illustrated in figure 3.10 on the following page.
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Figure 3.10: Condition assessment process of circu it breakers [31].

With regard to circuit breaker condition assessment the following comments were
made by Sargent and Lundy [84]. In order to make a fairly accurate assessment on
the present condition of an individual circuit breaker for continued service, present
inspection maintenance and test data, along with service history, inspection ,
maintenance and test results should be available for review. If the information
available is insufficient to support a valid judgement as to its condition for future
service, other industry experience should be obtained to assist in the analysis. The
basic information should include complete inspection , test and maintenance data.
The same researchers also suggested that diagnost ic tests be carried out. In
summary , these diagnostic tests may include overall power factor , dielectric loss and
capacitance tests on the circuit breaker. The grading capacitors associated with the
interrupters should be tested as well. Additional tests may include contact resistance
measured across each phase, a complete analysis of the insulating fluid and gas
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mediums , circuit breaker timing and motion checks, DC insulation resistance tests
and an inspection and operational tests on the mechanism and compressor(s).
Sargent and Lundy [84] reported that available history on inspection , maintenance
and diagnostic data may be carefully reviewed for any indication of negative trends
that may cause the reliability to be questioned . These researchers suggested that the
following aspects discussed below be considered.
Overall in-service inspection and tests. The record of past in-service visual
inspections and tests may be reviewed to note the extent and frequency of corrective
work .
Inspections and diagnostic tests for interrupters . While there are certain tests that
may be applied to the breaker externally to reveal interrupter problems, it might be
better to perform an internal inspection so that checks may be performed directly on
each interrupter assembly .
Auxiliary interrupter components. It may be important that the auxiliary interrupter
components be checked whenever there is a complete inspection or cleaning
process .
Maintenance of mechanisms. There are certain in-service and out-of-service
inspections and tests that may be performed on some schedule that includes the
number of switching and fault operations , elapsed time, or absence of any operations
over an extended time period.
Maintenance of compressor(s). There are particular items to be checked, both inservice and out-of-service , to ensure that the compressor(s) may functioning
properly .
Maintenance of the insulating fluids systems. There are specific items to be checked
to ensure that the gas system may be functioning properly.

3.5

Conclusions
The intent of life assessment is to identify the factors that contribute to an overall
reduction in the reliability of equipment. These factors are obtained through condition
assessment. Condition monitoring by on- and/or off-line techniques is a key
component for condition assessment. Condition monitoring may be necessary to
identify imminent failures in power equipment and to enable prioritisation of
maintenance Le. condition based maintenance. Condition based evaluation is a
means of assisting a utility to decide if and when equipment need to be replaced or
upgraded , to maximise operation and optimise expenditure . The emphasis on
reduced maintenance costs , and life extension make it desirable to have monitoring
systems that will provide information for determining when maintenance should be
performed and life extension measures or practices implemented . Equipment may be
replaced when it does not meet system reliability requirements or when the cost of
life extension measures exceeds the cost of replacement.
The objective of maintenance and condition monitoring is to maintain the level of
reliability of existing equipment and to determine the necessary measures that may
be taken to extend life. At Croydon substation in Eskom (South Africa) a 500 MVA
400/132 kV transformer failed after being in service for 38 years. After 27 years of
being in service, dissolved gas analysis results indicated a high moisture content in
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oil of approximately 25 ppm and oil dielectric strength of 52 kV. Three years later (i.e.
after 30 years of service) the oil was reprocessed , an on-line dry-out system and a
rubber bag were retrofitted to prevent further moisture ingress through the
conservator tank. It may be evident that through regular maintenance (tapchanger
only) and condition monitoring the transformer at Croydon was identified as being
critical and measures to extend life were taken . However, the unit failed
catastrophically eight years later.
Based on the discussion above, the best approach would be to utilise condition
monitoring techniques to identify imminent failure , enable prioritisation of
maintenance and to assist utilities when deciding to refurbish (life extension) or
replace equipment. In this way operations are maximised and expenditure (either
operational or capital) is optimised .
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CHAPTER 4: LIFE EXTENSION
Life extension is the work required to keep substation equipment operating
economically beyond its anticipated life, with optimum availability, efficiency and
safety. A principal component of life extension is condition assessment, which allows
failure of defective equipment to be predicted before causing a forced outage [43,84].
It has become necessary for power utilities to increase their competitiveness in the
global market place. This may be achieved by providing electricity at the lowest cost
and the highest expected reliability. Most may then prefer to defer substantial
amounts of capital expenditure for new equipment by extending the life of existing
equipment. The report by Sargent and Lundy [84] contains a comprehensive
description of the life extension practices for substation equipment. The short
description of the life extension measures or practices below is summarised largely
from this source. Sargent and Lundy reported that utilities are undertaking life
extension projects (refurbishment) based on condition or economic evaluation. The
same researchers also stated that some utilities consider life extension to be the
result of a well-founded, consistently applied maintenance program.
Detailed below are recommendations to extend the life of equipment under
discussion. These recommendations have been extracted from various sources
referenced.

4.1

Power Transformers
Transformer life may be shortened by a number of events. Taking actions to prevent
failure from any of these causes may be a method for extending life. Briefly,
discussed below may be possible methods to substantially extended the life of a
transformer.
Controlling the characteristics of the internal system such as the oxygen and
moisture contents.
Maintaining the condition of the paper insulation by improving the utilization of the
transformer capacity. International standards such as IEEE Std C57.91 "IEEE Guide
for Loading Mineral Oil Immersed Transformers", 1995 [66], IEC 354, "Loading Guide
for Oil - Immersed Power Transformers ", 1991 [67] and The Transformer Loading
Calculation Method [84] may be considered good guidelines for the application and
loading of oil-immersed transformers .
Maintaining the condition of external components, internal components and insulating
systems.

4.1.1

Internal Insulating System and Components
A general summary of recommended operations that may be performed to extend
the life of the internal insulation system and components is outlined in this
subsection. In some cases, the reference document in which the relevant information
can be found is stated. A summary of the processes to extend the life of the internal
insulating system and components is presented in figure 4.1 on the following page.
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Figure 4.1 : Power transformers - elements of life extension.

4.1.1.1 Oil
The oil properties may be maintained as outlined in references 4, 12,51 and 52.

4.1.1.2 Paper Insulation
The most important elements of life extension for the paper insulation would be to
keep it dry and to prevent excessive deterioration either by high temperatures or by
high oxygen and moisture contents . The importance of these factors has been
outlined in section 3.1.3 - Paper Insulation Condition .

4.1.1.3 Short-Circuit Condition
4.1.1 .3.1 Condition of the Conductor Insulation

Based on the review presented in the previous chapters it is evident that the
condition of the conductor insulation be maintained since embrittlement of the paper
by thermal ageing or deterioration with excessive oxygen and moisture may result in
the shearing of the paper under short-circuit forces . The installation of an on-line dryout system and a rubber bag in the expansion tanks could be considered for both old
and new transformers. However, Van Wyk [85] stated in the case of older
transformers having a moisture in paper content exceeding 3% and an oil dielectric
strength of less than 60 kV, the installation may be not justifiable.
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4.1.1.3.2 Maintaining Tightness of the Windings
Loose windings are not the only important variable in maintaining short-circuit
condition in-service. However, from a practical point of view this may be the only
defect that may be corrected in-service. Frequency response analysis is a diagnostic
method that may be used to determine winding looseness or deformation.
Sargent and Lundy [84] reported that a possible means of obtaining data on specific
transformer designs that have a record of becoming loose in service would be to
contact other utilities and industry sources. These researchers also stated that
transformers may not be internally inspected to determine the tightness of the
windings unless available historical information indicates that there may be a
potential problem or some serious cause for concern.
4.1.1.3.3 Tightening of Windings In-Service
Before attempting to retighten the clamping of the windings, an attempt could be
made to appraise the condition of the insulation. If the paper insulation appears to
have lost its resilience and shows some indication of brittleness, retightening may not
be attempted. Insulation that may be in a satisfactory condition with windings that
may be loose, the task to contract a transformer manufacturer to retighten them may
be simple.

4.1.1.4 Leads and Connections
Gas-in-oil results may indicate that an internal inspection may necessary. However,
the ideal or good practice would be to check these component items when an internal
inspection is undertaken. Below is a summary of comments made by Sargent and
Lundy [84] when deciding to make such inspections and for making life extension
improvements with regard to leads and connections. These comments or
suggestions may be used as a guide.
4.1.1.4.1 Leads
Inspect all paper-taped leads and supports. If the tape has been damaged or found
to be loose, it could be replaced with new crepe paper tape since it may be easier to
apply, and stays in position once applied. The new tape should be dried and oil
impregnated prior to its use in the transformer . The taping must be applied tightly on
the leads with all or most of the stretch pulled out of the crepe paper. Experienced
personnel could perform re-taping of tapered joints or any joint. Incorrect re-taping
may cause oil voids on the surface of the conductor or spongy areas in the tape.
These voids or spongy areas may be the source of partial discharges that may be the
cause of failure. The same thickness of tape applied in the original design may be
used. Shielding of sharp points should be replaced.
4.1.1.4.2 Connections
Bolted connections usually remain tight for the lifetime of the transformer. Those not
covered by insulation may be inspected using a wrench to check the tightness.
Insulated joints could be checked for darkening of the paper, indicating overheating.
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4.1.1.5 Miscellaneous
4.1.1.5.1 Lead Supports
Lead supports are made from laminated pressboard, wood and other electrical-grade
laminates. Lead supports are usually bolted together using fibre or plastic bolts and
nuts. These bolts may become loose. During an electrical inspection the condition of
the supports including the tightness of the bolts may be checked.
Damaged bolts could be replaced with electrical grade type. Researchers [84] stated
that almost all hardware considered for use should be of electrical grade that is
suitable for use under hot oil; and the nuts may be locked using materials approved
by the transformer manufacturer for use in transformer oil.

4.1.1.5.2 General Inspection
The remainder of the internal assembly may be inspected for loose parts or
contamination. Any loose parts may be repaired. Contamination that could be found
including paper particles or pieces may be cleaned.
Sargent and Lundy [84] reported the following with regard to the use of materials.
The use of approved materials should be considered for the repair of internal parts
since transformer oil reacts with many materials that may cause major problems.
These researchers also stated that many synthetics or plastics are not compatible
with transformer oil that either become soft or disappear in hot oil.

4.1.2

Particles, Oxygen and Moisture in Insulating System
It has been established that excessive oxygen and moisture are factors that
contribute to the deterioration of paper insulating properties in service. High oxygen
levels in the transformer system results in oxidation of the oil, which produces sludge,
etc. The presence of moisture adds to the deterioration process. The oxygen and
moisture contents of oil in transformers having expansion tanks with rubber bags or
nitrogen blankets above the oil may be low, if the oil preservation systems are
maintained. Conditions that may result in high oxygen contents in transformers
having nitrogen blankets are as follows:
•

Incomplete purging of the gas space when the transformer may be opened.

•

Gasket or other leaks above the oil level. When nitrogen bottles are not replaced
promptly when empty, the pressure in the gas space may be negative resulting in
air being pulled in through defective gaskets.

Particles may be detractors from dielectric strength particularly in combination with
moisture in the oil. Particles may reduce the dielectric strength of the oil and the
surface (creepage) strength of the solid insulation. Therefore, it may be important to
keep the insulation system free of excessive particles as part of life extension.
Higher than normal dielectric loss may be an indication of excessive water in the
solid insulation, contamination or dielectric breakdown in the insulation. If the periodic
insulation power factor tests indicate higher than normal values, action could be
taken to determine the cause and to remedy the situation.
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4.1.2.1 Control of Oxygen Content
International standard [8] recommended that the oxygen content of the oil be
controlled to a maximum of 2000 ppm. It may be easy to contaminate the gas in oil
sample with air while taking the oil sample or when making the gas extraction from
the oil. Extreme care may be taken to prevent air contamination when making tests to
determine the oxygen content of the oil.

4.1.2.2 Control of Moisture Content in Paper
International standard [8] specify the limits for moisture content in insulating paper.
According to voltage class, Table 4.1 shows these values to which the moisture
content may be controlled.

% Moisture in Paper

Voltage Level
525 and 800 kV

1.0

230 and 345 kV

1.0

115 and 230 kV

1.5

Less than 115 kV

2.0

Table 4.1 : Power transformers - acceptable levels of moisture

In

the paper Insulation [8].

Since there may be high costs to maintain these oxygen and moisture contents,
some judgement may be exercised when using this information since the cost may
not be justified for transformers with small kVA ratings.

4.1.2.3 Methods for Controlling Oxygen and Moisture Contents
The oxygen and moisture contents in the insulating system may be controlled by the
application certain devices such a rubber bag(s). Their use may depend on the
importance of the transformer, replacement cost of the unit and the cost to implement
these devices. These costs would be used to justify the total expenditure required for
the device.
4.1.2.3.1 Older transformers with Oil Expansion Tanks without Rubber Bags

The oil expansion tank may be retrofitted with a rubber bag to prevent or exclude the
ingress of oxygen and moisture into the oil.
4.1.2.3.2 Transformers with Nitrogen Gas Blankets

Allan and Corderoy [10] reported that some utilities have fitted expansion tanks
having rubber bags to these transformers to control the oxygen and moisture ingress.
These researchers also stated that the sources of oxygen and moisture ingress in
this type of transformer are due to one or more of the following reasons. The first
reason is the failure to adequately purge the gas space of air after the gas space has
been opened to perform maintenance operations. Secondly, not replacing the
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nitrogen bottle correctly when it becomes empty and lastly, there may be gasket or
other leaks above the oil level.
Elimination of the cause usually requires care when performing maintenance
operations.
4.1.2.3.3 Transformers with Expansion Tanks having Rubber Bags
The rubber membrane may permit oxygen and water vapour to leak through the
rubber during the years of service. The oxygen level in the gas-in-oil samples may be
checked periodically to determine whether the levels are increasing over a number of
years. If so, one possible solution could be to drain and refill the transformer with
degassed oil.
4.1.2.3.4 Transformers with Forced Oil to Air Radiators
Negative pressures may occur on the intake side of the pump and at the top of
radiators. This situation may result in leaks from gaskets and dresser couplings.

4.1.2.4 Control of Particle Content
All types of particles including paper may reduce the dielectric strength of oil, and
metal particles may reduce the surface (creepage) strength of the solid insulation.
Paper particles absorb moisture from the oil and may become conducting, reducing
the breakdown strength of the oil.
The particle content should be controlled to ensure that the dielectric strength is
within limits specified in international standards [7,8]. Allan and Corderoy [10]
recommended that particle count tests be made when making tests to determine life
extension actions that should be taken.
Sargent and Lundy [84] reported that most manufacturers have different limits for
particle control in their transformers. These researchers also stated that the limit for
transformers that have been in service for several years is somewhat subjective, but
recommended that action be taken to clean transformers if the particle count is
greater than 50 000 particles in 100 ml of oil. Sargent and Lundy also concluded that
if the number of particles greater than 100 microns exceed 1 000 in 100 ml of oil,
cleaning operations should be considered. When performing the oil cleaning
operation the oil may be dehumidified and degassed at the same time.

4.1.3

External Components and Systems
External components and systems may be considered for life extension. Some of
these components and systems include cooling equipment, coolers or radiators,
instruments and gauges and oil preservation equipment. The recommendations
provided in this subsection are basically maintenance-related practices. Various
researchers [4,84] have documented detailed transformer maintenance procedures.
These procedures are concerned with life extension only. These practices may
impact on the life of the transformer system as well as the components.
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4.1.3.1 Cooling Equipment
4.1.3.1.1 Pumps

Bearing wear and other mechanical failures in oil pumps could be the cause of failure
in some power transformers. The particles generated from pumps found in areas of
high electric field stress may cause failure . There is no effective way to test pumps
in-service for such conditions. However, Sargent and Lundy [84] suggested that the
following actions discussed below, be considered .
Change-out of the oil pumps on a regular basis. The time interval depends on the
time that the pumps are in operation and the experience with each pump design. All
bearings, either sleeve or ball, that may eventually wear need to be replaced.
Some pumps may have a history of problems while in service . These pumps may be
replaced when they may have been in service for a long period of time.
When pumps are replaced on transformers that are in-service or repaired units, these
pumps may either be replaced with new pumps that may be reliable or be rebuilt with
improved bearing systems .
For important applications such as large generator step-up transformers and system
tie auto-transformers, install of pumps with bearing monitoring systems so that any
problem may can be detected early, before harmful particles get into the transformer
system .
The operation of pumps (and fans) on coolers could be rotated on a regular basis.
They are usually arranged in-groups that may be activated by the cooler temperature
controls. Rotating the groups may assist in balancing the wear on the pumps.
4.1.3.1.2 Forced Oil to Air (FDA) Radiators

Some types of radiators may be subjected to clogging. When this occurs , the
transformer may operate at higher than normal temperatures. The temperature
trends on such transformers may be checked and corrective action taken to ensure
that insulation deterioration resulting from excessive temperatures does not occur. It
may be neccessary to replace the radiator to save on maintenance costs.
4.1.3.1.3 Plate Fin Radiators

Sargent and Lundy [84] reported that these radiators may last for many years,
essentially trouble free. It may be necessary to check the temperature trends on
these transformers at pre-determined intervals and to clean these radiators if there
may be an increase in the trend due to the radiators being dirty.

4.1.3.2 Instruments and Gauges
Kogan et al [2] reported that a number of transformer failures occur each year
because instruments and gauges that control the transformer are inoperative . Such
failures included overheating due to loss of cooling and the low oil level that may
have not been detected by a defective gauge. Critical instruments may be checked
periodically to ensure correct operation . During the substation inspections gauges
may be checked .
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4.1.3.3 Oil Preservation Equipment
It may be important that oil preservation equipment function properly so that oxygen
and moisture are prevented (to an extent) from entering the paper and oil insulating
system.
4.1.3.3.1 Expansion Tanks with Rubber Bags
Sargent and Lundy [84] reported that such equipment requires little maintenance.
The oxygen and moisture contents from the periodic oil tests may be checked
periodically for trends to determine whether the levels are increasing. A possible
cause may be gasket leaks, but such trends may indicate that the bag has a leak or
that air may be slowly permeating the rubber.
The system may not be operating properly, if the oil level gauge does not indicate the
correct level and/or there may be a rupture in the bag, which may require
replacement.
4.1.3.3.2/nsu/ation Dry Out Systems
Van Wyk [85] reported that there are a number of effective transformer insulation offline dry-out techniques may be used. These techniques are briefly discussed below.
The vapour phase dry-out system requires that the transformer be de-tanked in a
workshop environment and inserted into a vapour phase autoclave. The tank is then
washed with kerosene vapour heated to 180 "C, before drawing a vacuum. At this
temperature the impregnated oil is moves out of the solid insulation, thus enabling
moisture to be extracted from the paper in a period of approximately three days.
The conventional site dry-out system is a mobile plant that circulates, treats and
heats the oil (and therefore the transformer insulation) to a temperature of 80 "C.
Thereafter , the oil is drained. A vacuum is then drawn on the drained transformer
tank at approximately 4000 m3 per hour at a pressure of 10-3 kilopascals. The
elevated temperature and reduced pressure on the paper insulation causes the
moisture in the insulation to boil off and is removed by the vacuum plant. The
complete process may take up to six weeks .
The low frequency heating (LFH) system for site or workshop dry-out of power
transformers uses a solid-state low frequency converter, a controlled (pulsed) three
phase current that is injected into the transformer primary, with the secondary short
circuited. At the same time a conventional dry-out plant described above is used to
circulate, treat and heat the oil. By heating the transformer insulation from within by
the LFH plant and clrculatinq oil, the heating time is significantly reduced. Thereafter ,
the transformer oil is drained and a vacuum is drawn on the tank, exactly as
previously described, to remove moisture from the paper insulation. This process
may take 4 weeks to complete.
These off-line dry-out systems require that the transformer be taken out-of-service. It
may be for this reason that an on-line insulation dry-out system may be favoured .
The developer [86] reported the following with regard to an on-line dry-out system i.e.
The Dry Keep. The Dry Keep is a device that is fitted in the transformer oil-circulating
path. It comprises of two passive cartridges containing a high technology sponge with
the ability of removing dissolved moisture continuously from the oil. The device is
capable of reducing moisture levels from 50 ppm to 10 ppm in transformer oils. The
continuous extraction of moisture from the oil ensures the removal of the moisture in
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the paper as well. This process may occur as a result of the diffusion of moisture
from the paper insulation to the oil to maintain the associated equilibrium as moisture
may be removed from the oil.
4.1.3.3.3 Gas Cushion Oil Preservation
These systems may result in supersaturating of the oil with nitrogen when the
temperature of loaded transformers may be decreased rapidly by dropping the load
in cold weather and/or during rain. Sargent and Lundy [84] reported that most utilities
have replaced the pressure controls that allowed the pressure to increase up to 6
psig before the system started to release the nitrogen into the atmosphere. The
pressure controls that were changed released nitrogen at around 3 to 3.5 psig.
Sargent and Lundy also reported that for some critical power transformers, the
nitrogen system has been replaced with expansion tanks having rubber bags. The
reason for this change was due to the following concerns, briefly discussed below.
If the nitrogen cushion designs are not properly maintained, this could result in the
failure of the transformer. If the nitrogen bottle becomes empty and not replaced, the
pressure in the gas space may become negative causing gas bubbles to evolve from
the saturated oil.

4.2

Instrument Transformers
This section focuses on certain maintenance and life extension practices for
instrument transformers. There may be very little that could be done to extend the life
of the internal components of instrument transformers. The required maintenance
and life extension practices differ for different brands of instrument transformers. The
following is presented for guidance on such transformers.

4.2.1

Current Transformers
Sargent and Lundy [84] reported that manufacturers of current transformers state in
their instruction manuals that oil samples are not to be taken. However, EPRI [20]
concluded that the history of current transformer operation indicated that the oil
deteriorated in some current transformers, which would mean that the oil should be
tested at predetermined intervals. EPRI also concluded that the deterioration would
cause an increase in the power factor of the oil particularly at elevated temperatures
after being in service for several years. This deterioration is believed to be related to
the use of oils that were not suitable for HV application.
EPRI [17] reported that oil power factor's as high as 15% at 100 DC were measured
in some experimental high voltage current transformers. The same researcher
concluded that if the power factor is as high as this value, it would be difficult to
remove all of the contaminated oil from the insulation. Based on the review presented
in chapter 2, x wax is known to be a polymer formed by partial discharges in oil-paper
systems. EPRI [17] reported that if such polymers formed, it may be impossible to
remove the wax from the insulation and that the presence of the wax may contribute
to higher partial discharge levels.
EPRI [17] concluded that there is a high probability that the x wax exists in the
insulation, if the following conditions exist:
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•

Dissolved hydrogen of 1000 ppm or higher and

•

Oil power factor at 100 °C greater than 5%.

4.2.1.1 Free Standing Hairpin Current Transformers
The central current carrying conductor is made in the form of a U. The paper tape is
then applied over the U shaped conductor. Conducting layers are a~plied within the
insulation to distribute the voltage from the central U to the ground shield on the outer
circumference of the paper.
Sargent and Lundy [84] reported that there have been a number of problems with this
configuration . The problems involved quality of work and design. Some of these
problems are as follows.
•

Ground lead not properly connected to the outer ground layer, which could cause
discharge between the ground lead and the shield;

•

Excessive oil spaces within the insulation that result in partial discharges in the oil
gaps;

•

Excessive amounts of adhesive used within the insulation causing partial
discharges in the air spaces within the adhesive;

•

Discharges at the ends of the shielding layers caused by improper location of the
shield layers;

•

Poor quality of oil; and

•

Some of the shield materials have resulted in conducting particles within the
insulation contributing to partial discharges.

There is nothing that can be done to correct any of the problems in service with the
possible exception of the oil. Sargent and Lundy [84] suggested possible actions that
may be taken. These are discussed below.
Drain and refill the oil, but this may not solve the problem . The oil impregnated in the
paper may be an appreciable percentage of the total oil. This oil in the paper may not
be removed when the transformer is drained. After some period of time in service the
old oil in the paper may contaminate the new oil causing the power factor to increase.
Therefore , draining at the site and refilling under vacuum may not solve the problem.
Some current transformers may contain approximately 100 gallons of oil.
Draining and refilling at the site may be approached with caution . Current
transformers contain many kilograms of paper insulation that may be from 4 to 6 thick
depending on the manufacturer and the type of design. Therefore, it may be critical to
start the vacuum operations as soon as the oil is drained to prevent moisture reentering the paper. In fact, the oil may be followed down with dry air or nitrogen to
reduce moisture re-entrance. The refilling could be done with hot oil so that the oil
gets into the spaces between the paper. Failure may occur if all the air is not
removed when refilling operations are performed.
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Processing in a workshop may be more effective. The following operations may be
performed. Drain the transformer by following the oil down with dry air or nitrogen.
Immediately pull vacuum on the current transformer for approximately 8 hours. Fill
the transformer with clean degassed and dehumidified oil. As soon as the current
transformer is filled, start circulation of the oil from the bottom of the current
transformer through an oil processor (where the oil may be filtered, degassed and
dehumidified) and back to the top of the current transformer. The oil temperature may
be maintained at 60 to 75°C during the circulation period. This circulation could
continue for approximately 4 hours. At the end of the 4 hour period, stop the
circulation and perform any operations needed to complete the assembly for
operation, including pressurisation of the head, preparation of any bellows in the
head, etc. The current transformer may then be tested for partial discharges. If the
transformer does not pass this test, it may not be returned to service.

4.2.1.2 Free Standing Pedestal-Type Current Transformers
Sargent and Lundy [84] reported the following with regard to these type of
transformers. These transformers have been found to have the same oil problems as
the hair-pin type, therefore oil processing may be the same. Some of these current
transformers have rubber bellows in the head to allow for oil expansion. After several
years in operation, these bellows developed leaks due to deterioration of the rubber
by sunlight that enters through the sight glass. According to researcher [84], when oil
leaks occurred, it meant that moisture, air and oxygen were entering the unit and the
only way a leak could be detected is when oil is seen on the head of the current
transformer. Sargent and Lundy also sated that it may be some time before the leak
is detected depending on the frequency of station walkdown and the ability to
observe a small amount of oil on the head of the current transformer, that may be 15
to 20 feet above the ground. At this stage a considerable amount of oxygen and
moisture may have already entered the system. The maintenance and life extension
practices suggested by reference [84] in this case are discussed below.
When such leaks are detected, the moisture and oxygen contents of the oil may be
checked when intending to replace the rubber. A sample of oil from the top, at least 6
inches below the normal level should be taken. Take a second sample from the
bottom of the drain valve. If the moisture content detected is greater than 15 ppm or
the oxygen content is greater than 2000 ppm in either sample, draining and refilling
the oil is recommended.
When the oil is being drained to change the bellows, ensure that there is still at least
2 inches of oil above the top of the 'donut' structure. Any oil added after the
refurbishment must be degassed to less than 1% gas by volume and dehumidified to
less than 10 ppm of water. The additional oil should be filled from the top of the
current transformer in a manner that will not create bubbles.

4.2.2

Voltage Transformers
The recommended maintenance procedures could be found in the manufacturer's
instruction manuals. In general, the maintenance may be similar to that of current
transformers, but also has some elements of power transformers. There may be
more oil volume in voltage transformers that allow for samples to be taken for
analysis.
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In cases where the manufacturer's instruction manuals do not contain procedures for
testing or maintenance, Sargent and Lundy [84] suggested that oil tests be
performed. The oil tests may include gas in oil analysis (to detect partial discharge
activity) and moisture in oil content. The presence of moisture could suggest leaking
gaskets. If the oil test indicates a high moisture content, power factor tests may be
made to check if the insulation is wet.

4.3

Circuit Breakers

4.3.1

Analysis of Various Factors
When the results of a circuit breaker's assessment indicates that there may be a
need of extensive maintenance, researcher [84] suggested that the next step be to
review other factors and any further options for refurbishment that may include
uprating, repair or modifications to extend the units life. These factors reported by
Sargent and Lundy [84] are discussed briefly below, and further options under
subsection 4.3.2.
Manufacturer's recommendations. The manufacturer's recommendations on the
availability of modification and uprating kits may be reviewed. When a manufacturer
has modification and uprating kits available for an older circuit breaker, confidence in
terms of improving the unit's reliability may be restored.
Availability of reliable spare parts at reasonable cost. Most breaker manufacturers
written manuals may be clear with regard to replacement instructions of certain
components or parts. Some manufacturers may not provide enough in-depth
instructions to enable users to make repairs adequately or to refurbish the breaker
without extensive research into methods, techniques, tools and parts or materials.
There are some manufacturers that may attempt to replace components in a modular
way as wear occurs, e.g., a complete blast valve or closing valve. A user may
interpret this approach as the replacement of individual pieces. In the case of older
breakers the parts may be locked together in ways that discourage attempts at
disassembly, because in most instances the attempt could cause irreparable damage
to the parts, requiring replacement of the entire component anyway.
In many cases, special tools were designed to disassemble (without destroying) the
interlocked parts. Methods and procedures have been created to enable rebuilds to
be accomplished in a manner that could be cost effective. Quality vendors may be
selected for the manufacturing of parts and may in some cases if possible perform
the rebuild work under the direction and supervision of the utility staff.
This method allows refurbishment of breakers that otherwise could have been
replaced because of extremely high costs to rebuild. Utilizing the manufacturer's
spare parts, could be the most economically viable option instead of replacement.
There may be a high probability that a breaker could be far more trouble free after
rebuild, because replacement parts are made of higher quality materials than when
the breaker was manufactured.
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4.3.2

Review of Options
Circuit breaker technology has advanced considerably to the point where newer SFs
puffer or self-blast breakers may often provide improved service at reduced
maintenance cost. This technology may be considered in the analysis of all the
factors in a judgement decision on repair, refurbishment or replacement.
It may be possible to refurbish or uprate older breakers with acceptable service
histories. As power networks continue to expand, it may be possible for older circuit
breakers to be used at less critical locations where their service duty could be less
severe. In such cases, safety to personnel and to the substation must be taken into
consideration .
Can the older, refurbished breaker be made reliable for the foreseeable future?
Consider the following example that illustrates how the major factors may be used in
the analysis of whether to repair, refurbish or replace a specific circuit breaker.

4.3.2.1 Repair
Consider repairing the breakers when (a) the modification kits to improve the circuit
breaker's operation may be available and (b) uprating kits may improve the circuit
breaker's rating to more closely match that of a new breaker.

4.3.2.2 Refurbish
The condition assessment may provide an idea of the cost to repair, refurbish or
uprate the breaker. Refurbishment could reduce maintenance costs initially, but it
may be prudent to assume that maintenance costs could rise drastically in the future
in comparison to having a new circuit breaker.

4.3.2.3 Replace
When replacing a circuit breaker with a new unit, costs may be obtained for a new
SFs puffer or self-blast circuit breaker. Besides the cost of the new breaker itself, the
following possible costs summarised below may be considered .
Removal of the existing circuit breaker. However, if there are other breakers of the
same type and rating, this breaker may be a valuable asset as a source of spare
parts.
The present foundation may not be adequate. If this may the situation, then it could
be replaced or altered.
Associated isolators, bus arrangemen t and clamps. These items of equipment may
have to be altered or replaced to accommodate the new breaker?
New control and signal cabling may have to be installed and tested. As a result
applications and labour costs could be incurred.
'
These considerations may be examined carefully and costs compared for the various
options.
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4.4

Conclusions
The life of a power transformer may be substantially extended by controlling the
characteristics of the internal system i.e. controlling the oxygen and moisture
contents. These characteristics may be controlled by employing on-line dry-out
systems and retrofitting rubber bags. On-line dry-out systems may be extremely
effective when installed on new transformers such that the level of the moisture in the
oil and paper insulating system is maintained. When fitted on older or more aged
transformers the moisture content in the insulating system maybe reduced or
maintained as well. Care should be taken when installing the rubber bags in the
conservator tanks. If the bag is ruptured or lacerated during installation, the benefit of
the measure taken to extend the life of the transformer would be defeated. By
improving the utilization of the transformer capacity the condition of the paper
insulation can be maintained.
There is very little that can be done to extend the life of the internal components of
instrument transformers. However, during station walk downs or inspections, it is
important to check for oil leaks and hot connections. When oil leaks are identified
bellows and gaskets may have to be changed. After the installation of the new
bellows and gaskets, care should be taken during the oil draining and refilling
process (section 4.2.1.1). The ingress of moisture and the introduction air bubbles
during refilling may contribute to the possible failure of the instrument transformer
rather than extending life.
With regard to extending the life of circuit breakers, various factors need to be taken
into consideration. These are inspection, maintenance, service history, failure of
similar breakers in service, and the availability of uprating and modification kits.
However, the decision to modify or uprate the breaker must be financially justified.
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CHAPTER 5: ELECTRICAL BREAKDOWN AND PARTIAL
DISCHARGES IN LIQUIDS
5.1

Introduction
This phenomenon may be described as an electrical pulse or discharge, in a gasfilled void or on a dielectric surface of a solid or liquid insulation, which partially
bridges the gap between two high potentials. There are several possible causes of
partial discharges, but generally they may occur as a result of an insulation
discontinuity creating a region of high electrical stress. The localised dissipation of
energy may cause insulation damage and breakdown products. The resultant
damage may extend the partial discharge process and cause rapid deterioration. In
the case were PO activity may be intense, this could most likely lead to catastrophic
failure.
Partial discharges are recognised as having a potentially significant impact upon the
life of most types of high voltage insulation systems. Within electrical equipment ,
failure modes may relate to particle contamination, bubble generation and partial
discharges . The breakdown mechanisms are briefly reviewed. In order to examine
the electrical stress limitations of insulating liquids an overview of the breakdown
mechanism is presented as well.

5.2

Literature Review
The electrical insulating properties of materials are degraded under the influence of
partial discharges. As this degradation mechanism may lead to eventual failure and
even the catastrophic loss of equipment , much effort has been devoted to the
development of detection methods [14,87-92]. Other aspects related to measurement
and interpretation [87,93-96], localisation techniques [89,91 ,95,97-101] and acoustic
wave propagation within the confines of the transformer tank [60,90,91] have been
researched and documented. In order to generate discharges during
experimentation , researchers have utilised various electrode/model geometries that
closely represent defects within transformers [60,94,95,102].
When the results of a periodic gas-in-oil analysis indicate a rise in key fault gases
such as hydrogen or acetylene, discharge detection techniques are employed to
assess the severity. Based on the assessment , corrective action is taken to prevent
possible failure. On-line single gas and multi-gas fault analysers have been
developed with the intention of enhancing the diagnostic process [103,104]. Earlier
detection and screening of internally developing faults in power transformers is
possible. The theoretical and mathematical aspects of the breakdown mechanism in
solid, liquid and gas dielectrics are detailed in reference [105].

5.2.1

Detection Methods
The current methods utilized for the detection of partial discharges fall into three
general categories , which may be summarized as follows:
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5.2.1.1 Electrical Detection
Partial discharges cause high frequency, low amplitude perturbations in the applied
voltage and current waveforms. Electrical discharge detection techniques are
intended to detect these perturbations. At least two standard circuits exist (as well as
several variations) which enable detection of either Radio Interference Voltage (RIV)
or PD level (pico-coulombs) associated with the phenomenon [87,88]. Unfortunately
these techniques are not very effective, typically as a result of excessive interference
signals (electromagnetic interference) or excessive test object capacitance. A further
limitation of this technique is that it is generally not possible to indicate the location of
a detected partial discharge source.

5.2.1.2 Chemical Detection
In a transformer the insulation is primarily oil impregnated cellulose and it is usually
submerged in a dielectric liquid. In the majority of cases the liquid is mineral oil.
Consequently, partial discharges cause the formation of degradation products from
both the effected insulation and oil. These products are principally gaseous and are
absorbed into the surrounding volume of oil. Above this oil is usually a blanket of
nitrogen and those gases absorbed in the oil that would eventually appear in the
head space as they reach an equilibrium situation with the liquid.
Detection of partial discharges then involves the analysis of oil for specific absorbed
gases. The presence of hydrogen and/or acetylene gas is an indication of PD activity
and arcing respectively [14]. This technique is free of the noise associated with
electrical detection methods. This is an accepted and recognised technique in the
field.
Problems associated with chemical methods are due to the fact that a PD source
evolves a small volume of gas as compared to the large volume of oil present in the
system. Consequently there can be a long time delay between the initiation of a PD
source and the evolution of enough gas for it to be detectable. For this reason the
information tends to be historic. Oil analysis would indicate that a problem exists, but
does not allow for an evaluation of the instantaneous condition of a transformer. As
the gas and oil samples are taken from large reservoirs, there is also little information
regarding the physical location of the source.

5.2.1.3 Acoustic Emission Sensing
Partial discharges are pulse like phenomenon, which cause mechanical stress waves
to exist in the material involved. These stress waves propagate through the
surrounding transformer oil and can be detected by sensors attached to the tank wall.
Much work has been done in the detection of these high frequency signals [89-92]
but transformers are mechanically noisy, there has been considerable difficulty in
differentiating between partial discharge produced signals and others.
One of the advantages of the acoustic method is its ability to locate a source
provided its presence can first be detected. The success of this method is based on
the sensitivity of the acoustic sensor [91]. This method is less sensitive for sources
inside the winding structure [92].
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5.2.2

Measurement and Interpretation
The technique of measuring and analysing partial discharges occurring in insulation
structures or assemblies can be used to detect weaknesses before they lead to
catastrophic failure. In a transformer, partial discharges cause transient changes of
voltage to earth at every available winding terminal.
Commercially available detectors are used to detect radio interference voltage, or
radio influence voltage [87], or measure the intensity of partial discharges expressed
in pico-coulombs [88]. Partial discharge magnitude expressed in pico-coulombs is
now established in IEC and various other documents [93-96]. There exists welldocumented literature [87,95,96] on partial discharge patterns, their evaluation of
results and determination of origin, etc, to assist practitioners in the interpretation of
results.

5.2.3

Localisation Techniques
The possibility of partial discharge location determination is a major features of
acoustic discharge detection. Location can be based on either measurement of the
time of signal arrival at a sensor [89,91 ,95,97-101] or on the measurement of a signal
level [88], provided that the discharge source is at a fixed position. In practical
situations, localisation is based on time-of-flight measurements requiring two or more
simultaneous measurements in order to facilitate triangulation to determine the
source location. With the use of two or three sensors (all-acoustic system) an
accuracy margin of ±10 em is possible [95].
Locating the position of a discharge is also possible when used in conjunction with
electrical sensing systems. Here an electrically detected pulse is recorded on one
channel of the measurement equipment and the outputs of several acoustic sensors
recorded on other channels. This technique is often used at a factory or laboratory
due to the problems inherent in electrical detection methods. It has been reported
that a precision better than ±5 em may be obtained with the use of a combined
electrical and acoustic system [91]. By employing advanced signal processing
techniques to this system, the accuracy can be improved by 60% [99]. Provided that
it may be possible to differentiate the partial discharge signals from other noises, the
time delays associated with sensor locations may be used to calculate the source
location.

5.2.4

Acoustic Wave Propagation
Acoustic signals produced by a partial discharge can be divided into two waves i.e.
longitudinal and shear waves. In power transformers, the mediums in concern are
liquid (oil) and solid (steel wall of tank). The speed of the longitudinal wave in oil is
approximately 1400 m/s [99]. Corrections to speed of sound for temperature and
moisture content are not generally made to increase accuracy because the
uncertainties due to material propagation are usually much larger [101]. However, in
the steel wall of the transformer tank, both longitudinal and shear waves propagate
with velocities of 5200 m/s and 3200 m/s respectively [101].
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5.2.5

Discharge Inducing Defects - Model Geometries
In order to analyse discharge activity patterns and other important characteristics,
researchers have performed experimental investigations based on a range of
electrode or model geometries [95]. These geometries represent various types of
discharge defects, which can be present in oil filled transformers. Discharge sources
have also been activated under oil by the use of simple gapped electrode
arrangements such as a point-to-hemisphere [94], sphere-to-sphere [60] and pointto-plane [102]. The point is usually a stainless steel needle with a tip radius ranging
from 20 to 50 microns and a sphere diameter ranging from 12.5 to 25mm.

5.2.6

On-Line Fault Gas Monitoring
Analyzing fault gases to diagnose problems in power transformers is universally
accepted and has been used for many years. Dissolved Gas Analysis remains a key
technique in establishing fault mechanisms. The introduction of in-situ on-line
analysis brings new possibilities. Real-time gassing, including trends, can be
associated with specific events, even on a daily basis, and yield information closely
related to the unit's problems. On-line gas analysis offers the ability to make an
assessment of the transformers operating condition close to real time.
Several on-line gas detection devices have been evaluated to establish their
performance [103]. Based on this evaluation, one monitoring system (Hydran 201 i)
has proven to be reliable in the field. This system monitors only one key fault gas
(Hydrogen) [104] - necessary for detecting discharges in transformers. The
manufacturer of Hydran specifies the analytical performance in terms of accuracy to
be ±10% of reading ±25 ppm of dissolved hydrogen gas.

5.3

Breakdown in Insulating Liquids
There are two main types of insulating liquids that are commonly used in high voltage
applications. These are petroleum and synthetic based insulating oils [105]. Other
oils used are synthetic hydrocarbons and halogenated hydrocarbons. For very high
temperature applications silicone oils and fluorinated hydrocarbons are generally
used.

5.3.1

Petroleum Oils
Petroleum insulating oils are mainly used in transformers (oil-immersed), circuit
breakers, capacitors, bushings and power cables. In transformers the oil impregnates
the paper insulation and provides insulation between the live and grounded parts.
The oil is also used for cooling by convection.
The oils are obtained by fractional distillation of crude oil. The oils are divided into
two main classes based on their chemical compositions.

•

Paraffin base (or methane series) characterised by the formulae CnH 2n+2 [106]
- Due to oxygen in the air the paraffin-based hydrocarbons are liable to
deteriorate by oxidation [106].
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•

Naphthene base, characterised by the chemical formulae CnH2n [106]
-

The naphthene hydrocarbons are more stable since they have a higher
oxidation resistance [106] .

Before application, the oil has to be purified, dried and free of acid (acid increases
the oil conductivity). Highly purified oils are of lighter colour while oxidised oils are
darker. Oxidised oil forms sludge that settles on the windings and hampers effective
cooling and results in overheating and ageing of the solid insulation.

5.3.2

Synthetic Oils
Synthetic oils are obtained by chlorinating diphenyl (C 12H 1O) - a mixture of diphenyl
and various degrees of chlorination e.g. C12HsC1S. Such dielectrics commonly known
as askarels, are mainly used in capacitors and special transformers [106]. The
askarels have a higher viscosity than transformer oil and are non-flammable. They
have a higher breakdown strength. Use of askarels is discouraged because they are
highly toxic and difficult to dispose.
Silicone liquids have also been developed for use in capacitors and transformers.
They have a lower viscosity than transformer oil and a higher flash point.

5.3.3

Breakdown Process
The breakdown mechanism in insulating liquids is strongly dependent on the purity of
the liquid. Liquid purity may be categorised as follows:
(a) Contaminated liquids - contain dissolved water and solid particles .
(b) Technically or commercially pure liquids - these liquids are almost free of or
contain very small amounts of moisture and solid particles.
(c) Pure (or highly purified) liquids - completely free from moisture, solid particles
and any dissolved gases .
Breakdown in commercially pure and contaminated liquids is a result of foreign
substances (dissolved gases, metallic/fibrous particles and moisture) contained in the
liquid . In pure liquids, breakdown is thought to be 'electronic' in nature . It is assumed
that electrons are released from the cathode into the liquid by either a field emission
or by the field enhancement thermionic effect [105].

5.3.3.1 Technically Pure Liquids
Breakdown in these liquids occurs mainly due to dissolved water and gases. The
presence of moisture in the oil greatly reduces the breakdown strength. Discharges
are initiated in the water globules because of the lower permittivity of the water
compared to the insulating liquid. The presence of dissolved gases leads to
breakdown due to ionisation in the gas bubbles .
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The liquid may contain bubbles due to:
•

The presence of dissolved gases e.g. air.

•

Microscopic particles or electrode surface imperfections.

•

Local heating (places of higher conductivity) or corona discharges.

•

Dissociation of products by electron collisions give rise to gaseous products.

When the field in the bubble becomes equal to the gaseous ionisation field (l.e. in the
bubble) , discharges may occur leading to liquid decomposition and eventual
breakdown. The equation for the bubble breakdown field is given by [105]
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bubble breakdown field
liquid surface tension
liquid permittivity
bubble permittivity
initial bubble radius
voltage drop across the bubble
field in the liquid in absence of the bubble

The expression (equation 5.1) indicates that in a given liquid , the critical field is
mainly dependent on the initial size of the bubble, which is affected by external
pressure and temperature [105] .

5.3.3.2 Highly Purified Liquids
In practical engineering applications high levels of purity are difficult to maintain.
Breakdown is thought to be mainly due to collisional ionisation initiated by electrons
released from the cathode by field emission and field enhanced thermionic emission.
The field emiss ion is enhanced (locally) by positive ions returning to the cathode.
When an electron is released into the liquid , it acquires energy from the applied field.
It is then accelerated and ionises the liquid molecules, setting-up avalanches.
The condition for avalanches to be initiated is when [105]
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electronic charge (1.6x10.19 C)
applied field
electron mean free path
quantum energy lost in ionising the molecule
an arbitrary constant
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Table 5.1 below depicts the typical breakdown strength of highly purified fluids.

Liquid

Strength ( MV/cm)

Hexane

1.1 - 1.3

Benzene

1.1

Good oil

1.0 - 4.0

Silicone

1.0- 1.2

Oxygen

2.4

Nitrogen

1.6-1 .88
Table 5.1: Dielectric strengths of highly purified fluids [105].
..

The intrinsic breakdown strength of 1x108 Vim or more tends to indicate that partial
discharges within the transformer would generally be related to voids or bubbles.

5.4

Mechanism of Hydrogen Generation
Transformer oil decomposes at elevated temperatures and emit hydrocarbons such
as methane , ethane and ethylene . Ethylene is produced when the heat in the
discharge is above 150 °C [103]. At much higher temperatures acetylene is also
produced, usually from arcing (high intensity discharges). Hydrogen gas is not
usually detected below 250 to 300 °C [103]. Predominantly hydrogen generation with
or without some hydrocarbons , particularly methane , is generally associated with
corona activity. It is believed that in a strong electric field, the hydrogen atoms are
stripped off from the hydrocarbon chain of the oil molecules . Such activity may be
influenced by the oil-metalloil-paper interface [103].

5.5

Partial Discharge Sources
Partial discharges may result from problems associated with the transformer design ,
construction, maintenance or general ageing effects. Insulation defects or potential
sources that may lead to initiation of PO in transformers include [95]:
•

Delamination - may occur where two or more pieces of pressboard are glued
together to form thicker barriers.

•

Voids - may occur in glue, connections with enamelled thread or in places with
insufficient impregnation.

•

Gas Bubbles - may be created by discharges that cause vaporization of oil and
moisture .

•

Free particles - may be present due to the manufacturing process of the
transformer.
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5.6

•

Fixed metallic particles - these may be found in "wood details" or fixed in paper
on windings.

•

Moisture - formed by the ageing of the transformer or may be introduced into the
system during the manufacturing process.

•

Bad connections of electrostatic shields - due to the large capacitance involved,
these discharges are normally large.

•

Static electrification - results from excessive velocities of cooling causes charges
to be deposited in certain areas causing electric field enhancement.

•

Surface tracking - occurs on barrier surfaces on the boundary between different
insulating materials.

Electrical Measurement of Partial Discharges
In a transformer, partial discharges cause transient changes of voltage to earth at
every available winding terminal. The electric pulse generated at every terminal due
to the voltage collapse at the discharge site can be measured using techniques set
out in the relevant standards [93]. A corona detector measures the component of the
pulse in the frequency range of 20 kHz to 300 kHz [93]. Problems of harmonic and
radiated interference are thus avoided. Precautions must be taken to eliminate
interference from discharge sources in the surrounding area, the power supply
source and the terminal bushings [94].
The pulses are displayed on an ellipse, which represents the power cycle. This visual
display provides information regarding the magnitude and polarity of the pulse as well
as the position of the pulses in the power cycle.
The actual charge transferred at the location of a partial discharge cannot be
measured directly. The preferred measure of the intensity of a partial discharge is the
apparent charge 'q' as defined in IEC Publication 270 [93]. The apparent charge that
surrounds the discharge site. is not equal to the true magnitude at the discharge site
but is less, depending upon the capacitance's of the discharge site and the insulation
Before any measurements are taken, the measuring circuit must be calibrated. The
measuring equipment is connected to the terminals by matched coaxial cables. The
measuring circuit should always present an almost constant impedance to the test
terminals. This is achieved by matching the cable impedance to that of the input
impedance of the measuring instrument.
When measuring partial discharges between the line terminal of a winding and the
earthed tank, a measuring impedance Zm is connected between the bushing tap and
the earthed flange. Calibration of the measuring circuit is carried out by injecting a
series of known charges at the terminals and measuring its magnitude at the
detector. SUbsequent measurements can then take into account the attenuation of
the measurement circuit.
Figure 5.1 shows a measurement and calibration circuit of this type where the
calibration circuit consists of a pulse generator and a series capacitor Co of
approximately 50 pF [93]. Where the calibration terminals present a capacitance
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much greater than Co the injected charge will be qo = Uo *Co. where Vo is the voltage
step.

Figure 5.1: Measurementand calibration circuits using a condenser bushing capacitance

tap [93].

Figure 5.2 illustrates an arrangement where a bushing tapping is not available. The
measuring impedance is connected to the HV terminal of a partial discharge free HV
coupling capacitor C. Commercial partial discharge detectors must be calibrated in
terms of the method specified in IEC 270 [93] . These detectors also have a built-in
impedance matching functionality. There are two types of measuring instruments in
use : (a) narrow-band and (b) wide-band .

=

Figure 5.2: Calibration and measurement circuits using a HV coupling capacitor [93].

Measurements are made for the following reasons [93]:

•

To verify that the test object of concern does not exhibit PO greater than a
specified magnitude, at a specified voltage;

•

To determine the voltage amplitude at which PO inception and extinction occurs;
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•

To determine the magnitude of the specified discharge quantity at a specified
voltage.

Guidelines on discharge activity in power transformers have been suggested [62].
These are:

5.6.1

•

10 - 50 pC may be regarded as "normal"

•

< 500 pC

•

> 500 pC = questionable

•

> 1000 pC

=normal deterioration (ageing insulation)
=defective

Recognition of Corona in Oil
In oil, corona produces discharges symmetrically displaced about the voltage peaks
on both half cycles of the power frequency waveform [90]. The different patterns that
are obtainable with electrical detection techniques are depicted in figure 5.3.
The discharges on one half cycle are greater in magnitude and the larger discharges
may have equal magnitude, or vary in magnitude (figure 5.3(a) and (b) respectively).
Erratic discharges may appear at a voltage below the inception voltage with the
number of discharges increasing rapidly above the inception voltage. Discharges with
a much larger magnitude begin at first.
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(a)

(b)

Figure 5.3: Typical patterns for corona in oil (a) and (b) [90].
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5.7

Acoustic Detection of Partial Discharges

5.7.1

Definitions
Co uplant:
A substance used at the structure-to-sensor interface to improve the transmission of acoustic
energy across the interface during acoustic emission monitoring. All liquids and many gels
meet this criterion . Couplants commonly used are glycerine and silicone grease .

Acoustic impedance:
The decisive factor for determin ing reflection and transmission properties when passing from
one acoustic medium to another. The acoustic impedance is denoted Z and defined as
(density) x (propagation velocity) , Z r v.

=

Sensor, Transducer or Sensing transducer:
A detection device, generally piezo-electric, that transforms the particle motion produced by a
shock wave into an electrical signal.

Attenuation:
Acoustic waves attenuate as they travel through the media. Attenuation is due to a
combination of wave diffusion and losses due to molecular collisions, as well as reflection/
transmission at media interfaces.

Magnetostriction Noise:
Noise associated with the flipping of magnetic domains in the core of a transformer; generally
occurs at twice the power frequency . The amplitude of this signal as measured during each
half cycle is about the same.

Critical angle:
The largest incidence angle (from normal) for which a wave can enter a medium with a higher
propagation velocity. This angle is given by sin (f)=VirIVout; for an oil-steel interface . Vin and Vout
corresponds to the velocity of sound in oil and steel respectively.

Decibels:
The decibel scale is a logarithm ic scale commonly used to express sound pressure or energy
levels. The convers ion between decibel level and linear scale is [101]:

Sound Pressure Level (dB) = 20 log (P/Pref) ,
where the reference pressure , Pref , is typically 1 Pascal. Sound energy , which is proportional
to the square of the pressure, increases by 26% for each decibel increase [101]. This means
that the sound energy doubles for each 3-dB increase [101].

81

where the reference pressure, Prel , is typically 1 Pascal. Sound energy, which is proportional
to the square of the pressure, increases by 26% for each decibel increase [101]. This means
that the sound energy doubles for each 3-dB increase [101].

Diffraction:
The distortion of an acoustic wave front by an object in the sound field. It is characterized by
the "bending" of sound waves around the obstruction .

Direct acoustic (oil-borne) path:
Propagation of the PD acoustic signal through the oil directly to the sensor located on the tank
wall.

Longitudinal waves or Pressure waves:
The particle motion in the medium is purely in the direction of propagation. Normally this is the
only kind of wave that propagates in liquids and gases .

Reflection:
Scattering of propagating waves back in the direction of origin by an obstruction or
discontinuity in the propagation path.

Sensors:
Damped acoustic emission piezo-electric sensors were used in the experiment. These were
mounted externally on the transformer tank .

Structure-borne path:
Propagation of the PD acoustic signal through the transformer structure.

Transverse or Shear waves:
The particle motion is perpendicular to propagat ion direction similar to a vibrating string . They
occur only in solids such as cellulose .

5.7.2

Introduction
A partial discharge results in a localized, nearly instantaneous release of energy that
acts as a point source for acoustic waves [88].
"A discharge creates a disturbance that sets a mechanical wave that propagates
through the insulation medium surrounding it. The disturbance causes rarefaction
and compression of the surrounding medium, resulting in changes of density and
displacement of molecules within the medium. This is called 'particle displacement'
where a 'particle' refers to a small volume of the bulk material" [90].
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5.7.3

Acoustic Signal Transmission Characteristics
Active PO sources in oil-filled transformers produce acoustic ermssions that
propagate away from the source in all directions [90]. The acoustic signals travel
through pressboard, clamps and other intervening material to eventually arrive at the
transformer tank wall. The distance travelled by the acoustic signal may be
approximated as follows [88]:
Distance travelled = acoustic wave speed x time

..........5.3

The principle of acoustic PO source location assumes that the acoustic signal travels
a direct, straight-line route from the source to the sensor [98]. Unfortunately, this is
not always the case, as the acoustic field inside the tank is very complex due to wave
reflection, diffraction and transmission [98]. For example, if there is an obstruction
blocking the line of sight between the source and the sensor location, the sound may
(a) Travel around the obstruction - this leads to a longer propagation time that would
imply a greater distance between the source and the sensor or (b) The sound may
travel directly through the obstruction at a wave speed that is faster than its speed
through oil. The resulting arrival time would be earlier, which would imply a shorter
distance between the source and the sensor.
Structure-borne propagation paths within the tank wall present a further technical
challenge. As the acoustic wave hits the tank wall, its frequency characteristics
remain the same, but its mode of propagation, and the speed at which it propagates,
does change [107]. Take the example in figure 5.4 in which the sensor is located on
the far side of the tank, away from the source.

Structure-borne path

"""-- Acoustic
sensor

~

Transformer tank

Figure 5.4: Illustration of alternate propagation paths for the acoustic partial discharge signal.

Acoustic waves hitting the tank wall will set up an alternate propagation path via the
steel tank to the sensor on the other side [107]. The wave speed in steel is faster
than in the oil and the wave travelling this structure-borne path may arrive at the
sensor earlier than the wave travelling the direct acoustic path [107]. If the distance
calculations were based on the arrival time of the structure-borne wave with the
wave speed in oil, this would imply a shorter distance between the source and the
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sensor when compared to the actual distance the signal travelled. It is crucial that
distance calculations are based on the direct acoustic path. Corrections to speed of
sound for temperature and moisture content are not generally made to increase
accuracy because the uncertainties due to material propagation are usually much
larger [101].

5.7.4

Acoustic Signal Propagation
Another way to distinguish the structure-born waves from the oil-borne waves is to
look at the mode of vibration [107]. Fluids, such as oil will only support pressure
waves. Solids, such as steel can support many types of wave motion. A PO event
creates a spherical pressure wave in the oil similar to that of a point source
generating longitudinal/pressure waves only, travelling at a velocity of approximately
1400 m/s (VI(Oil) [99]. Pressure waves in the oil become both pressure waves and
shear waves in the tank wall [107].
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Figure 5.5: Description of the longitud inal and transverse waves .

Two wave fronts (longitudinal and shear) will be seen in the steel plate enclosure as
illustrated in figure 5.5. In a steel plate the longitudinal (VI(Steel) and transversal
(VS(Steel) wave velocities are approximately 5200 and 3200 m/s respectively [101].
These waves hit the transformer wall at different incident angles (8). Two critical
angles BI and Bs are formed according to 'isotropic acoustic Snell's law' [107] since
VI(Steel) and VS(Steel) are greater than V I(Oil)'

~
Os

1

= sin- ( V I(Oil) / V I(Steel) )
= sin" (VI(Oil))/ V S(Steel)
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13,7°
25 ,9°

The tank surface can thus be divided into three regions. Both the shear and
longitudinal waves can be transmitted for 8 < 81• Where ~ < 8 < 8s , only shear waves
are transmitted . In the region 8> 8s the incident is completely reflected [107] .

B

y

------- ---.
Tank wall

I

ensor

x

x
=:==-~------.

Figure 5.6: Model for acousticwave propagation.

The shear and the longitudinal waves propagate internally along the wall due to
multiple reflections at the interfaces of the steel and the oil, shown in figure 5.5. It can
be seen from figure 5.6 that an angle lp is formed between the sensor and the source
B. It is obvious to find a general solution for the quickest path , however the solution
should correspond to a path with an incident angle 9 not exceeding a. The
transmission time (I) can thus be found by [107] :

t =

~(x 2 + Y 2 ) + (X - x)
vm

Va

.......5.4

where V o = V1 (Oil) and Vrn = V1 (steel) or VS(steel) . The transmission time of the shortest (ts)
path corresponds to the point where 8 =a =vo l Vm -

=

t
S

Y

X

"e.cos{a)

- tan{a )

+ - - - "'----'vm

....... 5.5

However this is only true if a < 4/, else the time for the direct path (td) is found using 8

= 4/.

td

~(X 2 +y 2)

=-'----'-- -----'va
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.......5.6

5.7.5

Signal Absorption and Reflection
When dealing with acoustic signals, 'acoustic impedance' and 'signal intensity' are
two important units. The ratio between the sound pressure and the velocity of the
particle is called the 'specific acoustic impedance, Z which is analogous to electrical
impedance Z is given by:

-

p

-v

....... 5.7

- Z -

where p = peak pressure and v = peak velocity. In the case of planar waves, this
acoustic impedance becomes a scalar quantity ( z = Poc) , which is then referred to as
the characteristic impedance, Ze, of the material [90]. Note that the relationship
between the propagation of the wave and the individual particle movement is
determined by the parameters of the material.
The time average of the acoustic energy flow through a specific medium is the
'acoustic intensity', I, expressed below in terms of its peak pressure and velocity, p
and V respectively, and its characteristic impedance [90]:
-P
VPoc
I=vp = - - - = - 2poc
2

.......5.8

Several mechanisms e.g. spreading of the acoustic wave, acoustic absorption and
scattering of the wave front cause the intensity of a wave to decrease as a function of
the distance from the source, as it propagates through a medium [90]. For lossless
media, the intensity of a spherical wave decreases inversely to the area of the wave
front, and in a cylindrical wave the intensity of the wave decreases inversely with the
distance from the source. This reduction in intensity is termed 'spatial attenuation'.
When an acoustic wave propagates from one medium to another, the wave is partly
refracted and the rest is reflected. The energy of the transmitted wave is thus
reduced [90]. The intensity of the transmitted wave depends on the transmission
coefficient , U, of the two media given by the term [90]:

.... ...5.9
where It and I; are the transmitted and incident wave intensities and Z1 and Z2 the
acoustic impedances of the two media. Large differences of the acoustic impedances
of the two media result in a small portion of the incident wave being transmitted. For
a given pressure wave the transmission coefficient between the oil and the steel is
0.11, while the transmission coefficient between air and steel is 0.0016 [90]. The
signal is thus greatly attenuated.
When the incident wave strikes the boundary obliquely, the angle of the transmitted
wave is governed by the required coincidence between the incident and transmitted
wave along the interface [90]. Snell's Law describes this as:

sine(A ) = sine (A )
c,
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c;

.......5.10

5.7.6

Locating the Source of the Discharge
Partial discharge detection and location by acoustic means are carried out in the
factory and in the field , the latter with the transformer either connected or
disconnected to the grid.
Two general categories of location systems have been developed :
•
•

The all-acoustic system and
The acoustic system with an electrical PO trigger .

Typical implementations of each of these types of systems are described below.

5.7.6.1 The All-Acoustic System
The first category the all-acoustic system consists of an array of acoustic
transducers that are sensitive to the acoustic emissions generated by a PO event
[91]. The location of the PO source is determined solely by the relative arrival times
of the acoustic signals at each of the sensors . This makes the all-acoustic system
suitable for source location on operating transformers in the field.
I

The acoustic transducers can be mounted on the exterior of the transformer tank to
detect the signal from PO noise impinging on the tank wall, or inside the transformer
to detect the PO signal in the oil. Both of these set-ups can be used for long term ,
unattended monitoring.

5.7.6.2 The Acoustic System with Electrical PD Trigger
The acoustic system with an electrical PO trigger , pairs the array of acoustic sensors
described above with a current or voltage measurement device that detects the PO
signal electrically [91]. Since the electric signal is detected instantaneously , the
arrival time of the electric signal can be used as time zero for the PO event. The
difference in arrival times of the electric signal and an acoustic signal is the
propagation time between the PO source and that sensor location . Thus PO location
in this type of system is based on the absolute arrival time at each sensor , as
opposed to the all-acoustic system described above which uses the difference in
arrival time between sensors .
PO location is one of the major features of acoustic discharge detection. As
previously mentioned , location can be based on either measurement of the time of
signal arrival at a sensor or on measurement of signal level. In practical situations,
location based on a time-of-flight measurement requires two or more simultaneous
measurements in order to facilitate triangulation to determine the source location
[91]. The simplest approach is to measure the electrical signal simultaneously with
the acoustic signal (figure 5.7). If the acoustic propagation velocity is known, then the
source location is easily determined .
Using this approach an estimate of the spatial location of the discharge can be
obtained using a minimum of three sensors placed externally on the transformer tank
[101]. Firstly, a three dimensional layout should be constructed by using a convenient
corner of the tank for zero co-ordinates (figure 5.8). For tanks with rounded corners ,
consider squaring them off for reference [101].
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Sensor 1
Sensor 2

PO
,-~- -----

Sensor 1
Sensor 2
Senso r 3

Figure 5.7: Triangulation of source location based on time of flight measurements for an
acoustic system with electrical partial discharge trigger [91].

Consider figure 5.8 as a representation of a transformer tank with three sensors
located at different positions as indicated . The PO source is located as shown.
If the speed of sound in oil is C mls and t; is the time taken for the acoustic signal to
arrive at sensor S;, then the distance from S , to the partial discharge source is given
by [91]:

.......5.11
For i = 3 in this case, the location of the PO source (x, y, z) can be easily estimated
by solving the simultaneous equations.

o
o
sensor 2
(x ],y ],z] )

x

•

sensor 1
(Xl>YI ,z/)

o

( x,y,z)
PD

(0,0,0)

Figure 5.8: Transformer tank - 3 sensors mounted externally (3-D co-ord inate system) [101].
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If the electrical signal cannot be detected , triangulation can be carried out as a
simultaneous measurement with two or more acoustic sensors. The source can be
located on a hyperboloid between the two sensors , which can be determined from
analysis of time lag of the signal (figure 5.9). This method can be used during test~ ,
where time is limited. Alternatively , the distance from the PO source to the sensor IS
approximated by multiplying the acoustic speed in oil (C) and the time difference
between the two signals (l1t) [91].

Trajectory of PD

Sensor 1

Sensor 1
Sensor 2

Figure 5.9: Triangulation of source location based on time of flight measurements for an
all-acoustic system [91].

5.7.7

Acoustic Emission Testing: General Considerations
Transducer placement and mounting is critical to obtaining good results. Aspects to
consider as discussed briefly below [98]:
The contact between the transducer and the transformer tank is critical. Simply
placing a transducer on the transformer tank surface often produces a very weak
signal. It is advisable to wipe the area free of contaminants and polish it with a mild
abrasive or abrasive cloth before installing the transducer.
An acoustic couplant is essential for enhancing the mechanical and acoustical
coupling between the transducer and the tank surface . It should be evenly applied to
the clean mounting surface of the transducer before placement.
Transducers should be mounted on the tank walls. Mounting on a bolted cover or
other gasketted surface can distort or dissipate the signal.
Avoid locations where magnetic or non-magnetic tank shielding, exists since this will
cause additional signal attenuation .
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For transformers built with double wall construction, transducers should be located
on the welded ribs that span between the two tank walls to provide a strong signal.
The air in the cavity between the walls attenuates acoustic signals.
Avoid locations above nitrogen blankets. This adds impedance in the transmission
path, which produces additional attenuation. Locating sensors in close proximity to
high voltage sources for safety reasons should also be avoided. There may be
sufficient spacing between sensors to insure independent signals.
Verify sensor operation, for the entire system and for each sensor. This may be
accomplished by tapping on the tank with a screw driver.
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CHAPTER 6: PARTIAL DISCHARGES - EXPERIMENTAL
ASPECTS
6.1

Introduction
Although acoustic emission data is useful in its own right, it becomes even more
useful when used in conjunction with other information such as dissolved gas in oil
data. Assuming that an incipient fault has been present for some time within a
transformer, as is typical of situations that develop in the field, good correlation
should be expected between the results of gas-in-oil analysis and acoustic emission
data.
Dissolved gas analysis is a proven technology and is a key technique in establishing
fault mechanisms in transformers . The reader is referred to the following references IEEE Std C57.104-1991 [14], "Guide for the Interpretation of Gasses Generated in
Oil Immersed Transformers " and IEC 60599-1990 [15], "Interpretation of the Analysis
of Gases in Transformers and other Oil-Filled Electrical Equipment ", for more
information. The new technology (Acoustic Emission Sensing) is a valuable
diagnostic technique that can be used to detect and locate discharges in
transformers .
The acoustic errussion technique provides essentially real time information. Oil
analysis, on the other hand, is to an extent historical in nature due to the fact that test
samples are taken on a periodic basis. Most transformers become candidates for
acoustic emission sensing provided that the trended data of the gas in oil analysis
indicates a rapid rise in the hydrogen content. It then becomes necessary for oil
samples to be taken on a more frequent basis. The decision to keep the transformer
in-service becomes extremely difficult since the information at dispose is historical.
A discharge has to be active for some time before sufficient gas (hydrogen) is
generated and detectable in the large volume of oil present. However, with the
development and commercial availability of reliable on-line analysers, it is now
possible to obtain fault gas data that is almost real-time. These analysers are seen
as invaluable condition monitoring tools that provide an indication of gas
concentrations , and therefore trends, closer to real-time as is possible. The ability to
detect an evolving fault gas such as Hydrogen (on-line) in transformers can enhance
early warning and diagnosis. On-line monitoring of dissolved hydrogen gas is
therefore a tool by which more confidence can be attained in diagnosing developing
problems.
This chapter presents the results of a laboratory experimental investigation that was
carried-out to:

•
•

•

Determine the sensitivity of the electrical and acoustic detection system to partial
discharge inception voltage (PDIV); and the corresponding PO magnitude;
Detect and verify the location of a single PO source (in a fixed position), by
acoustic technique;
Determine if a correlation exists between gas-in-oil measurements (on-line) and
acoustic emission data.

The test object was an oil-immersed distribution power transformer that had to be
modified to perform the experiment.
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6.2

Test Set-Up
An experimental set-up was established in a laboratory consisting of a de-energised
11-kV/400 V oil-filled distribution transformer. A point-to-sphere electrode
configuration was fitted on the internal ends of the high voltage terminals (figure 6.1),
to create a discharge source when a test voltage is applied to the point electrode.
The spacing between electrodes could be manually set from 0 to 100mm. The
internal components of the transformer consisting of the tapchanger mechanism,
laminated core and windings were not removed from the tank. Both HV and LV
terminals were disconnected from the windings during testing.
Two piezo-electric acoustic sensors 81 and 82 (Appendix A) were placed in locations
L1 or L2 on the transformer tank. The positioning of the sensors is illustrated in figure
6.2. These sensors were held in place by magnets. A sketch of the magnet and
acoustic sensor coupled can be seen in figure 6.3.To improve acoustic coupling, a
thin layer of silicone grease was applied to the face of the sensors. Methanol was
used to clean the surface of the transformer tank prior to attachment.
The transformer tank was modified to create an external oil-circulating path. Oil
circulation at a rate of 100 litres/hr was achieved by installing a small capacity in-line
pump that had to be fitted with viton '0' rings for the oil application. A gauge valve
was fitted to take oil samples when necessary during the experiment. An on-line
hydrogen in oil sensor was also installed in the oil circulation path. During testing, the
oil temperature was measured by using a hand held meter connected to a 300mm
long thermocouple that was fitted onto the top tank cover. A sketch of the piping,
pump (P), gas sensor, ball valves, gauge valve and thermocouple installation is
shown in figure 6.2.
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Gap -length
(0 - l OOmm)
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Phase A
(External)
PVC Bush Fitted with
Double "0 - Rings " on
the Inner & Outer
Sections

Dead Core

No. 10 needle - 20 micron tip
rad ius
(Stainless Steel)

Sphere diameter = 60m m
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movable brass rod)

OIL FILLED

Movable Brass
Rod
(Earthed)
Transformer
Tank

3-phase wind ings decoupled

Figure 6.1: Di.agra~matic representation of the oil filled transformer in laboratory - fitted
With POint and sphere electrodes on the internal ends of HV term inals A and B.
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Figure 6.2: Illustration of oil circulating path - gas sensor, pump and piping mounted

externally.

A PO free transformer was used to supply the voltage necessary to generate a
discharge from the gapped point-to-sphere electrode geometry within the
transformer. The supply transformer is rated at 40 kVA with an output voltage range
of 0 to 100 kV.

Magnet
PVC Bush
RF Cable
Connector

Acoust ic
Sensor

Figure 6.3: Sketch of a magnet and acoustic sensor coupled.

Figures 6.4 and 6.5 represent the measurement system and equipment used to :
•
•
•
•

Observe discharge activity by electrical and acoustic means.
Determine apparent charge magnitude using a Corona Detector (Appendix B).
Verify the location of the discharge source .
Take measurements to determine the sensitivity of both detection systems.
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The HV supply transformer was energised by a single-phase autotransformer in
order to supply a variable ac voltage to the point anode or test gap. A voltmeter
connected to the tertiary winding of the supply transformer provided an indication of
the output voltage. Apparent PO magnitude was measured using a 3 nF HV coupling
capacitor (Ck ) . The input impedance (2 m) of the detector is automatically set to match
the measurement cable impedance. The instantaneous electrical signal or
measurement was obtained from the Corona Detector that has a built-in RLC ringing
circuit.
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equipment

Acoustic sensors placed on the tank wall were connected to a commercially available
acoustic monitoring system by 50-ohm co-axial or measurement cables. The system
was manufactured by JW Harley, Inc. Output signals from the monitoring system
were filtered and amplified and then fed into HP 545128 digitising oscilloscope,
which has a maximum sampling rate of 300 MHz or 1 Giga Sample/second. A
desktop PC was used to acquire and store captured waveforms from the 4-channel
oscilloscope for subsequent analysis.
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0-100 kV

Test
Transformer

Figure 6.5: Equivalent electrical circuit - experimental test.
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Acoustic
Sensor

6.3

Test Procedure

6.3.1

Part 1: Measurement Instrumentation and Equipment Testing
Prior to performing the experimental investigation , laboratory work related to the use
of (1) measuring instrumentation and equipment, (2) understanding and interpreting
acoustic waveforms were carried-out. At this stage the transformer was not modified.
The work in brief, entailed:
(a)

Calibrating electrical PO detection equipment (Corona Detector) according to
the method outlined in IEC 270 . The procedure followed to calibrate the
detector was as follows:
•

(b)

The transformer (test object) was disconnected from the power supply. A
100 pF calibrating capacitor was then connected to phase B (point anode
terminal) . The detector 'calibration mode switch' was moved to the 'on'
position. Next the 'sensitivity' selector switch was set to 50 pC. Thereafter,
the 'gain' and 'attenuator' controls on the amplifier were adjusted to give
not more than 2 divisions on the screen . The 'calibration mode switch' was
then returned to the 'off' posit ion .

By energising the test transformer as described below, the magnitude of the
peak PO pulse was then determined (in pice -coulombs) for the following
configurations:
•

One phase-to-neutral on the LV side .

•

The HV side between two phases A and B, with one phase connected to
neutral. The LV terminals were short-circuited and earthed.

The supply used in both cases was a 10 A , 0 - 230 Vac autotransformer. At
this stage , only the gas sensor (Hydran) was installed.
(c)

Heating the circulating transformer oil from an external source in contact with
the tank (since energising one phase could not generate sufficient heat from
the core). The external source was a 2000 W hot plate positioned beneath the
tank. During this period of testing and experimentation , the gas sensor
response was monitored in order to ensure correct operation of the device.

Later the transformer was moved to the workshop and modified as described in
section 6.2. When the transformer was returned to the laboratory, the following tests
were performed:
(a)

A record of the gas sensor measurement was taken 24 hours after installation.
An oil sample was then taken for dissolved gas analysis. When the results of
the DGA were obtained , the accuracy range of the gas sensor reading was
then calculated . It was then established that the device was providing an
instantaneous reading within the manufacturer's specification.

(b)

The acoustic detection system was tested in order to ensure proper operation.
Tapping on the tank with a screwdriver was the method used to cause a test
event. The signals from various sensors/transducers were recorded and stored
for further interpretation and analysis.
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6.3.2

Part 2: Experimental Testing

6.3.2.1 Determination of the Sensitivity of Electrical and Acoustic Detection
Systems
In order to determine the sensitivity of the electrical and acoustic detection system,
the following steps or procedure were undertaken:
1. The electrical circuit, measurement and signal processing instrumentation, as
illustrated in figure 6.5, were connected.
2. The digitizing storage oscilloscope (DSO) was set to trigger above the noise level
of 150 millivolts/division (noise level established by trial and error).
3.

The acoustic sensors were placed in location L1 as indicated in figure 6.2.

4.

The oil circulation pump operation was verified.

5.

The point-to-sphere electrode gap length was set to 20mm.

6. The Hipotronics Corona Detector was calibrated (1 vertical division on the display
corresponded to an apparent PD magnitude of 1000 pC).
7. The supply transformer primary voltage was supplied by an autotransformer that
was slowly raised until the first sign of corona activity was observed on the
detector .
8. The test voltage reading (Partial Discharge Inception Voltage (PDIV) by electrical
means) and corresponding PD magnitude were recorded.
9. The supply voltage was further raised until the DSO triggered .
10. The applied voltage reading (PDIV by acoustic means) and corresponding PD
magnitude were recorded.
11. The applied voltage was further raised to a maximum of 15 kV.
12. The test voltage was decreased until the oscilloscope stopped triggering.
13. The applied voltage measurement was then recorded (Partial Discharge
Extinction Voltage (PDEV) by acoustic means).
14. The test voltage was further reduced until no PD activity could be observed on
the corona detector display.
15. The applied voltage reading was then recorded (PDEV by electrical technique).
16. The test voltage was reduced to zero. The supply transformer was then earthed.
Steps 6 to 15 were performed five times, the PDIV and PDEV for both the detection
techniques were reported as the mean of the five voltages obtained. The above
procedure was also carried out for gap lengths of 25, 30, 35 and 50mm. The results
obtained were tabulated and plotted.
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6.3.2.2 Detection and Verification of the Location of a Fixed PD Source
To detect and verify the location of a fixed PO source, the following steps were
carried-out:
1. The electrical circuit, measurement and signal processing instrumentation , as
illustrated in figure 6.5, were connected.
2. The test gap length was set to 25mm.
3. The acoustic sensors were placed at L1 as indicated in figure 6.2. At L1 the
sensors are vertically in-line, but directly below the internal discharge source.
4. The 080 was set to trigger above the noise level of 150 mV/div.
5. The applied voltage was slowly raised to 15 kV.
6. Three waveforms were captured (electrical and two acoustic) on the 080.
7. The captured waveforms were then stored on the desktop PC.

8. The test voltage was reduced to zero and the supply transformer was earthed.
The above procedure was carried out again, only this time the acoustic sensors were
placed at L2. When the sensors were attached to the opposite side of the transformer
tank with respect to L1, no discernible waveforms could be observed.

6.3.2.3 Combination of Two Real Time Diagnostic Techniques
The following steps or procedure were undertaken to establish if the diagnostic
process is enhanced when two techniques are combined:
1. The electrical circuit, measurement and signal processing instrumentation , as
illustrated in figure 6.5, were connected. 81 and 82 were placed at L1.
2. A hand held temperature meter was connected to the thermocouple.
3. An oil sample was then taken. While the circulation pump was switched off, the
oil was drained from the gauge valve and stored in a 1 litre metal can.
4. Immediately after the oil sample was taken, the oil temperature was recorded.
5. The reading on the hydrogen sensor was recorded (the date, time and oil
temperature as well).
6. The test voltage was raised to 15 kV and a peak discharge of approximately 1400
pCs was initiated. The discharge was allowed to occur for an hour before the gas
sensor and oil temperature readings were recorded. These readings were taken
on average 5 times a day for a duration of 4 days. Acoustic signals were
observed on the 080.
7. After a period of 4 days, another oil sample was taken and the oil temperature
recorded at the same time.
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6.4

Results and Observations

6.4.1

Oil Sample (Verification of Gas Sensor Accuracy)
Prior to energising the transformer, an oil sample close to the point of the senor
(Hydran) installation was taken and stored in a one litre metal can that was sent to
the laboratory for analysis. The results of the dissolved gas analysis (Appendix C)
and comparison with the reading obtained simultaneously from the Hydran unit, is
presented in Table 6.1.
The Hydran 201 i system uses membrane technology and a sensor that is sensitive to
essentially four gases in the following quantities: Hydrogen (100%), Carbon
Monoxide (18%), Acetylene (8%) and Ethylene (1 .5%). Accuracy is stated as ± 10%
of reading and ±25 ppm for Hydrogen . The unit is coupled directly to the oil
circulation path. Refer to Appendix D for Technical Specifications.

Gases

Hydran (ppm)

DGA1 (ppm)

21

0

H2

(Hydrogen)

O2

(Oxygen)

22209

N2

(Nitrogen)

39641

CO 2

(Carbon Dioxide)

367

CO

(Carbon Monoxide)

4

C2H 2

(Acetylene)

0

C2H 4

(Ethylene)

0

C2H 6

(Ethane)

0

Table 6.1. Dissolved gas analysis sample comparison - test transformer.

The accuracy of the sensor is determined as follows:
(1) Sensor reading

= 21 ppm

(2) Laboratory DGA

= (100%*H 2 ) + (18%*CO) + (8%*C 2H 2 ) + (1.5%*C 2H4 )
= (100%*0) + (18%*4) + (8%*0) + (1 .5%*0)
= 0.72 ppm

(3) Accuracy

=(0.72 ppm*10%) ±25 ppm =0 -

25 ppm

The gas sensor reading is regarded as being within specification.

6.4.2

Sensitivity of Electrical and Acoustic Detection Systems
The PDIVs measured for various gap lengths together with the discharge intensity
are summarised in Table 6.2.
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Gap Length
mm

Detection
Technique

PDIV

PD Magnitude

kV (rms)

pC (peak)

Electrical

8.6

400

Acoustic

10.9

1000

Electrical

9.5

500

Acoustic

11.3

1000

Electrical

9.7

800

Acoustic

10.5

1000

Electrical

9.6

600

Acoust ic

10.6

1000

Electrical

9.6

800

Acoust ic

10.6

1100

20

25

30

35

50
Table 6.2 : Electrical and acoustic detection systems - POIV and PO rnaqnitude for mineral 011.

The measured partial discharges occurred on both positive and negative half cycles
of the applied waveform. A number of discharges occurred simultaneously on both
cycles . An approximate value of the peak partial discharge magnitude that occurred
on the positive cycle of the applied waveform is recorded in Table 6.2. The
magnitude of the partial discharges at onset for mineral oil is of the same order of
magnitude published elsewhere [108]. Figure 6.6 is a plot of the point-to-sphere gap
lengths versus partial discharge inception voltages (PDIVs) for both detection
techniques .
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From figure 6.6 it can be seen that for a gap length greater than 30mm, the partial
discharge inception voltage is constant for the electrical technique. This finding can
be explained in terms of understanding the changes or variation in field strength
between the point anode and sphere.
If a point-to-plane geometry is considered with a discharge or streamer extending
from the point into the liquid (assuming that the tip of the streamer is hyperbolic) then
the equation for the electric field produced by the streamer tip at potential V and
distance to the plane d is given by [102]:

... ..6.1

where
rp = radius of the streamer tip.
d = distance from the streamer tip to the plane electrode .
This equation applies for the condition r, « d i.e. for many experimental conditions
utilised in partial discharge and pre-breakdown studies in liquids.
For an rp = 20 urn (tip radius of a stainless steel needle), the electric field at the tip of
the discharge is calculated using equation 6.1 for the various PDIVs achieved at the
predetermined test gap lengths. The calculated values are summarised in Table 6.3

Electric Field at
Inceptlontfi.)
Vim

Gap Length (d)
mm

PDIV (V)
kV (peak)

Normalized Electric
Field per Applied V
VIm

20

12.16

11 .66x10

3

1.47x108

25

13.44

11 .74x103

1.58x108

30

13.72

11.49x10 3

1.57x108

35

13.58

11.29x10 3

1.54x108

50

13.58

10.86x103

1.51x10 8

Table 6.3. Calculated values of Et at inception (electrical method).

It can be seen from Table 6.3, that the field strength at onset remains almost
unchanged for point-to-plane gap lengths greater than 30mm. Therefore , the PDIV
achieved for the electrical technique remains almost constant for gap lengths greater
than 30mm . This characteristic is depicted in figure 6.6. Table 5.1 specifies the
dielectric strength range for 'good oil'. The calculated values of electric field strength
at inception fall within this range. For the acoustic measurement technique the mean
value for PDIV achieved is 10.78 kV. These measured values were all within 600 V of
the mean for all five measurements.
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A summary of the POEVs achieved is presented in Table 6.4.

PDEV (kVrms)

Technique
Electrical

7.5

7.5

7.5

7.8

7.5

Acoustic

10.2

10.4

10.3

9.7

10.3

Table 6.4: PDEV for the electrical and acoustic technique.

For the electrical and acoustic technique the mean values for the POEV are 7.56 and
10.18 kV, respectively. These values are within 134 V (electrical) and 278 V
(acoustic) of the mean for all five measurements taken . The five measurements
obtained for both methods seem to be consistent , with a very small standard
deviation . However, the difference in the mean values can be attributed to the
limitations of the measurement equipment i.e. the 080.

6.4.3

Detection and Verification of Location (Fixed PD Source)
The sensors were initially placed at location 1 to achieve acoustic signals in close
proximity to the discharge site, and at the same time maintain a safe clearance to the
high voltage test supply (phase B bushing term inal). The instantaneous electrical and
acoustic signal waveforms obtained at both locations on the tank surface are plotted
in figure 6.7(a).
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Figure 6.7(a): Instantaneous electrical and acoustical emission waveforms (81) at L1.
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Figure 6.7(b): Instantaneous electrical and acoustical emission waveforms (82) at L1.
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Figure 6.8(a) : Instantaneous electrical and acoustical emission waveforms (81) at L2.
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Figure 6.8(b): Instantaneous electrical and acoustical emission waveforms (52) at L2.

When comparing the characteristics of the waveforms in figures 6.7(a) and (b) to
figures 6.8(a) and (b) respectively, they differ in terms of amplitude and absolute
arrival times. At location 1, the sensors are closest to the fixed partial discharge
source, therefore they exhibit signals with much larger amplitudes and shorter
duration's of arrival times . In figures 6.8(a) and (b) the signal is attenuated and the
arrival times are slightly longer in duration . Based on the internal arrangement of the
transformer core and coil structure, the sensors at location 2 are not in line of sight of
the discharge source. Therefore , subsequent attenuation of the signal is most likely
due to propagation of the acoustic waves by the tank wall that have welded seams or
joints i.e. structure-borne propagation path . The signal arrival times for each sensor
at the different locations on the tank wall are summarised in Table 6.5.

Acoustic Sensor

Position on Tank

Absolute Arrival Time

81

L1

96 us

81

L2

132 us

82

L1

150 us

82

L2

197 us

Table 6.5. Measured arnval times of acoustic signals.

With reference to the measured arrival times tabulated above , it is evident that when
the sensors are placed at a distance from the fixed PO source (at L2) the signal
arrival is delayed since the travelling wave can not traverse a direct path . The
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difference in arrival times of the acoustic signal for each sensor is almost insignificant
since the acoustic waves travel in the tank wall at much higher speeds than in the oil.
Furthermore, in terms of the physical dimensions of the experimental transformer , it
is relatively small.

6.4.4

Combination of Two Real Time Diagnostic Techniques
The hydrogen gas sensor readings taken on:
12/08/2003 was 132 ppm;

and on 15/08/2003 it was 137 ppm.
Therefore, the net increase in dissolved hydrogen is 5 ppm.
Refer to Appendix E for sensor readings recorded for the duration of this part of the
experiment.
For an oil sample taken before PD was initiated (12/08/2003) and after experimental
testing (15/08/2003), the laboratory analysis of the constituent gases present can be
found in Appendix F and G, respectively.
After carefully examining the results, changes in hydrogen and acetylene levels were
noted. The hydrogen and acetylene contents taken before and after PD activity are
highlighted in Table 6.6 below.

Gases

DGA2 (ppm)

DGA3 (ppm)

Generated

Sample Date: 12/08/2003

Sample Date : 15/08/2003

Oil Temperature : 22.2 °C

Oil Temperature : 24.8 °C

H2

(Hydrogen)

64

68

C2H 2

(Acetylene)

3

10

Table 6.6: Dissolved gas analysis - test transformer.

According to IEEE Std C57.104-1991 , the presence of hydrogen is commonly
associated with partial discharges , and acetylene with arcing. Discharges on the
order of several thousand pC in magnitude were produced under oil for a short period
(approximately 21 hours). The increase in the hydrogen content by 5 ppm (on-line
monitoring) and 4 ppm (DGA) was noted. During the testing period, the discharges
were detected by both acoustic and electrical means. Acoustic waveforms were
captured and stored on an hourly basis.
A trace increase in the acetylene level was also observed and noted. This probably
due to sparking that may have occurred. If the discharge developed into an arc, the
test circuit supply would have tripped. There was certainly no evidence of arcing
having occurred during the experiment.
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6.5

Discussion
The partial discharge inception voltages achieved and peak discharge magnitudes
measured for both electrical and acoustic techniques are reasonable. Discharge
intensity measurements could only be taken once the electrical detection system was
calibrated according to the method outlined in IEC 270. Calibration of the Corona
Detector was successfully performed. With electrical detection, the response to
changes in gap lengths can be predicted with a greater degree of accuracy. In the
case of the acoustic technique the same degree of accuracy is not possible.
However, it seems that the predicted response to changes in test gap lengths would
lie within a certain range or bandwidth. It would be important to note that the results
obtained and presented for the acoustic technique are within the limitations of the
signal processing and measurement instrumentation. It is however, an effective
technique for the evaluation of activity within a transformer structure.
It has been demonstrated that it is possible to detect and locate a discharge source
within a transformer by acoustic means. By placing the acoustic sensors at various
locations on the tank surface and observing the signal amplitude and arrival times,
the position of the source can be approximated. Acoustic signals with the highest
amplitude and an arrival time of the shortest duration would mean that the discharge
site is in close proximity. Further, the use of a combined electrical and acoustic
method, using an array of sensors, would be extremely useful in practice since the
absolute signal arrival times can be calculated. Then, by triangulation the
approximate location can be determined. With regard to the laboratory experiment,
triangulation was not possible due to the complex structure of the tank.
When acoustic emission and gas-in-oil (on-line) data are integrated, the diagnostic
process is further enhanced. The two sources of data can supplement each other in
yet other ways. For instance, sometimes the breakdown of constituents in a
conventional gas analysis is so complex that, although it is obvious that a significant
problem exists, it is not possible to determine whether the cause is due to partial
discharges or is thermal in origin. The acoustic emission system responds only to
signals produced by partial discharges or arcs. Purely thermal phenomena do not
produce such signals. Therefore, the existence of any acoustic (or electrical)
emission signal together with an on-line single or multi-gas analyser may confirm the
existence of partial discharges. Conversely, the absence of acoustic emission activity
in this case may indicate that the problem is basically thermal in origin. The
integration of information of these two techniques is encouraging, it is recommended
that on-line, if possible or conventional gas analysis results be taken into account
when interpreting acoustic and electrical emission data.

6.6

Conclusions
From the laboratory experiment the following conclusions can be drawn:

•

The detection threshold (partial discharge inception voltage) for the acoustic
technique is 20% higher than the established electrical detection technique for
the particular experimental arrangement used in this work.

•

~or th~ acoustic measurement technique the mean value for the partial discharge
I~ceptlon voltag~ achieved is 10.78 kV. This voltage corresponds to a partial

discharge rnaqnitude of approximately 1000 pC.
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6.7

•

The partial discharge sensors are more sensitive than gas sensing technology,
either on-line (hydrogen) or off-line (DGA).

•

Although the acoustic sensors operated correctly, one type was found to be more
sensitive. However, partial discharge detection and localisation by a combined
electrical and acoustic system is effective. The acoustic signal received with the
highest amplitude and shortest duration arrival time would mean that the
discharge is in close proximity.

•

A correlation between gas-in-oil measurements (on-line) and acoustic emission
data could not be established. A small increase in dissolved hydrogen was
observed at the end of the experiment therefore, no conclusion could be drawn.

Recommendation for Future Work
An item for further investigation would be to determine how long it may take for the
hydrogen sensor and dissolved gas analysis measurements to detect increases in
hydrogen while the same discharges are generated continuously (developing fault
condition) within the experimental transformer.
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CHAPTER 7: ECONOMIC CONSIDERATIONS IN CONDITION
ASSESSMENT
7.1

Introduction
Based on the findings of a condition assessment, plant equipment may then be
considered for refurbishment. Refurbishment may include modifications,
uprating/upgrading or replacement due to ageing. In response to these findings,
refurbishment projects are then raised with the intention of ensuring that the
expected life of plant equipment is achieved or extended. These projects usually
require large amounts of capital that must be economically justified to ensure that the
required funds are appropriated.
These project proposals generally do not call for adding facilities but rather for an
increase in the reliability of existing facilities or the reduction in operating
(maintenance) costs. Justifying a project especially on a reliability basis can be
difficult. There are no exceptions and replacement due to ageing must also be
economically justified .
This section discusses in detail some of the approaches that can be used to justify
refurbishment or replacement projects. Several case studies are included.

7.2

Justification Methods
Four types of methods are proposed. These are:
•
•
•
•

Positive Net Present Value (NPV),
Statutory Requirements,
Operating Cost Reduction and
Least Economic Cost

The application of any of the above justification methods requires the use of certain
parameters that are current. These parameters include financial rates such as
interest, inflation and taxation that could be provided annually by the Corporate Body
of the power utility [109]. Technical statistics, maintenance costs, etc, could be
obtained from the relevant technical departments (e.g. HV plant and equipment
systems) within the utility.

7.2.1

Positive Net Present Value
This method is used for investment decisions that are related to system expansion
required to supply large amounts of new loads, with which significant incremental
energy sales are associated. The investment justified on net present value (NPV) is
the result of discounted cash flow calculations over the expected duration that the
new proposed asset(s) will be in service (typically 25 years for transmission high
voltage equipment) [109]. Discounted cash flow (DCF) methods can be briefly
described as follows.
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Envisage all future cash flows as pos itive (all income) and negative (expenses) on a
time scale (years 0 to 25) . The present value (PV) of the future cash flows can be
determined by means of the following equation:
PV n

=

Cash Flown(+ or _j + (1 + (r + 100))n

PV n
n
r

=
=
=
=

Present Value of Cash Flown
number of years
real discount rate in %
[((1 + (i +100)) + (1 + (e + 100))) - 1] x 100

i
e

=
=

nominal interest rate in %
escalation or inflation rate in %

.....7.1

Where

and

Equation (7.1) must then be applied to all future cash flows , which stem from the
proposed investment:
N PVinvestment

7.2.2

=

PVrevenue - PVexpenses

......7.2

Statutory Requirements
Capital investment, based on this criterion may include the following [110] :
Investments to meet National Electricity Regulator requirements.
Projects necessary to meet environmental legislation , organisational policy or inhouse specifications.
Expenditure to satisfy the requirements of the statutes of the applicable country.
This classification is intended to ensure the safety of the utility operating and
maintenance personnel who are exposed to possible danger when engaged in
activities related to electrical power transmission.
Possible compulsory commitments .

It must be known that this investment criterion should not be used for justifying
projects that are not of economic benefit. An economic evaluation exercise for these
projects should be completed , as less costly capital or operational solutions may
exist. The financial impact (NPV) of the proposed solution should also be determined,
which should include all operational costs and sav ings associated with the
investment.

7.2.3

Operating Cost Reduction
The proposed capital expenditure that is intended to reduce the utility 's transmission
operating costs should be justified by this method . Firstly, it is necessary to calculate
the NPV of the proposed investment using the DCF methods explained in section
7.2 .1. This should be done by considering all cost reductions as positive cash flows ,
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off-setting the required capital expenditure. A resulting positive NPV would indicate
that the investment is justified over the expected life of the proposed new asset.
However, a positive NPV does not always indicate the optimal timing for the
investment. Indeed, the issue is not so much if the money should be spent but rather,
when the money should be spent. The pertinent question in an increased
maintenance cost environment is therefore to pinpoint the optimal time to invest in
network changes. It is possible to provide an indication of the correct time to invest
using this justification methodology.
The recommended method to calculate the cost to commission an asset in the
required year, as opposed to delaying it by one year, uses the Equal Annual Capital
Charge (EACC) of the investment [110]. The EACC is calculated by determining the
capital recovery factor (CRF) or annuity payment over a pay-back period equal to the
book life of the asset at the real discount rate [110] :
CRF

=
=
=

r + [1 - (1 + r)"n]
0,06 + [1 - 1,06-25]
7.82%

.....7.3

If the first annuity payment is made one year after the commissioning or capital
expenditure date then:
CRF

=
=

=

[r + [1 - (1 + r)"n]] + (1 + r)]
7.82 -i- 1.06
7.38%)

..... .7.4

where

=

r
n

=

Real Discount Rate = 6% per annum for this example.
Number of years (book life) = 25 years for this example.

EACC

=

CRF x CAPITAL EXPENDITURE

and

......7.5

The project is justified and an Operating Cost Reduction is achieved when :
EACC

<

Expected Annual Cost Reduction (Year 1)

......7.6

Where the Annual Cost Reduction is calculated as follows:

(i)

less

(ii)

the savings in operational costs due to the existing
installation(s) ;
the extra operational costs caused by the new installation(s) ;

!f this relationshi~ is not satisfied then it means that it is cheaper for the utility to incur
Increased operating costs than to invest in the proposed asset. It would then be
logical to delay the investment until operating costs have increased to such an extent
for exampl.e, syste~ losses have increased due to load growth that equation (7.6),
together with a positive NPV is satisfied.
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7.2.4

Least Economic Cost
When investments are made in terms of improving supply reliability and/or quality,
this would be the preferred method to use . This methodology should also be used to
determine and/or verify the desired level of network or equipment redundancy.
This type of economic justification is based on the least-cost planning concept [110] .
Not simply least-cost to the utility is considered , but also to the entire community of
consumers. This concept is consistent with social welfare economic theory [110]. The
criterion minimises the total cost of electricity to the partnership consisting of the
utility plus the consumers who benefit from the new installation or proposed network
change. In other words , the criterion says that "a new installation(s) should continue
only when (a) the extra annual costs incurred by the utility for owning and operating
the asset are less than (b) the annual savings to the consumers because of that
project(s)" [110] .
(a)

The extra costs incurred by the utility for owning and operating the assets are
as follows:

The sum of

(i)
(ii)

less

(iii)

(b)

EACC (the equal annual capital charge)
the extra operating and maintenance costs caused by the new
installation(s) ;
the savings in transmission losses due to the new
installation(s);

The annual savings to the consumers because the new installation(s)
is part of the system include:
(i)

all the cost reductions result ing from the improved quality of
supply.

The extra costs incurred by the utility are not difficult to calculate. The benefits
derived by the consumers are more difficult to assess. The first step would be to
calculate the reduction in energy not supplied due to the improvement in quality of
supply i.e. the reduction in interruptions, voltage depressions, harmonics, etc .
Thereafter the value of this energy not supplied to consumers is calculated i.e. the
cost of unserved energy.
The cost of unserved energy is a function of the type of loads, the duration and
frequency of the interruptions, the time of the day they occur, whether notice is given
of the impending interruption, the indirect damage caused and the start-up costs
incurred by the consumers, the availability of customer back-up generation and many
other factors [110]. Since the people who know this best are the consumers
themselves , this information can only be obtained via surveys [110].

7.2.4.1 Least Cost Investment Criteria Equations
The least-cost investment criterion equation to be satisfied can also be expressed as
follows [110]:

Value of Improved Quality of Supply to Customers
the Improved Quality of Supply
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>

Cost to Utility to provide

......7.7

From equation (7.7) it may evident that if the value of the improved quality of supply
to the customer is less than the cost to the utility , then the utility may not invest in the
new asset or other proposed network changes .
Equation (7.7) can be stated differently as;

Value (in Rand/kWh) x Reduction in Amount of Energy Not Supplied to
Consumers
(kWh) > Cost to the Utility to Reduce EENS (Rands) ... .. 7.8

with the reduction in EENS relating to all aspects of improved OOS. The reduction in
EENS is calculated on a probabilistic basis [110] .

EENS

=

EEAR x P(f)

EEAR

=

Expected Energy at Risk (that will no longer be at risk after the
network change or new installation(s).

P(f)

=

Probability that the system is constrained through one or more
components (primary or secondary equipment) being out of
service . This probability is a function of the performance of the
plant.

.....7.9

where

An alternative and recommended approach is to calculate the break-even cost of
unsupplied energy (BECOUE) for the proposed capital expenditure [110]. This can
be done by taking the ratio of the above mentioned components as follows:

BECOUE (R/kWh) = Annual Cost of having Asset "X" in commission in Year 1
-;- Reduction in EENS in Year 1 due to Asset "X" being in service
7.10
(kWh)

The BECOUE is that value which equates the left and right hand sides of equations
(7.7) and (7.8). A preliminary judgement can then be exercised on this break-even
value . Projects can be motivated when the BECOUE has been less than the
estimated Weighted Average Customer Interruption Costs (WACIC) . The WACIC can
also be estimated for a mixture of different types of load by adding the costs in a
weighted manner, proportional to the percentages of that type of load. If the breakeven cost is too high, it indicates that insufficient load is at risk. The project should
therefore be postponed and re-evaluated at a later stage once the load has grown or
reliability has further decreased.
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7.3

Case Study 1 - Circuit Breaker Replacement
The 275 kV Impala 2 (minimum oil ASEA HLR) feeder circuit breaker at Avon
substation is stressed severely due to the number cane fire and pollution fault
operations. Maintenance costs have increased in the last three years and spares are
difficult to obtain . There have been a number of ASEA HLR breakers that have
exploded due to the high duty cycles. The project proposal is to replace this breaker
with a spare SF6 breaker located at another substation. Changing this breaker will
reduce the maintenance costs and supply interruptions to customers , improve
system performance, and most importantly the safety of the operating personnel.
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Figure 7.1 : Avon substation electric diagram.
The economic justification for the replacement of the ASEA HLR breaker follows.The
station electric diagram in figure 7.1 shows the location of the ASEA HLR 275 kV
breaker, as well as the linking of the station under normal operating conditions. The
impact of a failure is dependent on the linking of the substation at the time of the
failure , and it is assumed that under normal operating conditions the station is linked
as shown in the electric diagram. The impact of the breaker failing is summarised in
Table 7.1.

Asea HLR Breaker
Impala 2

Zones Possibly Impacted
By Failures

Circuits Effected Under
Normal Linking

B

Mersey 2, Durban North 2 and
Transformer 2

A and B (if protection operates
incorrectly)

Mersey 1 and 2, Durban North 1
and 2, Transformer 1 and 2 or
the entire 275 kV yard .

Table 7.1 : Impactof the 275 kV Impala 2 breaker failure.
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7.3.1

Station Loading and Type of Loads
Load
(MW)

Cost of
EENS
(RlkWh)[2]

Durban North 1 275 kV

120

7.00

Municipality

Durban North 2 275 kV

120

7.00

Municipality

Umgeni 1 132 kV

12

3.00

Rural

Umgeni 2 132 kV

8

3.00

Rural

Stanger 1 132 kV

25

7.00

Municipality

Stanger 2 132 kV

25

7.00

Municipality

Mandini 1 132 kV

45

8.00

Mandini, Sappi

Mandini 2 132 kV

40

8.00

Mandini, Sappi

Glendale 1 132 kV

5

2.00

Rural

Customers

400

Total

Type of Load

6.95 (Total Average Weighted Value)

Table 7.2: Station loading, type of loads and calculation of EENS.
[2] Typical values for this power utility.

7.3.2

Probabilities Used
The impact of a breaker failure is dependent on the layout and status of the busbars
in the substation as well as the availability of the protection . In assessing the impact,
both the effects of power outages and dips are considered. The figures calculated
below are used in determining the impact of various possibilities of failures, with
regard to the breaker:
•

Service experience has shown that the reliability of the breaker is dependent on
its duty-cycle. If the network performance is similar to that experienced between
1990 and 1992 then field staff estimate that out of a population of four Asea HLR
breakers, there would probably be three catastrophic failures in a period 3 years.
However, due to other work that has been done on the network, the performance
has improved significantly. On the Avon-Impala 2 line the average number of
faults has been reduced from 30 to 5 faults per year. This reduction indicates that
the reliability that is dependent on the number of faults would increase by six
times. However, the breaker on the Impala 2 has been exposed to the high duty
cycle and for this reason the expected improvement on the reliability will only be
4 times. Thus from these estimates the probability of the Impala 2 breaker at
Avon failing catastrophically is, approximately 0.012 , (25 failures out of a total
population of 589 in 3.5 years for this utility) :
P

•

BkrFailure

=(3/4)*(1/3) *(1/4) =0.0625 per annum

Busbar isolator maintenance requires that the affected circuit and the relevant
busbar zone be removed from service for the duration of the procedure. The
remaining circuits in the effected zone will obviously have to be linked to the
adjacent bar creating a non-standard arrangement and security of supply will
therefore be reduced during maintenance. Isolator maintenance takes 8 hours
per set. At Avon there are 18 isolators.
P

Non-standard Config

= (18 isolators * 8 hrs shift) 1 3 years = 48 hrsl year
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P = (48 hrs/yr) /(8760 hrs/yr) = 0.00548
•

In the event of a breaker clearing a fault, the bus strip protection will operate and
strip the bus-zone to which the faulty circuit is connected. If this does not clear
the fault then the fault is cleared through the protection back-up system (remote
ends trip, etc.). This will cause the whole yard to be switched-out. Records of the
transmission voltages indicate that from January 1988 there have been 161 buszone operations to clear faults (these figures do not include incidents related to
human intervention). Of these bus-zone operations 25 have malfunctioned and
failed to clear the fault or cleared the incorrect zones. Thus the probability of the
bus-strip protection failing is:

P
•

Protection Fail

= 25/161 = 0.155

The Richards Bay/Empangeni load centre (industrial) is electrically coupled to the
Durban load centre (CBD) via the Avon-Impala lines. Under normal operating
conditions these lines provide voltage support to both load centres with little real
power being transferred over these two lines. However, in the event of a line
outage in either network, real power will flow towards the weakened network to
compensate for the line outage. Avon substation has two infeeds from Mersey
and two from Impala under normal operating conditions. The majority of the real
power requirements is supplied from Mersey substation. The two Avon-Mersey
lines often have to be switched out to accommodate cane burns under the lines.
There were on average 150 cane burns a year under these lines and each
outage lasting approximately 1 hour. The number of line outages on the AvonMersey lines have been reduced to approximately 20, as the line servitude was
recently cleared and is now cane free. While the Avon-Mersey lines are out of
service, Avon substation is supplied from Impala substation. Thus the probability
of the Avon-Mersey lines being out of service is:
P = (20 hrs/ 8760 hrs) = 0.00228

7.3.3

Scenario Identification

7.3.3.1

Scenario 1

Breaker failure under normal conditions: The breaker fails while operating under
normal load or trying to clear a fault. This failure will initiate a bus trip, disconnecting
the portion of busbar to which the breaker is connected. The bus strip operation will
result in the isolation of the zone to which the breaker is connected. Under normal
conditions it will mean the loss of a Mersey feeder, a Durban North feeder and a
transformer. With catastrophic breaker failure there is the possibility of causing
damage to adjacent equipment in that bay or neighbouring bays, as well as injury to
staff if they are working in the yard. In this case there will be no loss of supply but
there will be a severe dip on the system in the vicinity of Avon , affecting sensitive
customers. The probability of a severe dip on the system is P = 0.0625.
7.3.3.2

Scenario 2
~rea~er failure during a busbar outage: The breaker fails or explodes resulting in the

Isol.atlon of the zone of the busbar to which the breaker is connected. During
maintenance the feeders and the transformers are all connected to one busbar. This
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arrangement is equivalent to losing two zones in the event of a bus-strip. The result
will be the loss of the two transformers (Transformer 1 and 2).
During isolator or busbar maintenance the breaker is linked to a non-standard
arrangement and this reduces the security of supply . A breaker failure will effectively
cause the loss of two zones . The probability of this occurring is:
P = (0.00548* 0.0625) = 3.43 E-4

7.3.3.3

Scenario 3
Breaker failure and protection malfunction: The breaker fails which results in a bus
strip operation . If there is a protection malfunction such as a sticky contact, the result
will be the isolation of the entire 275 kV yard . The probability of the breaker failing
and the protection not operating, causing the entire station to be disconnected from
the network is:
P = 0.0625 * 0.155 = 0.00969

7.3.3.4

Scenario 4
Breaker failure on the Impala feeder during cane burns: During an outage on the
Avon-Mersey lines , Avon substation is supplied from Impala substation . A voltage
collapse will occur at Avon if one of the Avon -Impala lines are out of service, resulting
in the shedding of load. If this occurs , 100 MW of load would have to be shed to
restore voltage stability at Avon .
P =0.00228 * 0.0625 = 1.43 E-4

Table 7.3 summarises the impact of the feeder breaker failing .

Scenario 1

Scenario 2

Scenario 3

Scenario 4

Normal
condition

During
maintenance

Protection
failure

Avon/Mersey
outage

Zone B

Zone A & B
275 kV Yard

Zone A & B
275 kV Yard

Part of the
Avon Load

Station abnormal

Station Black-out

Station Black-out

Voltage Collapse

Severe Dip

Supply Loss

Supply Loss

Load Shed

Load interrupted
(EEAR) MW

None

400MW
0.75 LF

400MW
0.75 LF

100MW

Event Probability

0.0625

3.43E-4

0.00969

1.43 E-4

Duration of the
Interruption

-

1 hr

1 hr

1 hr

EENS (kWh)

-

103

2907

14

Customers Cost
(R150 000 I Dip)

9375

-

-

-

Customers Cost
(R 6.95 I kWh)

-

716

20204

146

Condition
Circuits Effected
Security of Supply
Effect on
customers

Table 7.3: Summary of possible co nditions for which feede r breaker failure occurs .
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7.3.4

Break-Even Cost of Unsupplied Energy
The total capital cost to replace the breaker is R 297 000. The annual cost of capital
is thus
Cost

RefurbishmentProjecl

=R 297 000 * 0.0738 =R 21 980 per annum.

The total savings on maintenance costs , that is the reduction in the maintenance of
the spare breaker relative to the maintenance expenditure of the ASEA HLR
presently in service on the Impala 2 bay, is then calculated. The average annual cost
of maintaining the ASEA HLR is R 31 000, and the average cost of the SFs breaker is
R 3 500 per annum . Records indicate that every time one of these breakers failed,
the pole and some of the adjacent equipment had to be replaced at an average cost
of R 300 000. If the breaker is replaced , then this is a saving since no capital will be
spent on repairing damaged equipment. This portion of the saving amounts to
(R 300 000 * 0.0625 = R 18 750 per annum) .
Cost

Savings

=(R 31 000 - R 3 500 + 18750) =R 46250 per annum .

The total energy not supplied due to the constraints of the existing HLR breaker
(summation of all the EENS from the Table 8.3 above)
EENS = (103 + 2 907 + 14) = 3 024 kWh per annum .
The break-even cost of unsupplied energy (BECQUE) is calculated as
BECOUE = R (21 980 - 46250) 13 024 kWh

=- R 8.03 IkWh
The value obtained is negative in comparison to the value calculated in Table 7.2
(average cost to the customer for energy not supplied) . This comparison should be
interpreted as improvements made to the plant by the utility are justified based on the
least economic cost principal.

7.3.5

NPV Calculations
In order for the project to be finally accepted, significant savings in terms of
operational cost had to be verified . The NPV calculations are done for each option to
determine which of the two options is the most suitable for improving of the reliability
of the Avon breaker. The results for installation of the spare breaker compared with
the old breaker presently in service are given in Table 7.4. See Appendix H for NPV
calculation.

Net Present Value
R' (000)

Option 1
Do Nothing

Option 2
Replace

446

326

Table 7.4. Net present value comparison of breaker replacement versus no replacement.
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Figure 7.2: Plot of cash flow: ASEA HLR versus spare SFs breaker over the next twenty-year
period.

Figure 7.2 is a plot of expenditure that would be required to maintain the breakers
(existing and spare) . The plot allows comparisons to be made in terms of cash flows.
The periods just before the points of intersection would be the ideal times for the
refurbishment project to take place. It is important to note that capital expenditure
should be appropriately timed. In some instances the project would have to be
deferred due to lack of sufficient funds. A plot of the cash flow over the write-off
period would be useful when making such a decision .
For option 1 (existing HLR breaker) the expenditure is solely for maintenance of the
breaker while in option 2 (spare SF6 ) there are the finance charges to service the
capital as well as maintenance that will be required . From these results the preferred
option is to replace the Impala 2 breaker immediately in order to avoid any further
expenditure to maintain the existing HLR breaker. The breaker replacement is thus
justified.

7.4

Case Study 2 - Current Transformer Refurbishment
During 1998, selective inspections on the 275 kV Balteau CTs at Avon substat ion
highlighted serious signs of deterioration and perishing of the rubber bellows. The
bellows consist of two components that are made out of different rubber
compositions. The first bellow is an oil side bellow for oil sealing, while the second is
an airside bellow for preventing moisture ingress. After a final inspection , it was
established that the rubber bellows will not last the expected service life of the CTs
and the replacement is essential to maintain the integrity of the hermetically sealed
system for the remaining life of the CTs. These CTs have been known to fail on the
system and cause damage to adjacent plant, supply interruptions to customers and
risk injury or endanger the life of operational staff. A refurbishment project was
proposed to replace the bellows of these 18 units.
The least economic cost method was used to justify the capital expenditure required
for refurbishing the CTs. All calculations pertaining to this technique follows .
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7.4.1

Probabilities Used
The impact of a CT failure is dependent on the layout and status of the busbars in the
substation as well as the availability of the protection.

•

The number of 275 kV Balteau CTs that have failed on the system is 5 out of the
230 units installed . These failures have occurred over a period of nine years. The
probability of a failure occurring is:
PCTFailure = (5/230) * (1/9) = 0.00241 per annum

•

By refurbishing the bellows the probability of failure will not be eliminated .
However, the probability of failure would most likely improve by an estimated
value of 0.001, giving an improvement of 0.00141.
P lmprovement

=0.00141

7.4.2

Scenario Identification

7.4.2.1

Scenario 1
A CT failure on the bus coupler. This will cause a severe dip but not necessarily an
interruption. Due to the construction of these units, there is a fifty-percent (P=0.5)
chance that the fault will be reflected on the P1 (primary) side as apposed to the P2
(secondary) side of the transformer. If the fault is reflected by the protection
instrumentation as a P1 fault, then both zones will be stripped. If it is seen to be on
the P2 side then only zone 1 is isolated and there will be no interruption to the
supply. There are a total of 6 CTs on the bus coupler.
The probability of a severe dip on the system is P = 6*0.00141 = 0.00846, the
corresponding probability of an interruption is P =0.00846 * 0.5 =0.00423

7.4.2.2

Scenario 2
A CT failure on one of the feeders: If the CT fails and the fault is reflected on the P2
side, then this will be seen as a line fault. There will only be an interruption in the
event of a protection failure . The probability of the line protection including all the
back-ups failing is very low, therefore , in this case it is ignored. However, if the fault
is reflected as a P1 fault then the protection will isolate that zone and interruption to
supply will only occur in the event of a protection failure. The probability of the
protection failing is not calculated rather it was obtained from the performance history
database of this power utility.
The statistics indicate that the probability of the bus zone protection failing is 0.155.
The probability of a severe dip on the system is P = 18 * 0.00141 =0.0253, while the
probability of an interruption is P = 0.0253 * 0.5 * 0.155 = 0.00197
Table 7.5 summarises the impact of the possible current transformer failures.
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Scenario 1

Scenario 2

Bus Coupler
CT failure

Feeder
CT failure

Station Black-out

Station Black-out

Supply Loss

Supply Loss

Megawatts Interrupted
(EEAR)

400MW
0.75 LF

400MW
0.75 LF

Event Probability

0.00423

0.00197

1 hr

1 hr

EENS (kWh)

1 269

591

Cost to Customers
(R150 000 I Dip)

1 269

3795

Cost to Customers
(R 6.95 I kWh)

8820

4107

Condition
Security of Supply
Effect on Customers

Duration of the
Interruption

Table 7.5: Impact of current transformer failures.

7.4.3

Break-Even Cost of Unsupplied Energy
The capital required to purchase a CT is R 185 500. The annual cost of capital is
Cost

Refurbishment Project

=R 185 500 * 0.0738 =R 13 690 per annum

Every time one of these CTs failed, the CT and some of the adjacent equipment had
to be replaced at an average cost of R 160 000 per event. If the CT is refurbished
then there will be a saving of (R 160000 * 0.0625 = R 18 750).
Cost

Savings

= (R 160 000 * (0.00846 + 0.0253)) = R 5402 per annum

The total energy not supplied due to the constraints of the existing CT (summation of
all the EENS from the Table 7.4 above).
EENS

=(1

269 + 591)

= 1 860 kWh per annum

The break-even cost of unsupplied energy (BECOUE) is calculated as:
BECOUE = R(13 690 - 5 402) 11 860 kWh
= R 4.46 IkWh

Since the BECOUE (R 4.46 IkWh) < Cost incurred to the customer (R 6.95 IkWh) in
the event of a failure, the replacement of the CT bellows is justified.
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7.5

Case Study 3 - Power Transformer Replacement
At Everest substation the maintenance costs for the 500 MVA 400/132 kV
transformer has doubled over the last three years. Acid level tests, dissolved gas and
furanic analysis were carried out to determine ageing and condition of the paper
insulation. After 25 years of service, the results indicate that there is a need to
replace the existing transformer with two new 250 MVA units in order to reduce
operating maintenance costs and enhance station reliability.
Due to operating and maintenance cost records being mislaid, experienced field staff
were consulted to obtain an estimate of average annual values that can be used in
the justification calculations. The necessary data required and obtained is given
below.
=400 MW
= R 750 000
= R 11 000/ transformer
= R 10 million
R 17/ kWh

Expected energy at risk
Average maintenance Costold trfr per year
Average maintenance Costnew trfrs per year
Cost New transformers
Cost of unserved energy (Industrial load)

=

Performance data and component populations surrounding the transformer in this
utility is tabulated in Table 7.6.
Average No. of
Occurrences [3]

Item

(per annum)

Component
Population

Probability of
Occurrence
(% per annum)

Severe
Failures

5.34

328

1.628

Other Failures

12.67

295

4.295

58.0

295

19.661

38.4

207

18.569

Protection
Trips
Busbar
Isolations

Table 7.6: Probabil ity of occurrence - power transformer failure .
(3) Ave rage number of occu rrences calculated over a recent 3-year period.

7.5.1

Probabilities Used
Firstly, the various scenarios for which the in-service transformer may be out of
service is established based on following information:

•

Severe failure which requires that the unit be removed from site for possible
repairs or to be replaced by a strategic spare unit (6 to 9 weeks).

•

Failure which involves an on-site repair (7 to 10 days).

•

Transformer protection trip with no permanent fault detected (1 to 2 hours).

•

Transformer maintenance (9 hours for a diverter switch and 15 hours for the
transformer bays each year).

•

HV or MV/LV busbar isolation (1 hour)
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With the performance data given , it is possible to calculate the probability of the
power transformer being out of service . This probability is calculated as follows.
P out of serv ice

=[((1.628+100) * 1008 hrs) + ((4.295+100) * 168 hrs) +
=

((19.661+100) * 1 hr) + ((18.569+100) * 1 hr) + (9+15 hrs) + 8760 hrs]
0.005481

The probability of the old transformer being out of service per annum is 0.5481 % or
48 .013 hrs.

7.5.2

Break-Even Cost of Unsupplied Energy
The capital required to purchase the two transformers is R 10 000 000. The annual
cost of capital is
Cost

Refurbishment Proje ct

=R 10000000 * 0.0738 =R 738 400 per annum

If the single unit is replaced , the cost to maintain the new transformers (R 22 000 per
annum) are far less in comparison to the existing unit (R 750 000) . The
corresponding savings is
Cost

Savings

= (R 750 000 - 22 000) = R 728 000 per annum

The total energy not supplied as a result of any possible failure discussed above is
EENS = 400 MW * 0.005481 = 2 192 kWh per annum
The break-even cost of unsupplied energy (BECOUE) is calculated as
BECOUE = R (738 000 - 728 000) 1 2 192 kWh
= R 4.56/kWh
The investment of R 10 million is thus justified since the cost to the customer (R 171
kWh) in the event of a failure is greater than the calculated BECOUE value of R 4.56
IkWh. However, operational cost savings need to be verified for final acceptance.

7.5.3

NPV Calculations
The Net Present Value (NPV) calculations were done for each option to determine
which of the two options is the most suitable in terms of operational cost. The results
for the installation of the new transformers and the old transformer presently in
service are presented in Table 7.7. See Appendix I for NPV calculation.

Net Present Value
R' (000)

Option 1
Do Nothing

Option 2
Replace

10338

10303

Table 7.7. Net present value comparison of transformer replacement versus no replacement.
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From the above results it is clearly evident that option 2 (to replace) is preferred. In
this case the operational cost savings were not significantly high enough to obtain
final acceptance.

7.6

Case Study 4 - Circuit Breaker Refurbishment
At Pegasus substation two 400 kV minimum oil restriking feeder circuit breakers
need to be replaced. The option to replace the oil feeder breakers with existing SFs
bus section and bus coupler breakers located at Pegasus was accepted after
carefully evaluating various solutions. Two spare minimum oil breakers located at a
station in close proximity would then replace the bus section and bus coupler
breakers. These spare oil breakers have no history of restriking while being in service
for 34 years. Both the breakers would have to be transported to the new site and
then overhauled. The total capital cost of the project is approximately R 1.55 million.
By substituting and overhauling the breakers as proposed, substantial savings in
terms of operational costs were foreseen. The economic justification was based on
operational or maintenance cost reduction . This was determined as follows.

7.6.1

Operational Savings
The minimum oil feeder breakers are being replaced with existing SFs type,
therefore, all future expenditures that would be required to maintain these breakers is
considered as savings. A summary of these costs are given in Table 7.8.

Activity

Maintenance Cost! breaker

Maint. Cost! 2 Breakersl yr

R 35 000 / 3vrs
R 75 000 /12vrs

R 23500 /vr
R 12 500 /vr

PMT
MOT

R 36000 /vr

TOTAL (1)
PMT

=Periodic Maintenance & Testinq

MOT

=Maior Overhaul & Testina

Table 7.8: Breakdown of maintenance costs for the 400 kV minimum oil feeder breakers.

In the event of an oil breaker failing violently , there would be damage to surrounding
plant equipment. Possible equipment that may be damaged and the cost to replace
these items are listed in Table 7.9. However, the total approximate cost of a
catastrophic failure is based on the probability of such an event occurring .
The probability of failure P(f), was calculated using the following performance data
obtained :
Total number of restriking breakers in the entire network = 7,
Number of violent failures

=3 in 8 years.

Probability of failure - P(f)

=(3/7)*(1/8) =0.05357 /yr

122

1
3
3
1

Cost of Equipment

Equipment Item

Quantity

R 1500 000
R 600 000
R 100 000
R 100 000

400 kV Circuit Breaker
Sinqle Phase CTs
Motorised Isolators
Labour

R 2300000

TOTAL

R 2300 000 * P(f)

Breakdown Cost due to Restriking (Violent Failure)
TOTAL (2)

R 123 211/yr

TOTAL COST (1) + (2)

R 159 211/yr

Table 7.9: Cost of a breakdown in the event of a 400 kV minimum oil feeder breaker failing
catastrophically.

7.6.2

Operational Expenses
The cost to maintain the existing SFs breakers are not taken into consideration since
they remain unchanged. The planned maintenance cycle of the spare oil breakers
differs from the installed oil feeder breakers. These costs shown in the Table 7.10
would be regarded as the only additional expenses as a result of the changes being
made. The cost to maintain these breakers would not change and is on-going.

Activity

Maintenance Cost! breaker

Maint. Cost! 2 Breakersl yr

R 35 000 I 4yrs
R 75 000 I 12yrs

R 17500 Iyr
R 12 500 Iyr

PMT
MOT

TOTAL EXPENSES
R 30000 /vr
PMT = Periodic Maintenance & Testino
MOT = Maior Overhaul & Testing
Table 7.10: Breakdown of maintenance costs for the spare minimum oil feeder breakers.

7.6.3

Capital Expenditure (Justifiable Amount)
•

For an NDR of 6% and the write-off period being 25 years, the CRF = 0.0738.

•

Net Savings

= Total Savings - Total Expenses
= R 159 211 - R 30 000
= R 129 211 /yr

•

Justifiable Amount

= Net Savings/CRF
= R 129211 /0 .0738
= R 1 750826

The project is thus justified since the capital amount required is estimated to be 1.55
million Rands.
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7.7

Case Study 5 -Replacement of a Failed Power Transformer
At Croydon substation (near Johannesburg) a 500 MVA 400/132 kV transformer
failed catastrophically after being in service for 38 years. After 27 years of operating ,
gas-in-oil tests indicated a high moisture content in oil of approximately 25 ppm (c.f.
20 ppm limit as defined by IEEE [7 ,8]. The dielectric strength of the oil was reduced
to 52 kV (as determined by international standard [12]; a technique using a 2.5mm
gap spacing). Three years later (i.e. after 30 years of service) the oil was
reprocessed, an on-line dry-out system and a rubber bag was retrofitted to prevent
further moisture ingress through the conservator. Th is led to a further 8 years of
service before failure. The transformer was replaced at total cost of R 10million.
The replacement of the transformer was justified based on operational cost savings.
An estimate of average annual maintenance cost values was used in the justification
calculations. These values together with the energy at risk and the cost of un-served
energy for an industrial load are presented in Table 7.11 .

Expected energy at risk

= 400 MW

Average maintenance Cos4xistinQtrfr per year

= R 740 000

Average maintenance Costnewtrfrs per year

= R 10000

Cost of unserved energy (Industrial load)

= R 17/ kWh

Table 7.11: Maintenance costs (existing and new transformer), energy at risk and cost of
unserved energy.

7.7.1

Probabilities Used
The probability of the transformer being out service is 0.005481 per annum. See
7.5.1 for an explanation.

7.7.2

Break-Even Cost of Unsupplied Energy
The capital required to purchase the new transformer is R 10 000 000. The annual
cost of cap ital is
Cost Refurbishment Project = R 10 000 000 * 0.0738 = R 738 400 per annum
If the single unit is replaced , the cost to maintain the new transformers (R 10 000 per
ann.um) !s far less in comparison to the existing unit (R 740 000) . The corresponding
savings IS
Cost Savings = (R 740 000 - 10 000) = R 730 000 per annum
The total energy not supplied as a result of any possible fa ilure discussed above is
EENS

=400 MW * 0.005481 =2 192 kWh per annum
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The break-even cost of unsupplied energy (BECQUE) is calculated as
BECOUE =R (738 000 - 730 000) /2 192 kWh

= R 3.64/kWh
The investment of R 10 million is thus justified since this value it is lower than cost of
un-served energy specified in Table 7.11 . However, operational cost savings had to
be verified for final acceptance.

7.7.3 NPV Calculations
The Net Present Value (NPV) calculations were done for each option to determine
which of the two options is the most suitable in terms of operational cost. The results
for the installation of the new transformer and the existing transformer presently in
service are presented in Table 7.12. See Appendix J for NPV calculation.

Do Nothing

Option 2
Replace

10337

10137

Option 1
Net Present Value
R' (000)

Table 7.12: Net present value comparison
replacement.

of transformer replacement

versus

no

With reference table 7.12 it is clearly evident that option 2 (the replacement) is
justified .
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CHAPTER 8: DISCUSSION
There is an increasing need for power utilities to increase the utilisation of their
assets while maintaining system reliability. Asset or equipment reliability not only
affects the availability of power to the customers, but also affects the economic
operation of the utility. Substantial economic benefits can also be realised by
maintaining and repairing equipment based on condition and operating them beyond
their expected life. Because of this economic incentive, condition assessment of plant
equipment and associated systems is essential. Key components of condition
assessment are condition monitoring or diagnostic techniques that are employed as
a means of verifying the condition for replacement/refurbishment or identifying failure
or malfunction modes.
It has been established thus far that there are a number of techniques available or
currently under development that can be used to assist in performing equipment
assessment. However, the emphasis on special test and monitoring techniques for
transformers and circuit breakers differ.
Power transformer condition evaluation is possible through some unique methods
that are still being refined; however, the emphasis is being placed on more
established means. Off-line testing techniques are still relied upon as the most
dependable methods. It is also evident that some feasible techniques to monitor units
while in-service and on-line are being made available.
There are several factors such as dielectric strength, acidity, colour of oil, dissipation
factor, etc, that may reveal the condition of the transformer windings. This may be
obtained via oil sampling and analysis.
Dissolved gas analysis remains the key assessment technique in determining the
condition of power transformers . On-line gas analysers are available and need to be
considered for application on high risk and transformers exhibiting unhealthy signs,
requiring constant surveillance and nursing to a planned intervention levels and
concentrations is now possible.
Partial discharge detection and localisation by acoustic means is available
commercially and is being implemented with some success. The experimental results
obtained in chapter 6.0 is confirmation thereof.
Experimental findings (chapter 6.0) show that when acoustic emission and gas-in-oil
(on-line) data are used in conjunction, early warning and diagnosis is enhanced. As
the combination of information produced by these two techniques is advantageous, it
is recommended that on-line, if possible or conventional gas analysis results be
taken into account when interpreting partial discharge measurements.
Techniques such as recovery voltage measurement and furfural content in oil will
become an extremely valuable means of approximating the unit's remaining
operational lifespan. Furanic analysis from oil samples is one test that should be
conducted on all transformers to ascertain the present state of health of the insulating
paper. Subsequent tests will allow the projection of remaining insulation life.
The detection of abnormalities in transformer windings is being established by off-line
techniques such as frequency response analysis. On-line techniques to detect
winding displacement continue to be researched. Vibration monitoring has proven to
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be a useful tool in determining the mechanical integrity of windings. which may be
infrared scanning, although not new, are being further enhanced.
As a result of a large number of catastrophic failures occurring in a number of high
voltage free-standing current transformers, there has been some experimentation
with sensors for on-line monitors. Leakage current sensors (to measure capacitance
and dissipation factor), acoustic sensors (to detect partial discharges) and hydrogen
sensors (to detect hydrogen in oil levels) have been developed:
It may be difficult to financially justify the replacement of old technology breakers
such as airblast, bulk oil and minimum oil types. However, refurbishment (life
extension) or replacement decision may be achieved by some means of condition
monitoring to determine condition. Condition monitoring is regarded as the ideal
diagnostic tool to identify imminent failures in circuit breakers.
Key questions asked are: Do circuit breakers generally require a sophisticated
condition monitoring system monitoring every possible parameter? A vast amount of
data would need to be processed and there is the law of diminishing returns. The
meaning of too much of data may become obscure. Continuous, on-line condition
monitoring may yield returns only on breakers which operate relatively frequently,
otherwise inspections of breakers may have more meaning.
The life of a transformer can be substantially extended by controlling the
characteristics of the internal system i.e. controlling the oxygen and water contents.
By improving the utilization of the transformer capacity the condition of the paper
insulation can be maintained.
There is very little that can be done to extend the life of the internal components of
instrument transformers. However, certain maintenance practices and techniques
may contribute to extending life.
With regard to extending the life of circuit breakers, various factors need to be taken
into consideration. These are inspection, maintenance, service history, failure of
similar breakers in service, and the availability of uprating and modification kits.
However, the decision to modify or uprate the breaker must be financially justified.
Five case studies have been presented in detail to demonstrate the financial
techniques that can be applied to justify the refurbishment or replacement of HV plant
equipment in concern. Only four of the five were economically feasible projects.
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CHAPTER 9: CONCLUSIONS
A literature review was carried out to establish the available and developing
monitoring or diagnostic techniques to determine the condition of major high voltage
plant equipment. Power transformers were the focus of this study. The findings of the
study were as follows:
•

The age of plant equipment is a poor indicator of condition.

•

Diagnostic tests are required to accurately assess condition to decide on
refurbishment or replacement.

•

No single technique exists that would guarantee the condition of equipment;
however, a combination of reliable techniques would allow for vastly improved
prediction of failure and decision taking.

An experiment was developed to examine issues related to condition assessment of
electrical power equipment. These issues included investigating:
(1)

The sensitivity of the electrical and acoustic detection to partial discharge
inception voltage , and the corresponding measured PD magnitude;

(2)

The detection and verification of the location of a fixed PD source; and

(3)

The correlation between gas-in-oil measurements (on-line) and acoustic and
electric emission data. A small scale experimental arrangement that is
representative of power transformers in the field was used to investigate these
issues. The test object was a small distribution transformer fitted with a point-tosphere electrode geometry within the tank. The point anode comprised a
stainless steel needle with a tip radius of 20 microns and the cathode;
consisting of a 60mm brass sphere. The point-to-sphere gap lengths were
varied from 20 to 50mm. When a test voltage was applied to the point anode,
partial discharges were produced under oil and measurements were taken for
different gap lengths. The electrical detection and measurement system was
calibrated according to the method described in IEC 270. Electrical PD
detection is a well-known and established technique. From the experiment the
following conclusions can be drawn:
•

The detection threshold (partial discharge inception voltage) for the acoustic
technique is 20% higher than the established electrical detection technique
for the particular experimental arrangement used in this work.

•

For the acoustic measurement technique the mean value for the PDIV
achieved is 10.78 kV. This voltage corresponds to a PD magnitude of
approximately 1000 pC.

•

The partial discharge sensors are more sensitive than gas sensing
technology , either on-line (hydrogen) or off-line (DGA).

•

Partial discharge detection and localisation by a combined electrical and
acoustic system is effective. By placing the acoustic sensors at various
locations on the transformer tank, the position of the discharge can be
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estimated by measuring the signal amplitude and absolute arrival time to
the sensors. The acoustic signal received with the highest amplitude and
shortest duration arrival time would mean that the discharge is in close
proximity.
•

A small increase in dissolved hydrogen was observed at the end of the
experiment therefore, a correlation between gas-in-oil measurements (online) and acoustic emission data could not be established.

Plant items requiring substantial amounts of capital for refurbishmenUreplacement or
life extension can be economically justified based on the application of proposed
justification methods. In order to demonstrate the use of the financial justification
techniques and to enhance understanding, five case studies were presented and
explained in detail. These methods were applied successfully.
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APPENDIX A: SPECIFICATION FOR PIEZO-ELECTRIC ACOUSTIC
SENSORS

Model

R15

Manufacturer

Physical Acoustics Corporation

Supply Voltage

12VDC

Dimensions

29x31 mm (diameter x height)

Operation Temperature

-45 °C to 177 °C

Connector Type

BNC

Case Material

Stainless Steel

Face Material

Ceramic

Frequency Range

70 to 300 kHz

Seal Type

Epoxy

APPENDIX B: SPECIFICATION FOR CORONA DETECTOR SYSTEM
Model

COO 77A3 .

Manufacturer

Hipotronics Inc.

Scope:
Input

115 Vac/220 V, 1 Amp , 50/50 Hz.

Display

Straight line flat faced circuit class "C" amplified tracelocked to input frequency.

Graticle

Illuminated with centimetre divisions .

Sensitivity

Greater than 5 microvolts/cm.

Band Pass

Position 1: ±30 kHz - slot filter in amplifier.
Position 2: ±70 kHz - slot filter in amplifier.
Position 3: ICEA - approximately 20 - 200 kHz.

Pulse Calibrator:
Input

220 Vac , 30 mA, 50/60 Hz.

Output

1, 2, 4, 10, 20, 40, 100, 250 Pico-coulombs when
coupled to a 100 pF coupling capacitor.

Pulse Shape

200 IJS wide , 50 ns rise time variable phasing.
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APPENDIX C: DISSOLVED GAS ANALYSIS - SAMPLE 1

Submission No.:

1001041469

Sampled on:
30-SEP-2001
Logged on :
10·0CT-2001
Reported on:
15·0CT·2001
Oil samples taken from transformers at UNIVERSITY OF NATAL on 30-5EP-Q1

200272942
20011010·942
ELECT LAB
BOT DRAIN VALVE
NOT GIVEN
NOT GIVEN
NOT GIVEN
NOT GIVEN
23309

~ample Id
pescription
Position
~ampling PoInt

Unit Mako

Serial Number
Plant Voltage kV
~apacity Mva
IKks Number
~omponent:

Value:

N/A

IRESAMPLE DATE
~CTION

~YDROGEN

~XYGEN
~ITROGEN
~ETHANE

I=ARBON MONOXIDE
~ARBON DIOXIDE

.

N/A
0
22209
39641
1
4

367

~THYLENE

0

~THANE

0

~CETYLENE

OP OIL TEMP (deg C)
10GAS v/v AT N.T.P.

0
NOT GIVEN
6.28

14 1

,

APPENDIX D: TECHNICAL SPECIFICATION FOR HYDRAN 2011

,i :

-.

I

-

The HYDRAW 201Ti continuous on-line intelligent
Transmitter is a small, cylindrical, thermally
controlled enclosure that attaches to the valve of
the transformer to be monitored, It.contains the
HYDRAN' sensor with its microprocessor based
electronics. It is used in conjunction with the
HYDRAIV' 201
HYDRAIV' 20 1 4 or the
H YDR~N' 20 1 (i·C controllers. It is housed in a
NEMA:4X instrument enclosure.

en,

CE

HYDRAN ' products m ee t
th e intent of Directi ve
89/ 336 /EEC for
Electromagnetic
Compatibility.
EN 500 82-1 Immun ity :
IEC 801 ·3 RF Rad iat ed
IEC 801 - 4 Fast Tran sients

a.

In st rument Compon ents
Responds to
Medium
Application

Sensor and mic ro-electronk transmitter in single cylindrical enclosure
H" CO, C,H C,H, (Hydrogen, Carbon Monoxide, Acetylene, Ethylene)
"
Electric insulating
oil
Transformer monitoring: specifically, detection of failure conditions in oilfille d electrical equipment; Upgrading or expansion of existing HYDRAN® 201R
installations or similar cases that require the advanced capabilities of the
HYDRAN'20lTi.

Sensor Principle
Meas ureme nt Meth od
Samp ling/ Bleeding Port
Range
Accuracy
Relative Sensitivity to H,
.. to CO
.. to C,H,
.. to C,H,
Response Time

Selective gas permeable membrane and combustible gas detector
Flooded port with Dynamic Oil Sampling System
Allen screw, 5/32", fits glass syringe with Luer stopcock
o. 2000 pp m (Volume/Volume, H2·Equivalent)
::10% of reading ±25 ppm for hydrogen
Reading = 100% of concentration
Reading = 18% ::3% of concentration
Reading = 8% ± 2% of concentration
Reading = 1,5% :: 0,5% of concentration
10 minut es (to 90% of step change)

Hardware
Software
Functions

Commun ications
External Display
Intern al Keypad
Alarm Conta cts
Stand ard Analog Output
Output Option

Extern al Enclosure
Electronic Modules
Enclosure Hea ting / Cooling
Enclosure to Valve Mount ing
Operating Tempe rature Range

Oil Pressure Range
Power Requirements
EMI / RF I / ESO Compat ibility
Weight

Microprocessor, watch dog and time-of-day clock
Real-time operating system and menu-driven interface
Gas level; hourly and daily trends (adjustable); gas level, gas trends and fail
alarms; history logging; periodic sensor test; calibration, configuration and selftest; networking, mod em control; remote software upgrading
One port, user selectable as RS-232 (DB-9) or isolated supervisory link
Back lit LCD, 2 lines by 16 characters
6 keys (Enter, Up, Down, Change, Escape, End)
Gas Hi, Gas Hi-Hi, Fail; SPDT, 125VA @ 250VAC, 60W @ 220 VDC
0· 1 mA non-isolated output , 0-2000 ppm scale; 2V max. output
Available as 4-20 mA isolated output, 1500 V RMS; 10Vmax. output

NEMA-4X (IP-66) r diam. x 7 1/8" white cylindrical aluminium housing
CPU and I/O modules totally encased; swappable and weather-proof
325 Watts heating plate plus convection'cooling maintains sensor and electronics
within temperature range of 15' C to 65'C (59' F to 149'F)
Brass adaptor with 1 1/2" male thread screws to customer valve (standard)
1" and 2" adaptors and a 1 1/Z' Finned High Temperature adaptorareoptional
Oil at the valve: -50'C to +90' C (-5B'F to + 194' F);
+105'C (+ 221'F) with optional finned high temperature brass adaptor
Ambient : -50'C to +55'C (-58' F to +131'F)
o to 700 kPa (100 PSI ) gauge pressure; no vacuum allowed
100 / 115 / 230 VAC, ±15%, 50 /60 Hz. 350 VA maximum
Meets IEE EC37.90 and IEC 255-4, 801-2, BOl -4 standards
Installed: 13 lbs (6 kg)
Shipping: 16 lbs (7.3 kg)

142

APPENDIX E: GAS SENOR READINGS

Applied Voltage = 15 kV

Gap Length = 25 mm

HYDRAN PDMAG
(pC)
(ppm)

TEMP
(DegC)

DATE

TIME

11-Aug-03
11-Aug-03
11-Aug-03

13h20
14h20
15h20

132
132
132

1300
1300
1300

23.9
23.9
24.2

12-Aug -03
12-Aug-03
12-Aug-03
12-Aug-03
12-Aug-03
12-Aug-03

10h05
11h05
12h05
13h05
14h05
15h05

132
132
132
132
132
132

1300
1300
1300
1300
1300
1300

23.8
23.9
24.0
24.0
24.5
24.6

13-Aug-03
13-Aug-03
13-Aug-03
13-Aug-03

10h05
11h05
12h05
13h05

134
134
134
134

1400
1400
1400
1400

21.6
22.3
22.8
23.4

13-Aug-03
13-Aug-03
13-Aug-03

14h05
15h05
16h05

134
134
134

1300
1300
1300

23.6
23.9
24.3

14-Aug-03
14-Aug-03
14-Aug-03
14-Aug-03
14-Aug-03
14-Aug-03
14-Aug-03

10hOO
11hOO
12hOO
13hOO
14hOO
15hOO
16hOO

134
135
135
135
135
135
135

1300
1300
1300
1300
1300
1300
1300

21.3
22.3
22.8
22.8
23.2
23.4
23.6

15-Aug-03
15-Aug-03
15-Aug-03
15-Aug-03

09h45
10h45
11h45
12h45

136
137
137
137

1400
1400
1400
1400

21.3
22.3
23.1
24.2
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APPENDIX F: DISSOLVED GAS ANALYSIS - SAMPLE 2

Submission No.:

100129301

District:
Sampled on:
Sampled by:
Logged on:
Printed on:
Oil samples taken

PINETOWN
12-AUG-2003
R SINGH
01-SEP-2003
01-SEP-2003
from transformers a' UNIVERSITY OF NATAL on 12-AUG-03

r==

Sample Id
Description
I
Position
l-Sampling Point
I
.
IUni t Make
Serial Number
I
Plant Voltage kV

- - --

I
I

-

~---val u e :

f ompo nent:
RESAMPLE DATE
~CT I~ ---

H YD'ROGEN- -

-

200342449
NOT GIVEN
NOT GIVEN
NOT GIVEN
NOT GIVEN
NOT GIVEN
12

-

-

N/A
i
-_ _ __, _N/A _ __
J
- -64
I
-J

pXY G E ~- - --

18346

46~30

:NITROGEN

~HAN E
~ARBON MONOXIDE
CARBON DIOXIDE
ETHYLENE
:ETHANE

---

--

~CETYLENE

[fo p OIL TEMP (deg C)
~G AS

vlv AT N.T.P.

144

-

114
2140
4
4
3
22
6.18

=

I

I
!

-- I

I

'1

_J

APPENDIX G: DISSOLVED GAS ANALYSIS - SAMPLE 3

Submission No.:

100129303

District:
PINETOWN
Sampled on:
15-AUG-2003
Sampled by:
R SINGH
Logged on:
01-SEP-2003
Printed on:
01-SEP-2003
Oil samples taken from transformers a UNIVERSITY OF NATAL on 15-AUG-03
200342451
NOT GIVEN
NOT GIVEN
NOT GIVEN
NOT GIVEN
NOT GIVEN
12
0.5

Description
>-~~ i ti o n

~ a m p li n g

Point

~ n i t Make
f erial Number
Plant Voltage kV
Capacity Mva

b . .

I
I
i

=1

,
!

-!

- -I

f o mpo nent :
Value :
~
~SAM P L E DATE
N/A
'
N/A
ACTIO-N- --- - fHY D-R-O-G-EN
- - -- -,6:-:"8- - - - 1
r XYGEN - - - -- - - - - - l- - - -1-83- 8-5-- - - - 1
_ .- - - -- - - - - - - --NITROGEN
45909
I
~ ------- -----I
METHANE
7
--j
113
~ARBON MONOXIDE
__J
~ARBON DIOXIDE
2177
I
5
r THYLENE
,ETHANE
4
'A CETYLENE
10
\~ O P OIL TEMP (deg C)
25
~AS v/v AT N.T.P.
6.19

---1

L

----'
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»
1J

CIRCUIT BREAKER REPLACEMENT
Description

Annual Inspection and breakdown
PMT, breakdown & ins pections
Annu al Insp ect ion and bre akdown
PMT, breakdown & ins pect ions

~

0>

(~'~b66) 1 ~J6i6st)

of Incorn~if:)(pe;;dlture

MOT, replace turb ulators

......

1J

",, 1999

1271 <: <127.00

2000
':::: 2001·':>
2002 ' 3':
· · 2003 ":4::.:

A nnu al Inspect ion and breakd own

2004

5:::

MOT, repla ce turbul ators

2005 .

iii

Ann ual Inspection and brea kdo wn

:Z006

A nnual ins pection, cap ital cos t of new bk r

: : : : :~i~lj$iWi

:}::}2iIiiWlli:

A nnual inspec tio n

:: : :::ll~Mi&{f):

1~ < 1~'~:

A nnual inspection

2 ... .

1 2~I >i >89:53

PMT and annual inspection
A nnual inspection

m::J:~~:~i~mi:m

:::Hi:::i.~imm:: W::
}::::}i.~~UM:t::
:m:::}M~~mt

HH@ii&MW
i

2

A nnual inspection

' 2007 :::: :Ii<

18

A nnual inspection

Annual ~nspect io n

/ 2008
2609 "

': : ~'::

2

A nnu al inspection

.: : : ::i:iK~fmi
:jiHilgg~:illt

o

18

Annual inspection

::::::::::::~~ii@t:i:::

2

Annu al inspection

lliidMmW
lli

Ann ual Ins pection an d breakdown
MOT, replace turbulators
Annual Inspection and breakdown
PMT, brea kdo wn & ins pections
A nn ual Inspection and breakdown
PMT, bre akdown & inspections
A nnual Inspect ion and breakdown
MO T, replac e turbulators
Ann ual Inspect ion an d bre akd own
PM T, breakdown & inspect ions
A nnual Inspect ion and breakdown
PMT, bre akdown & inspection s
An nual Inspection and breakdown
MOT, replace turbulators

I---

2010
2011 . . . :' 12·.
2012
2013114>
I< 201411 5
1/ '2015 <1 ::: 16
2016117
2017 1:::)1 8
201 8 : ·': 19

12~1 ? >63j:
2F·>" :: : 0.9'
181>·',:'"..

M OT - Major overhaul
PMT - Period maintenance

MOT and annu al ins pectio n
Annual inspe ction

A nnu al inspection

21»
:: 0 7d
"4449
127 1)
21:,..:> .-: :'.:. 0.66
;.61
18

::' 2020>1 21' :': '
2021 >1>22<
20221 ( 23 ·
.' 2022 <1<24 <
2023> 25 :

18

A nnual inspection
PMT an d annual insp ect ion

::::::::::ail~Miti:

}:::j:&W
$i@;;;;
:::H:§~:~1.~:t]~

:;;:i Wlij1iMII
: : : :i i$[MMllI

' fI:WlJ;Hll::: i~
: :: : :t~i:~i.it::

Annual inspection

· 0.5

A nnual inspection

1I:FWtMill:t:

:n

Ann ual inspe ctio n

:t::::::~~:~¥t]:

1271 » >31.37
21<·.. · :. :::::'·'0.47
: :.:.:. , . .
: 446.16

PMT an d annua l insp ectio n
Annual inspection

~l:~~ i:\~(;;I:: i:it

:;;:di l3Mmr

:: : riMl~{:: m

X

o

0.5 dmII~MffJU

~1~'~"'''Ir-'·il
NPV(OLD)

0.5 ::;m@~jM@H
0.5 i mm:flMi im
ff
0.5 rmM81ij:I@%
0.5 :tii@1&i6WWll
0.5 ItmMl~~M;;;t
0.5 i WiiMldi fmil
0.5 fmm81~Mmll
30.5tlttMi!~Mmtj
0.51~: : ::I::$li~I::;:: :t
0.51~tm;:Md¥:ttll

0.5 1f:: tW&i.~bfl
0.5ddiii:Slii MMl
6.5 dHW£~i:fiWj

0.5 mmt:Effi[
0.5 @@KliMm:

A nnual inspection

Annual inspecti on

.>'.: .:..

Note :

Annual inspection

A nnual inspection

201 9/

:I:

A nnual inspectio n

PMT, breakdown & ins pecti ons
and breakdown

297.00

2

:::": 7 ' :

PMT, brea kdown & inspections

Ili i ~(lll~lil i~~I.I III~II ·~I I f.I'liI:~

18

An nual inspection

m

Z
C

0.56dW
l&iMW
@
0.5 dm;m~AMMW

0.5dimndiinH
6.5

df.ibW
ifib!!{1

0.51~;I~~ i;' ;:=i:'~:

326.02 INPV(NEW)

»en

m
en
-t
C
C

-<

..a.

»
""C
""C

m

Z

o

><

o

»en

m
Inspection and routine maintenance
Inspection and routine maintenance

......

-i
C

) ) W,IMB r r r

22 ))))jil&f))/

Ins pection and routine maintenance

:r r :$ ilW Mr ::

22 :f f f Hi l&t:r r m

750

maintenance
Inspection and routine maintenance
Inspection and routine maintenance
Inspect ion and routine maintenance

~:r:Hi~laiirm:~
:):W~&iM~ff
:\ri9~gaMmt
ff#~~l~3iff:

750

351: 63 Ins pection and routine maintenance

::):tW3[:314.t m::

22 ::f ::) N&i.{ / ) )

Inspection and routine maintenance

750 »

331,73 Inspection and routine maintenance

:rmmi U lf.&jI ::::::

750

Inspection and routine maintenance

t:~ti9£1'iliirr

22 ~:: :: : : I:ijMim::rr:

Ins pection and routine maintenance
Insaection and routine maintenance

750

2!K i3 Ins pection and routine maintenance

::f f i m ma :m:m:

Inspection and routine maintenance

7501 >

Inspection and routine maintenance

750
750

Ins pection and routine

Inspection and routine maintenance

.:>.
......,

en

2004}
(:ioosf lf}s

Inspection and routine maintenance
Inspection and routine maintenance
Ins pection and routine maintenance
Insaection and routine maintenance

:%09:
}2016

:/20:11;
2012:

750
750

750

Inspection and routine maintenance

%1S
:%17\

Inspection and routine maintenance

\ 2tHlf:

750

Insaection and routine maintenance
Inspection and routine maintenance

%Ht
(2026J

Inspection and routine maintenance

:: 211;i{;

Inspection and routine maintenance

202i}
2oH}
\ 2023/

Insaection and routine maintenance

Inspection and routine maintenance
Inspection and routine maintenance

Note:
MOT - Major overhaul
PMT - Per iod maintenance

750

498.79 Inspection and routine maintenance

:: ~m:mf~ilOi@If
22 :r:ffW;i~rr;\

22

22 f f f )h§lf f f :
22 f f f ::HSi M r :t

22 mr r l::tt1i:f i ) f

22 ~: : :mfMl~: : :mmr

Inspection and routine maintenance

750

Ins pection and routine maintenance

750

< 22iJ:62 Insp ection and routine maintenance

~: : )j$M#i~:)

22 :t: : rMlif:::~:):r:~

750

Ins pection and routine maintenanc e

:::::f i $HW mf ::

22 :r m) ::M i f f f f W

750

Insp ection and routine maintenance

f :r iMii&r::f :

22

750

Inspection and routine

maintenance

: : :: a:$~l$¥:f:

f)f):~lfMf:r:~:
22 : ::f:::::rKlMr::~f~

o
-<
w

»
'1J

REPLACEMENT OF FAILED TRANSFORMER

'1J

m

Inspection and routine maintenance

.:1 999':: I' : & :i.

750 :

:;: @iMl~'&IT

10 MNP9.~W.;ii1W

Inspection and routine maintenance

;2000 :: i) F i

750 : ii ( i7117;SS Inspection and routine maintenance

:ttd nlla if':;::j:

10 mWiiMliiMi

Inspectionand routine maintenance

200i )

. ) 66'1:56 Inspection and routine maintenance

::: iiWt~tt:

10 Mmmf.~%:m

' 2.::

750

i;:%&
66 Ins pection, capital cost of new trfr

:~~~~~~~~~~;i~~ t~~t ire i~i:1~~ig~;:~; ~;~ ~~:;~ ~:~:~;i~ ~
Inspection and routine maintenance

--"

.j:>o.

co

' 2006

750

) ' 498Hil Inspection and routine maintenance

:,::;:i 470~56 Inspection and routine maintenance

Inspection and routine maintenance

2(07)

750

Inspection and routine maintenance

;200a} T : g

750

Inspection and routine maintenance
•

•

•

Inspection and routine maintenance

/. 2009 .1'

. :.; ....;.;..../;; .

;;2010;:;.,

: :443:92 Inspection and routine maintenance
750 " . 418:86 Inspection and routine maintenance

;. ;;/;

;;;; :.; .;;;.;;.. ...;':.;:

I ;;;.;;

:::::::w W m::::ii
;::":,',':;:::::;;::;:;:;;::::::"',,,,,i

10 MmiilUi$::iMt
@,:~m;';:';:'x:,W%:

10 MllMfJ.tM n
10 lm;iM~;(iW;:

': b!Hd3 Inspection and routine maintenance

t::iif W J S :!J j.

10 iimllii Mimm :

750

:: 3 12jj5 Inspection and routine maintenance

::(:W! £it iit t:

10 !r n WWt. MW

750

»':::::295;23 Inspection and routine maintenance

: : : : m&l~Jr

10 dlMW.;il@@i,'

750

Inspection and routine maintenance

21114 )

Inspection and routine maintenance

'201S )

)
)
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