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Abstract
Power transformer condition monitoring plays an important role in order to maintain the
reliability of power systems operations. Failure of a power transformer could lead to a major
disaster affecting the whole transmission and distribution network systems. The quality of the
insulation system within power transformers comprising dielectric insulation paper and oil
reflects the overall health condition of the transformer. The combination of heat (pyrolysis),
moisture (hydrolysis) and air (oxidation) within operating transformers causes oil and paper
decomposition which result in a number of gases that relate to the cause and effect of various
faults. A gas chromatography (GC) instrument is currently used as a laboratory-based
technique to quantify dissolved gases in transformer oil samples. However, the GC technique
incurs running costs and requires an expert to conduct the test. Furthermore, due to the
complexity of the equipment, GC measurement can only performed in a laboratory
environment hence takes a long time to get the results. On the other hand, the quality of the
insulating oil influences the performance and the service life of the transformer. During the
oil aging process, oil gets contaminated with dissolved decay products and sludge as a result
of the chemical reaction between the mineral oil molecules and oxygen dissolved in oil. Sludge
and contamination development in insulating oil can be identified by measuring the interfacial
tension (IFT) value of the oil. The ASTM D971 standard (Interfacial Tension of Oil Against
Water by the Ring Method) is widely used to measure IFT of insulating oil. However, this
technique is very sensitive and if the precautions mentioned in the standard procedure are not
carefully followed may result in an incorrect or inconsistent IFT reading. Moreover, the
current technique calls for a trained person to conduct the test that requires a relatively
expensive piece of equipment and lengthy time to get the results as oil samples have to be sent
to an external laboratory which also incurs an additional running cost.
This thesis proposes an alternative method of measuring the IFT and dissolved gases in
transformer oil using absorption spectroscopy which can be performed instantly on-site and
has the potential to be implemented on-line. Two novel methods were developed: measuring
transformer oil IFT using ultraviolet-to-visible (UV-Vis) spectroscopy, and detecting
dissolved gases in transformer oil using near-infrared-to-infrared (NIR-IR) spectroscopy.
Also, a new fuzzy logic approach to provide a proper asset management decision and predict
the remaining operational life of a power transformer based on some routine insulating oil tests
such as furan, dissolved gas analysis (DGA), IFT, water content, and operating temperature
has been proposed in this thesis.
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Chapter 1
1.1

Introduction

Background and Motivation

A power transformer is a vital link for any electrical transmission and distribution network, as
shown in Figure 1-1. Failure of power transformers could lead to a major disaster affecting the
whole power delivery system. Furthermore, an unexpected failure of power transformers could
not only cause an electricity shortage to the consumer, but also would involve the loss of
millions of dollars for utility companies, industrial failure costs, environmental hazards costs
due to oil spillage, and also indirectly to the national security [1]. Based on a report provided
in 2003 by the International Association of Engineering Insurers (IMIA), the total losses in
five years (from 1997 to 2001) for 94 cases involving power transformer failure, which does
not includes Business Interruption claims, was about $286 million [2]. The highest cost was
caused by transformer insulation failure, as shown in Table 1-1.

Figure 1-1 Transformers In a Power Delivery System

Another consideration is that, most transformers nowadays are operating either close to or in
excess of their design life which is approximately between 35 to 40 years. In fact, the statistics
data published by US Department of Energy (2014) shows that the average length of operation
of power transformers in the United State is approximately 40 years [1].
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Table 1-1 Transformer Causes of Failure and Losses [2]
Cause of Failure

Number

Total Cost

Insulation Failure

24

$149,967,277

Design/ Material/ Workmanship

22

$64,696,051

Unknown

15

$29,776,245

Oil Contamination

4

$11,836,367

Overloading

5

$8,568,768

Fire/ Explosion

3

$8,045,771

Line Surge

4

$4,959,691

Improper Maintenance/ Operation

5

$3,518,783

Flood

2

$2,240,198

Loose Connection

6

$2,186,725

Lightning

3

$657,935

Moisture

1

$175,000

94

$286,628,811

Meanwhile, according to Western Power Australia, in their State of Infrastructure Report
2014/15, the majority of transformers operated in Western Australia are over 30 years old and
11.1% of them are already over 40 years old, as shown in Fig.1-2 [3]. A failure rates analysis
in accordance with the transformer failure pattern “bathtub” curve reveals that the possibility
of a power transformer failure is increased after 30 years of service, as shown in Figure1-3 [2,
4].

Figure 1-2 Power Transformer Population in Western Australia [3]
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Figure 1-3 Transformer Failure Rates Based on Years of Service [2]

Therefore, a reliable monitoring and diagnostic technique to detect transformer incipient faults
is required to avoid catastrophic failures and help in providing efficient predictive maintenance
that improves the reliability of the equipment [5]. Often, power transformer health is referred
to the quality of its insulation system which consists of paper insulation immersed in insulating
oil [6, 7]. Long term degradation of an insulation system occurs mainly through heating
(pyrolysis), moisture ingress (hydrolysis) and air ingress (oxidation) [8, 9]. Incipient faults
within a transformer can be detected by analyzing samples of its insulating oil, e.g., using
dissolved gas analysis and furan analysis [10]. Concurrently, sludge and acids formed in
transformer oil affects its quality and potentially increases the rate of insulation paper aging
[11]. Thus, IFT and acid number measurements may use as early warnings of insulation aging
development [12].

1.2

Research Problem

Several diagnostic techniques have been implemented by industries to assess and monitor the
condition of insulation systems of in-service transformers. These assessments can be classified
into two groups, electrical and chemical analysis as shown in Fig.1-4. Partial discharge
analysis, dielectric breakdown voltage, power factor, time domain polarization, and frequency
domain polarization are part of electrical analysis, while water content, acidity, interfacial
tension (IFT), degree of polymerization, dissolved gas analysis (DGA), and furan analysis are
part of chemical analysis. In practice, water content, acidity, IFT, DGA and furan of
transformer insulation oil are frequently monitored during routine maintenance tests, at least
once a year for healthy transformers. Meanwhile, for aging or critical transformers, the tests
are carried out more frequently.
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Figure 1-4 Transformer Insulation Analysis

This research is focused on improving the method for diagnoses of the DGA and IFT of
transformer insulating oil. Transformer remnant life and asset management decisions based on
routine insulating oil testing is also covered in this research. The ASTM D971 standard
(Interfacial Tension of Oil against Water by the Ring Method) is widely used to measure the
IFT of insulating oil [13].
Soluble polar contaminants and degradation products affect the physical and electrical
properties of the insulating oil, thereby lowering the IFT value [13, 14]. The current IFT
measurement technique requires great care. Wrong or inconsistent data are likely to be
obtained if the precautions mentioned in ASTM D971 standard [13] are not carefully and
completely observed. A trained person is required to take the measurements, using an
expensive piece of equipment, so that in nearly all cases the oil samples have to be sent to an
external laboratory.
On the other hand, gases dissolved in transformer oil can be extracted using ASTM D3612 –
Test Method for Analysis of Gases Dissolved in Electrical Insulating Oil by Gas
Chromatography [15] or IEC Standard 567- Guide for The Sampling of Gases and of Oil From
Oil-Filled Electrical Equipment and For The Analysis of Free and Dissolved Gases.
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Current DGA measurement using gas chromatography (GC) can only be done in a laboratory
environment due to the complexity of the equipment required where oil samples are to be
collected from operating transformers, and transported to the laboratory for gas extraction and
measurement processes as stated in ASTM D3612 [15]. Due to the time and costs involved
with GC, DGA analysis using this technique is only performed once a year for operating
transformers. Frequent DGA testing is only used when significant fault gases have been
detected during routine analysis [16].
To overcome the limitation of GC, several new analytical techniques have been introduced,
such as the hydrogen on-line monitor and the photo-acoustic spectroscopy (PAS) [16, 17].
Even though both techniques can be implemented on-line, the hydrogen on-line monitor is
only capable of detecting a few dissolved gases in transformer oil, whereas the PAS is capable
of accurately detecting the gas concentration levels that are influenced by the external
temperature and pressure and also affected by vibrations.
In the meantime, the absorption spectroscopy technique which utilizes an electromagnetic
effect to determine the energy level and structure of atomic or molecular substance has also
been considered for suitability in analysing transformer conditions. Recently, several types of
analysis of transformer conditions using absorption spectroscopy techniques have been
proposed, such as to analyse the degradation of paper insulation, to estimate the furan
concentration in transformer oil, to detect additives and contaminants in insulating oil, and to
determine moisture content in insulating oil [18-21]. On the other hand, spectroscopy
technologies have also been used to trace the amount of gases concentration either in space or
solvent in astrophysics and chemistry fields [22, 23].

1.3

Aim and Objectives

The key aim of this research is to develop a novel reliable cost effective technique to assess
the insulation condition of power transformers. The research objectives are listed below:
Objective 1 (a) Investigating the correlation between interfacial tension, acidity, breakdown
voltage and water content of transformer oil with its UV-Vis spectral response.
(b) Developing a new technique to measure the interfacial tension of transformer
oil using UV-Vis spectroscopy.
Objective 2 (a) Investigating the characteristic of each key gas dissolved in the transformer oil
with its NIR-IR spectral response.
(b) Developing a new technique to measure key gases dissolved in transformer
oil using NIR-IR spectroscopy.
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Objective 3

Developing an expert model to estimate the remnant life and asset
management decision of power transformers based on routine insulating oil
tests.

1.4

Research Methodology

In respect of the objectives of this research project, the following methodologies are adopted:


Method for Objective 1: Developing a new technique to measure the interfacial tension of
transformer oil using UV-Vis spectroscopy:
o

New and in-service transformer oil collected from utility companies are tested with
interfacial tension, acidity, breakdown voltage, and water content in accordance with
the current practice standards.

o

Same oil samples are then examined using UV-Vis spectroscopy.

o

The correlation between interfacial tension, acidity, breakdown voltage and water
content of transformer oil with its UV-Vis spectral response are investigated.

o

Spectral response results for various interfacial tension numbers are analysed, and the
impact of absorbance level and maximum bandwidth are evaluated.

o

The correlation between absorbance level and bandwidth, with the interfacial tension
of transformer oil is developed using the fuzzy logic model.

o

The accuracy of the fuzzy logic model developed is validated with other sets of inservice transformer oil.

o

The oil spectroscopy test procedure in this work is conducted in accordance with
ASTM E275 [148].



Method for Objective 2: Developing a new technique to measure the dissolved gases in
transformer oil using NIR-IR spectroscopy:
o

Different concentrations of individual key gases dissolved in oil are prepared using
new oil in accordance with ASTM D3612 [15] standard and measured with gas
chromatography.

o

Same oil samples are then examined using NIR-IR spectroscopy.

o

Spectral response results for each gas with various concentrations are analysed, and the
impact of absorbance level and spectral response area in a particular range are
evaluated.

o

The correlation between the absorbance level and the spectral response area, with the
individual key gases in transformer oil are developed using the fuzzy logic model.
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