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ABSTRACT

Natural ester insulating oils (NEO) have high fire points and excellent
biodegradable characteristics. As a result, there is an increasing demand for NEO as
transformer insulating oils. Among the promising NEOs are Palm Oil (PO) and Rice
Bran Oil (RBO). Since the failure of in-service transformers could be costly, it is
essential to understand the oil characteristics; this can be carried out through
accelerated thermal ageing study. The ageing characteristics of Mineral oil (MO)
knowledge is well established as it has been researched extensively. On the other hand,
the ageing studies on NEOs are currently ongoing. According to the findings of these
studies, the ageing characteristics and compositions of the NEO were slightly different
compared to conventional MO. Thus, there are differences in the variety and
proportion of gas production during ageing and fault conditions especially PO and
RBO. In this thesis, the ageing behaviour of presence and absence of Kraft paper
insulation in MO, PO, and RBO and as well as DGA were investigated. All
physicochemical, mechanical, dielectric, and electrical properties were measured at
different ageing times of 2, 30, 90, and 180 days and temperatures of 90°C, 110°C,
and 130°C. For DGA study, the simulated thermal fault and electrical fault were
studied, and the sample of gasses produced due to the faults were taken and analysed.
Based on the results, the moisture content in RBO impregnated paper is lower than in
MO, which slower the paper ageing in RBO. Moisture content in oil, vegetable-based
oils have higher values because they can absorb more moisture from the paper by the
effect of hydrolysis. The acid value of PO and RBO are bigger than mineral oil because
the triglyceride molecule in the vegetable oil is easy to hydrolyse to produce a large
amount of high molecular acid. Relative permittivity and dielectric dissipation factor
(DDF) for PO and RBO were higher (1.59 and 2.02) compared to the MO. The higher
DDF value of PO and RBO is due to the molecular structure which has a slightly more
polar character compared to MO. The RBO has the highest resistivity compared to PO
and MO and this is reflected well with the result of the AC breakdown voltages. For
DGA study, it could be identified that the main fault gases of thermal fault for PO and
RBO are CH4, CoHas, CoHg, H2 and CoHe. The DGA analysis for both faults for NEO
might be inaccurate due to different interpretation. Therefore, for PO and RBO, the

DGA analysis needs further improvement before it can be used as transformer oil.



ABSTRAK

Cecair penebat minyak sayuran mempunyai titik kebakaran yang tinggi dan
ciri terbiodegradasi yang sangat baik. Oleh itu, terdapat peningkatan permintaan untuk
NEO sebagai minyak penebat pengubah. Antara NEO yang berpotensi adalah minyak
sawit (PO) dan minyak dedak padi (RBO). Memandangkan kos kerosakan pengubah
adalah sangat mahal, adalah penting untuk memahami ciri-ciri minyak penebat baru
melalui kajian penuaan haba. Ciri-ciri penuaan untuk minyak mineral (MO) sudah
banyak dikaji secara meluas. Sebaliknya, kajian penuaan untuk NEO Kini sedang
dijalankan. Menurut penemuan kajian ini, ciri penuaan dan komposisi NEO adalah
sedikit berbeza berbanding MO. Selain itu, terdapat perbezaan kepelbagaian dalam
pengeluaran gas semasa penuaan dan keadaan kerosakan terutama PO dan RBO.
Dalam tesis ini, tingkah laku penuaan dan ketiadaan penebat kertas Kraft dalam MO,
PO, RBO dan DGA telah dikaji. Semua sifat fiziokimia, mekanikal, dielektrik dan
elektrik diukur pada masa penuaan yang berbeza iaitu 2, 30, 90 dan 180 hari serta suhu
90°C. 110°C dan 130°C. Untuk kajian DGA, simulasi kerosakan haba dan kerosakan
elektrik telah dibuat, dan sampel gas yang dihasilkan akibat kerosakan telah diambil
dan dianalisis. Berdasarkan keputusan, kandungan lembapan dalam RBO dengan
kertas Kraft adalah rendah dari MO, menyebabkan kertas menua dengan lebih lambat.
Mengenai kandungan lembapan dalam minyak yang berasakan sayuran, ia mempunyai
nilai lembapan yang lebih tinggi kerana kesan hidrolisis. Nilai asid PO dan RBO lebih
tinggi daripada MO kerana molekul trigliserida dalam minyak sayuran mudah
dihidrolisis untuk menghasilkan sejumlah besar asid molekul tinggi. Kepelbagaian
relatif dan faktor pelesapan dielektrik (DDF) untuk PO dan RBO adalah tinggi (1.59
and 2.02) berbanding MO. DDF yang tinggi dalam PO dan RBO disebabkan oleh
struktur molekul yang mempunyai watak polar yang sedikit berbanding MO. RBO
mempunyai kerintangan tertinggi berbanding PO dan MO dan ini ditunjukkan dengan
baik dengan hasil voltan kerosakan AC. Bagi kajian DGA, dapat dikenalpasti bahawa
kandungan gas kerosakan bagi PO dan RBO ialah CHa4, CoHa, CoHz, Hz dan CaHe.
Analisis DGA untuk kedua-dua kesalahan untuk NEO mungkin tidak tepat kerana
tafsiran yang berbeza. Oleh itu, untuk PO dan RBO, analisis DGA memerlukan
penambahbaikan lagi sebelum boleh digunakan sebagai minyak pengubah.
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CHAPTER 1

INTRODUCTION

1.1  Background

Transformers, and particularly power transformers, are one of the most
important assets in the system that convert power from one voltage level to another in
electrical power system[1], [2]. During operation, power transformers are subjected to
a variety of stresses, including thermal, electrical, mechanical, and chemical, all of
which contribute to the deterioration of the insulation system [3]. The efficiency of a
power transformer is mainly determined by the performance of its insulation materials,
which is the most important component contained within the transformer [4].
Therefore, continuous study on how to maintain the performance of the insulation

system is required.



Any kind of failure related to the insulation system, including the ageing
related process is crucial and needs to be focused on because it involves a long-term
operation process. Insulating oil also known as transformer oil and Kraft paper are the
two primary components that comprise a transformer's insulation system [4]. Due to
the fact that transformer oil has a higher dielectric strength than air, their primary
purpose is to provide an electrical insulation. The secondary purpose of transformer
oil is to function as a coolant or dissipate heat within the transformer. It is because,
when flux leakage/eddy current and winding (1?R) losses occur in transformers, there
will be a loss of energy in the form of windings and cores. This will experience an
increase in temperature as a direct consequence of this. The heat will be absorbed by
the insulation oil, and it will be transferred to the cooled exterior surfaces. The
provision of diagnostic information regarding the operational health of the transformer

and the lifetime of the transformer is the third purpose of transformer oil [4]-[6].

The main insulation oil in industrial power system since the 1990s is mineral
oil (MO) [7]. MO continues to serve as a major type of insulating fluid in electrical
equipment until now. Insulating oils derived from minerals have excellent dielectric
and cooling properties, which is the primary reason for their market dominance in
terms of consumption on a global scale [4], [8], [9]. However, MO is non-
biodegradable and causes serious spills occurs during incidents such as transformer
explosion [10], [11]. In addition, MO have disadvantages which is a flammable liquid
that has a flash point and fire point of 170°C (high temperature) and transformer fires
are an unavoidably risk. However, due to the environmental aspects in the future, the

concern of fire safety performance of MO starts to be limited [4], [8], [9].



In recent years, NEO such as rapeseed, sunflower, olive, castor, palm and
coconut have been considered as one of the alternatives to replace the MO [12]-[14].
Furthermore, NEO have excellent thermophysical and improved dielectric properties
both of which contribute to increasing the motivations for using NEO as alternative
transformer oil. In order for these vegetable oils to be considered a viable replacement
for MO, they will first need to meet the requirements of being risk-free, cost-effective,
and able to maintain a high level of electrical properties over the course of the

transformer's lifetime.

Recently, extensive works were carried out to investigate the suitability of
vegetable oils as the alternative to MO [12], [13], [15]-[23]. The studies evaluated
dielectric properties, physical and chemical performances under different conditions
and ageing properties. Although some poor features of esters limit their usage, e.g low
oxidation stability for vegetable oils, they have been used worldwide for many years

in either small or medium distribution transformer up to 66kV [24], [25].

In 2006 it was reported by Martins [26] that two Brazilian Utilities, CELESC
and ELETRONORTE, were experimenting with power transformers filled with
vegetable-based oil, Environtemp FR3. Environtemp FR3 is a biodegradable natural
ester and it is derived from seed oil with additives to improve performance. CELESC
was using FR3 in a 138kV 30MVA transformer and two 138kV 40MVA substation
transformers. ELETRONORTE has revised its specification to use FR3 in all
transformers and reactors rated up to 138kV and have recently ordered a 242kV shunt

reactor from ALSTOM Grid (previously AREVA T & D).



One of the most considered VO to be applied as transformer oil is Palm-based
0il(PO). Recently, a number of studies have been conducted, on PO, comprising
various electrical, physical and chemical properties [12], [15], [30], [36], [45], [55],
[66], [70]. The findings indicated that PO has a the potential to serve as an alternative
transformer oil due to the fact that its AC breakdown strength and lightning impulse

strength were comparable to MO [4], [6], [9], [19], [22], [27]-[31]

Rice bran oil (RBO) is yet another variety of VO that has demonstrated strong
performance. In 2016, S. Senthil Kumar reported RBO for the capability to be utilised
as an alternative transformer oil. Studies on RBO especially on physical, chemical,
and electrical properties are very limited number. The study showed that the AC
breakdown voltage and lightning impulse breakdown voltage of RBO has a
comparable performance to another natural esters [32]-[34]. According to the

findings, RBO possesses better insulating properties in comparison to other VO.

The performance of insulation oil is gradually deteriorating in the long-term
operation and may lead to failures of the transformer. This deterioration is influenced
by the internal electrical, thermal, mechanical vibration, moisture, oxygen, and other
factors of the transformer. Among those factors, thermal ageing caused more than half
of the total failures in transformer which makes it the main cause of oil paper insulation
degradation. The influences of thermal ageing on oil’s electrical and paper’s
mechanical properties become the concerns of ageing diagnosis and residual lifetime
predictions for transformers. Thus, it is important to determine the ageing status of

transformers by monitoring the condition of the oil and paper.



Dissolved gas analysis (DGA) is the study of dissolved gases in transformer
oil. Whenever a transformer undergoes abnormal thermal and electrical stresses,
certain gases are produced due to the decomposition of the transformer oil. When the
fault is major, the production of decomposed gases is significant. However, when
abnormal thermal and electrical stresses are not significantly high the gasses due to

decomposition of transformer insulating oil will get enough time to dissolve in the oil.

PO and RBO have different compositions from the conventional mineral
insulating oil. PO and RBO consists of hundreds of triglycerides, while mineral oils
are mixtures of alkane, cyclones, and aromatic hydrocarbons containing carbon and
hydrogen linked together by single and double bonds. In addition, different types of
vegetable insulating oils are also composed of different kinds and proportions of
triglyceride molecules. Thus, there are differences in the variety and proportion of gas
production among different types of insulating oils especially PO and RBO. The
percentage of different gas produced by both oils can be measure using a dissolved gas

analysis (DGA).

Since the physicochemical properties of PO and RBO are distinct from those
of MO, both the design and production processes of power transformers may be
impacted as a consequence. Thus, a complete understanding of the ageing
performances of vegetable oils and their impact on transformer design and operation

IS required.

Therefore, in this thesis, a detailed study of ageing properties of PO and RBO

was carried out through the study of physicochemical, mechanical, and electrical
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properties in order to comply the industrial standard. Besides that, an assessment of
dissolved gas analysis especially for thermal faults and electrical breakdown is also
observed. Before these VO can be utilized in power transformers, it is necessary to
ascertain whether the limitation that has been specified for MO is also applicable to

PO and RBO.

1.2 Problem Statement

Since the failure of in-service transformers could be costly, it is essential to
understand the oil characteristics; this can be carried out through accelerated thermal
ageing study. The ageing characteristics of MO knowledge is well established as it has
been research extensively [35]-[37]. On the other hand, the ageing studies on NEO are
currently ongoing [19]. According to the finding of these studies, the ageing
characteristics of the NEO were different compared to traditional MO. It was
discovered that insulation paper could benefit from the protection provided by NEO
during the ageing process [19]. Furthermore, it was also implied hydrolytic protection
and water-scavenging mechanisms that are present in NEO might delayed the ageing

process of insulation paper [19].

Other research showed that most of NEO electrical properties are not
significantly impacted by the process of ageing [19]. In the presence of copper, iron,
and insulation paper, there was a clear reduction in the resistivity of NEO can be
observed, according to certain studies. Besides, the dielectric dissipation factor of NEO
may increase with time due to the presence of moisture in insulation paper [38].

Physicochemical properties of NEO may also be affected by aging process [1], [8],



