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The HVDC technology has facilitated the long-distance transmission of large amounts
of power. This benefit of HVDC technology allows for the decentralisation of energy
resources, enabling the utilisation of remote renewable resources such as offshore wind
tarms. To keep the HVDC power transformer operating reliably, it is crucial to design
the insulation system effectively. In HVDC power transformers, the predominant di-
electric materials are cellulose and mineral oil. Mineral oil is still utilised in HVDC
power transformers due to its strong dielectric strength and cooling function. How-
ever, the limitations of mineral oil, such as poor biodegradability, high fire risk, and
scarcity, have motivated the development of an alternative. As a consequence of its
high biodegradability, low fire risk, and renewability, natural ester liquid has been seen
as a promising dielectric liquid to replace mineral oil. Despite this, more research is
being conducted to determine the viability of using natural ester liquid in the HVDC
power transformer. Therefore, a comparative study between natural ester liquid and

mineral oil is critical.

The HVDC power transformer, unlike the AC system, is subjected to AC, DC, and AC-
DC combined stresses. Under DC conditions, space charge accumulation is a common
occurrence in dielectric materials. Space charge accumulation is undesired in the oil-
paper insulation system because it enhances the electric field in certain areas, which
accelerates the insulation’s degradation and may even cause it to fail prematurely. To
study the space charge characteristics, the pulsed electroacoustic (PEA) technique was
applied.

One of the most unwelcome by-products of oil-paper insulation systems is moisture,
which aids the penetration of space charges deeper into the oil-impregnated paper.
Natural ester liquid is hydrophilic and may absorb water actively from cellulose. As
a result, investigating space charge characteristics in natural ester liquid-impregnated
paper and mineral oil-impregnated paper under moisture impact circumstances is crit-

ical.
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During the HVDC power transformer operation, hot spots might form close to the
windings. Therefore, the long-term operation of the HVDC power transformer results
in the thermal ageing of oil-paper insulating systems. The space charge characteris-
tics of oil-impregnated papers can be influenced by a number of variables, including
physical and chemical impacts under thermal ageing conditions. Comparing natural
ester liquid with mineral oil under thermal ageing circumstances can provide addi-
tional data for determining if natural ester liquid can be employed as the dielectric

liquid for HVDC power transformers.

This thesis investigated the effect of moisture and thermal ageing on natural ester
liquid-impregnated papers by comparing it with mineral oil-impregnated paper. Mois-
ture and thermal ageing are considered major factors in deteriorating insulating materi-
als. Natural ester liquid and mineral oil have different chemical structures, which react
differently with moisture and thermal ageing. Especially under different moisture con-
ditions, natural ester liquid delayed the accumulation of heterocharges compared to
mineral oil. This indicates that natural ester liquid can behave as an inhibitor of hete-
rocharge accumulation in the oil-paper system. Natural ester liquid has ester linkages
in its chemical structure, making it more polar than mineral oil. Hence, natural ester
liquids can dissolve more by-products like water and acids because of their greater

polarity, contributing to improved cellulose conditions during thermal ageing.

Regarding the space charge decay, natural ester liquid showed a faster charge dissipa-
tion rate than mineral oil. When the polarity is reversed, faster charge dissipation of
natural ester oil can help mitigate the negative effect of polarity reversal. From a dielec-
tric point of view, natural ester liquid can provide advantages such as faster charge dis-
sipation, an inhibitor for heterocharge accumulation, and higher breakdown strength.
However, additional research is still required to accept natural ester liquid for HVDC

converter transformers fully.
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Chapter 1

Introduction

1.1 Background

Efficient bulk power transport necessitates a high level of technology due to the expo-
nentially rising energy demand. As a result, High Voltage Direct-Current (HVDC) tech-
nology is gaining popularity because, in contrast to High Voltage Alternating-Current
(HVAC) technology, it can transmit large amounts of energy over long distances with

high-efficiency [1].

The HVDC technology is more advantageous than HVAC economically. If AC and
DC systems require similar insulating technologies for peak voltage, the DC system,
which uses only two conductors, can transmit more power than the AC system, which
requires three conductors [2]. Moreover, as illustrated in Figure 1.1, the DC system
utilises more inexpensive transmission towers in terms of space and cost. Although

Right-of-Way
Typical DC and AC transmission line structures
for approx. 2000 MW

"k
DA
\

A v ff
VAVAVA'Y P27, YAVAVAY"| >N
LS

+500 kV DC 800 kV AC 2 x 500 kV AC
ROW: 60 m ROW: 856 m ROW: 100 m

FIGURE 1.1: Tower Structures for DC and AC Transmission System [2]

HVAC technology is considered economically advantageous for short-distance bulk



2 Chapter 1. Introduction

power transmissions due to relatively lower initial installation costs. However, long-
distance bulk power transmissions, which exceed the break-even distance, are better
suited for HVDC transmission systems than HVAC transmission systems, as depicted
in Figure 1.2 [2]. The break-even distance is where the overall investment cost for
HVAC exceeds the overall investment for HVDC. Therefore, after reaching this point,
HVDC shows better economic viability over HVAC for longer transmission, making it-
self the preferred option. According to [3], for overhead lines, the break-even distance
is between 800 km and 1000 Km, whilst for submarine cable, the break-even distance is

approximately 50 Km.
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FIGURE 1.2: Cost Comparison of AC and DC Systems [2]

HVDC transmission systems have technological advantages over HVAC. Due to the
absence of frequency, the HVDC transmission system can fully utilise the conductor’s
cross-section without skin effect, thereby increasing the transmission efficiency [1]. Fur-
thermore, the absence of these frequencies allows asynchronous interconnection be-

tween two different frequency AC systems [2].

The HVDC converter transformer plays a critical role in ensuring the sustainability of
the power supply in the HVDC transmission system. HVDC power transformers are
equipped with converter stations that enable the conversion of AC to DC or DC to AC
in the transmission process [4]. In contrast to traditional HVAC transmission systems,
the HVDC power transformer is subjected to multiple stresses, including AC, DC, and
DC polarity reversal [5]. Regarding HVDC technology, a line-commutated converter
(LCC) and a voltage-sourced converter (VSC) are two primary devices in order to con-
vert electric power from AC to DC or vice versa [6]. LCC can manage higher voltage
and current levels than VSC [6]. On the other hand, VSC can provide greater opera-
tional flexibility than LCC [6]. Thus, the polarity reversal is only valid for LCC due
to its limited flexibility. The behaviour of the electric field in the HVDC transformer
insulation system is determined by the type of stress. These stresses produce various
electric field distributions that affect the performance of the HVDC transformer [5]. The
AC field is impacted by the dielectric permittivity, while the DC field is mainly affected
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by electrical conductivity [7]. Therefore, different electric stresses produce different
electric field distributions, so designing the HVDC transformer insulation system re-
quires careful attention [7].

The electrical insulation technology has a significant effect on the performance and ser-
vice life of HVDC power transformers [8]. As the main insulation system of an HVDC
power transformer, oil-papers typically suffer from space charge accumulation. Sig-
nificantly, the DC electric field can lead it the formation of space charges in oil-papers
[9]. Space charges in dielectrics locally intensify the electric field, which accelerates the
ageing of the oil-paper and sometimes causes a premature breakdown in the HVDC
power transformer [9]. Therefore, studying the space charge dynamics contributes to a
greater understanding of the insulation system for HVDC power transformers.

In HVDC power transformers, the most common insulating materials are mineral oil
and cellulose paper. Although paper is an efficient and economical solid insulating ma-
terial, it is often combined with mineral oil [10]. Mineral oil has been used to enhance
both the electrical insulation and cooling functions of HVDC power transformers. Due
to its outstanding dielectric properties, mineral oil is the most frequently used dielec-
tric liquid in HVDC power equipment [11]. However, despite its desirable properties,
mineral oil also has some significant drawbacks. First, its relatively low flash point
of about 160°C causes a significant fire hazard [11]. Furthermore, the extremely poor
biodegradability of mineral oil poses a serious hazard to the environment when leakage

occurs.

The shortcomings of mineral oil have increased attention to natural ester liquid as a
viable substitute for transformer applications. Because natural ester liquid has a high
flash point (above 300°C), it provides a significantly lower fire risk than mineral oil.
Furthermore, natural ester liquid can achieve high biodegradability because it is pro-
duced from a plant-based resource [11]. While natural ester liquid is already used as
the dielectric liquid in low- and medium-voltage transformers, further investigation is

required before it can be fully utilised in HVDC power transformers [12].

Moisture, caused by ageing or water ingress, is one of the most hazardous byprod-
ucts because it can accelerate the ageing process and result in a substantial decrease
in breakdown voltage [13]. Moreover, the operation of the HVDC power transformer
generates a hot spot inside, leading to thermal ageing of the oil-paper [14]. These de-
teriorating factors can have a significant influence on the dielectric properties of the

oil-paper insulation system.

Therefore, it is vital to investigate the space charge characteristics of the natural ester
liquid-paper insulation system compared to that of the mineral oil-paper insulation
system under the influence of moisture and thermal ageing. The objective of this study
is to assess the suitability of natural ester liquid as the dielectric liquid in HVDC power

transformers by comparing it to mineral oil.
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1.2 Research Questions

Since the PEA method came out in the 1980s, many researchers have done space charge
measurements on dielectrics [15]. Research on natural ester liquid under DC con-
ditions is relatively insufficient because mineral oil has been predominantly used in
HVDC power transformers. Moisture and thermal ageing are the main factors that re-
duce the performance of oil-paper insulation. They have a substantial impact on the
space charge characteristics of oil-paper, which may accelerate the degradation pro-
cess. Therefore, the purpose of this study is to investigate the applicability of natural
ester liquid as the dielectric liquid for HVDC power transformers. The investigation
was done by comparing the space charge characteristics of natural ester liquid-paper

and mineral oil-paper.

Four research questions are set for this thesis:

* How does moisture affect the space charge dynamics of single-layer natural ester
liquid-impregnated paper?

* How does thermal ageing affect the space charge dynamics and physicochemical

properties of single-layer natural ester liquid-impregnated paper?

* How does moisture affect the space charge dynamics in a double layer made of

natural ester liquid and natural ester liquid-impregnated paper?

* How does polarity reversal under different moisture conditions affect the space
charge dynamics in double layers composed of natural ester liquid and natural
ester liquid-impregnated paper?

1.3 Objectives of This Research

The main insulating materials for HVDC power transformers are transformer oil and
paper. This study focuses on investigating the electrical properties of natural ester lig-
uid. As natural ester liquid is derived from plants, it is renewable, making it an envi-
ronmentally friendly option with high biodegradability. Despite its current use in low
and medium-voltage power transformers, further research is needed before applying

natural ester liquid to HVDC power transformers.

This research makes a contribution to the field by space charge characteristics of natural
ester liquid-impregnated paper under the influence of moisture and thermal ageing.
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The existing studies mainly focus on a single layer of natural ester liquid-impregnated
paper, while this study explored the multilayer of oil gap and natural ester liquid-
impregnated paper by comparing it with mineral oil. Therefore, this research aims
to contribute by providing data on the applicability of natural ester liquid as HVDC
power transformer oil, achieved through a comparison of its electrical properties with

mineral oil.
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1.4 Structure of This Report

This report investigated the space charge characteristics of natural ester liquid-impregnated
paper and mineral oil-impregnated paper. This report consists of 8 chapters.

Chapter 1 introduces this report’s background, research questions, and structure.

Chapter 2 provides a comprehensive literature review, facilitating a deeper under-

standing of the research materials and methodology.

Chapter 3 introduces the methodology for experiments and provides the background

of each experimental measurement.

Chapter 4 explored how moisture affects the space charge dynamics of single-layer
natural ester liquid-impregnated paper by comparing it with mineral oil-impregnated

paper.

Chapter 5 explored how thermal ageing influenced the space charge dynamics of single-
layer natural ester liquid-impregnated paper by comparing it with mineral oil-impregnated

paper.

Chapter 6 studied the impact of moisture on space charge characteristics of multilayer
of natural ester liquid-impregnated paper.

Chapter 7 investigated the polarity reversal effect on space charge characteristics of

multilayer of natural ester liquid-impregnated paper with different moisture contents.
Chapter 8 discussed the conclusion.

Chapter 9 discussed the potential future research.



Chapter 2

Literature Review

2.1 High Voltage Direct-Current(HVDC) Technology

As the conventional power system, HVAC transmission systems dominate most power
grids, and they are economic systems due to their relatively inexpensive equipment.
The HVAC transmission system has the advantage of relatively easy voltage change
and an electric field rotation [16]. Besides, the HVAC transmission system is more con-
venient for interrupting AC current in comparison with HVDC transmission systems
[16].

Nevertheless, the rapid increase in energy demand has emphasised the necessity for
more power generation and long-distance power transmission. Unfortunately, HVAC
transmission systems show a number of shortcomings for long-distance bulk power
transfer in terms of efficiency, stability, and interconnection between two asynchronous
AC systems [2]. Therefore, the HVDC transmission system is being increasingly con-

sidered an alternative to overcome the drawbacks of HVAC technology.

Early DC transmission systems have confronted various problems such as high instal-
lation costs, changing voltage levels, harmony generations, and difficulty in control-
ling [2]. However, most shortcomings of DC transmission systems have been resolved
thanks to the development of semiconductor and insulation technology, enabling the
transmission of bulk power over long-distance efficiently [2]. Furthermore, the effec-
tive bulk power transmission over long-distance facilitates the utilisation of remote

renewable energy such as offshore wind farms [16].

Due to the numerous advantages of HVDC technology, the HVDC transmission system
is currently regarded as the future main power system. Therefore, a thorough under-
standing of HVDC technology is necessary for the efficient transfer of large amounts of

power.
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211 Overview of HVDC Transmission System

Initial power transmission systems implemented direct current (DC) technology, but
electrical energy was produced adjacent to consumers to prevent significant energy
losses caused by excessively low voltage levels [17]. On the other hand, the early ac sys-
tem could efficiently transform from low- and high-voltage levels, which was adequate
to transmit power over long-distance compared to the DC system, and this led the AC
system to become the dominant technology [17]. Nevertheless, technological advances
in semiconductors and power electronics have enabled to overcome the drawbacks of
DC systems [17]. Moreover, this showed that the DC system has considerable potential

as a next-generation power transmission system.

-------------------------------------------------------------------------
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FIGURE 2.1: Simplified Schematic of Overall HVDC Transmission System [2]

Figure 2.1 represents the simplified schematic of the overall HVDC transmission sys-
tem. The basic concept behind the HVDC transmission system is to transfer electrical
energy from one AC system to another through interconnected HVDC links, compris-
ing two converter stations and DC lines [2]. As shown in Figure 1.2, HVDC technol-
ogy offers greater economic advantages than HVAC technology, especially for long-
distance power transmission. HVAC transmission system imposes a significant induc-
tance on the power transmission line for long-distance bulk power transfer [2]. As the
length of the AC cable increases, the charging current also increases accordingly. Con-
sequently, the cable can be significantly influenced by reactive current, primarily due
to capacitance, which disturbs the flow of additional useful power [16]. This imposed
inductance must be compensated to achieve reliable and sustainable operations. Con-
sequently, the HVAC transmission system regarding long-distance inevitably requires

reactive compensation for long cables, which causes extra cost [2], [16].

In addition, as depicted in Figure 2.2 (a), the conductor is subject to the skin effect due
to the presence of frequency in HVAC technology. As the frequency rises, the current
is pushed to the surface of the conductor, making it challenging to use the conductor’s
cross-section entirety [2]. In contrast, HVDC technology is unaffected by frequency,
so it is free from skin effects. Thus, the entire cross-section of the conductor can be
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Current flows over the surface
[—INo current flows Current flows

(A) HVAC(Skin Effect) (B) HVDC(No Skin Effect)

FIGURE 2.2: Skin Effect on Conductor between HVAC and HVDC Systems

fully utilised, as shown in Figure 2.2 (b), which achieves higher efficiency than HVAC
technology [2], [4].

It is not possible to connect two systems using different frequencies with an AC con-
nection [16]. Furthermore, it is difficult to establish an AC connection unless both sys-
tems operate simultaneously, even if they use the same frequency [16]. However, asyn-
chronous interconnection can be achieved through HVDC technology between two AC
systems at different rated frequencies (e.g. 50 and 60 Hz) or the same frequencies
with asynchronous systems [18]. HVDC technology enables interconnected systems
to maintain their original power quality, including frequency and voltage levels, in-
dependently [18]. Also, replacing circuit breakers and limiting current is unnecessary
since HVDC technology does not require a large increase in the short circuit capacity of
two interconnected AC systems [18]. Since the advanced control capability of HVDC
systems also functions as a firewall between interconnected systems, catastrophic cas-

cading failures, and power outages in the power grid can be prevented efficiently [17].

/
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FIGURE 2.3: Offshore Wind Farm with HVDC Interconnection [19]

Due to the efficiency of HVDC systems in long-distance transmission, remote renew-
able energy sources, such as offshore wind farms, can be effectively utilised, as illus-
trated in the Figure 2.3 [19], [20]. Since there are no length restrictions on the HVDC
transmission system, the availability of decentralised energy resources with HVDC
technology has the potential to provide numerous economic and environmental bene-
fits [17].
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2.1.2 Line Communicated Converter(LCC)-HVDC Technology

HVDC transmission systems typically utilise either Line Commutated Converter (LCC)
or Voltage Source Converter (VSC) technologies [6]. The commercialisation of the
mercury-arc valve in the 1950s enabled the utilisation of HVDC transmission systems.
Afterwards, the development of thyristors in the 1970s improved HVDC technology,
enabling the design of more simplified and compact converter stations [6]. Therefore,
this section focuses mainly on thyristor-based LCC-HVDC technology.

The line commutated converter (LCC)-HVDC system is depicted in Figure 2.4. LCC
is also called a current source converter (CSC), and it utilises thyristors in converter
stations [21]. The prominent role of the thyristor is to function as a bi-stable switch that
is triggered by a gate pulse. This state is maintained unless the current becomes zero,
at which point it can be switched off. Therefore, it requires the current to pass through
zero in order to be reset [21].

HVDC-CSC Lo

Converter
Transformers

Qutdoor

Indoor

FIGURE 2.4: LCC(CSC)-HVDC System [22]

Figure 2.5 indicates the different types of LCC-HVDC connection and the converter
transformer is mainly connected to the 6-pulse thyristor bridge or 12-pulse thyristor
bridge [23]. In LCC-HVDC technology, a synchronised voltage source is necessary to
operate converters and basic components with three-phase, the full-wave bridge called
the 6-pulse bridge, are leveraged for HVDC conversion [22]. In a 6-pulse bridge, six
switching processes produce a six times larger harmonic ripple than the fundamental
frequency with respect to the DC output voltage [22]. Each 6-pulse bridge is integrated
with six controlled switching elements or thyristor valves, containing series-connected
thyristors to obtain the desired dc voltage rating [22]. Regarding the 12-pulse bridge,
the two 6-pulse bridges in the DC terminal are integrated with the AC voltage source
phase shifted by 30 degrees [22]. Then, two 6-pulse bridges can be connected in series,
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increasing the DC voltage and reducing some AC current and DC voltage harmonics,
but 12-pulse bridges still face some harmonics [22]. The feature of AC current harmonic
is 12n=£1, and the feature of DC voltage harmonic is 12n in the 12-pulse bridge [22].

AC side DC side 2|§ zlf J’{

AC side DC side
(a) (b)

FIGURE 2.5: Basic Circuit of HVDC Connection. (a) 6-pulse LCC (b) 12-pulse LCC [23]

Firing angle a represents the angle that the thyristor switches on and off and y rep-
resents the commutation angle [23]. Figure 2.6 (a) shows the waveform without com-
mutation overlap (#=0°) in the 6-pulse thyristor converter, while Figure 2.6 (b) depicts
the waveform in the 6-pulse thyristor converter, which is affected by the commutation

overlap (u=9°) [23].

Voltage
Voltage
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time (ms) time (ms)

(@) (b)

FIGURE 2.6: Typical Waveforms of the 6-pulse Thyristor Converter. (a) 6-pulse
converter waveform without commutation angle (x=27°and #=0°) (b) 6-pulse
converter waveform with commutation angle (x=27°and y=9°) [23]

LCC-HVDC technology is controlled by regulating the firing angle « on the converting
and inverting sides [21]. Controlling the firing angle « enables the unidirectional line
commutated DC flow, injected into a receiving AC system [21]. The output current
then remains constant, which is why LCC technology is also known as CSC [21]. In a
classic HVDC system, the current always flows in one direction, so the polarity of the
voltage must be changed for the reverse power flow [23]. The commutation angle y in

the thyristor converter is generated by the inductance, which results in a short overlap



12 Chapter 2. Literature Review

period while transferring the current between two conducted branches of the converter
[23]. Reducing harmonics in AC systems requires additional filters and converters with
a higher level of pulses, such as 12, 18, or 24-pulse [23]. Most classic HVDC systems
have the 12-pulse thyristor converter that can cancel out harmonics (6 £1 + k x 12)
such as 5th, 7th, and 17th [23]. Therefore, 12-pulse converters as basic devices can
enhance harmonic performance on both the AC and DC sides. Also, they can simplify
filtering devices and save space and construction costs [24].

Achieving the high voltage must require connecting several thyristors in series [23]. A
single thyristor can withstand up to 8.5kV, and it allows the current up to 5kA [23].
Typically, redundancy is required to prevent a single thyristor failure, which may lead
to the malfunction of the overall HVDC link [23].

2.1.3 Voltage Source Converter(VSC)-HVDC Technology

The core component used in the voltage source converter (VSC) technology is the tran-
sistor such as the Insulated Gate Bipolar Transistor (IGBT) [25]. Figure 2.7 depicts the
equivalent circuit of the VSC-HVDC system. LCC-HVDC technology has dominated
the HVDC transmission system due to its high voltage rating, efficiency, and low cost.
However, LCC-HVDC technology utilising thyristors at line frequency is at risk for
commutation failures caused by AC-side converter faults. [26]. In particular, these fail-
ures can cause a substantial reduction in voltage on the AC system, which is linked
to the LCC-HVDC transmission system [26]. Therefore, the AC system linked to the
LCC-HVDC transmission system must be stable in order to prevent AC system fail-

ures, which can cause a substantial interruption to the voltage waveform [26].

HVDC-VSC -
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FIGURE 2.7: VSC-HVDC System [22]

Thus, the VSC-HVDC technology has been developed to compensate for the short-
comings of LCC-HVDC technology. Even though VSC-HVDC technology still shows
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lower performance for efficiency and power capacity than LCC-HVDC technology,
the improved controllability of VSC-HVDC technology is suitable for weak AC sys-
tems and offshore networks [26]. In LCC-HVDC technology, the switch can only be
turned on, and the next current must go through zero for the switch to reset to the off
state. VSC-HVDC technology, in contrast, utilises electrical switches with both “on”
and “off” functions [25]. The voltage source converter utilises the pulse width mod-
ulation (PWM), which can control both the phase and amplitude [27]. Consequently,
controlling the phase and amplitude enables independent regulation of active and re-
active power and enhances controllability of voltage and frequency [27].

t 'lLd‘ ——— Ud

FIGURE 2.8: Two-level VSC-HVDC System [21]

VSC-HVDC technology starts with a two-level converter, and it has switching equip-
ment to produce two levels of Voltage(—k% U, and —% U;.) complementarily on the
AC output of the converter as shown in Figure 2.8 [21]. This complementary function
allows only one switch to be turned on at a time, while the other remains in an off-state
because turning both switches on simultaneously would result in a capacitor short cir-
cuit across the DC link. Then, this may harm the switching device in the converter due
to the over-current [21].
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FIGURE 2.9: The Principle of Two-Level Converter [28]
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Figure 2.9 shows that the PWM pulse package generates the converter voltage, but it is
somewhat different from the desired voltage (green line), so more filters are required to
obtain a clean sinusoidal wave [28]. The initial VSC-HVDC technology has been devel-
oped based on two or three levels of voltage source converters via high frequency (1-2
kHz) PWM, but this causes a high rate of converter losses, which is up to 2-3% [27]. The
PWM mechanism demands the switch be operated “on and off” numerous times per
cycle. Therefore, this high switching frequency leads to the low efficiency of the over-
all transmission of the two-level converter in comparison with LCC-HVDC technology
[21]. Consequently, this high switching frequency reduces the overall transmission ef-
ficiency of the two-level converter in comparison to LCC-HVDC technology [21]. The
conventional two-level or three-level converter with PWM switches the full DC volt-
age in large steps, leading to high harmonic distortion and increased transient stress
[27]. Notably, high transient stress can result in high-frequency noise [27]. Therefore, in
VSC-HVDC technology, reducing harmonic distortion and improving the efficiency of
voltage source converters is achieved through the use of multi-level converters, starting

with the three-level converter [21].

Topologies: Two-Level Three-Level Multilevel

Power
Electronic
Devices:

FIGURE 2.10: VSC with Different Levels [28]

Figure 2.10 represents the different levels of the VSC-HVDC system. Producing ac volt-
age from a large number of smaller voltage steps can reduce the large voltage steps with
respect to PWM operation and this finer gradation can lower harmonic proportions [6],
[28]. Then, this technique can be used in multi-level converters. Figure 2.11 shows
that the ratio of converter modules regulates the ac bus voltage. Regulating only two
voltage levels enables it to obtain the desired ac bus voltage without operating all semi-
conductors simultaneously [6]. This method can achieve a relatively lower switching
frequency, resulting in lower losses in comparison with two-level or three-level con-
verters [6], [28]. Thus, multi-level converters function as the controllable voltage source
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via many discrete voltage steps, which generate the desired ac voltage with adjustable
magnitude and phase angle at the ac terminal [6]. LCC-HVDC technology inevitably
requires many reactive compensators and ac filters, but a relatively lower number of

devices are necessary for VSC-HVDC technology. Thus, it can accomplish low foot-

prints [6].
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FIGURE 2.11: Voltage Control for VSC-HVDC Multi-Level [6]

Despite the advantages of VSC-HVDC technology, there are still disadvantages to over-
come. Typically, VSC-HVDC technology, particularly multi-level, needs a larger num-
ber of semiconductors compared to LCC-HVDC technology [19]. VSC-HVDC tech-
nology typically requires higher costs because the unit cost of an IGBT in VSC-HVDC
technology is higher than that of a comparable thyristor in LCC-HVDC technology
[19]. IGBT switches and modules have a lower power capacity than thyristors, which

demand more power for electronic devices [19].

214 LCC-HVDCvs VSC-HVDC

HVDC power transmission systems are recognised as the technology of the next gen-
eration due to their unique advantages over HVAC. Submarine power transmission is
made possible by HVDC technology, which is more cost-effective and technically supe-
rior to HVAC technology over distances greater than 600—800km [19]. As mentioned
previously, HVDC technology is mainly classified into two techniques: LCC-HVDC
and VSC-HVDC. LCC and VSC technologies each have benefits and drawbacks, so the
application of HVDC technology requires careful investigation. The following infor-
mation, Table 2.1, is a comparison between LCC-HVDC and VSC-HVDC.
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TABLE 2.1: LCC-HVDC vs VSC-HVDC [21]

LCC-HVDC

VSC-HVDC

Based on the thyristor

Based on IGBT

The semiconductor can accept volt-
ages of either polarity

Current in either direction can be ac-
cepted

High overload ability

Low overload ability

AC and DC harmonic filters are re-
quired to eliminate distortion and har-
monics

It does not require a filter because it
creates harmonics at an insignificant
level

Reactive power control efficiency is
low

Reactive power control efficiency is
high

It requires a large space, which domi-
nated by harmonic filters

It requires much less space compared
to LCC technology

Reversing power direction can be
achieved by changing the polarity of
the voltage

Reversing power direction can be
achieved by changing current direc-
tion

It is capable of accepting high voltages
up to £1100kV

It is capable of accepting high voltages
up to £500kV

Most LCC technology is used for a
long-distance bulk power transmis-
sion

VSC technology is frequently used for
power transmission from remote areas
where renewable energy exists such as
offshore wind farm

2.2 HVDC Converter Transformer

The demand for electric energy is soaring dramatically worldwide. Since power sources
located near the consumption centre are primarily being utilised, research is underway
to efficiently transmit electricity from remote renewable energy sources [29]. The high
efficiency of HVDC technology facilitates to transfer of a large amount of power over
long-distance. The HVDC converter transformer is a critical electric appliance that en-

ables effective and reliable power transmission and distribution [29].

As depicted in Figure 2.12, HVDC converter transformers are heavy and complicatedly
designed because they must withstand AC and DC electric fields simultaneously [2].
Furthermore, the effectiveness of the HVDC transmission system is heavily reliant on
HVDC converter transformers. The most crucial role of the HVDC converter trans-
former is involved in the voltage transformation between AC supply and the HVDC
transmission system and large tap ranges, which contain small steps, can provide es-
sential adjustments in the voltage supply [30]. To further improve HVDC technology,
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the next generation power grid, it is vital to understand the HVDC converter trans-
former thoroughly.

FIGURE 2.12: HVDC Converter Transformer (ABB) [29]

2.2.1 Electric Field Characteristics in HVDC Converter Transformer

In contrast to conventional HVAC transformers, HVDC converter transformers operate
under significantly complex conditions with AC, DC, and AC-DC combined stresses
affecting the valve windings [31]. Therefore, the appropriate insulation technique is
necessary to maintain the high efficiency and reliability of the HVDC converter trans-
former [32]. Figure 2.13 illustrates the basic insulation structure of the HVDC converter
transformer.

FIGURE 2.13: Basic Insulation Structure of HVDC Converter Transformer [8]
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The primary insulating materials of the HVDC converter transformer are mineral oil
and paper. Particularly, under DC stress, the electric field in insulating materials can
be enhanced in a specific region due to space charge accumulation [31]. This enhanced
electric field may accelerate the degradation of insulation materials, which can lead to a
premature breakdown [31]. Insulating materials, such as transformer oil and cellulose
paper, are used in both HVDC converter transformers and conventional transformers.
However, the distribution of DC field characteristics significantly differs from AC con-
ditions [33]. Figure 2.14 depicts the typical voltage application in HVDC systems, and
Figure 2.15 represents electric field distribution under different voltage conditions.

(a) Turn on

L L

(b) DC steady state (¢) Turn off
¥ Time
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/
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FIGURE 2.14: Voltage Applications in HVDC System [34]
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FIGURE 2.15: Electric Field Distributions with Different Voltage Condition: (a) AC
Voltage Application, (b) DC-SS (steady state), (c) DC-PR (polarity reversal) [34]

As shown in Figure 2.15, electric fields tend to be uniformly distributed under the AC
condition, while electric fields tend to be concentrated in a specific region under the
DC-SS (steady state) condition [34]. The accumulated charges at DC-SS prior to the
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DC-PR (polarity reversal) operation can cause a high electric field under DC-PR [34].
Polarity reversal remains restricted to LCC-HVDC due to its controllability constraints.
Consequently, the electric field distribution at DC-SS before DC-PR operation may be
essential to understanding the electrical insulation performance of oil and paper insu-
lation systems [34].

2.3 Insulation System of HVDC Converter Transformer

The HVDC converter transformer plays a critical role in the power transmission sys-
tem, and its efficiency has a significant impact on the overall performance of the system.
The large transformer, like the HVDC converter transformer, is costly and complicat-
edly designed [35]. Therefore, the transformer condition should be carefully monitored
to ensure high efficiency and longer service life [35]. Although there are many different
factors involved in monitoring the condition of a transformer, special care needs to be
given to the insulation system [35]. Also, appropriate insulation technology for active

parts of the transformer is indispensable for safe and reliable operations [35].

During transformer operation, the insulation system inside the tank inevitably under-
goes a degradation process such as thermal ageing, oxidation, and hydrolytic impact
[35]. Paper and transformer oil are the critical materials that comprise the insulation
system in the transformer. Degradation factors affect the electrical, chemical, and me-
chanical properties of papers and transformer oils. Thus, this section discusses the

main insulating materials used in power transformers.

2.3.1 Cellulose

Cellulose is one of the primary insulating materials in the power transformer. Paper
and pressboard are manufactured from cellulose for the insulation system, and cel-
lulose has been widely accepted for power transformers due to its renewability and

economic reasons [36].

The moisture adsorption curves in Figure 2.16 show how cellulose has a considerable
hygroscopic characteristic. Despite having a decent dielectric strength and low dielec-
tric loss, hygroscopic characteristic causes issues because moisture can negatively affect
the insulation’s capabilities. Typically, cellulose may retain between 4 and 8% moisture
in the relative humidity range of 30 to 70% at room temperature (20 to 25°C) [37]. How-
ever, a freshly built transformer’s insulation moisture content should be less than 0.5%
to prevent the loss of dielectric strength and slow down the paper degradation and
ageing [37]. Hence, the cellulose must be kept in a dry condition and impregnated
with transformer oil to fill the voids, preventing partial discharge [36], [38]. The paper
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functions as an electrical insulator, whereas the pressboard possesses both good elec-
trical insulating properties and excellent mechanical strength. Due to this combination,
power transformers with greater rated voltages can be manufactured [39].
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FIGURE 2.16: Moisture Absorption in Paper [36]

Figure 2.17 represents the paper and pressboard for the power transformer. Paper and
pressboard are manufactured from wood through the Kraft chemical process, and this
is why the paper is also called Kraft paper [36]. Wood for paper and pressboard can
be either softwood or hardwood [36]. Wood is a natural resource, which includes a
flexible tube of cellulose combined with lignin [36]. Lignin is a brownish aromatic
polymer, but most lignin is eliminated from the wood through the pulping process
[36]. Removing lignin provides high flexibility for papers and reduces impurities that
can lead to discolouration and degradation of the paper [40].

Figure 2.18 depicts the chemical structure of glucose. Through glycosidic bonds, anhy-
droglucose forms a linear polymer that is called cellulose as described in Figure 2.19.
The degree of polymerisation (DP) is the terminology to indicate the number of monomer
units in the polymer structure, so the DP of cellulose can be defined as the average num-
ber of connected glucose rings [35]. This can be simply described as [C5H19Os),, where
n represents the degree of polymerisation [36].
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FIGURE 2.19: Chemical Structure of Cellulose Polymer [36]

Kraft paper has an initial DP value between 1100 and 1200, and mixed pulp cellulose
has a higher initial DP value in the range of 1400 to 1600 [36]. Nonetheless, degradation
factors such as thermal impact reduce the value of DP in the Kraft paper through the
depolymerisation process [41]. Then when the DP value reaches the range of 100 to

200, the Kraft paper is considered the end of service life [41].

In the insulating paper’s chemical structure, anhydroglucose units are connected via
glycosidic bonds [41]. Within these compounds, the presence of multiple anhydroglu-
cose rings results in the formation of two weak points, which are C — O molecular
bonds and glycosidic bonds [41]. In contrast to the hydrocarbon bonds in transformer

oil, these bonds have lower thermal stability [41]. Thus, paper decomposition produces
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CO, COg, hydrocarbon byproducts, water, and Furan compounds during thermal age-
ing [41].

The ageing process in Kraft paper and pressboard deteriorates the dielectric capability
and mechanical strength together [41]. However, compared to the liquid dielectric,
it is difficult to replace Kraft paper and pressboard from the power transformer, so
condition monitoring for cellulose materials is vital for predicting the lifetime of the
power transformer [41].

2.3.2 Mineral Oil

Transformer oil is a critical liquid insulator for oil-filled power transformers, similar
to solid insulating materials [42]. Mainly, Kraft paper is impregnated with the trans-
former oil that fills the voids to remove the air gap [42]. This procedure can enhance
the electrical insulation strength and improve heat dissipation capability by circulating

oil in transformers [42].

The mineral oil is produced by refining collected hydrocarbons acquired from the dis-
tillation of petroleum crude stock [43]. The boiling range, type, and degree of refining
process must be carefully selected for mineral oils to satisfy the specific requirements
of a power transformer [43]. In the refining process, paraffin-based crude oil can be ob-
tained through normal pressure, and naphthenic-based crude oil can be obtained from
very low pressure [44]. Low pressure can lower the boiling range, which results in
the separation of heavier molecules [44]. Usually, the refining process is implemented
under 350°C to prevent thermal degradation [44].

H

l H
H"C_H |

| HeC—
H=C—-H ? H

| H-C-H
H-C-H HCH |

L S H=C-H
H=-C H=C=-C—H |

I [ B | H-C-H

H=C—H H CH

FIGURE 2.20: Chemical Structures of the Paraffinic Molecule [45]

Mainly, the mineral oil is produced from paraffinic-based crude oil or naphthenic-based
crude oil, and these crude oils consist of hydrocarbons [46]. As shown in Figure 2.20,
the straight-chain and branched-chain are two types of paraffinic molecules [44]. Un-
fortunately, paraffin-based oil has poor fluidity at low temperatures because it is easily

crystallised [46]. Thus, paraffinic-based oil is not suitable for the power transformer in
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a low-temperature environment [46]. Also, the limited solubility of paraffinic-based oil
for water and oxidation products can lead to the precipitation of free water and sludge
[45]. However, recently, isoparaffinic oil has regained attention due to its high purity
and relatively high boiling point in synthetic hydrocarbon solvents.
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FIGURE 2.21: Chemical Structure of the Naphthenic Molecule [45]

Figure 2.21 depicts the chemical structure of the naphthenic molecule. Naphthenic-
based oil consists of cyclic alkanes, and this ring structure has mostly 5-7 carbon atoms
[44]. Unlike paraffinic-based oil, naphthenic-based oil has excellent lower temperature
properties, so it is suitable as a transformer oil in the freezing environment (e.g. -40°C)
[46]. Furthermore, at around 100°C, the naphthenic-based oil shows lower kinetic vis-
cosity than the paraffinic-based oil, which indicates that the naphthenic-based oil has
a better heat dissipation capability at high-temperature [46]. The naphthenic-based
oil shows decent solubility that dissolves oil sludges produced by degradation factors
such as high temperature, electric stresses, moisture, and metal catalysts [46]. This pre-
vents oil sludges from accumulating on insulating materials, oil ducts, or cooling fins
[46]. As a result, the naphthenic-based oil can inhibit local overheating that may be
caused by sludges in the vicinity of the winding, so the longer service life of the power
transformer can be expected [46]. Despite the various advantages of naphthenic-based
oil, it is scarce because it consists of only about 2-3% of the total crude oil [46]. The
paraffinic-based and naphthenic-based oils do not show a distinct difference in the di-
electric properties [46].

Both paraffinic and naphthenic oils also include aromatic compounds [44]. Figure 2.22
describes the chemical structure of the aromatic molecule. Aromatic molecules typi-
cally contain an unsaturated benzene ring structure [45]. The physicochemical proper-
ties of aromatic molecules are significantly different from those of naphthenic molecules,
but their dielectric constants are similar [44]. In aromatic molecules, the benzene rings
partially contain double bonds, which make them more reactive than single bonds, so
the solubility of these aromatic structures is the highest [47].
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FIGURE 2.22: Chemical Structure of the Aromatic Molecule [45]

Aromatic compounds are classified as the most highly refined dielectric liquid for the
power transformer [44]. Therefore, an adequate amount of aromatic compounds can
improve the stability of the transformer oil during operation because most natural ox-
idation inhibitors are aromatic [44], [45]. However, if an excessive amount of aromatic
compound is applied to the power transformer, it reduces the impulse strength and the
dielectric performance of the oil [45]. Since each mineral oil is chemically and phys-
ically different, the mineral oil selection must be made according to the surrounding
environmental conditions and the service purpose.

2.3.3 Natural Ester Liquid

Despite the excellent dielectric properties and relatively low costs, mineral oil has dis-
advantages such as high fire risk and low biodegradability. Also, since mineral oil is
produced from a limited amount of crude oil, natural ester liquid is getting attention as
an alternative. Natural ester liquid is the dielectric liquid and coolant produced from
vegetable resources such as soybean, sunflower, and rapeseed [48], [49]. Figure 2.23
shows the biodegradability of different types of transformer oil. As well known, min-
eral oil is a toxic substance, and it has a low biodegradability, which is seriously harmful
to the surrounding environment when the leakage occurs from the power transformer
[49].
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FIGURE 2.23: Biodegradability for Different Types of Transformer Oil [49]

However, natural ester liquid is an environmentally friendly oil with high biodegrad-
ability [49]. Mineral oil is always exposed to a fire hazard due to the low fire point
(160°C), which requires additional fire safety equipment [42].
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FIGURE 2.24: Chemical Structure of the Natural Ester (Triglyceride) [45]

Figure 2.24 illustrates the chemical structure of the natural ester [50]. The natural ester
liquid is composed of a triglyceride structure, in which three fatty acids are attached to
one glycerol [51]. However, the chemical and physical properties of the natural ester
liquid are significantly affected by the degree of saturated fatty acids and unsaturated
fatty acids in triglyceride [51]. When natural ester liquid contains a higher concentra-
tion of saturated fatty acids, it has a higher viscosity due to chemically high stability
[51]. Conversely, when natural ester liquid contains a higher concentration of triple un-
saturated fatty acids, which tend to have more oxidation, they have lower viscosity due
to chemically low stability [49]. Thus, natural ester liquid, containing a high concen-
tration of single unsaturated fatty acids, is appropriate as transformer oil [49]. Natural
ester liquid has excellent moisture tolerance, which aids to extend the service life of
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cellulose-based solid insulation [52]. As a highly polar molecule, water has a strong
affinity for other polar molecules [53]. This is because mineral oil has non-polar prop-
erties since most polar substances are removed during the refining process, whereas
natural ester liquid has polar properties due to the presence of ester linkages [47], [53].
Thus, these ester linkages can attract water molecules, whereas mineral oil faces diffi-
culty in attracting these polar molecules [53]. At 23 °C, mineral oil can dissolve approxi-
mately 55ppm of water, while natural ester liquid can dissolve approximately 1100ppm
of water [53].

Despite the advantages of natural ester liquids, several disadvantages still exist. First,
it requires high production costs and is rapidly oxidised when exposed to air [54]. Sec-
ond, although natural ester liquids are commercially available for high-voltage trans-
formers (e.g. 420kV), their application is still limited to AC transformers [55]. Thus,
their performance in HVDC power transformers is still inexperienced [54].
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2.4 Space Charge Characteristics in Dielectrics

The rapid increase in energy demand has led to the necessity for HVDC transmission
systems, and dielectric materials must meet special requirements under HVDC condi-
tions for reliable and sustainable operation. Unfortunately, under DC conditions, space
charges tend to accumulate in dielectric materials. This phenomenon causes local elec-
tric field enhancement as well as accelerated degradation of dielectric materials. This
chapter discusses the principles of space charge dynamics, space charge measurement,
and factors that affect space charge characteristics leading to degradation.

2.4.1 Overview of Space Charge in Dielectrics

When a high electric field is applied to dielectric materials, space charges are gener-
ated inside the materials, caused by charge injection from the electrodes or ionisation
of impurities [56]. Notably, immobilised charge carriers within the dielectric material
strengthen the electric field in specific regions, leading to deterioration and premature
breakdown of dielectric materials [56].

A polarisation mechanism of space charges takes place in the dielectric material un-
der the DC stress [57]. Bound charge carriers and free charge carriers are estimated to
contribute to this mechanism [57]. The bound charge carriers mainly contribute fast
and relaxing polarisations, while free charge carriers mainly contribute to migrating
and space charge polarisations [57]. However, both bound and free charges still in-
fluence space charge accumulation [57]. Since many factors affect the space charge in
dielectric materials, it is still difficult to accurately analyse space charge behaviours.
Nevertheless, the bipolar charge transport (BCT) model aids in understanding better
space charge dynamics.
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FIGURE 2.25: Bipolar Charge Transport (BCT) Model [58]
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Figure 2.25 shows the process of the bipolar charge transport model. In the BCT model,
there are five different charge transfer processes, which are injection, conduction, trap-
ping, de-trapping, and charge recombination [58]. Then, four different charge carriers
such as mobile electrons, mobile holes, trapped electrons, and trapped holes are in-
volved in the charge transfer processes of the BCT model [58]. When the dielectric ma-
terial is exposed to the DC electric field, charge injections occur between the electrode
and dielectric [58]. Once charges are injected from the electrode, they tend to travel to
the opposite electrode, which is called the conduction process based on the hopping
mechanism [58]. The hopping mechanism indicates that mobile carriers have enough
energy to pass by shallow traps [58]. However, some mobile carriers are caught in deep
traps [58]. Some trapped charges may stay in deep traps or escape from deep traps to
rejoin the conduction process [58]. Also, electrons and holes can be recombined, and
these recombined neutrons do not contribute to the space charge dynamics due to the

absence of charge carriers [58].
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FIGURE 2.26: (a) Heterocharges, (b) Homocharges, and (c) Different Types of electric
charges: 1- orienting and oriented dipoles, 2-shifted charges in a dielectric material,
3-injected charges from the electrode [59]

Figure 2.26 represents two different charges when the electric field is applied to the di-
electrics. Heterocharges are produced by charge polarisation in the dielectric material,
which is initiated by dipolar orientation, ionic polarisation, and space charge shift [59].
Also, charges with high mobility can be heterocharges, leading to positive charge accu-
mulation near the cathode [57]. In contrast, homocharges occur due to the rapid charge
injection of electrons from the cathode [57]. The charge injection increases the amount
of charge in insulating materials [57]. Continuous homocharge injection increases the
amount of charge inside the dielectric material, and injected homocharges tend to be

accumulated in the vicinity of the electrode, which has the same polarity [57].

2.4.2 Space Charge Measurement

¢ Destructive Technique
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The initial space charge measurement has been implemented through the destructive
technique by using charge powders [60]. The process of this technique is that the di-
electric material is initially prepared in the form of a flat plate, and the powder, which
contains charge polarity, is placed on the dielectric material [60]. The powder is stuck
to the surface charge of the dielectric for detecting charges [60]. In other words, lead
oxide (PB303, red colour) powder is applied to verify positive charges, and sulphur
(S, yellow-white colour) powder is applied to verify negative charges [60]. Combining
the two-dimensional (2-D) results from each powder can provide the original three-
dimensional (3-D) space charge profile [60]. However, this technique has apparent
drawbacks in that the dielectric sample must be physically damaged by cutting, which
affects the space charge distribution and provides only qualitative information [60].
Therefore, the non-destructive technique has been introduced to overcome the limita-

tions of the destructive technique.

¢ Non-Destructive Technique (Pulsed-Electroacoustic Method)

There are several different types of non-destructive techniques, such as thermally stim-
ulated current (TSC), pressure wave propagation (PWP), laser-induced pressure pulse
(LIPP), and pulsed electroacoustic (PEA) methods. This thesis introduced the PEA
method to acquire space charge profiles [61]. Tatsuo Takada introduced the Pulsed elec-
troacoustic (PEA) method in 1987, and it is one of the representative non-destructive
techniques for measuring space charge profile. The principle of the PEA method is
based on the one-dimensional (1-D) Coulomb force law, and the overall diagram of the
PEA method is described in Figure 2.27 [62].
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FIGURE 2.27: Overview of the PEA Method [62]

In general, the PEA method contains a HVDC supply, which can generate a high elec-
tric field on dielectric samples, and a pulse generator e(t), which produces an acous-
tic wave via interaction with charges [62]. Then, the acoustic signal generated from

charges is converted into a voltage signal in a piezoelectric transducer, which is based
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on polyvinylidene fluoride (PVDF) [62]. In the final step, the voltage signal is amplified
through the amplifier, and a PC receives the output voltage signal for data analysis [62].

The PEA method does not require any physical damages on dielectric materials. Also,
unlike the destructive technique, the PEA method provides both quantitative and qual-
itative analysis. Since the PEA method is the primary technique for this research, fur-
ther details will be discussed in Chapter 3.
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2.4.3 Major Degradation Factors on Space Charge Characteristics

Paper and oil are widely used as the main dielectric materials in the HVDC power
transformer. For high efficiency and reliability of the power transformer, a high level
of dielectric performance must be maintained, but the degradation of the dielectric ma-
terial is inevitable during the operation. Therefore, investigating the main degradation
factors associated with space charges is essential for understanding the oil-impregnated
paper insulation system.

The main degradation factors are as follows:

e Thermal Stress

The heat is generated during the transformer operation. The continuous thermal stress
accelerates the degradation of cellulose materials such as paper and pressboard. As
a result, the electrical, chemical and mechanical properties of cellulose materials are
significantly affected [63]. In particular, thermal stress reduces the mechanical strength
of the cellulose materials over time, as shown in Figure 2.28.
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FIGURE 2.28: DP value of Insulating Paper with Aging Time (aged at 130°C) [64]

Cellulose is a chain of alpha-D-glucose units, and the number of monomer glucose
units represents the degree of polymerisation (DP) and newly manufactured paper
shows the number of DP typically between 1100 and 1600 [37]. Thermal ageing of
cellulose includes various factors, which can reduce the DP via the depolymerisation
process. These processes can occur through the breakage of linkages by hydrolytic de-
composition and the breakup of the ring structure, resulting in the release of CO, CO2,
and water [37]. Thermal ageing reduces the DP and mechanical strength of paper, re-
sulting in increased brittleness and darker colours [37]. As a result, the DP value may
rapidly decrease below 200, which is considered the end of service [65]. A lower DP
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value indicates more mechanical deterioration of cellulose caused by heat, oxygen, wa-
ter, and acids [65]. This generates polar by-products, elevating electrical conductivity,

permittivity, and loss factor but weakening dielectric strength [65].
e Moisture

It is well known that the deterioration of the cellulose material is affected by the amount
of oxygen or water during the power transformer operation. Moisture is the primary
factor for the degradation of cellulose, and it contributes to reducing the mechanical
strength by dissociating cellulose polymer chains [66]. Unfortunately, the moisture is
generated as a by-product during the ageing process of cellulose, resulting in the high
moisture concentration in the cellulose [66]. According to [67], as the moisture concen-
tration increases, the space charges tend to penetrate deeper into the oil-impregnated

paper as shown in Figure 2.29.
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FIGURE 2.29: The Characteristic of Space Charge in Oil-Impregnated Pressboard
(Imm) with Different Moisture Concentrations (steady-state condition) at DC
15kV/mm [67]

Thus, the moisture has a severe effect on the space charge formation, which results in

electric field enhancement in a particular region as depicted in Figure 2.30 [67].
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FIGURE 2.30: The Electric Field Distribution in Oil-Impregnated Pressboard (1mm)
with Different Moisture Concentrations (steady-state condition) at DC 15kV /mm [67]
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o Acidity

The acid hydrolysis also contributes to the insulating paper degradation mechanisms
in the power transformer [68]. Oxidation, carboxylic acids, and water affect the degra-
dation of cellulose insulating materials of the transformer [68]. The moisture catalyses
the acid hydrolysis through the dissociation process in the transformer oil [68]. The
insulating paper produces moisture during the transformer operation, so the synergy
effect of the moisture and acid accelerates the ageing process of the insulation system
[68]. Hydrolysis is catalysed exclusively by hydrogen ions from ionised acids, whereas
non-ionised carboxylic acids do not contribute to the depolymerisation of cellulose [68].
Therefore, the concentration of H' rather than the neutralisation value or the total acid
concentration is a significant contributor to increasing the transformer oil acidity [68].
The water contributes to an increase in the H concentration through the ionisation of
carboxylic acids in the transformer oil [68]. Low Molecular Weight Acids (LMAs) are
more corrosive and hydrophilic, accelerating cellulose degradation compared to High
Molecular Weight Acids (HMAs) [69]. This is because LMAs have higher reactivity
and solubility, enhancing cellulose degradation more than HMAs [69]. Therefore, the
LMA’s concentration in the oil is the index closely related to a degradation of the cellu-

lose insulation material.

2.4.4 Space Charge Characteristics of Mineral Oil-impregnated Paper

Currently, mineral oil-paper insulation systems have been used domestically in HVDC
converter transformers. While studies on mineral oil-paper systems under DC con-
ditions have been actively studied, studies on natural ester liquid-paper are still in-
sufficient. This section explores existing studies on how various factors affect mineral

oil-paper systems with respect to space charge characteristics.

¢ Effect of Applied Voltage

The strength of the applied voltage is one of the main factors affecting the space charge
dynamics within the mineral-oil paper system. Figure 2.31 shows how the intensity of
the different voltages affects the space charge dynamics of the three-layer mineral oil-
impregnated paper. Tang et al. show that as the applied voltage increases, it is clear that
more charges are injected into the bulk sample from both electrodes [70]. Furthermore,
the increased voltage improves the charge’s mobility, allowing the charges to penetrate
deeper into the sample [70], [71].

Figure 2.32 represents the maximum induced charge density at both electrodes after re-
moving DC voltage instantaneously. Under the condition that the sample thickness re-

mains the same, this shows that as the applied voltage increases, the maximum charge
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density peaks at the cathode and anode increase due to an increase in the amount of
homocharge injection [70].
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FIGURE 2.31: Effect of Applied DC Field on Space Charge Characteristics (Volts-on
for 30 minutes at 20°C, three layers, 130 ym of total thickness) [70]
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o Effect of Moisture

Moisture is the biggest factor in shortening the life of oil-paper insulation systems and
most of the moisture is dissolved in oil or absorbed by solid insulating materials. Zhou
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et al. explored how different moisture levels affect spatial charge dynamics in oil-paper
insulation systems [72]. Different moisture levels were achieved through moisture con-
trol of cellulose in [72].
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FIGURE 2.33: Space Charge Characteristics of Mineral Oil-impregnated Paper (130
um) with Different Moisture Levels under 10kV/mm for 30 minutes [72]

In [72], the mineral oil-impregnated papers with five different moisture levels (1%, 3%,
5%, 7%, and 9 %) were measured with the PEA method as shown in Figure 2.33. The
result showed that as the moisture content of the paper increased, the amount of space
charge injected into the sample increased as well. It is believed that the increase in mois-
ture may have contributed to the increased mobility of the charge [72]. In other words,
the increased mobility of the charge due to moisture helped the negative charges travel
from the cathode to the anode. As a result, it was shown that when moisture exceeded
3%, hetero charges began to accumulate near the anode. In addition, since the mineral
oil-paper insulation system is considered a liquid-solid dielectric, the ionisation process
is also likely to have influenced space charge accumulation [72].

¢ Effect of Thermal Ageing

Thermal ageing is one of the main factors that degrade the oil-paper insulation system.
Thermal stress degrades the electrical, chemical, and mechanical characteristics of oil-
paper insulation systems. Zou at el. studied the space charge characteristics of mineral
oil-impregnated paper (160um of thickness) regarding the effect of thermal ageing [73].
Thermal ageing for samples was accelerated for 0, 25, and 55 days at 130 °C in [73].
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Figure 2.34 depicts space charge characteristics of mineral oil-impregnated paper with
different thermal ageing times under 15kV/mm. All three samples showed that nega-
tive charges were injected from the cathode when the voltage was applied [73]. How-
ever, when the sample was thermally aged for 25 days, comparing day 0 and day 55,
the negative charges shifted more clearly to the bulk of the sample [73]. Additionally,
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[73] explained why no distinct charges were found in the centre of the thermally aged
sample for 55 days. Zou at el. argued that it is possible that the negative and positive
charges, shifted from both electrodes, were neutralised by recombining with each other
[73]. In addition, according to [72], due to the impact of thermal ageing, the threshold
voltage of the mineral oil-paper sample decreased, which resulted in more charge in-
jection as shown in Figure 2.35. Figure 2.35. Additionally, the peak value of charge
density at the anode decreased due to decreased threshold voltage [72].
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FIGURE 2.35: Space Charge Characteristics of Mineral Oil-impregnated Paper (130
um) with Different Thermal Ageing Periods under 10kV/mm [72]

Nevertheless, very complex factors such as chemical, physical, and electrical properties
are still linked to the thermal ageing of oil-paper insulation systems, and it is difficult
to find clear reasons for how they affect space charge properties. Therefore, further
research is still required for better understanding.

2.5 Summary

The comprehensive review of existing literature in this chapter has examined HVDC
technology, HVDC converter transformer, insulation system of HVDC converter trans-
former, and space charge characteristics in dielectrics. This chapter looked at different
perspectives, theories, and existing experimental studies to give a complete view of the
topic.

HVDC technology enables more efficient long-distance power transmission than HVAC
systems. For the sustainable operation of HVDC power transmission, HVDC converter
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transformers play a crucial role. However, the performance of HVDC technology heav-
ily relies on an electrical insulation system, making the choice of appropriate electrical

insulating materials a significant consideration.

Mineral oil has served in HVDC converter transformers for its outstanding dielectric
performance and heat transfer capabilities. However, intrinsic weaknesses like limited
biodegradability and high flammability still exist. Thus, natural ester liquid is consid-
ered a potential substitute to replace mineral oil in HVDC converter transformers, but

research on space charge dynamics for natural ester liquid remains insufficient.

Especially, the double layer of natural ester liquid and natural ester liquid-impregnated
paper has not been explored yet. Therefore, this thesis investigated the space charge dy-
namics of the double layer of natural ester liquid and natural ester liquid-impregnated

paper by comparing it with mineral oil.

Space charge profiles were measured for a single layer of natural ester liquid-impregnated
paper under the impacts of moisture and thermal ageing, respectively. Furthermore,
space charge measurements were conducted for the double layer of natural ester liquid-
impregnated paper under the influence of moisture. Finally, polarity reversal effects
were applied to the double layer of natural ester liquid-impregnated paper for space

charge measurements.
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3.1 DC Conductivity Test

Conductivity determines the conduction current density of the dielectric material ac-
cording to the applied electric field [74]. The relationship between conductivity and

current density can be expressed as Ohm’s Law in Equation 3.1.
] =v0E (3.1)

where | is the surface current density (A/m?), ¢ is the conductivity (S/m), E is the
electric field (V/m).
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FIGURE 3.1: Connection Diagram for DC Conductivity Measurement

Typically, the dielectric material maintains a low conductivity because the molecules re-
main intact under the applied electric field [74]. Nonetheless, degradation factors such

as water and thermal ageing raise the conductivity of the dielectric material, which
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affects the charge transport [74]. the DC conductivity of the dielectric material domi-
nates in low-frequency regions. Thus, the Omicron Spectano 100 has been introduced
to measure quasi-dc conductivity. Figure 3.1 illustrates the connection diagram for dc
conductivity measurement. The quasi-DC conductivity process indicates that when
charge carriers dominate the dielectric material, the dielectric response gradually in-
creases as the frequency decreases.

The conductivity o(w) based on the frequency can be expressed as Equation 3.2 [75].

r(w) = oy + A’ (3.2)

where A is constant, 0 < s < 1. It shows that the conductivity linearly increases as
the frequency increases, but dc conductivity ;. becomes the dominant factor in the
low-frequency range [75]. The interfacial polarisation contributes that when s ~ 1, the
conductivity o(w) based on the frequency has a similar value to DC conductivity oy,
(0(w) =~ 0y.), which means that the imaginary part of the dielectric permittivity has a
slope of -1 at the low-frequency range [76].

The bottom electrode consists of a guard gap and a guard ring that minimises noises
from the leakage current. The diameter of the bottom electrode is 30 mm, and the guard
gap is 1 mm. Omicron Spectano 100 provides both frequency domain spectroscopy
(FDC) and polarisation depolarisation current method (PDC). In particular, the PDC
method is much faster than FDC in the low-frequency range. The PDC method has
been introduced to measure the dc conductivity of the oil-impregnated paper. Spectano
Analyzer software has been used to control the sweeping frequency and the applied
voltage. The sweeping frequency from 1.0mHz to 99 mHz has been applied, based on
10 sampling points/decade. Then, 200 V., DC has been applied for the DC conductiv-
ity measurement. For the single-layer investigation, the experiment involved measur-
ing a 200 pm thickness (E = 1kV /mm) of oil-impregnated paper. For the double-layer
experiment, a 250 um thickness (E = 0.8kV /mm) of oil-impregnated paper was mea-
sured for the DC conductivity.

3.2 Karl Fischer Titrator

As well known, moisture is one of the undesirable substances that reduce the dielec-
tric strength of the HVDC power transformer. The moisture level in the HVDC power
transformer is one of the critical indicators for condition monitoring. Karl Fischer titra-
tion is the most common technique to verify the moisture contents in the solution. The

chemical principle of Karl Fischer titration is based on the reaction between the water
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and the oxidation of sulphur dioxide by iodine: I, +2H,O + SO, — 2HI + H;SOq4
[77]. Figure 3.2 illustrates the structure of the Karl Fischer Titrator. HVDC power trans-
former should maintain a low moisture level, so a coulometric titrator is appropriate to

analyse the low moisture contents in the solution.
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FIGURE 3.2: Karl Fischer Titrator

Anode chamber

Then, generated iodine is consumed for water titration. During the titration process,
two detector electrodes detect the constant current [77]. The amount of current re-
quired to produce iodine to reach the endpoint is measured to calculate the amount of
water in the sample solution [77]. Aquamax KF Coulometric titrator has been intro-
duced to verify the moisture contents in the transformer oil. 1 ml of transformer oil has
been injected through the sample injection port to verify the amount of moisture in the
transformer oil. Then, the result has been presented in ppm according to Equation 3.3.

Mass of Moisture (y g)
Mass of Transformer Oil (g)

Moisture Content (ppm) = (3.3)

3.3 Pulsed Electroacoustic (PEA) Methods

Oil and paper are the vital dielectric materials in HVDC converter transformers. The di-
electric performance depends not only on electrical, chemical, and mechanical stresses
but also on space charges. Under DC stresses, the space charge accumulation is a
prominent feature, and the space charge packet distorts the electric field in the oil-
impregnated paper, which contributes to accelerating degradation. Since the under-
standing of space charge characteristics is directly related to the performance of the
oil-impregnated paper, non-destructive methods have been developed to acquire the
space charge profiles. The pulsed electroacoustic (PEA) method is one of the most
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popular non-destructive measurements. This section discusses the details of the PEA
method.

3.3.1 Principle of the PEA Method

The PEA method is based on the propagation of acoustic waves generated from charges
in the dielectric as shown in Figure 3.3 [62], [78]. In the PEA method, an electrical pulse
ep(t) is applied to the dielectric sample [60]. Then, charges p(z) in the dielectric sample
are vibrated, and it produces acoustic waves [60]. Finally, a piezoelectric transducer

detects the propagation of acoustic waves by converting them to electrical signals [60].
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FIGURE 3.3: The PEA Method [78]

However, obtaining data from the PEA method must meet the following conditions:

¢ Pulse Generation of Acoustic Wave
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The width of the pulsed electric field AT, should be much shorter than the pulse width
of the acoustic wave AT that propagates through the sample as described in Equa-
tion 3.4 [78], [79].

AT, << AT = Udsu (3.4)
where d is the thickness of the dielectric sample and vy, is the acoustic velocity in the
dielectric sample. When a significant narrow pulse voltage is applied to the dielectric
sample, surface charges generate the identical shape of the narrow pulse acoustic wave
[79]. Acoustic waves have the same shape of the acoustic wave generated from the
surface charges, and it also has an acoustic delay corresponding to the thickness of
the dielectric sample [79]. Thus, the space charge profiles can be obtained from the
acoustic waves generated from space charges [79]. Besides, the acoustic impedance
must be matched between the HVDC electrode and the dielectric sample by setting a

piece of conducting impedance matching material, as shown in Equation. 3.5 [79].

Zsu = st (35)

where Zj, is the acoustic impedance on the sample side, and Z; is the acoustic impedance
on the electrode side. According to [79], the acoustic wave signal can be expressed as
Equation 3.6.
Zai
=—"—"—0(0)e,(t
Zsa+ZAl ( ) P( )

274 1 0
PR £ t—1)d .
+ 7o 7 205”/0 p(T)ey(t —1)dt (3.6)

2ZAZ Zsa
o(d)e,(t — —
Zso + Z a1 Lpg + ZLsa ( ) p( Usa)

p(t)

_|_

where Z 4 is the acoustic impedance of the ground electrode, (0) is the surface charge
at the ground electrode, o(d) is the surface charge at the HVDC electrode. The first
component in Equation 3.6 is for surface charge ¢(0) on the ground electrode, and
Za1/(Zsg + Z 4;) is the transmission ratio [79]. The second component is for space
charge p(z), and it represents the acoustic wave is produced from charges in the di-
electric sample, which propagates through the ground electrode [79]. In the second
component, the generation ratio of the acoustic wave is Zs,/(Zsq + Zsa) = % in the
dielectric sample, and 2Z 4;/(Zs, + Z 4;) represents the transmission ratio at the inter-
face of the dielectric sample and the ground electrode. Thus, total transmission ratio
is Z a1/ (Zsa + Z a;) in the second component. The third component is for the surface
charge o(d), and it represents that the acoustic wave is produced at the interface of
the dielectric sample and HVDC electrode [79]. The generation ratio is The genera-

tion ratio for the third component at the interface of the sample and the HV electrode
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is Zsq/ (Zpy + Zsa). The generation ratio equals % when Zg, matches Z;,. . At the in-
terface between the sample and the ground electrode, the transmission ratio equals
2Z41/(Zsa + Z4;1). Equation 3.6 indicates Zs, = Zj, indicating matching material
equivalence, thus generating a total ratio of Zsl/(Zs, + Z4;) for each acoustic wave

component.

Thus, Equation 3.6 can be simplified as described in Equation 3.7.

__Za
Zsa + ZAI

p(t)

(0)ey(f) + vsg /0 " p()ey(t — )T+ o(d)ey(t — :)] (37)

sa

Equation 3.7 is based on the time domain, so with Fourier transform, the equation

based on the frequency domain can be acquired as shown in Equation 3.8.

Z

_ (0)
Zsa + ZAI

Vsa AT

FR(f) + visilexp(—iznfd)] (3.8)

P(f)

vSﬂ

Usa ATE(f) [

where AT is the sampling time, which decides the sampling interval distance v5,AT,
R(f) represents the Fourier transform of p(t) [79].

¢ Detecting Pulsed Acoustic Wave

The pulsed acoustic wave p(t) is detected at a piezoelectric transducer on the ground
electrode, where the acoustic wave is converted into a charge signal g(f) associated
with space charge distribution [79]. According to [79], Equation 3.9 is the charge signal
in the time domain, and Equation 3.10 is the charge signal in the frequency domain.

27, vy [

q(t :m b s h(T)p(t —1)dT (3.9)

where hi(T) is the transmission function for a piezoelectric transducer.

_ 27y Upar

H(f)P(f) (3.10)

where Q(f), H(f), and P(f) are the charge signal, transmission function, and acous-
tic wave respectively in frequency domain, Z, represents the acoustic impedance of
the piezoelectric transducer. The signal reflection can be prevented by matching the

acoustic impedance between the piezoelectric transducer and the rear electrode [79].
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For example, if PVDF(polyvinylidene fluoride)-f is used for a piezoelectric transducer,
a material with the same acoustic impedance as PVDF- must be used [79].

TABLE 3.1: Different Types of Piezoelectric Transducers [80]

Material Acoustic Acoustic
Velocity Impedance
v[m/s] Z[kg/m?sec]
LiNbOs3 7360 34.4 x 10°
PZT — 4 4600 34.5 x 10°
PVDF — « 2260 4.0 x 10°
PVDF — B 2260 4.0 x 100

Table 3.1 shows the different types of piezoelectric transducers according to acoustic ve-
locity and impedance. Polymer piezoelectric transducer such as PVDF is more popular
than ceramic piezoelectric transducer due to higher piezo capability, wide frequency
range, a broad dynamic response, and relatively lower acoustic impedance [81]. Ad-
ditionally, the polymer piezoelectric transducer is optically clear and flexible, and it is

easy to shape physically [81].
¢ Space Charge Distribution from the PEA Method

As mentioned earlier, the acoustic waves from space charges are detected by a piezo-
electric transducer, and they are transformed into charge signals [79]. According to [79],
the output voltage signal in the frequency domain can be expressed in Equation 3.11.

V() =50 | 28+ R() + 2 exp (‘2””)] @1

VsaAT Usa

where S(f) is the system function. In Equation 3.11, the surface charge at the ground
electrode (z = 0) is expressed in the first component, and the space charge in the dielec-
tric sample (0 < z < d) is expressed in the second component. The third component
represents the surface charge at the HVDC electrode (z = d). The system function S(f)

can be represented as Equation 3.12 according to [79].

W(f)H(f) ZZP ZAI vsavaTz

S(f) = o Zanz ZutZa b E(f) (3.12)

where W(f) is the Fourier transform of the transfer function of the detection circuit
w(t), C, [F/m?] represents the capacitance of the piezoelectric transducer. When S(f)
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is known, the space charge distribution can be acquired in the time domain or position
domain p(z = vs,7) by inverse Fourier transform. To acquire S(f), a DC voltage V. is
applied to induce surface charges in the dielectric sample [79]. It is essential to apply
low and short V., consequently reducing E;. impact to prevent space charge formation
in the dielectric. When pulse voltage is applied, surface charges (¢(0) and o(d)) can be
obtained, and only surface charge signal Vj(t) responding to 0p(0) is necessary for the
calibration [79]. V;(t) of the time domain can be transferred as V(f) of the frequency
domain as shown in Equation 3.13.

Vo(f) = 5)ou(0) (3.13)

Vsa AT

00(0) can be expressed as shown in Equation 3.14.

00(0) = eoer% (3.14)

where € = ¢gp¢, is the permittivity, £ is the vacuum permittivity, ¢, is the relative permit-
tivity. Thus, when permittivity e and thickness d of the dielectric sample are known, the
charge distribution % in the frequency domain can be obtained as shown in Equa-

tion 3.15.

Z +R(f) + 2exp ( - i27rfvdsa>

VO (f) €0€r % vsalAT

(3.15)

Thus, Equation 3.15 with inverse Fourier transform can be converted into the function

for the space charge distribution p(z = v;,T) in the position domain [79].

3.3.2 Experimental Setup of the PEA Method

Figure 3.4 shows the experimental setup of the PEA method for space charge measure-
ment. In the PEA method, a flat shape of the dielectric sample is placed between the
ground electrode and the high-voltage electrode. A semi-conductive layer is placed be-
tween the dielectric sample and the high-voltage electrode to improve acoustic imped-
ance matching. Additionally, the proper mechanical pressure is applied in order to
maintain tight contact between the dielectric sample and electrodes. 20kV/mm of DC
electric field is applied to the oil-impregnated paper sample for 60 minutes respec-
tively to obtain the space charge profiles. Then, the DC voltage is completely removed

for 60 minutes in order to investigate the space charge dissipation. Every test should
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FIGURE 3.4: Physical Overview of the PEA Method

be carried out with the new sample in order to avoid the pre-stressed effect on charge

formation in the oil-impregnated paper.

3.4 DC Breakdown Test

To measure DC breakdown, each electrode was equipped with a diameter of 35 mm
ball bearings to secure the oil-impregnated paper. Mineral oil-impregnated paper and
natural ester liquid-impregnated paper were in mineral oil and natural ester liquid,
respectively for DC breakdown measurement. A sample with a thickness of 100 ym
was subjected to an applied ramp rate of 500 V/s. 20 different points on each sample

were assessed for +DC breakdown measurement.

3.5 Acids Number Measurements

The acidity of the oil was measured via titration in accordance with ASTM D-974. To
determine the acidity of aged natural ester liquid and mineral oil, a titration solvent
was prepared by mixing 49.5ml of isopropyl alcohol and 0.5ml of water. Then, 0.25g
of 1-naphtholbenzein was placed in a 25ml titration solvent to prepare the indicator
solution. Afterwards, 1ml of aged oil, 50ml of titration solution, and 0.25ml of indicator

solution were mixed. Then, the KOH solution, which is a mixture of 0.3g of potassium
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hydroxide, 0.5g of barium hydroxide, and 300ml of isopropyl alcohol, has slowly added
until the colour goes from orange to a stable green.

3.6 Degree of Polymerisation Measurements

According to ASTM D4243, the DP of thermally aged natural ester liquid-impregnated
paper and mineral oil-impregnated paper was measured. 15mg of thermally aged nat-
ural ester liquid-impregnated paper or mineral oil-impregnated paper was placed into
distilled water, which was sonicated for 10 minutes to disperse and fully wet. After-
wards, the solution was placed into a sealed glass bottle and stirred magnetically for
20 minutes at room temperature. After adding 10ml of bis(ethylenediamine) copper
(I) hydroxide solution, the mixture was stirred for at least 4 hours at room tempera-
ture. Then, the solution for DP measurement was deposited into a viscometer tube and
placed into a viscometer bath at 20 °C. After allowing the temperature to stabilise for at
least 30 minutes, five viscosity measurements were taken, and the DP was calculated

according to the standard.

3.7 Sample Preparations

3.71 Sample Information

The Kraft papers with 100 ym and 250 ym of thickness have been applied to this re-
search. Diala S3 ZX-IG has been used as mineral oil from Shell company. Then, the
Midel eN 1204 has been used natural ester liquid from the Midel company. Table 3.2

provides more information regarding transformer oils

3.7.2 Sample Preparation for Impact of Moisture on Single Layer Oil-Paper

The Kraft paper with 100 pm of thickness was applied to this research. Figure 3.5 illus-
trates the sample preparation to investigate how moisture affects the transformer oil-
impregnated paper and study the difference between natural ester liquid and mineral
oil. Kraft paper is hygroscopic, making it easy to absorb moisture. Thus, the moisture
content can be controlled using Kraft paper. Each Kraft paper is 5cm in diameter and
100pm in thickness.

To eliminate moisture, Kraft paper was heated in a fan-assisted oven at 130°C for 3
hours. After removing Kraft paper from a fan-assisted oven, it was weighed on an an-
alytical balance. Table 3.5 illustrates the weight of Kraft paper with different moisture

contents.
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TABLE 3.2: Transformer Oil Information [82][83]

Diala S3 ZX-1G Midel eN 1204
Flash Point 136 315
°O) (ISO 2719) (ISO 2592)
Fire Point 350
(°C) ) (ISO 2592)
Pour Point -57 -31
°C) (ISO 3016) (ISO 3016)
Density at 20°C 0.88 0.92
(g/cm®) (ISO 3675) (ISO 3675)
Viscosity at 40°C 8.0 37
(mm?/s) (ISO 3104) (ISO 3104)
70 75
Breakdown Voltage
(V) (2.5mm gap, (2.5mm gap,
IEC 60156) IEC 60156)
Relative Permittivity 22 3.1
Biodegradability <10 >90
(%)
Moisture
Fan-assisted 0.5
Oven wt%

N

590999;7 w, ’
Analytical 5.0
Balance Scale wt%
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Vacuum Oven
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FIGURE 3.5: Sample Preparation regarding the Impact of Moisture

The moisture level in the HVDC power transformers should be dried as much as pos-
sible to avoid the effects of moisture. The moisture content of the cellulose in a new
transformer is around 0.5wt%, and it is predicted to increase over the transformer’s
lifetime steadily [84]. According to IEC 60422, less than 2.0wt% of the moisture con-
tent in transformers is a dry state; 2.0wt%-5.0wt% of the moisture content is considered

moderately wet, and over 5.0wt% of the moisture content is an extremely wet state
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TABLE 3.3: Weight of Kraft Paper with Different Moisture Contents

Weight of Paper Before Weight of Paper After Moisture

absorbing Moisture (g) Absorbing Moisture (g) Contents (wt%)
0.1176 0.1182 0.50
0.1218 0.1244 2.01
0.1180 0.1241 5.00

[7]. Thus, Kraft papers with 0.5wt%, 2.0wt%, and 5.0wt% of moisture were prepared,

respectively.

Natural ester liquid and mineral oil were placed in the vacuum oven for 3 hours at
130°C to reduce moisture. Then, Kraft papers with different moisture contents were
impregnated with degassed mineral oil and natural ester liquid for 24 hours, respec-
tively. The mass-weight ratio between transformer oil and Kraft paper is 10:1 for the

oil-paper impregnation process.

¢ Moisture Contents
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£ 601
o
Q_ o

40 - 38.1 39.1
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4.2
0 _ . ‘ .
No 0.5wt% 2.0wt% 5.0wt%
Treatment

FIGURE 3.6: Moisture Contents (ppm) in Natural Ester Liquid and Mineral Oil with
Different Moisture wt% in Kraft Paper

Figure 3.6 represents how different moisture contents in Kraft papers affected the natu-

ral ester liquid and mineral oil, respectively. ImL of natural ester liquid and mineral oil
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was added to the Karl Fischer titrator at room temperature ( 20°C) to examine the mois-
ture level. Kraft paper with different moisture levels (0.5wt%, 2.0wt%, and 5.0wt%) was
impregnated with the degassed natural ester liquid and mineral oil, respectively.

The natural ester liquid without any treatments had 103.1 ppm of moisture. When Kraft
paper contained 0.5wt% of the moisture, considered a dry state, and was impregnated
with the natural ester liquid, the moisture level in the oil was about 38.1 ppm. After
Kraft paper with 2.0wt% of moisture contents was impregnated with the natural ester
liquid, it showed 39.1 ppm. 2.0 wt% of moisture in Kraft paper did not significantly
influence the increase in moisture in the natural ester liquid and mineral oil because
2.0wt% of moisture in Kraft paper was still considered as low as 0.5wt%. However,
when Kraft paper with 5.0wt% of moisture was impregnated with degassed natural es-
ter liquid, the moisture content in the natural ester liquid was much higher (81.58ppm)
than samples with 0.5wt% and 2.0wt%. The mineral oil without treatment had 17.93
ppm of moisture content. When the degassed mineral oil was impregnated with Kraft
paper, which contained 0.5wt% of moisture, it showed 4.2 ppm. When Kraft paper had
2.0wt% of moisture content, the mineral oil had 4.3 ppm. However, after the Kraft pa-
per, which contained extremely high moisture content (5.0wt%), was impregnated with

the mineral oil, 7.8 ppm of the moisture level was observed.

Kraft paper is a hygroscopic material that absorbs moisture readily. In the oil-paper
insulation system, water is mainly absorbed by cellulose, so it is essential to keep cel-
lulose dry [36]. However, although the Kraft paper had 5.0wt%, mineral oil rarely
removed cellulose’s moisture due to its hydrophobic characteristics [84]. On the other
hand, like cellulose, natural ester liquid is a hydrophilic liquid [84]. Hence, when the
cellulose contained 5.0wt% of moisture, the natural ester liquid absorbed more water

(81.6 ppm) from the cellulose than mineral oil.

Triglycerides of natural oil react with water through hydrolysis, which results in long-
chain fatty acids [85]. This process consumes dissolved water in natural ester liquid
[85]. As a result, it moves extra water from the paper to the natural ester liquid to keep
the equilibrium [85]. This characteristic of the natural ester liquid keeps the cellulose

dry, and it can delay the degradation of the cellulose that may occur due to moisture.
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3.7.3 Sample Preparation for Impact of Thermal Ageing on Single Layer
Oil-Paper

Thermal Ageing in
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FIGURE 3.7: Sample Preparation regarding the Impact of Thermal Ageing

Figure 3.7 depicts the methodology for investigating how thermal ageing degrades
transformer oil-impregnated paper by comparing natural ester liquid and mineral oil.
The Kraft papers were placed in the fan-assisted oven, whilst the transformer oils (nat-
ural ester liquid and mineral oil) were placed in the vacuum oven for 3 hours at 130°C.
This reduced the amount of water in Kraft paper and transformer oils to minimise the
influence of moisture. Then, the degassed Kraft papers were respectively impregnated
with degassed natural ester liquid and mineral oil for 24 hours in a vacuum oven. Af-
terwards, samples were thermally aged by heating them to 130°C in a vacuum oven
[86]. When each sample attained the specified ageing durations (0 days, 5 days, 10
days, 15 days, and 30 days), it was removed from the vacuum oven for the rest of the

measurements.

Thermal ageing of the samples was conducted in a vacuum oven for safety reasons.
While transformers typically operate between 60 and 90°C, a temperature of 130°C
was applied to accelerate the ageing process, causing the evaporation of the dielectric
liquid. Hence, the use of a vacuum oven was essential to ensure complete isolation of
the thermal ageing process from the atmosphere for safety.

As seen in Figure 3.8, as thermal ageing progressed, the colour of natural ester and
mineral oils became darker compared to fresh oils. ImL of oil was added to Aquamax
Karl Fischer titrator to monitor the changes in moisture in fresh and aged natural ester
liquid and mineral oil, as shown in Table ??2.

Throughout thermal ageing, natural ester liquids maintained moisture concentrations
between 31.48 and 39.33 ppm, whereas mineral oils had moisture concentrations be-
tween 5.23 and 6.96 ppm.
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Natural ester oils

FIGURE 3.8: Discolouration of Natural Ester Liquid and Mineral Oil during Thermal

Ageing
TABLE 3.4: Moisture Concentrations in Natural Ester Liquids and Mineral Oils during
Thermal Ageing
Ageing Moisture Concen- Moisture Con-
Time (days) trations in natural centrations in
ester liquid (ppm) Mineral Oil (ppm)

Day 0 32.27 6.43
Day 5 33.91 6.96
Day 10 31.48 5.9
Day 15 37.48 5.23
Day 30 39.33 6.26

3.7.4 Sample Preparation for Impact of Moisture on Double Layer Oil-Paper

In this study, Kraft papers with 100 pm and 250 pm of thickness were used. This sample
preparation method is identical to section 3.7.2.

Kraft papers with 12 cm of diameter and 250 pm of thickness were prepared for space
charge measurement. In addition, Kraft papers with 5 cm of diameter and 100 pm
of thickness were prepared for DC breakdown measurement. Table 3.5 illustrates the

weight measurements of Kraft paper under different levels of moisture content.

The configuration of a double layer comprising of oil and paper, which was utilised
in this study to measure space charge, is presented in Figure 3.9. Polytetrafluoroethy-
lene (PTFE) ring with 250pm of thickness was placed on the ground electrode. Then,
a drop of transformer oil (mineral oil or natural ester liquid) was placed at the centre
of the PTFE ring. Afterwards, mineral or natural ester liquid-impregnated paper was
then placed on the oil gap, and the high-voltage electrode with appropriate mechanical
pressure was placed. When the dielectric liquid was placed at the oil gap, the air bub-
ble was minimised to reduce the effect of partial discharges. A semiconducting layer
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TABLE 3.5: Weight of Kraft Paper with Different Moisture Contents

Weight of Paper Before Weight of Paper After Moisture
absorbing Moisture (g) Absorbing Moisture (g) Contents (wt%)
Kraft Paper (Thickness: 100m)

0.1176 0.1182 0.50

0.1175 0.1198 2.00

0.1180 0.1241 5.00
Kraft Paper (Thickness: 250m)

3.2910 3.3070 0.50

3.3000 3.3660 2.01

3.3000 3.4650 5.00

was introduced between the HV electrode and oil-impregnated paper to improve the

acoustic matching impedance.

Mechanical pressure

FIGURE 3.9: Double Layer Configuration of Oil and Paper for Space Charge

Measurement

The sample was exposed to a DC electric field of 20kV/mm for 60 minutes to investi-

gate the space charge characteristics. Afterwards, the voltage was entirely removed to

measure the space charge decay over the following 60 minutes.
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FIGURE 3.10: Voltage Application for Polarity Reversal Effect

Studies were also conducted on the polar reversal effect after investigating a single
polarity. In this case, 20 kV/mm of (+) polarity was applied to the sample during the
initial 60 minutes as shown in Figure 3.10. After that, the voltage supplier was cut off
for one minute [87]. Then, 20 kV/mm of (-) polarity was applied to the sample for an
additional 60 minutes. As a final step, the space charge decay was measured for 60

minutes after the voltage supplier was completely removed.

¢ Moisture Contents

Figure 3.11 depicts the impact of varying moisture levels in kraft papers (250 ym of
thickness) on natural ester liquid and mineral oil. Before and after the oil-impregnation
procedure, the moisture content of both oils was evaluated. Results indicated that the
natural ester liquid contained more moisture than the mineral oil at all levels of paper
moisture measured. As the moisture content of the paper increased, the difference in

moisture content between the two oils also increased.

For instance, when the paper moisture was 0.5wt%, the natural ester liquid had a mois-
ture content of 39.8ppm, while the mineral oil had a moisture content of 6.8ppm. At
2.0wt% paper moisture, the natural ester liquid contained 106.7ppm of moisture while
the mineral oil contained 11.2ppm of moisture. Additionally, when the Kraft paper is
in extremely wet condition (5.0wt%), the natural ester liquid had a moisture content of

254 1ppm, whereas the mineral oil had a moisture content of 23.9ppm.
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FIGURE 3.11: Moisture Content Comparison between Natural Ester Liquid and Min-
eral Oil after Oil-Paper Impregnation Process

Mineral and natural oils are both used for insulation and cooling, but their chemical
structures are noticeably different. The natural ester has a greater water solubility be-
cause its chemical structure polarises its molecule, and the polar molecule attracts sub-
stances [88]. Therefore, as the moisture content of Kraft paper increases, the hydrophilic
nature of natural ester liquid causes it to absorb moisture from the paper. On the other
hand, mineral oil exhibits hydrophobic properties due to its non-polar nature. Thus,
even as the moisture content of Kraft paper increases, mineral oil repels the moisture,

causing it to remain on the paper [88].

These results indicate significant implications for the design and operation of trans-
formers. Particularly, by absorbing moisture during transformer operation, the results
show that natural ester liquid is more efficient than mineral oil at maintaining the pa-

per’s dryness.



57

Chapter 4

Space Charge Characteristics of
Natural ester Liquid-impregnated
Paper with Different Moisture
Contents

4.1 Research Motivation

As previously discussed, the HVDC power transformer is highly dependent on its in-
sulation system. Mineral oil has been used predominantly as the dielectric liquid for
the HVDC power transformer. However, the high fire risk, low biodegradability, and

scarcity of mineral oil have required an alternative to compensate for these weaknesses.

Moisture is one of the most undesirable substances in the oil-paper insulation system
[46]. Cellulose is a hygroscopic material, so it must be maintained to be dry. However,
moisture is produced by the oxidative process and the degradation of the molecular

chain once oil-paper insulation systems get aged over many years [36].

During the ageing process, the furfural and acid contents in the dielectric liquid are
affected by the moisture level [46]. Thus, the high moisture level can accelerate the
degradation of the oil-paper insulation system, drastically lowering the insulation sys-
tem’s breakdown strength and reducing the transformer’s life [89]. Also, moisture aids
the depth of charge penetration into the dielectric materials, which may cause higher
electric field distortion in the oil-paper system.

Different chemical structures between natural ester liquid and mineral oil may cause
other impacts on dielectric properties. Therefore, further information is still needed
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about the natural ester liquid whether it is applicable to the HVDC apparatus. This sec-
tion mainly focused on how different moisture levels affect the space charge dynamics

of natural ester liquid-impregnated paper in comparison to mineral oil-impregnated

paper.
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4.2 DC Conductivity

-10 ‘
10 Il Natural Ester Oil impregnated-Paper

ral Oil-impregnated Paper
1041 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

-

o
A
N

1 0'1 3 7.83x10°"
4.54x10°"

10-14 N s |

DC Conductivity (S/m)

-

o
A
o

-

o
N
=)

0.5 wt% 2.0 wt% 5.0 wt%
Moisture Contents (wt%)

FIGURE 4.1: DC Conductivity with Different Moisture Contents

200 V. was applied for the quasi-dc conductivity measurement. The quasi-dc conduc-
tivity takes place in the low-frequency range. Figure 4.1 represents that as the amount
of moisture increased, the dc conductivity of both natural ester liquid-impregnated
paper and mineral oil-impregnated paper also increased. The dc conductivity of the
natural ester liquid-impregnated paper was 4.54 x 10714 S/m (at 0.5wt%), 7.84 x 10714
S/m (at 2.0wt%), and 2.43 x 10712 S/m (at 5.0wt%). Then, the dc conductivity of the
mineral oil-impregnated paper showed 6.03 x 1071° S/m (at 0.5wt%), 3.34 x 1074 S/m
(at 2.0wt%), and 6.12 x 10713 S/m (at 5.0wt%).

The result illustrated that the dc conductivity of the natural ester liquid-impregnated
paper always had a higher value than the mineral oil-impregnated paper for the same
moisture contents due to a greater affinity of natural ester liquid for water. From 0.5
wt% to 5.0wt% of moisture contents, the dc conductivity of the natural ester liquid-
impregnated paper increased by 53.53 times. However, the dc conductivity of min-
eral oil-impregn- ated paper increased by 101.5 times from 0.5wt% to 5.0wt% of mois-
ture contents. Unlike natural ester liquid, the hydrophobic characteristic of mineral oil
forces the moisture to stay in the cellulose. This phenomenon increased the dc con-
ductivity of mineral oil-impregnated paper at a faster rate than that of the natural ester
liquid-impregnated paper with the increase of moisture.
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4.3 Space Charge Characteristics

Under dc conditions, space charges can be injected into oil-impregnated papers. Ac-
cumulated charges can enhance the electric field in specific regions [67]. Also, it may
accelerate the degradation process of the insulation system.

Figure 4.2 represents space charge characteristics of the natural ester liquid-impregnated
paper and mineral oil-impregnated paper with different moisture contents. The electric
stress can lower the potential barrier between electrodes and oil-impregnated paper.
As a result, obvious homocharges are injected from both electrodes when a dc elec-
tric field is applied. For dry natural ester liquid-impregnated paper (0.5wt%), negative
charge injections occurred when the dc field was applied. Then, these negative charges
were accumulated initially, but the number of negative charges in the middle of the
paper decreased over time due to a possible recombination process. For dry mineral
oil-impregnated paper (0.5wt%), negative charges also travelled to the middle of the
paper after the dc field was applied. After that, these negative charges were trapped
and accumulated in the middle of the paper. However, a relatively lower amount of
negative charges were injected in the mineral oil-impregnated paper than in the natu-

ral ester liquid-impregnated paper.

When the natural ester liquid-impregnated paper was moderately wet (2.0wt%), more
negative charges were injected from the cathode than in the dry state. Also, positive
charges travelled from the anode to the middle of the paper because of the higher mois-
ture content. Then, these positive charges started to be accumulated in the middle of
the paper at 60 minutes. When the moisture content was 2.0wt%, similar space charge
characteristics were observed in the mineral oil-impregnated paper.
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FIGURE 4.2: Space Charge Characteristics of the Natural Ester Liquid-impregnated
Paper, (A), (B), and (C), and the Mineral oil-impregnated Paper,(D), (E), and (F), with
Different Moisture Contents

However, the difference is that the increase in water caused the higher mobility of pos-

itive charges in the mineral oil-impregnated paper, resulting in forming heterocharges



Chapter 4. Space Charge Characteristics of Natural ester Liquid-impregnated Paper
62 with Different Moisture Contents

in the vicinity of the cathode at 60 minutes.

In extremely wet conditions (5.0wt%), the largest amount of heterocharges in the nat-
ural ester liquid-impregnated paper was formed in the vicinity of the cathode at 60
minutes. These heterocharges induced negative charges on the cathode, resulting in
the highest negative charge peak (45 C/m?%). On the other hand, natural ester liquid-
impregnated papers with 0.5wt% and 2.0wt% of moisture had 22 C/m? and 30 C/m?>
of negative charge peaks, respectively. When the mineral oil-impregnated paper was
extremely wet (5.0wt%), it also showed the largest amount of heterocharges near the
cathode, causing the highest negative peak (38 C/m?>). However, 0.5wt% and 2.0wt%
of mineral oil-impregnated papers showed 25 C/m® and 27 C/m?> of negative peaks,

respectively.

The difference between the natural ester liquid-impregnated paper and mineral oil-im-
pregnated paper was that the mineral oil impregnated-paper caused faster heterochar-
ge formation near the cathode than natural ester liquid-impregnated paper in an ex-
tremely wet condition. This is probably because mineral oil’s hydrophobic properties
make water stay in the cellulose, creating more paths for charges, which travel freely
in the mineral oil-impregnated paper. The moisture content of Kraft paper has a major
effect on space charge properties, while mineral oil and natural ester liquid also have
some effect on it. Mineral oil, in other words, repels moisture into the paper, but natural
ester liquid absorbs moisture from the paper. As a result, once the Kraft paper contains
a high moisture content, it may give better mobility to charges, allowing them to travel

more easily to the opposite electrode in the mineral oil-impregnated paper.

High moisture levels in oil-impregnated papers are undesirable because they form het-
erocharges, which induce charges near the electrodes. Then, heterocharges likely cause
an enhanced electric field in a specific region. With a moisture content of 5%, both
charges and moisture play a significant role in space charge dynamics. Free charges

respond to electric fields, while water’s ionisation affects these characteristics.

However, when the moisture content in the Kraft paper is low, the properties of trans-
former oil are an important consideration in terms of space charge characteristics [90].
Even though the natural ester liquid was degassed, the polar nature of the natural es-
ter liquid attracted a more considerable amount of moisture than mineral oil, causing
the higher dc conductivity in the natural ester liquid-impregnated paper [49]. Then, it
resulted that when the natural ester liquid-impregnated paper had a lower moisture
level, it showed a higher amount of negative charges injected from the cathode than

the mineral oil-impregnated paper.
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4.4 Total Charge Amount
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Figure 4.3 represents the total amount of charges in both oil-impregnated papers with
different moisture contents for 60 minutes. The charge density at both electrodes was
excluded in order to investigate the moisture impacts on space charge characteristics.
As a result, the results only included charge density in the oil-impregnated paper. The

total amount of charges can be calculated based on Equation 4.1 [91].

(4.1)
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where, Qo1 is the total amount of charge, d is the thickness of the sample, p is the
charge density, S is the area of the electrode. For natural ester liquid-impregnated pa-
pers, as moisture increased, the total amount of charges increased together. For 0.5wt%
and 2.0wt% of moisture contents in the natural ester liquid paper, the largest total
amount of charges occurred within 10 minutes. After that, it kept decreasing over time
due to possibly recombination effects. For 5.0wt% of moisture content in the natural es-
ter liquid-impregnated paper, the largest total amount of charges also took place within
10 minutes. Then, it kept decreasing until 30 minutes due to possibly recombination

effects.

However, from 30 to 60 minutes, the total amount of charges increased again since
the heterocharges were formed near the cathode. For 0.5wt%, 2.0wt%, and 5.0wt%
of moisture contents, the largest total amount of charges in the natural ester liquid-
impregnated paper were 1.19 x 1078C/m?, 1.36 x 1078C/m?, and 1.37 x 1078C/m?,
respectively. This indicates that the largest total amount of charges in the natural ester
liquid-impregnated paper increased about 1.15 times in the extremely wet state com-
pared to the dry state.

When the cellulose contained 0.5wt% of moisture content, the total amount of charges
in the mineral oil-impregnated paper increased during the first 20 minutes. Then, it
kept decreasing due to the recombination effect until it reached 2.76 x 1077C/m?> of
the total amount of charges for 60 minutes. For 2.0wt% of moisture content, the total
amount charges in the mineral oil-impregnated paper sharply increased from 4.6 x
10719C/m? to 8.36 x 10~2C/m? for the first 4 minutes. Then, it kept decreasing up to
40 minutes due to recombination effects. After that, it slightly increased again due to

heterocharge formation near the cathode.

For 5.0wt% of moisture contents, the total amount of charges kept increasing over time
because of fast heterocharge formation near the cathode and positive charge accumu-
lation in the middle of the paper. As a result, the largest total amount of charges
(1.61 x 1078C/m?) in the mineral oil-impregnated paper was formed at 60 minutes.
Also, it indicates that the largest total amount of charges in the mineral oil-impregnated
paper increased about 2.5 times in the extremely wet state compared to the dry state.
The result from space charge profiles shows that the higher moisture in oil-impregnated
papers contributed to forming heterocharges, which increased the negative charge peak
at the cathode.
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FIGURE 4.5: Electric Field Distortion Rate with Different Moisture Contents

Under dc conditions, space charges can accumulate in the oil-paper insulation sys-
tem, causing electric field enhancement in the specific region, which can accelerate the
degradation of the insulation system. Figure 4.4 represents electric field distributions
and Figure 4.5 shows maximum electric field distortion rates with different moisture
contents in the natural ester liquid-impregnated paper and the mineral oil-impregnated

paper. The maximum electric field distortion was calculated based on Equation 4.2.

Emax — Eapplied

AE = x 100(%) (4.2)

Eapplied

Regarding 0.5wt% and 2.0wt% of moisture contents, the natural ester liquid-impregnated
paper had 20% and 30% of the maximum electric field distortion rates. On the other
hand, the mineral oil-impregnated paper showed 5% and 15% of the maximum elec-
tric field distortion rate for 0.5wt% and 2.0wt% of moisture contents. This represents
that when the moisture level is low in Kraft papers, the electric field distortion rate
in the natural ester liquid-impregnated paper was greater than that in the mineral oil-
impregnated paper because of its higher moisture content in the natural ester liquid.
However, when the moisture content was 5.0wt% in Kraft papers, the maximum elec-
tric field distortion rate was 35% for both oil-impregnated papers. In terms of electric
field enhancement, mineral oil-impregnated paper is more sensitive to water than nat-

ural ester liquid-impregnated paper.
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4.6 Space Charge Decay
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FIGURE 4.6: Total Charge Decay with Different Moisture Contents

The space charge decay for the natural ester liquid-impregnated paper and the mineral

oil-impregnated paper was depicted in Figure 4.6. After removing the dc voltage, the

space charge decay was observed for 60 minutes.

Most charges dissipated quickly within the first 10 minutes for the natural ester liquid-

impregnated paper. The natural ester liquid had a greater polarity, which attracted
more water. Thus, the higher the polarity, the higher the dc conductivity, which led

to that charges can easily escape from traps in the natural ester liquid-impregnated
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paper [70]. As a result, fast charge dissipation occurred in the natural ester liquid-
impregnated paper.

The mineral oil-impregnated paper showed that when Kraft paper had 0.5 wt% and
2.0wt% of moisture contents, it took about 30 minutes to dissipate most charges. How-
ever, when the moisture level was high (5.0wt%), the mineral oil-impregnated paper
showed that most charges were dissipated within the first 10 minutes. When the mois-
ture contents were low (0.5wt% and 2.0wt%), the rate of charge dissipation was slower

in the mineral oil-impregnated paper than in the natural ester liquid-impregnated pa-
per.

4,7 Discussion

Unlike a dielectric liquid, cellulose in the HVDC converter transformer is not eas-
ily accessible. Thus, it is crucial to investigate the difference between natural ester
liquid-impregnated paper and mineral oil-impregnated paper regarding the impact of
moisture. As shown above, moisture significantly affects the space charge dynamics
of the natural ester liquid-impregnated paper and the mineral oil-impregnated paper.
When the moisture increases, charges are more likely to have higher mobility [92]. In
other words, the increase in moisture facilitates charges to penetrate deeper into the
oil-impregnated paper [92].

When the moisture level was low, fewer charges were injected into the mineral oil-
impregnated paper than the natural ester liquid-impregnated paper. As a result, the
mineral oil-impregnated paper showed only 5% of the maximum electric field distor-
tion, while 20% of the maximum electric field distortion rate occurred in the natural
ester liquid-impregnated paper. In a dry state, although the influence of moisture was
subtle, a relatively larger amount of moisture in natural ester liquid aided that more
charges were injected into cellulose than mineral oil. When the moisture level was
moderately wet (2.0wt%), it showed a slight heterocharge accumulation in the mineral
oil-impregnated paper due to increased mobility of charges, while natural ester liquid-
impregnated paper did not show the heterocharge accumulation for 60 minutes.

When cellulose was extremely wet (5.0wt%), a significant difference was observed be-
tween the natural ester and mineral oils. natural ester liquid tends to absorb the water
due to its high polarity, which produces fatty acids, as shown in Figure 4.7, so this
characteristic leads natural ester liquid to have a great affinity for moisture [93].
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Therefore, when cellulose contains a high moisture level, natural ester liquid captivates
the water from the cellulose. On the other hand, mineral oil has a hydrophobic prop-
erty, so when cellulose has a high moisture level, mineral oil forces water to stay in the
cellulose. As a result, if the moisture level is high, the mineral oil-impregnated paper
is more affected by water than the natural ester liquid-impregnated paper. Thus, the
mineral oil-impregnated paper forms faster heterocharge accumulations under high
moisture level conditions than the natural ester liquid-impregnated paper. In addition,
the mineral oil-impregnated paper showed a lower maximum electric field distortion
rate under low moisture level conditions (0.5wt% and 2.0wt%). However, when cel-
lulose contained a high moisture level (5.0wt%), the same maximum electric field dis-
tortion rate was observed in both oil-impregnated papers. This indicates that the great
affinity for moisture in the natural ester liquid can be advantageous when the cellulose
contains high moisture content. On the other hand, space charge characteristics in the
mineral oil-impregnated paper were more susceptible to moisture than in the natural

ester liquid-impregnated paper.

After the applied voltage was removed, the space charge decay for both natural ester
liquid-impregnated paper and mineral oil-impregnated paper was observed. The de-
cay process can be influenced by the charging time and the number of deep traps in the
sample [94]. Furthermore, the sample’s dc conductivity is the major factor influencing
charge decay [95].

In dry conditions (0.5wt%), it seems that the oil properties, rather than moisture, mainly
influenced both the natural ester liquid-impregnated paper and the mineral oil-impregnated
paper in terms of space charge decay. However, when the moisture content of the Kraft
paper increases, the interaction of oil and moisture appears to be strongly involved in
space charge decay. In common, even though both oil-impregnated papers accumu-
lated more charges with 5.0wt% of moisture compared to 2.0 wt% during the volts-on
process, most charges were dissipated more quickly. The higher conductivity caused

by higher moisture levels is thought to improve charge mobility [95].
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The difference is that if a large amount of moisture is present in the Kraft paper, some
moisture can be absorbed by natural ester liquid due to the hydrolysis interaction be-
tween natural ester liquid and moisture. This characteristic resulted in only a slight
increase in the rate of charge dissipation of the natural ester liquid-impregnated paper
at 5.0wt% moisture compared to 2.0 wt% moisture. On the other hand, there is no hy-
drolysis process between mineral oil and moisture. Therefore, when the Kraft paper
contained 5.0wt% of moisture, most of the moisture remained in the Kraft paper. As
a result, the rate of charge dissipation in the mineral oil-impregnated paper increased

significantly compared to the condition with 2.0 wt% moisture.

4.8 Summary

Moisture is one of the most undesirable substances in the oil-paper insulation system
[46]. Cellulose is a hygroscopic material, so it must be maintained to be dry. natural
ester liquids are made up of triglycerides, whereas mineral oils are made up of hydro-
carbon chains. Thus, as moisture contents varied in the paper, natural ester and mineral

oils showed some differences regarding reaction with the moisture.

As the moisture in the paper increased, the moisture moved from the paper to the
natural ester liquid, which is due to the hydrophilic nature of the natural ester liquid.
On the other hand, the hydrophobic nature of mineral oil prevented moisture from

travelling from the paper to the oil.

As the amount of moisture in the paper increased, heterocharges began to accumulate
near the cathode. However, natural ester liquid delayed the accumulation of hete-

rocharges compared to mineral oil.

Lastly, the mineral oil-impregnated paper had a slow charge dissipation rate when it
was dry, but it became faster as the moisture increased. However, natural ester liquid-

impregnated paper showed a fast charge dissipation rate regardless of moisture.
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Chapter 5

Influence of Thermal Ageing on
Space Charge Characteristics of
natural ester liquid-impregnated
Paper

5.1 Research Motivation

Natural ester liquid is one of the most promising candidates to replace mineral oils for
HVDC converter transformers. They are produced from plentiful renewable resources,
such as soybean and rapeseed, which are fully biodegradable [51]. Furthermore, natu-
ral ester liquid has a relatively higher flash and fire point (above 300°C) than mineral
oil, reducing fire risk significantly [51].

Transformer oil and cellulose are subject to electrical, mechanical, and thermal stresses
and degrade over time during the operation of transformers [96]. When transformers
are exposed to long-term thermal stress, cellulose can become brittle and might break
away from the transformer winding, causing sludge to accumulate [96]. Additionally,
due to thermal ageing, water can be created as a by-product, and local carbonisation of
the paper can increase conductivity, leading to overheating and conductor failures [96].

natural ester liquids are resilient to fire, easily biodegradable, and devoid of corrosive
sulphur compounds [97]. In addition, it has been verified that ester-based fluids im-
prove the lifespan of cellulose insulation, offering additional advantages to transform-
ers. Even so, further information is still required regarding the dielectric performance

of natural ester liquid through DC electric fields, as ester oils are predominantly used
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in distribution transformers [97]. By comparing with the mineral oil-impregnated pa-
per, this chapter explores how thermal ageing affected the space charge characteristics

of the natural ester liquid-impregnated paper.
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5.2 Acidity
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FIGURE 5.1: Acidity of Natural Ester Liquid and Mineral Oil during Thermal Ageing

Aged insulating paper and oil in transformers produce acids as by-products [12]. It
is well known that low molecular acids (LMAs) in a transformer can accelerate the
deterioration of an oil-paper insulation system [98]. natural ester liquid and mineral
oil may have different chemical stability during thermal ageing due to their different

properties [98].

Figure 5.1 represents the acidity of natural ester liquid and mineral oil during thermal
ageing. As thermal ageing progressed, acid levels increased in both natural ester liquid
and mineral oil. The acid level of natural ester liquid was considerably higher than
that of mineral oil throughout thermal ageing. natural ester liquid increased from 0.45
mg-KOH/g to 1.2 mg-KOH/g, while mineral oil increased from 0.09 mg-KOH/g to 0.72
mg-KOH /g during 30 days of thermal ageing.

natural ester liquid has a triglyceride structure consisting of three fatty acids connected
to a glycerol molecule [51]. Therefore, through hydrolysis, the water interacts with
the triglycerides composing the natural ester to generate long-chain fatty acids [85]. In
contrast, mineral oil mainly yields carboxylic acids through the oxidation of mineral
oil or hydrolysis of Kraft paper during thermal ageing [99]. Unsaturated double bonds
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of fatty acids frequently undergo several active reactions, such as oxidation, which re-
duces the oxidation stability of natural ester liquid [93]. Eliminating a hydrogen atom
from the methylene group adjacent to a double bond can readily generate free radicals.
Peroxy radicals are created when free radicals react quickly with oxygen. Then, the ox-
idation process can be furthered when the peroxy radical attacks other lipid molecules,
removing a hydrogen atom to create hydroperoxide and another free radical [93]. Con-
sequently, unsaturated double bonds and the hydrolysis process in natural ester liquid
produce more acids than in mineral oil. Nevertheless, natural ester liquid mostly cre-
ates high molecular weight acids (HMA), whereas mineral oil primarily produces low
molecular weight acids (LMA) [62].

Due to the lack of aggression and solubility in HMAs, they do not significantly con-
tribute to the degradation of Kraft paper [99]. On the other hand, LMAs are more
hydrophilic and corrosive and absorbed by Kraft paper, accelerating cellulose degrada-
tion [99]. During thermal ageing, natural ester liquid mainly produces HMAs, which
are not aggressive, but natural ester liquid still produces more acids compared to min-
eral oil. Even though HMAs from natural ester liquid are beneficial, they still have
some impact on dielectric properties [100]. Thus, it is crucial to understand how the
space charge characteristics of natural ester liquid-impregnated paper are affected by

the acidity that occurs during thermal ageing.

5.3 Degree of Polymerisation

Cellulose consists of alpha-D-glucose units, and the degree of polymerisation (DP) is
measured by the number of monomer glucose units, which for new paper might range
from 1100 to 1600 [37]. However, after drying and oil impregnation, the DP number
may decrease by 10% of its initial value [37]. Thermal ageing is a primary factor that
reduces the DP via depolymerisation. When cellulose is depolymerised, the linkages
are broken through hydrolytic decomposition and ring structure breakdown, which
produces by-products such as CO, CO2, and water [37]. By lowering the DD, cellulose’s
mechanical strength is consequently diminished. Therefore, it is crucial to comprehend
how different effects of natural ester liquid and mineral oil on cellulose’s mechanical

strength during thermal ageing.

The degree of polymerisation of natural ester liquid-impregnated paper and mineral
oil-impregnated paper with different thermal ageing times is depicted in Figure 5.2.
The DP of both oil-impregnated papers gradually decreased as thermal ageing pro-
gressed. The DP of natural ester liquid-impregnated paper decreased from 1111 to 633,
whilst the DP of paper with mineral oil-impregnated paper reduced from 1015 to 447.
The results indicated that natural ester liquid had a slower rate of cellulose degradation

than mineral oil.
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FIGURE 5.2: Degree of Polymerisation of Natural Ester Liquid-impregnated Paper and
Mineral Oil-impregnated Paper during Thermal Ageing

Cellulose hydrolysis during thermal ageing produces acids and water, contributing to
cellulose degradation acceleration [101]. As a result, the natural ester liquid may be
able to dissolve more water, which generates more long-chain fatty acids [100]. Con-
sequently, paper with natural ester liquid may be drier than paper with mineral oil
during thermal ageing. Moreover, unlike mineral oil, acids generated from natural es-
ter liquid are not aggressive towards cellulose. These effects may result in a slower
degradation process for paper impregnated with natural ester liquid.

Clearly, there are still many other factors to consider when analysing cellulose’s me-
chanical strength during thermal ageing. However, according to the results, natural
ester liquid can protect cellulose more effectively than mineral oil as it absorbs more

water and produces non-aggressive acids.

54 DC conductivity

Figure 5.3 shows that the DC conductivity of both the natural ester liquid-impregnated
paper and mineral oil-impregnated paper increased as thermal ageing progressed. Dur-
ing 30 days of thermal ageing, the DC conductivity of the natural ester liquid increased
from 3.14 x 107 S/m to 3.6 x 107135 /m, whilst the mineral oil-impregnated paper
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FIGURE 5.3: DC Conductivity with Different Thermal Ageing Times

showed that dc conductivity increased from 8.96 x 107155 /m to 3.14 x 10~'4S/m. The
results found that the DC conductivity of the natural ester liquid-impregnated paper
was much higher than that of the mineral oil-impregnated paper under thermal ageing
conditions. The DC conductivity of the natural ester liquid-impregnated paper rose
11.46 times from its initial state to day 30. However, after 30 days of thermal ageing,
the DC conductivity of mineral oil-impregnated paper increased by only 3.5 times.

The water solubility of natural ester liquid is significantly greater than that of mineral
oil. In other words, natural ester liquid interacts with water more vigorously during the
thermal ageing period and creates more fatty acids than mineral oil. Consequently, this
hydrophilic characteristic and the production of a greater amount of acid can improve
the mobility of charges, resulting in a significantly greater increase in the DC conduc-

tivity for the natural ester liquid-impregnated paper under thermal ageing conditions.
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5.5 Space Charge Characteristics
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FIGURE 5.5: Space Charge Characteristics of Mineral oil-impregnated Paper during
Thermal Ageing

Space charge accumulation has been identified as a critical challenge in dielectric mate-
rials under DC conditions [91]. The presence of space charge enhances the local electric

tield, causing dielectric materials to degrade or possibly breakdown prematurely [91].
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Figure 5.4 and Figure 5.5 represent space charge characteristics of natural ester liquid-
impregnated paper and mineral oil-impregnated paper under thermal ageing condi-
tions. After applying DC voltage, the electric potential barrier between electrodes and
oil-impregnated paper lowered. Therefore, when DC voltage was supplied, obvious
homocharges were injected from electrodes into oil-impregnated papers.

In Figure 5.4 (A), when the natural ester liquid-impregnated paper was in its fresh
condition, negative charges were injected into it, and these charges eventually accu-
mulated in the middle of the sample. This reduced the peak charge density near the
cathode, whereas the negative charge accumulated in the middle, which induced posi-
tive charges, thereby increasing the peak charge density near the anode. After 5 and 10
days of thermal ageing in Figure 5.4(B) and (C), the space charge characteristics of the
natural ester liquid-impregnated paper were similar to the fresh condition. Nonethe-
less, after 15 days, as shown in Figure 5.4 (D) and (E), more negative charges penetrated
into the middle of the natural ester liquid-impregnated paper. Because of the increased
charge mobility, more negative charges were injected from the cathode, and more pos-
itive charges were injected from the anode when thermal ageing reached 30 days. Due
to the recombination effect between negative and positive charges in the middle of
the natural ester liquid-impregnated paper, negative charges gradually decreased over
time, while the positive charge accumulated in the middle. As a result, the positive
charges that accumulated in the middle of the natural ester liquid-impregnated paper
induced negative charges adjacent to a cathode, increasing the cathode’s peak charge
density.

Like fresh natural ester liquid-impregnated paper, when a DC voltage was applied,
negative charges were injected and accumulated in the middle of the fresh mineral oil
paper-impregnated paper, as shown in Figure 5.5 (A). However, when thermal ageing
reached 5 and 10 days in Figure 5.5 (B) and (C), it was observed that fewer negative
charges were injected into the middle of the mineral oil-impregnated paper as com-
pared to the fresh condition. As thermal deterioration progresses, this leads to loss of
moisture retention as cellulose loses fibre flexibility [102]. Therefore, it is believed that
fewer negative charges were injected during the deterioration period of 5 and 10 days
due to the lower amount of moisture in the cellulose than in the fresh condition. How-
ever, the loss of water retention of cellulose may increase brittleness, which causes a
decrease in mechanical strength [91]. As the ageing period reached 15 days, as shown
in Figure 5.5 (D), negative charges were injected again into the middle of the mineral
oil-impregnated paper with increased acidity. When the thermal deterioration period
reached 30 days in Figure 5.5 (E), the high acidity increased the charge mobility, result-
ing in the positive charge from the anode accumulated in the middle of the mineral
oil-impregnated paper. Consequently, positive charges accumulated in the middle of
the paper, inducing negative charges near the cathode, and increasing the peak charge
density of the cathode.



Chapter 5. Influence of Thermal Ageing on Space Charge Characteristics of natural
80 ester liquid-impregnated Paper

Moisture is the most hazardous by-product regarding transformer operation, but when
the cellulose is in the dry state, the properties of transformer oil are the most crucial
factor for space charge properties during the ageing period. According to the results,
the generation of fatty acids due to the water affinity of the natural ester liquid led to
an increase in conductivity and more space charge accumulation in the natural ester

liquid-impregnated paper during thermal ageing.

5.6 Total Charge Amount
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Fiure 5.6 depicts the total charges in the natural ester liquid-impregnated paper and
mineral oil-impregnated paper for 60 minutes with different thermal ageing periods.
To observe the impact of thermal ageing on space charge accumulation in the sample,

the charge density at electrodes was exempted.

Both oil-impregnated papers had the largest amount of charges when they were in a
fresh state and a smaller amount of charges accumulated after thermal ageing. Then,
the total amount of charge accumulated in the natural ester liquid-impregnated paper
gradually increased as thermal ageing progressed. However, when the mineral oil-
impregnated paper reached 15 days of thermal ageing, the total charges rose due to
increased acidity. The recombination effect reduced the total amount of charges after
30 days, but positive charges began to accumulate in the middle of the mineral oil-
impregnated paper due to the increased acidity and DC conductivity.



Chapter 5. Influence of Thermal Ageing on Space Charge Characteristics of natural

82

ester liquid-impregnated Paper

5.7 Space Charge Decay
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Figure 5.7 shows space charge decay between natural ester liquid-impregnated paper

and mineral oil-impregnated paper under thermal ageing conditions. During thermal

ageing, the natural ester liquid-impregnated papers exhibited faster charge decay rates
gemg q preg pap g y

than the mineral oil-impregnated papers. Due to the presence of polar ester groups

in its chemical structure, the hydrophilic nature of natural ester liquid can create ex-

tra charge transport pathways, which can make it easier to move charges. This can

lead to a reduction in charge-trapping properties and an increment in charge mobility,

eventually leading to a faster charge decay.

Therefore, natural ester liquids are probably better suited for high-voltage applications,

which require rapid charge decay to mitigate space charge accumulation, such as the

polarity reversal effect.
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5.8 Electric Field Distortion
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FIGURE 5.8: Electric Field Distributions of Natural Ester Liquid-impregnated Paper
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FIGURE 5.10: Electric Field Distortion Rate in Oil-impregnated Papers under Thermal
Ageing Conditions

The space charge accumulation can enhance the electric field in specific areas of the oil-
paper insulation system, hence accelerating its deterioration. Figure 5.8 and Figure 5.9
represent electric field distributions of natural ester liquid-impregnated paper and min-
eral oil-impregnated paper during thermal ageing, respectively. Figure 5.10 illustrates
maximum electric field distortion rates in oil-impregnated papers under thermal age-
ing conditions.

During the 30-day thermal ageing period, natural ester liquid-impregnated papers had
a maximum field distortion of 20-30%, while mineral oil-impregnated papers had a
maximum field distortion of 15-25%. Compared with the fresh condition, when the
thermal ageing period reached 30 days, the maximum electric field distortion rate of
the natural ester liquid-impregnated paper was reduced by 5%, and the mineral oil-
impregnated paper had the same maximum electric field distortion rate as the fresh
condition. Eventually, when the thermal ageing reached 30 days, they had the same
maximum field distortion.
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5.9 DC breakdown
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FIGURE 5.11: DC Breakdown Voltages of Oil-impregnated Papers during Thermal
Ageing

Fig. 12 describes the DC breakdown voltages of the natural ester liquid-impregnated
paper and mineral oil-impregnated paper. The DC breakdown voltage of the fresh
natural ester liquid-impregnated paper was 180.4 kV/mm, and after 5 days of thermal
ageing, it was 141.4 kV/mm. After that, the DC breakdown voltage decreased slightly
until a thermal ageing period of 30 days was reached.

However, the fresh mineral oil-impregnated paper has a DC breakdown voltage of
151.0 kV/mm. Afterwards, the dc breakdown voltage of the mineral oil-impregnated
paper slightly reduced as the thermal ageing process progressed. It was shown that
the natural ester liquid-impregnated paper had a higher DC breakdown voltage than
the mineral oil-impregnated paper during thermal ageing. As the DP decreased due
to thermal ageing, the DC breakdown voltage of natural ester liquid-impregnated pa-
per and mineral oil-impregnated paper was also reduced. Apart from the initial drop,
the electrical strength of both oil-impregnated papers was slightly affected by further
thermal ageing.
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The observed slight decrease in DC breakdown strength does not strongly correlate
with the mechanical loss of the paper during thermal ageing. It is likely that by-
products of thermal ageing mainly influence DC breakdown rather than mechanical
loss, suggesting a subtle impact of thermal ageing on dielectric performance.

5.10 Discussion

It is widely acknowledged that natural ester liquids have much higher water affinity
than mineral oils. Therefore, natural ester liquids react with water to produce signifi-
cantly more fatty acids than mineral oils as thermal ageing progresses.

Chemical ageing is another mechanism of ageing in Kraft paper. Kraft paper is com-
posed of cellulose fibres, lignin, and other substances [36]. These materials have the
potential to react with external chemicals like acids over time, which could result in a
reduction in mechanical strength and an increase in electrical conductivity [103]. Thus,
even though the total amount of space charge in the mineral oil impregnated-paper
was less than that of natural ester liquid-impregnated paper during thermal ageing,
the DC breakdown strength was lower due to mechanical loss, which was harmed by
LMA [103]. However, although the natural ester liquid-impregnated paper produced
a larger amount of acids than the mineral oil-impregnated paper, most acids produced
by natural ester liquid were HMA, which was not harmful to Kraft paper. The higher
dielectric constant of the natural ester liquid tends to have higher polarisability, which
makes it a better solvent for polar and ionic compounds, so natural ester liquid tends to
absorb more polar compounds from Kraft paper compared to mineral o0il [97]. There-
fore, this possibly helps the natural ester liquid aids to have higher breakdown strength
of Kraft paper than mineral oil.

Although the amount of accumulated charge initially decreased due to a reduction of
water retention in the natural ester liquid-impregnated paper as thermal ageing pro-
gressed, the total charge amount increased again along with the increase in acidity.
In comparison to mineral oil, natural ester liquid exhibits a significantly lower ionisa-
tion potential, as demonstrated by [104]. Hence, natural ester liquid requires a lower
voltage to produce a substantial number of electrons than mineral oil. The ester group’s
greater ability to attract electrons may result in a greater impact on itself than the alkane
in mineral oil, accelerating the transition from slow to fast charge injections [104]. As
a result, natural ester liquid generates a greater number of electrons and positive ions.
During the thermal ageing period, even though more charges accumulated in the nat-
ural ester liquid-impregnated paper than in the mineral oil-impregnated paper, the DC
breakdown voltage was found to be greater in the natural ester liquid-impregnated pa-
per. Under DC conditions, conductivity becomes more critical, so regarding the natural
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ester liquid, higher conductivity may be beneficial for achieving a more uniform elec-
tric field distribution. Therefore, the point of electric stress tends to shift from liquid to

solid when Kraft paper is impregnated with mineral oil [97].

However, when Kraft paper is impregnated with natural ester liquid, the point of
electric stress tends to shift from a solid to a liquid, which partly explains why the
oil-impregnated paper has a higher breakdown strength [97]. Nevertheless, both oil-
impregnated papers that were subjected to thermal ageing did not suffer a significant
reduction in their electrical strength. In addition, it demonstrated that natural ester
liquid has a slower DP reduction in cellulose than mineral oil, suggesting that it may
provide a longer service life for cellulose.

Therefore, if the HVDC transformer is well sealed from moisture, natural ester liquid

has a remarkably high potential to replace mineral oil.

511 Summary

To assess the reliability and sustainability of natural ester liquid, it is essential to have
a thermal ageing experiment to evaluate how the natural ester liquid acts in the long
term under high-temperature conditions. During thermal ageing, the acidity of both
oils increased. Even though the acidity in natural ester liquid was higher than that in
mineral oil during thermal ageing, the breakdown strength of the natural ester liquid-
impregnated paper was higher than that of the mineral oil-impregnated paper. During
thermal ageing, mineral oil mainly produces LMA, so it may accelerate the mechanical

loss of the paper, which can reduce the breakdown strength.

Under thermal ageing conditions, the natural ester liquid-impregnated paper showed
greater charges than the mineral oil-impregnated paper. This is probably because the
lower ionisation level of the natural ester liquid contributed to the faster charge in-
jection than the mineral oil. During thermal ageing, the DC breakdown strength of the
natural ester liquid-impregnated paper and mineral oil-impregnated decreased slightly
compared to the fresh condition. However, both oil-impregnated papers did not show
a significant drop in DC breakdown. On the other hand, the DP number of both oil-
impregnated papers decreased remarkably. This may indicate that thermal ageing is
more likely to impact physiochemical properties rather than dielectric properties.
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Chapter 6

Impact of Moisture on Space Charge
Characteristics of Multilayer of
Natural Ester Liquid-impregnated
Paper

6.1 Research Motivation

HVDC converter transformers are essential equipment to maintain reliable and sus-
tainable HVDC power transmission systems. Insulation is a vital part of the HVDC
converter transformer, and it is required that the insulation system achieves the desired
performance and reliability criteria. Oil-paper insulation systems are complex compo-
nents of fluids and solids [105]. Therefore, the injection, transport, accumulation, and
discharge characteristics regarding space charge between liquid and solid insulating

materials are still unclear [105].

Often, a wide oil gap is applied for effective heat dissipation by circulating dielectric
liquid in the HVDC converter transformer [105]. Nonetheless, interfaces serve as extra
electrical barriers between transformer oil and cellulose in HVDC converter transform-
ers, allowing space charge to accumulate [106]. The discontinuity between two differ-
ent materials at the interface could be considered deep traps for charges [106]. Hence,

it is vital to investigate the effect of multilayers on space charge dynamics.

In this study, the impacts of moisture on the space charge characteristics of double-
layer natural ester liquid-impregnated paper were examined and compared to those of

mineral oil-impregnated paper.
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6.2 DC Conductivity
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FIGURE 6.1: DC Conductivity of the Natural Ester Liquid-impregnated Paper and
Mineral Oil-impregnated Paper with Different Moisture Contents (250um of Thick-
ness)

Moisture is an undesirable by-product of transformer operation that causes a rapid
decrease in dielectric strength and has a significant impact on the transformer’s lifes-
pan [107]. This is because H+ and OH- dissociation in water increases the conductiv-
ity, leading to the accumulation of more space charge in the insulating material [92],
[107]. As a result, in contrast to the AC field distribution, the DC field stress in HVDC
converter transformers is heavily influenced by the conductivity of the cellulose and
insulating liquid-based material [107].

The DC conductivity of natural ester liquid-impregnated paper and mineral oil-impregnated
paper with different moisture contents is illustrated in Figure 5. The results demon-
strated that the natural ester liquid-impregnated paper had a higher DC conductivity
than the mineral oil-impregnated paper regardless of moisture content levels. Specifi-

cally, the DC conductivity of natural ester liquid-impregnated paper was 2.44 x 10714S /m, 5.67 x

107135 /m, and 6.50 x 107125 /m at 0.5wt%, 2.0wt%, and 5.0wt%, respectively. On
the other hand, the mineral oil-impregnated paper showed 9.69 x 10-1°S/m,7.80 x
107145 /m, and 2.83 x 10125 /m at the same moisture content level.
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As the moisture content rose from 0.5 to 5.0wt%, the DC conductivity of natural ester
liquid-impregnated paper increased by 266.39 times. However, under the same con-
ditions, the DC conductivity increased 294.79 times for the mineral oil-impregnated
paper. This shows that although the natural ester liquid-impregnated paper showed
a higher DC conductivity, the rate of increase in the DC conductivity with increasing
water content was faster in the mineral oil-impregnated paper. Ionisation is one of the
main components of conduction in oil-paper insulation systems [107]. According to the
results, the hydrophobic characteristic of the mineral oil enables moisture to be kept in
the paper, which contributes to a faster rate of DC conductivity rises due to increased
ionisation of the water.

6.3 Space Charge Characteristics

HVDC converter transformers rely heavily on the efficiency of their insulation system,
which is generally made up of oil and cellulose. When space charge accumulates in the
insulation system, it may affect its electrical properties significantly, and it can lead to

failure and premature breakdown.

Consequently, an understanding of space charge characteristics is necessary for assess-

ing the insulating properties of oil-paper systems.

Figure 6.2 and Figure 6.3 show the space charge characteristics of natural ester liquid-
impregnated paper and mineral oil-impregnated paper with an oil gap, respectively, at
different moisture contents. When a DC voltage was applied, the electric potential bar-
rier between the electrodes and the sample decreased. This caused homocharges to be
injected from both electrodes into the sample. The increase in moisture in an oil-paper
insulation system creates more electrical pathways, which facilitates the penetration of
more charges deeper into the sample. In addition, charges accumulate at the interface
due to the discontinuity of the dielectric properties between the oil gap and the paper
[106].
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At a moisture content of 0.5wt% in the double layer of natural ester liquid-impregnated
paper, obvious charges were injected from both electrodes. Ionisation energy repre-
sents the minimum energy needed to detach a loosely bound electron from one mole
of a neutral gaseous atom [108]. The high electric field causes ionisation in the liquid
dielectric, initiating the motion of ions that generates current within the liquid [108].
Therefore, a low ionisation energy of natural ester liquid can cause heterocharges be-
tween the cathode and the natural ester liquid gap. Therefore, when negative charges
were generated near the cathode, they tended to recombine with heterocharges, caus-
ing the charge peak at the cathode to diminish over time. At a moisture content of
2.0wt% in the double layer of the natural ester liquid-impregnated paper, there was
an increase in both positive and negative charge injection from the electrodes. Thus, it
was observed that larger amounts of positive and negative charges accumulate at the
oil-paper interface. At a moisture level of 2.0wt%, the recombination effect caused the
charge peak value at the cathode to decrease over time, as was observed at a moisture
level of 0.5wt%. Even though recombination effects were observed, after 60 minutes,
heterocharges remained between the 0il and cathode. When the paper has a moisture
level of 5.0wt%, positive charges accumulate significantly near the cathode due to the
ionisation effect and high DC conductivity. Due to the hydrophilic properties of the
natural ester liquid, more water was transferred from the paper to the oil. As a re-
sult, the high level of moisture in the natural ester liquid created more electrical paths,
which increased the mobility of charges significantly.

When the double layer mineral oil-impregnated paper contained 0.5wt% of water, the
charge peak value at the cathode in the oil decreased over time due to the recombina-
tion effect, similar to the case of natural ester liquid. However, because the difference in
permittivity between mineral oil and paper was greater than that between natural ester
liquid and paper, this most likely resulted in a larger amount of charge accumulation

in mineral oil, initially [109].

Consequently, it implies that the mineral oil-paper insulation system has a less uni-
formly distributed electric field than the natural ester liquid-paper insulation system.
With a 2.0wt% moisture content, the double layer mineral oil-impregnated paper showed
a higher initial accumulation of heterocharges in the oil due to moisture effects. In ad-
dition, the charge peak value near the anode progressively increased as more negative
charges accumulated at the interface between the natural ester liquid and paper. Under
extremely high moisture conditions of 5.0 wt%, a significant amount of heterocharges
were observed to accumulate between the oil and cathode in double layer mineral oil-
impregnated paper, similar to the pattern observed in natural ester liquid. In compari-
son to the 0.5wt% and 2.0wt% moisture conditions, the increased conductivity enabled
more efficient charge movement, resulting in a greater charge peak value at the cath-
ode.
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Under the conditions of 0.5wt% and 2.0wt% moisture, the natural ester liquid-paper
system showed that the charges were predominantly concentrated on the paper, whereas
the mineral oil-paper system demonstrated that the charges were mainly concentrated
on the oil. However, in an extremely high moisture environment of 5.0wt%, both sam-

ples showed that the charges were mainly concentrated in the oil.

Regarding the interface, the permittivity difference between the natural ester liquid
and paper is relatively lower than between mineral oil and paper. The mismatch in
permittivity between materials at the interface influences the accumulation and distri-
bution of space charges [109]. Therefore, as moisture increases, more heterocharges in
the paper can be found in the mineral oil-paper system. However, the natural ester

liquid effectively inhibited the accumulation of heterocharges near the anode.
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6.4 Total Charge Amount
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FIGURE 6.4: Total Amount of Charge with Different Moisture Contents (A) Double
Layer of Natural Ester Liquid and Natural Ester Liquid-impregnated Paper (B) Double
Layer of Mineral Oil and Mineral Oil-impregnated Paper

Figure 6.4 depicts the total charges in double layer natural ester liquid-impregnated
paper and mineral oil-impregnated paper for 60 minutes with different moisture con-
tents. In order to investigate the impact of moisture on space charge accumulation, the
charge density at electrodes was excluded for the analysis. The total charge was cal-

culated using Equation 4.1, with initial negative charges neutralising positive charges
through recombination.
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As the moisture level increased from 0.5wt% to 5.0wt%, the total amount of charge in
both samples increased. Regarding all moisture levels, the double layer natural ester
liquid-impregnated paper exhibited a larger amount of charge than the double layer
mineral oil-impregnated paper. At 60 minutes, the charge amount of the double layer
natural ester-impregnated paper increased by 3.32 times from 1.55 x 1077C to 5.15 x
1077C. On the other hand, the double layer mineral oil-impregnated paper increased
by 4.04 times from 9.73 x 1078C to 3.94 x 10~7C. This shows that the mineral oil-paper
insulation system is more susceptible to moisture than the natural ester liquid-paper

insulation system.
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6.5 Electric Field Distortion
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Figure 6.5 and Figure 6.6 represents electric field distributions in double layer natural
ester liquid-impregnated paper and double layer mineral oil-impregnated paper un-
der different moisture conditions. Figure 6.7 illustrates the effect of moisture content
on DC electric field distortion in double layer natural ester liquid-impregnated paper
and double layer mineral oil-impregnated paper. The natural ester liquid-paper sys-
tem showed a higher maximum field distortion ratio in the paper when the moisture
content was varied from 0.5wt% to 2.0wt%. However, it was measured higher in the oil
when the moisture reached 5.0wt%. On the other hand, in the mineral oil-paper system,
when the moisture level was 0.5wt% and 2.0wt%, the oil showed a higher maximum
field distortion ratio. Similar to the natural ester liquid-paper system, a higher maxi-
mum field value was observed for the mineral oil-paper in oil when the moisture level
was 5.0wt%.

When the moisture reached 5.0wt%, the maximum field distortion ratio of the double
layer natural ester liquid-impregnated paper was 155% in oil and 75% in the paper.
On the other hand, the maximum field distortion ratio of the double-layer mineral oil-
impregnated paper was 170% in oil and 5% in the paper. The result showed that in an
extremely high moisture environment (5.0wt%), the electric field was more uniformly

distributed in the natural ester liquid-paper system.

6.6 Space Charge Decay

Figure 7.8 represents the space charge decay of double layer natural ester liquid-impregnated
paper and double layer mineral oil-impregnated paper with different moisture levels,

respectively.

The natural ester liquid-paper insulation system rapidly discharged most of charges
within 10 minutes regardless of the moisture content. This is due to the increased
charge mobility caused by the hydrophilic properties of natural ester liquid. On the
other hand, in the mineral oil-paper system under dry conditions (0.5wt5%), the charges

were still present even after 60 minutes.

Then, as the moisture content increased, the charge dissipation rate gradually increased.
In particular, when the double layer mineral oil-impregnated paper was exposed to
an extremely high level of moisture (5.0 wt5%), it enhanced the mobility of charges
through an increase in conductivity. As a result, at 5.0wt% of moisture, most of the
charge was dissipated within 10 minutes, similar to the double layer natural ester

liquid-impregnated paper.
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6.7 DC Breakdown
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FIGURE 6.9: DC Breakdown of Oil-impregnated Papers with Different Moisture Con-
tents

Figure 6.9 illustrates the DC breakdown of natural ester liquid-impregnated paper and
mineral oil-impregnated paper with different moisture contents, respectively. In both
samples, the DC breakdown values decreased as the moisture content rose. At 0.5wt%,
the natural ester liquid-impregnated paper exhibited a DC breakdown value of 193.52
kV/mm, which decreased to 179.20 kV/mm at 2.0wt% and 165.36 kV/mm at 5.0wt%.
On the other hand, the mineral oil-impregnated paper showed DC breakdown values
of 182.45 kV/mm at 0.5wt%, 165.71 kV/mm at 2.0wt%, and 138.48 kV/mm at 5.0wt%.

The DC breakdown value of the natural ester liquid-impregnated paper decreased by
14.55% as the moisture content increased from 0.5wt% to 5.0wt%, while that of mineral
oil-impregnated paper decreased by 24.09%. While moisture induced more charge ac-
cumulation in natural ester liquids compared to mineral oils, the result showed higher
DC breakdown values under varying moisture conditions.
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6.8 Discussion
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FIGURE 6.10: (A) Chemical Structure of Natural Ester Liquid and (B) Interaction be-
tween Ester Group and Water

The present study investigated the effect of moisture on the space charge properties
of double layer natural ester liquid-impregnated paper and double layer mineral oil-
impregnated paper. Mineral oil is composed primarily of paraffinic, iso-paraffinic, or
naphthenic hydrocarbon structures [110]. Small amounts of polar molecules, such as

acids and ketones, are present in mineral oil, but they are mainly removed during the
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manufacturing process [110]. Nevertheless, the presence of such polar molecular struc-
tures has a direct impact on properties including water solubility, dielectric loss, and

interfacial tension [110].

As shown in Figure 6.10, three naturally occurring fatty acid groups are linked to a
glycerol backbone in the chemical structure of natural ester liquids [53]. Mineral oil
does not contain any ester linkages, whereas natural ester liquid has three ester linkages
per molecule [53]. Moisture is considered a very polar molecule. In addition, polar
molecules have a strong attraction to each other [53]. Therefore, the hydrogen of water
has a strong tendency to combine with the ester linkage through hydrogen bonding
[110]. Due to this characteristic of natural ester liquid, more moisture can be dissolved
in it without a significant loss of dielectric strength [110]. Consequently, as shown
from the results, as the moisture of the Kraft paper increased, the natural ester liquid
showed that the moisture was taken away from the paper. On the other hand, mineral
oil showed low water solubility even when the moisture of Kraft paper increased due

to its hydrophobic characteristic.

In the natural ester liquid-paper system, when the moisture content was low (0.5wt%
and 2.0wt%), the charge accumulation was concentrated on the paper over time. This
allowed the maximum electric field distortion ratio to have a larger value in the paper.
However, when the moisture content reached 5.0wt%, more charges were accumulated
in the natural ester liquid. This resulted in a higher maximum field distortion ratio in

oil than in paper.

Even with increasing moisture, the mineral oil-paper system showed more charge ac-
cumulation in the oil, resulting in a higher maximum electric field ratio in the oil than
in the paper. Especially when the moisture reached 5.0wt%, the maximum electric field
ratio was 170% in mineral oil and only 5% in the paper. In other words, it showed that
the electric field was significantly distorted in mineral oil due to the effect of moisture.

An increase in moisture can contribute to rapid charge dissipation by increasing charge
mobility. In other words, because of the water-friendly characteristics of natural ester
liquid, the double layer natural ester-impregnated paper dissipated most of the charge
within 10 minutes regardless of the increase in moisture. On the other hand, the double
layer mineral oil-impregnated paper showed a relatively slow charge dissipation rate
when the water content was low (0.5wt% and 2.0wt%). This suggests that mineral
oils might be adverse to the polarity reversal effect. When the water content increased
from 0.5wt% to 5.0wt%, the mineral oil-impregnated paper significantly reduced the
DC dielectric breakdown strength by 24.09%. On the other hand, the DC breakdown
strength of the natural ester liquid-impregnated paper decreased by 14.55%. In terms
of its molecular structure, cellulose is a more polar substance than natural ester liquids
[53]. Therefore, when Kraft paper contains high moisture, natural ester liquid competes

with cellulose to dissolve moisture into oil [53]. Therefore, it contributes to maintaining
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a higher electric field strength of the natural ester liquid-impregnated paper than the
mineral oil-impregnated paper.

6.9 Summary

This chapter investigated how moisture affected the space charge characteristics of
double-layer natural ester liquid-impregnated paper by comparing it with double-layer
mineral oil-impregnated paper. Interfaces serve as extra electrical barriers between
transformer oil and cellulose, allowing space charge to accumulate [106]. The discon-
tinuity between two different materials at the interface could be considered deep traps
for charges [106].

A significant heterocharge peak near the cathode in oil was caused by increased mois-
ture in the natural ester liquid-paper system, while paper mainly showed homocharge
injections from the anode. This suggests that the natural ester liquid contains the most
moisture, leaving the paper dry and free of ionic impurities. As with natural ester liq-
uid, heterocharges were found in mineral oil gaps, indicating that even small amounts
of water in mineral oil can generate free ions, potentially affecting heterocharge forma-
tion. Additionally, natural ester liquids can dissolve more moisture than mineral oils,

giving the paper a higher DC breakdown voltage.
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Chapter 7

Polarity Reversal Effect on Space
Charge Characteristics of Multilayer
of Natural Ester Liquid-impregnated
Paper with Different Moisture
Contents

7.1 Research Motivation

The electric field distribution across the dielectric sample can be substantially enhanced
by the accumulated space charge, which might accelerate the degradation process. In
the HVDC transmission system, bi-directional transmission is possible through voltage
polarity reversal [87].

Nonetheless, when the transmission direction is reversed, the existing accumulated
charges have a significant impact on the redistribution of the electric field in dielectrics
[87]. Therefore, it is critical to investigate how polarity reversal affects space charge
dynamics in natural ester liquid and mineral oil, respectively.

Moisture has a substantial effect on space charge dynamics. In addition, the distinctions
in chemical structure between natural ester liquid and mineral oil result in different

interactions with moisture.

Furthermore, in an insulating system consisting of an oil gap and paper, charges can
accumulate at the interface between the two materials due to the discontinuity of the

material.
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This chapter investigates the effect of polarity reversal on the space charge character-
istics of a multilayer system comprised of natural ester liquid-impregnated paper at
various moisture levels. The results are then compared to those obtained using mineral
oil.

7.2 Space Charge Characteristics

Figure 7.1 represents space charge characteristics of a double layer of natural ester lig-
uid and paper under different moisture conditions with a polarity reversal effect. First,
the applied voltage lowered the potential barrier between the sample and the two elec-
trodes, allowing charges to be injected. In addition, the discontinuity between the fluid

and the solid functions as a trap, causing charges to accumulate at the interface.

As shown in Figure 7.1 (A), when natural ester liquid and paper were in a dry condi-
tion, charges mainly accumulated in natural ester liquid initially. However, due to the
recombination between negative and positive charges, charges were cancelled out in
natural ester liquid over time. On the other hand, more charges accumulated on paper
over time. The symmetrical charge distribution was observed following the application
of polarity reversal, but existing charges induced a higher charge density peak value in
the bottom electrode.

When natural ester liquid and paper were in a moderately wet condition (2.0 wt%),
more charges were initially observed in the oil due to the increased mobility of the
charges as shown in Figure 7.1 (B). However, as with dry conditions, charges in the
oil were cancelled out due to the recombination effect, and the amount of charge in
the paper increased over time. After reversing the polarity, the charges, which had
moved towards the oil due to the presence of moisture, induced a higher peak value
of charge density at the bottom electrode. On the other hand, immediately after the
polarity reversal, due to the majority of the charges transferred to the oil, the charge
in the paper decreased at 0 seconds and then increased over time. When a voltage
was cut off for 60 seconds just before polarity reversal, it was likely that the charge
mobility increased due to moisture would have caused a faster discharge. As a result,
it was considered that the increase in the amount of charge in the paper right after the

polarity reversal was not serious.

When natural ester liquid and paper contained 5.0 wt% moisture as shown in Figure 7.1
(C), it caused high mobility of charge. This allowed more charges to penetrate deeper
inside the sample. In particular, most charges were deposited on the oil side, and the
charge in the oil increased over time, as opposed to the 0.5 wt% and 2.0 wt% of moisture
levels. The water-friendly nature of natural ester liquid takes moisture from paper,

which is thought to contribute to the increase in charge on the oil side.
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FIGURE 7.1: Polarity Reversal Effect on Space Charge Characteristics of Double Layers
of Natural Ester Liquid and the Natural Ester Liquid-impregnated Paper with Differ-
ent Moisture Contents (A) 0.5 wt%, (B) 2.0 wt%, and (C) 5.0 wt%, PR: Polarity Reversal
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FIGURE 7.2: Polarity Reversal Effect on Space Charge Characteristics of Double Lay-
ers of Mineral Oil and the Mineral Oil-impregnated Paper with Different Moisture
Contents (A) 0.5 wt%, (B) 2.0 wt%, and (C) 5.0 wt%, PR: Polarity Reversal
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Figure 7.2 represents space charge characteristics of a double layer of mineral oil and
paper under different moisture conditions with a polarity reversal effect. Like natu-
ral ester liquid-paper, under dry conditions of mineral oil and paper, as illustrated in
Figure 7.2 (A), charges are initially accumulated in the oil. However, due to the recom-
bination effect, the charges in the mineral oil are offset, reducing the amount of charge.
Charges injected from the top electrode shifted over time toward the mineral oil-paper
interface. Right after the polarity was reversed, the amount of charge increased rapidly

due to the charges present at 60 minutes.

When mineral oil and paper contained 2.0 wt% moisture as shown in Figure 7.2 (B), the
initial charge in mineral oil was higher than that in mineral oil under dry conditions
due to increased charge mobility. As mentioned in previous chapters, mineral oil-paper
shows a relatively slower charge dissipation rate than natural ester liquid-paper. Due
to these characteristics, when the polarity was reversed, the amount of charge was more

rapidly induced than the amount of charge at 60 minutes instantaneously.

When the mineral oil and paper were under extremely wet conditions as depicted in
Figure 7.2 (C), moisture quickly increased the charge’s mobility, allowing it to move
more freely inside the sample. Therefore, the maximum amount of charge was accumu-
lated from the beginning, and the movement of the charge did not change significantly
over time. The symmetrical charge distribution was also observed after the polarity
was reversed. However, the movement of the charge was not much different from the
case before the polarity reversal. This probably means that in an environment where

moisture is extremely high, the polarity reversal does not have a significant impact.
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7.3 Total Charge Amount
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FIGURE 7.3: Total Amount of Charge with Different Moisture Contents under Polarity
Reversal Effect (A) Double Layer of Natural Ester Liquid and Natural Ester Liquid-

impregnated Paper (B) Double Layer of Mineral Oil and Mineral Oil-impregnated Pa-
per, PR: Polarity Reversal

Figure 7.3 represents the total amount of charge with different moisture contents for
the double layer of natural ester liquid-paper and mineral oil-paper. Both natural ester
liquid-paper and mineral oil-paper exhibited an increase in charge amount in response

to an increase in moisture.

When the natural ester liquid and paper were in a dry condition (0.5 wt%), the total

charge amount was increased by 58.6% instantly due to polarity reversal. On the other
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hand, the total charge momentarily decreased by 21.6% after the polarity was reversed
when the paper and natural ester liquid contained 2.0 wt% of moisture. This might
be because the increased moisture caused a faster charge dissipation rate just before
the polarity reversal than when it was in a dry state. Under the condition of 5.0 wt%
moisture, the polarity reversal effect increased the charge amount of natural ester liquid
and paper by only 8.3%. This could be because the total amount of charge has already
significantly increased as a result of the extremely wet conditions, making the polarity
reversal effect insignificant.

When moisture levels are low, mineral oil-paper dissipates charges more slowly than
natural ester liquid-paper, as discussed in earlier chapters. Therefore, polarity reversal
contributed instantaneously raising the amount of charge by 140.2% when the mineral
oil and paper were in dry conditions (0.5wt%). In addition, when mineral oil and pa-
per had a moisture level of 2.0 wt%, the total amount of charge was instantaneously
increased by 88.6% due to polarity reversal. It seems that the increased moisture, like
natural ester liquid, contributed to the increase in the charge dissipation rate. When
the moisture content was 5.0 wt%, the polarity reversal only increased the amount of
charge by about 1.3%. In other words, it indicates polarity reversal does not signif-
icantly contribute to the increase in the total amount of charge in extremely humid

environments.
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7.4 Electric Field Distortion
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FIGURE 7.4: Polarity Reversal Effect on Electric Field Distributions of Double Layers of
Natural Ester Liquid and the Natural Ester Liquid-impregnated Paper with Different
Moisture Contents (A) 0.5 wt%, (B) 2.0 wt%, and (C) 5.0 wt%, PR: Polarity Reversal
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FIGURE 7.5: Polarity Reversal Effect on Electric Field Distributions of Double Layers of
Mineral Oil and the Mineral Oil-impregnated Paper with Different Moisture Contents
(A) 0.5 wt%, (B) 2.0 wt%, and (C) 5.0 wt%, PR: Polarity Reversal
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Figure 7.4 and Figure 7.5 represent the polarity reversal effect on electric field distri-
butions of a double layer of natural ester liquid-paper and mineral oil-paper systems,

respectively.

Figure 7.6 illustrates the maximum electric field distortion rate in a double layer of nat-
ural ester liquid and natural ester liquid-impregnated paper, respectively, under differ-
ent moisture conditions. The increase in moisture also increased the maximum electric
field distortion rate in natural ester liquid. In addition, polarity reversal contributed to
the increase in the maximum field distortion rate. Under dry conditions such as 0.5wt%
and 2.0wt%, polarity reversal significantly influences the electric field distortion rate,
while under 5.0wt% moisture conditions, the electric field distortion was not as great
as in dry conditions. Furthermore, the paper’s maximum electric field distortion rate

decreased as the moisture increased.

Especially, when the moisture content was 0.5wt%, the maximum electric field distor-
tion rate in natural ester liquid gap increased by 2.33 times from 60min to PR Omin.
Regarding 2.0wt% of moisture contents, the maximum electric field distortion rate was
raised by 3.42 times right after the polarity reversal. However, the polarity reversal
with 5.0wt% moisture caused only 1.23 times an increase in natural ester liquid.

Figure 7.7 depicts the maximum electric field distortion rate in a double layer of mineral
oil and mineral oil-impregnated paper under different moisture levels. Regarding the
mineral oil gap, except 5.0wt% of moisture level, polarity reversal affected to raise the
maximum electric field distortion rate for 0.5 wt%. However, like natural ester liquid,
in extremely humid conditions, moisture became a dominant factor regarding charge

movement. Therefore, in this case, the polarity reversal became less effective.

In particular, when mineral oil-paper had 0.5wt% and 2.0wt% of moisture contents, it
was more susceptible to the effect of the polarity reversal. In other words, when the
moisture content was 0.5wt%, the maximum electric field distortion rate in the mineral
oil gap from 60 min to PR Omin was raised by 5.75 times due to the polarity reversal.
Furthermore, 2.0wt% of moisture content with the polarity reversal caused an increase
of the maximum electric field distortion rate by 3.08 times in the mineral oil gap. How-
ever, with 2.0wt% of moisture content with the polarity reversal, the maximum electric
tield distortion rate in the natural ester liquid gap was 120% at PR Omin, whilst the min-
eral oil gap showed 185% at PR Omin. When the mineral oil-paper was in extremely
wet condition (5.0wt%), the maximum electric field distortion rate in the mineral oil

gap from 60 min to PR Omin decreased from 145%t0135%.
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7.5 Space Charge Decay
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FIGURE 7.8: Space Charge Decay with Different Moisture Contents after PR (A) Dou-
ble Layers of natural ester liquid and the Natural Ester Liquid-impregnated Paper (B)
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After 60 minutes of polarity reversal condition, the voltage was cut off in order to mea-

sure space charge decay. The results showed that a double layer of natural ester liquid

and natural ester liquid-impregnated paper had a faster charge dissipation rate than

that of a double layer of mineral oil and mineral oil-impregnated paper.
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The higher polarity of the natural ester liquid attracts water easily due to the existence
of a double bond in its chemical structure [111]. This can cause the high conductivity
of natural ester liquid. Therefore, these characteristics caused most charges to dissipate
within 10 minutes in the natural ester liquid-paper system. In other words, the inher-
ent properties of natural ester liquid facilitate rapid charge dissipation regardless of
moisture levels after the voltage removal. Probably, the higher conductivity of natural

esters, compared to mineral oil, accelerates charge migration away from the sample.

During the refining process, most polar compounds in mineral oil are removed [111].
Therefore, paraffinic and naphthenic-based mineral oils have saturated chemical bonds,
which make them difficult to react with water [111]. Therefore, this might cause some
difficulties when ionised water escapes from cellulose to the electrode during charge
decay. Therefore, this is probably why the mineral oil-paper system showed a much
slower charge dissipation rate compared to the natural ester liquid-paper system.

7.6 Discussion

HVDC technology requires a bi-directional transmission system, which can be achieved
by reversing the polarity. However, when the polarity is reversed to change the power
flow, the oil-paper insulation system in the HVDC converter transformer is inevitably
affected by the remaining charges, which influence electric field distribution. There-
fore, investigating space charge characteristics under the polarity reversal effect is im-

portant.

Moisture is one of the most undesirable substances for HVDC converter transformers
because it can significantly weaken the dielectric performance and accelerate the insu-
lation’s ageing process. Mineral oil mainly consists of paraffinic and naphthenic-based
compounds, which have saturated hydrocarbon bonds. They are usually single bonds,
so it is difficult to react with water [111]. On the other hand, natural ester liquid con-
tains a triglyceride structure, which consists of a glycerol backbone with three fatty
acids [111]. Those fatty acids possess unsaturated double bonds, which can be easily
reacted with water. This characteristic allows natural ester liquid to have a high water

solubility.

When the moisture level was 0.5wt%, the mineral oil-paper showed that the polarity
reversal caused a rise in the total charge amount by 140.2%, while the total amount
of charge increased by 58.6% in the natural ester liquid-paper. In addition, regarding
2.0wt% of moisture level, due to polarity reversal, the total amount of charge in the
mineral oil-paper increased by 88.6%, but the total amount of charge in the natural
ester liquid-paper decreased by 21.6%. This indicates that mineral oil-paper is more

susceptible to the polarity reversal compared to natural ester liquid-paper when the
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moisture level is less than 2.0wt%. Therefore, the hydrophilic characteristics of the nat-
ural ester liquid can provide the benefit, which can mitigate the effect of polarity rever-
sal. However, when mineral oil-paper and natural ester liquid-paper were in extremely
wet conditions (5.0wt%), high moisture levels made the effect of polarity reversal less

effective.

7.7 Summary

Polarity reversal is critical when the direction of power flow is reversed. This is be-
cause the remaining charges may accelerate the electric field instantaneously by induc-
ing opposite charges. This chapter investigated how space charge characteristics were
affected when the polarity was reversed under different moisture conditions.

As previously discussed, natural ester liquid generally showed faster charge dissipa-
tion than mineral oil. Then, this can be advantageous when the polarity reversal occurs.
Especially when the moisture contents were low (0.5 wt% and 2.0 wt%), natural ester
liquid showed the ability to somewhat suppress instantaneous charge induction due to

polarity reversal through its fast charge dissipation rate.

On the other hand, mineral oil usually showed a relatively slower charge dissipation
rate than natural ester liquid when the moisture content was low. Therefore, when the
polarity was reversed, the amount of charge instantly increased due to the remaining
charges. This suggests that the insulating oil’s charge dissipation rate is one of the

essential factors in a polarity reversal situation.
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Chapter 8

Conclusions

The sharp rise in energy demand has driven the entire energy industry to develop
more efficient energy transmission systems. HVDC power transmission system is the
next generation of the power grid due to its advanced technology. In order to achieve
the reliable and sustainable performance of HVDC transmission systems, HVDC con-
verter transformers take a key role. Then, the insulation system heavily influences the

performance of HVDC converter transformers.

Cellulose and mineral oil are mainly utilised as main insulating materials for HVDC
converter transformers. However, mineral oil is fire-hazardous and environmentally
harmful. Thus, natural ester liquid is currently considered a possible substitute for
mineral oil. Natural ester liquid and mineral oil have different chemical structures.
Natural ester liquid contains a triglyceride structure connected to ester linkages. On
the other hand, mineral oil is composed of hydrocarbon chains. Hence, the difference
in chemical structure between natural ester liquid and mineral oil affects the dielectric
performance. Natural ester liquids may contain unsaturated double bonds in their
fatty acid chains. These double bonds can enhance the polarity and attract the water
easily. Conversely, mineral oil generally has saturated hydrocarbon bonds, making
it less polar and less likely to form a hydrogen bond with the water molecule. This
difference plays a significant role when the space charge characteristic of natural ester

liquid is compared to mineral oil.

Therefore, this thesis has explored the impact of moisture and ageing on space charge
characteristics of natural ester liquid-impregnated paper by comparing it with min-
eral oil-impregnated paper. The impact of moisture on space charge characteristics
of the natural ester liquid-impregnated paper and the mineral oil-impregnated paper
was investigated. By comparing the characteristics of natural ester liquid and mineral
oil, it is possible to estimate whether natural ester liquid may be used as HVDC power
transformer oil. Natural ester liquid is a hydrophilic liquid, whereas mineral oil is a hy-
drophobic liquid. Thus, when the Kraft paper contained a high moisture level, natural
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ester liquid absorbed a larger amount of moisture from the Kraft paper than mineral oil.
Moisture helped that space charges penetrate deeper into both oil-impregnated papers.
As moisture increased, heterocharges accumulated near the cathode, inducing more
negative charges. This caused a high electric field distortion in both oil-impregnated
papers near the cathode. Compared to the natural ester liquid-impregnated papers, the
faster heterocharge formation occurred in the mineral oil-impregnated papers. When
the moisture content was low, mineral oil-impregnated paper still performed better
than the natural ester liquid-impregnated paper in terms of the electric field distortion
rate. However, the electric field distortion rate in both oil-impregnated papers became
similar when the Kraft paper contained 5.0wt% moisture content. This indicates that
natural ester liquid can provide some benefits under certain moisture levels such as
0.5wt% and 2.0wt%. Also, when the moisture level in Kraft paper is high, natural ester
liquid-impregnated paper can expect a similar dielectric performance to mineral oil-
impregnated paper, and the high water solubility of natural ester liquid can keep Kraft
paper drier [110]. After removing the applied dc voltage, most space charges in the
natural ester liquid-impregnated paper decayed rapidly within the first 10 minutes for
0.5wt%, 2.0wt%, and 5.0 wt%. Under the dry state, it took 30 minutes to dissipate most
charges in the mineral oil-impregnated paper, which might be disadvantageous for the
polarity reversal. Mineral oil is still a decent dielectric liquid in a dry environment.
However, in very humid environments, the hydrophobic characteristic of mineral oil
can be a severe drawback for the oil-paper insulation system in the HVDC converter
transformer compared to natural ester liquid.

Also, the effect of thermal ageing on the space charge characteristics of the natural ester
liquid-impregnated paper and the mineral oil-impregnated paper was studied. The
natural ester liquid produced more acids than the mineral oil during thermal ageing,
which may have contributed to more charge accumulation in the natural ester liquid-
impregnated paper. Nevertheless, both oil-impregnated papers did not experience a
significant change in their electrical strength during thermal ageing. During thermal
ageing, it was also discovered that the natural ester liquid-impregnated paper had a
higher DC breakdown voltage than the mineral oil-impregnated paper. DC breakdown
strength of natural ester liquid-impregnated paper decreased from 180.04kV/mm to
129.50 kV/mm during 30 days of thermal ageing, while that of mineral oil-impregnated
paper reduced from 150.10kV/mm to 124.42kV/mm. Under fresh conditions, the DC
breakdown strength of the natural ester liquid-impregnated paper was 20% higher than
that of the mineral oil-impregnated paper. In addition, when thermal ageing reached
30 days, the DC breakdown strength of the natural ester liquid-impregnated paper was
still 4% higher than that of the mineral oil-impregnated paper.

The impact of moisture on space charge characteristics of multilayer of natural es-
ter liquid-impregnated paper showed that natural ester liquids are polar substances.
Therefore, when Kraft paper has a high moisture content, natural ester liquid tends to
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take moisture away from the paper. On the other hand, the low water solubility of
mineral oil allows moisture to stay on the Kraft paper. Under varying moisture con-
ditions, the double-layer natural ester liquid-impregnated paper always showed more
charge than the double-layer oil-impregnated paper. The polar property of natural
ester liquids, absorbing moisture, enhances conductivity. This increased conductiv-
ity facilitates a more uniform electric field distribution, contributing to the natural es-
ter liquid-impregnated paper’s higher DC dielectric breakdown strength compared to
mineral oil-impregnated paper. Although mineral oil is an efficient dielectric liquid in
dry environments, its hydrophobic nature can be more harmful to oil-paper insulation
systems in HVDC transformers in extremely humid environments compared to natural

ester liquid.

Finally, the effect of polarity reversal on space charge characteristics of a double-layer
natural ester liquid and natural ester liquid-impregnated paper under different mois-
ture contents was investigated. Regarding dry and moderately wet conditions, the
high water solubility of natural ester liquid can be advantageous in reducing the ef-
fect of polarity reversal. On the other hand, when moisture levels were 0.5wt% and
2.0wt%, the polarity reversal sharply increased the total amount of charges in mineral
oil-paper. In other words, the slow charge dissipation rate of mineral oil-paper might

be disadvantageous when the polarity is reversed.

This study contributes to the field by investigating the space charge dynamics in mul-
tilayer configurations, exploring the oil gap and natural ester liquid-impregnated pa-
per, and providing key comparisons with mineral oil. The main point is that the high
permittivity of natural ester liquid, absorbing moisture, leads to an increase in conduc-
tivity. This increase in conductivity contributes to a more uniform distribution of the

electric field compared to mineral oil.

Natural ester liquid is a promising candidate to replace mineral oil for HVDC con-
verter transformers. Even though natural ester liquid can provide various advantages,

additional research is still required to adopt it for HVDC converter transformers.
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Future Work

Ionisation Effect

PMMA

PMMA

FIGURE 9.1: Configuration for Ionisation Effect

In a natural ester liquid-paper insulation system, the amount of charge can be gener-
ated either by charge injection or ionisation. Therefore, by covering the natural ester
liquid-paper with PMMA (polymethyl methacrylate) as shown in Figure 9.1, charge in-
jection from electrodes can be prevented. In this case, any charge movement between
two PMMAss can be expected from the ionisation effect in the natural ester liquid-paper.

Electrical Ageing

Electrical ageing (DC condition) is critical to understand the dielectric performance of
the natural ester liquid-paper because this can simulate the electrical performance of
the natural ester liquid in a more realistic way. This might provide valuable insights

into the long-term performance of natural ester liquid as a dielectric liquid.

Thermal Ageing with Double Layer

Thermal ageing condition is essential to studying space charge dynamics of natural
ester liquid because it causes chemical and physical changes in samples. The double
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layer is usually composed of liquid and solid materials. Then, the discontinuity of the
two materials creates the interface between liquid and solid. The interface can serve as
a trap for charges. Thus, it is crucial to investigate the double layer of the natural ester

liquid-paper system under thermal ageing conditions.
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