energies

Review

Water Content in Transformer Insulation System: A Review on
the Detection and Quantification Methods

Siti Rosilah Arsad !, Pin Jern Ker -*©0, Md. Zaini Jamaludin 209, Pooi Ying Choong !, Hui Jing Lee 2,

Vimal Angela Thiviyanathan !

check for
updates

Citation: Arsad, S.R; Ker, P.J.;
Jamaludin, M.Z.; Choong, P.Y.; Lee,
H.J.; Thiviyanathan, V.A.; Yang
Ghazali, Y.Z. Water Content in
Transformer Insulation System: A
Review on the Detection and
Quantification Methods. Energies
2023, 16, 1920. https://doi.org/
10.3390/en16041920

Academic Editors: Juan C. Vasquez,
Gibran David Agundis Tinajero and

Yajuan Guan

Received: 17 January 2023
Revised: 9 February 2023
Accepted: 9 February 2023
Published: 15 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

and Young Zaidey Yang Ghazali 3

Institute of Sustainable Energy, Department of Electrical & Electronics Engineering,
Universiti Tenaga Nasional, Kajang 43000, Selangor, Malaysia

Institute of Power Engineering, Department of Electrical & Electronic Engineering,
Universiti Tenaga Nasional, Kajang 43000, Selangor, Malaysia

Tenaga Nasional Bhd., Petaling Jaya 46200, Selangor, Malaysia

Correspondence: pinjern@uniten.edu.my

Abstract: Water can be an irritant to a power transformer, as it is recognized as a major hazard to
the operation of transformers. The water content of a transformer insulation system comprises the
water in the transformer insulation oil and in the cellulose paper. The increase in the water content
in the insulation system leads to reduced breakdown voltage, accelerated aging of the oil-paper
insulation system, and the possibility of producing bubbles at high temperatures. Therefore, various
techniques have been applied to measure the water content in both oil and paper insulation. This
article comprehensively reviews and analyzes the methods (technically or nontechnically) that have
been used to monitor the water content in transformer insulation systems. Apart from discussing
the advantages and major drawbacks of these methods, the accuracy, measurement time, and cost
of each technique are also elucidated in this review. This review can be extremely useful to the
utility in monitoring and maintaining the good condition of transformers. Based on the reviewed
methods and their challenges, a few future research directions and prospects for determining the
water content in transformer insulation systems are outlined, such as utilizing artificial intelligence

and enhancing current techniques.
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1. Introduction

Power transformers are one of the most expensive pieces of equipment in power sys-
tems that play an essential role in ensuring the flow of electricity in our everyday life [1].
The reliable operation of a power system is dependent on the transformer’s health. Any
fault on the transformer reduces the reliable operation of the power system and results
in high losses as well as damages to both operators and users. Therefore, special care is
needed to ensure that transformers are well-protected from all types of faults. The health
of a transformer depends on the insulation system, which is responsible for providing
better performance when the transformer is operated. Therefore, properly utilizing the
insulation materials present within the transformer will deliver a transformer’s excellent
performance. A power transformer’s insulation materials primarily consist of cellulose
(paper/pressboard) and oil.

Many factors can cause a transformer to fail unexpectedly: temperature, humidity,
acidity, oil contamination, oil viscosity, oil break down voltage, and degree of polymeriza-
tion in the cellulose paper [2]. Water content in the oil-paper insulation system would be
the most significant among the factors. The presence of water in the transformer oil-paper
insulation system can lead to dielectric failure, acceleration of cellulose’s aging process,
and emission of gas bubbles at high temperatures [3]. Therefore, assessing the transformer
condition with an accurate measurement of the water content in transformer insulation
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plays a significant role in securing the longevity of the transformer, maintaining its effi-
ciency, and optimizing the asset life.

The research on determining the water content in the transformer insulation system is
gaining importance since the water can cause detrimental effects to the power transformer.
Many methods have been developed to measure the water content in the oil-paper insula-
tion transformers. Extensive research articles discussed the water content measurements
in the oil-paper insulation using different methods, such as Karl Fischer titration (KFT),
water activity probe or moisture sensor, and frequency domain spectroscopy (FDS) [4-9].
A review paper [10] was published that discussed the water content measurement in the
transformer insulation system. However, this review paper only focuses on the methods
used by the utility. Meanwhile, other published review papers focused on fault detection
and monitoring the condition of the transformer, which includes testing a few oils [11].

This review fills the gap by comprehensively discussing the methods used to measure
the water content in oil and cellulose paper applied both in the laboratory and industry.
The principles and procedures of the method will be included, and each method will be
compared based on their accuracy, cost, measurement time, and other relevant parameters.
Furthermore, the findings presented in this paper can serve as a resource for the researchers
and industrial players who are currently developing an accurate and cost-saving method
to determine water content in the transformer insulation system.

2. Transformer Insulation System

Insulation is one of the most important qualities that a transformer has and is respon-
sible in providing the reliability, efficiency, and longevity of a transformer. Insulation
systems in power transformers consist of a liquid together with solid materials. The most-
common insulation used in a power transformer is mineral oil and cellulose paper. Oil is
used as an insulating fluid that can disperse the heat from the transformer’s core and func-
tions to protect the cellulose paper. Cellulose paper acts as a dielectric by storing electrical
charge when the transformer is energized and also contributes to better thermal health of
the transformer by creating cooling ducts for the oil. The inseparable oil-paper insulation
performs its roles best when it is clean, dry, relatively void-free, and utilized within a cer-
tain temperature bandwidth. Therefore, it is very important and necessary to maintain
good insulation during operation.

2.1. Transformer Insulation Oil

Insulation oil plays a significant role in the transformer insulation system, mainly
when operating in a high-voltage environment or condition. The insulation oil acts as a
coolant to dissipate heat losses and is usually placed in a tank where the transformer’s
core is set. Petroleum oil, more specifically, naphthenic and paraffinic base oil derived
from crude oil, have been the most commonly used as insulation oils [12]. However, due
to the high pour point from the presence of wax of paraffin in the oil which cause the
precipitation of the oxidation product at the bottom of the tank, naphthenic oil, which is
generally wax-free, has become the predominant petroleum oil in use.

Naphthenic oil is a naphtha-based product that consists of hydrocarbon and usually
comes from the residual oil fractions of the appropriate viscosity level. The advantages
of naphthenic oil as an insulation are its high dielectric strength, excellent heat transfer
characteristics, and low-cost materials [13]. However, the naphthenic oil will degrade af-
ter its usage, resulting in faults and costly repairs. Initially, the quality of the insulation oil
will be affected by oxidization and contamination that occur in the oil. Oxidization is an
acid that forms in the oil when it comes in contact with oxygen, whereas contamination in-
cludes water and particulate commonly found in insulation oil. The high acid content and
contamination in the insulation oil will accelerate the deterioration of the insulating quali-
ties of the oil and, if left untreated, will cause the transformer to fail. A proper preventive
maintenance program should be carried out to avoid any costly interruption and expen-
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sive repairs. Testing the insulation oil is a part of the preventive maintenance program that
will help to determine when corrective measures are required.

One of the assessment tests is to examine the oil color (ASTM D1500), a qualitative
method that will indicate the aging and the presence of the contaminant in the oil. The
darker the oil color, the higher the contamination [11]. The changes in the temperature
during the operation of a power transformer will cause an increase in oil acidity. The acid
number test (ASTM D974) can also be carried out as a part of a preventive maintenance
program to measure the sludge-causing acid present in the oil. In addition, the test on
dielectric breakdown (ASTM D877) can also be performed, as the contaminant will lower
the dielectric breakdown. Last but not least, the water can be seen as the worst contamina-
tion because it will reduce the transformer insulation system by decreasing the dielectric
strength. A transformer’s health is closely dependent on a knowledge of the water con-
tent in the insulation. Consequently, tests on the water content (ASTM D1533) should be
performed regularly due to the negative effect on the insulation.

This review will focus on the detection methods of the water content in the trans-
former insulation system, both oil and paper. Usually, the terms moisture and water are
used interchangeably, thinking they mean the same. However, there is a slight difference
between them because moisture content determines the amount of water vapor and other
volatile components present in a sample. In contrast, water content measures the total
amount of water in a sample.

Water can exist in insulation oil at different states: dissolved water, emulsified water,
and free water [14]. Table 1 shows the properties of each type of water in transformer oil.
Dissolved water is also hydrogen-bonded to the hydrocarbon molecules of oil. The amount
of water dissolved increases with increasing temperature, but there is no visible indicator
present until the water molecules are saturated in oil and form the emulsion. A cloudy
solution appearance indicates that the transformer needs to be cleaned or dried at this
stage. Emulsified water is chemically bound water that forms at higher temperatures and
is normally found in aged oil [15]. This state of water has a potential hazard for dielectric
strength. It is difficult to remove using conventional methods such as circulating hot air
and vapor phase drying in a vacuum chamber [16]. Since the oil cannot dissolve much
water, water in oil (WCQO) is measured in ug/g, where 1 ug of oil in 1 g of water is equal to
1 part per million (ppm).

Table 1. Properties of water that exist in transformer oil.

Types of Water Dissolved Water Emulsified Water Free Water
. It is supersaturated
-Individual water . . P .
. Supersaturated in in solution butin a
molecules dispersed . .
- ) solution but has not high enough
Characterization throughout the oil. .
yet totally separated  concentration to form
-Comparable to .
. . . from the oil. water droplets and
moisture in the air. .
separate from the oil.
Appearance No visible indication. Milky or cloudy. Vlsuallgrlzl;garent as
-Contact between
S . It forms from
humid air. Occurs typically due e
. emulsified water
-Absorption when the to temperature
Sources . . when a large water
transformer is changes and once oil .
; droplet enters the oil
opened for is aged. .
. directly.
maintenance.
Little impact on the Potential hazard for The detrimental
Effects dielectric strength of the dielectric effect that damages
the oil. strength. the transformer.
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2.2. Transformer Insulation Paper

Transformer insulation paper is primarily composed of cellulose. Cellulose is an or-
ganic compound of glucose molecules linked together to form a linear polymeric chain [7].
The polymeric chains are represented as an [C¢H19O5]n, where n is the average number
of glucose rings in the molecule and is measured in the degree of polymerization [17].
Only high-grade cellulose obtained from vegetable sources such as cotton, hemp, manila,
straw, wood, and coniferous/deciduous trees were used to sustain the transformer insu-
lation paper/pressboard’s electrical and mechanical strength [8,9]. Generally, solid insula-
tion is made from two cellulose types: kraft paper (made from kraft pulp) and thermally
upgraded paper (nitrogen-added compound). The combination of these two qualities of
cellulose paper will reduce the rate of paper decomposition over the lifetime and increase
transformer life [10]. Another benefit of cellulose material is that the material is cheap and
largely available. Additionally, cellulose materials easily absorb impregnating materials
and has the flexibility to be shaped [18].

The strength of the paper is dependent on its tensile strength. Consequently, the ten-
sile strength of the paper is directly proportional to the length of the cellulose chain. The
length of the cellulose chain will become shorter with the presence of water since the cellu-
lose consists of polar glucose rings that can dissolve high quantities of water via hydrolysis
reaction (Figure 1). Hydrolysis will occur when the interactions of a hydrogen atom from
the cellulose chain form hydrogen bonds with OH-groups from the glucose rings. Water
molecules may also form multiple layers attracted to glucose chains and weakly bonded
via Van der Waals interactions [19]. Hydrolysis reaction will cause depolymerization of
cellulose chains and decrease the tensile strength of the paper, reducing the mechanical sta-
bility of the transformer insulation, hence reducing the lifespan of the transformer. More-
over, hydrolysis of cellulose chains also risks bubble formation, especially when a sudden
increase in the temperature where the water adsorbed to the cellulose is suddenly released
into the oil [14]. Overload of bubble formation may weaken the dielectric strength and
cause the transformer to fail catastrophically [7].

Figure 1. Hydrolysis reaction of cellulose structure.

Water in the paper may be found in four states: it may be adsorbed to surfaces, as
vapor, as free water in capillaries, and as free water. Water can be accumulated on paper
more than in oil due to its hygroscopic properties. Several methods have been developed
to remove water from paper insulation during operation, such as freeze-drying, heat and
vacuum treatment, and the use of molecular sieves and cellulose cartridge filters. Water
content in the paper (WCP) is typically expressed in percentage (%), which is the weight
of the water content divided by the weight of the dry oil-free paper [20].

3. Sources of Water in Oil-Paper Insulation Transformers

As an essential equipment in an electrical power system, a power transformer un-
dergoes a complicated manufacturing process to meet a high-standard design. Therefore,
special attention must be given to the drying process during manufacturing, as it is one of
the most critical processes to remove excessive water contaminants from the paper insu-
lation [15]. The transformers are dried during manufacturing with a standard practice of
achieving a WCP of at less than 1.0% [16]. However, the water content of the insulation
system continually increases after initial drying. One of the factors is mainly due to the
ingress from the atmosphere, especially during maintenance activities where the solid in-



Energies 2023, 16, 1920

5 of 31

Temperature

Paper

il

o1l

Paper

Oil

sulation is exposed to the air. Furthermore, water migration between oil and paper occurs
during transformer operation as the temperature changes. The water from the oil migrates
to the cellulose papers when the temperature decreases. In contrast, increasing tempera-
ture leads to the migration of water from cellulose papers to the oil. Additionally, the aging
of cellulose and oil, predominantly from the oxidation process, also contributes to the wa-
ter content [21,22]. Figure 2 shows the factors that generate water into the transformer

insulation system.
Ingress from atmosphere

Factors that encourage
water in power * *

transformer insulation
system

By products

Paper Oxidation
——— +

o1l

Water
Figure 2. Factors that encourage water into transformer insulation system.

Since water is a threat to the insulation system of a power transformer, determining
the water content is of great significance for maintaining stable operation and avoiding
any damage to the transformer. Generally, the WCP provides a more reliable value, as
most of the water (>99%) is located in the cellulose insulation [23]. Unfortunately, it is a
complicated task to sample cellulose for water content analysis, as the solid insulation is
not easily accessible and even destructive [20]. Consequently, it is easier and cheaper to
measure the water content in the insulation oil of the transformer. The information from
oil analysis can be used to estimate the WCP. Many case studies have proposed various
methods to determine the water content in oil-paper insulation transformers. However,
most methods have measurements errors that are mainly dependent on impurities in the
oil [8]. Sections 4 and 5 will comprehensively discuss the methods to determine water
contents in oil and paper insulation, respectively.

4. Detection Methods of Water Contents in Transformer Insulation Oil

Monitoring WCO is essential for early detection of the wetness of a transformer. Tra-
ditionally, an oil sample would be extracted from the transformer and sent to a laboratory
for analysis. The data collected from the oil sample will be helpful in monitoring the WCP,
which is a crucial part of the transformer. Typically, at the sampling stage, the oil sample
could introduce moisture from the environment and contaminate the sample, resulting in
measurement error. Section 4 will further discuss the methods used to detect WCO.
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4.1. Karl Fischer Titration

Karl Fischer titration (KFT) is a laboratory-scale method widely used to detect water
in oil. This method was first developed by a German chemist, Karl Fischer, in 1935 [24]
and was standardized in ASTM Test Method D 1533 and International Electrotechnical
Commission (IEC) Method 60814 as a direct method to determine water content in insula-
tion oil (KFT;). KFT;; methods consist of two primary methods, namely, volumetric and
coulometric. The main difference between the two is that with the volumetric method, the
iodine molecules (I;) are added directly to the sample by a burette, while the coulometric
method regenerates the I, from the iodide ion (I"™) electrochemically in the titration cell [25].
Generally, WCO in the transformer is determined by the coulometric method since it can
measure water levels at a much lower level (as low as 1 ppm) than the volumetric method
(50-100 ppm) [26-28].

In the coulometric method, the titration cell consists of two parts, which are anodic
and cathodic compartments. The oil sample is injected directly into the titration cell, where
the electrode determines the water content of the oil. KFT is based on the stoichiometric
reaction of iodine with water (1:1 mole ratio). From the two-step reaction mechanism in
Figure 3, the reagent used for the titration needs to contain iodine, sulfur dioxide, alcohol
as solvent (e.g., methanol, ethanol), and base (e.g., imidazole), which increases the speed
and stability of the reaction.

CH3OH + 802 + RN — [RNH]SO3CH3

[RNH]SOsCH; + I, + H,0 + 2RN —— [RNH]SO,CH; + 2[RNH]I
Figure 3. Karl Fischer reaction mechanism.

Firstly, I, is generated electrochemically within the titration cell from I”. The water
molecules (H,O) in the sample are titrated when they come into contact with the I, ac-
cording to the reaction mechanism in Figure 3. The reaction is completed once all of the
H,O molecules in the sample have reacted. Then, the current needed for the electrochem-
ical generation of I, is measured to calculate how much I, was required for the titration,
which is the same amount of water molecules present in the sample. A previous study by
Koch et al. showed that direct injection via the KFT method gave more reliable results as
compared to external oil heating coulometric titration [29]. The test procedure for the KFT
method using direct injection is shown in Figure 4.

Repeat the procedure
for at least 3

temperatures to
derive the water
coefficient

Continue regular
sampling and the
measurements until a
stable water content
level is reached.

Use direct injection
(KFT) to measure
absolute water

Use dried syringes for content

the sampling the oil

Placed in a low
temperature and low
relative humidity
environment

Figure 4. Test procedure for KFT method [30].

Additionally, Koch et al. also highlighted the sampling procedure that plays a vital
role in determining the results of a reliable KF titration. The requirements of the sampling
procedure to determine the reliability of WCO results include:
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1. Oil should be sampled from different levels in the transformer; if possible, top, mid-
dle, and bottom.

2. Samples should not be taken at high air humidity (rain, fog).

3. When taking the samples, a few liters of oil should be drained out to prevent sludge
and standing oil from being sampled.

4. Thebottle should be dry and technically clean so there is no moisture inside the bottle
that could contaminate the oil.

5. The bottle should be completely filled, leaving no space for air at the top, thus pre-
venting contamination.

6.  The transportation time should be short, and the time between sampling and mea-
surement should be below one week, depending on the tightness of the vessel.

To date, the KFT method has served as a benchmark for other methods in the measure-
ments of trace water, such as dielectric response methods, because it can measure water
content at a very high degree of accuracy (as low as 1-2 ppm) [16]. However, the KFT
method can sometimes overestimate WCO due to the reaction of I, with other chemical
compounds in the degraded oil, resulting in a high error level [31]. Since it is not possible
to remove contaminants from used transformer oils, Gizzatova et al. performed a study
where they modified the KFT method by determining the water content in transformer oil
before and after drying. The difference between these measurements is the water content
in the oil without the influence of impurities. Hence, the absolute water content could be
accurately determined [8]. Nevertheless, the KFT method still suffers from the usage of
hazardous chemicals that potentially lead to a method that is not friendly to the environ-
ment. The method also consumes so much time that the oil sample needs to be returned
to the laboratory for the test. The disadvantages of the KFT method have led to the devel-
opment of online monitoring methods, such as saturation meter methods.

4.2. Saturation Meter Methods

To facilitate the discussion on the saturation meter methods, a few commonly used
terminologies with the definitions are listed in Table 2. The terminologies are defined ac-
cording to the descriptions given by the Technical Brochure of CIGRE WG A2.30 [32].

Table 2. Common Terminologies for Saturated Meter Method.

Terminology Definitions

The solution is said to be saturated when no more water can be
dissolved into a liquid. This maximum capacity to absorb water is
called water saturation level (Wg). However, the point at which a

solution can become saturated changes significantly with
environmental factors such as temperature, pressure,
and contamination.

Water saturation

Relative saturation (RS) in ideal gases and liquids is the ratio of the
actual water content W to the saturation water content Wg.
RS = 3L %100%
Relative saturation Relative saturation in solids is the ratio of the partial water vapor
pressure exerted by the solid in a gas space under equilibrium
conditions to the saturation water vapor pressure.
RS = J-%100%

Equivalent to relative saturation, Water activity (ay) is defined as
ERH/100, where ERH is the relative humidity measured in the
proximity of a hygroscopic material under equilibrium conditions.
Water activity (ay) reflects the relative availability of water in a
substance. When water interacts with solutes and surfaces, it is
unavailable for other interactions. Thus, water activity is the measure
of water in the material which is available for exchange with the
surrounding environment.

Water activity




Energies 2023, 16, 1920

8 of 31

As mentioned in Table 1 (Section 2.1), water content is present in a free, emulsified, or
dissolved state in transformer oil, of which free and emulsified water cannot be measured
using the KFT method. Furthermore, the WCO in ppm measured by the KFT method has
limited value in diagnosing the condition of transformer insulation systems. The reason
is due to the migration of water in a transformer insulation system which is highly depen-
dent on the temperature. As the temperature in the transformer is evenly distributed, the
water distribution in a different part of the transformer will be affected, causing an uncer-
tainty in the measurement [33]. Thus, the concept of relative saturation (RS) of water in
transformer oil has been introduced [34]. The water in oil can also be expressed as wa-
ter activity (aw) in a unit form (0-1), while RS is expressed in percentage form (0-100%).
Measuring the ay, or RS of transformer insulation oil can almost entirely diagnose the ac-
tual condition of the transformer. Regardless of the saturation point of the oil, an ay or
RS provides a true indication of the risk of free water formation. The a,, or RS also accu-
rately reflects the new margin to saturation, as the saturation point changes due to the oil
temperature, age, or change in physical properties. Moreover, a,, is independent of the
type of oil, and it can be used universally for all substances regardless of chemical compo-
sition or physical characteristics, including aged transformer oil [35]. Wannapring et al.,
in their investigation of the WCO of the transformer through the KFT method, found that
measuring the WCO in ppm does not always identify the actual water content condition,
whether it is a dry or wet condition. Instead, analyzing the RS in the transformer oil has
detected the accumulated water in insulation paper that is helpful in decision making for
transformer maintenance [36]. Therefore, the saturation meter based on the sensor that
measures RS or ay, is being developed and will provide more straightforward and accu-
rate measurements than determining WCO in ppm [32]. Studies suggest that the sensors
based on the capacitive principle are more suitable for WCO measurement owing to their
linear sensitivity over a wide range of humidity and thermal stability [37,38]. In the late
1990s, a sensor based on capacitive thin polymer was introduced to measure RS in oils. The
measurements rely on the dielectric principle based on the fact that water content changes
dielectric properties. A capacitive moisture sensor is a parallel plate capacitor with at least
one electrode permeable to water vapor and allows water molecules to diffuse into the di-
electric polymer layer. Absorbed water molecules increase the permittivity, which can be
measured as increased capacitance of the sensor element that is proportional to the RS of
the oil [30].

The moisture sensor devices could be helpful for laboratory measurements to obtain
fast results of RS or a,, since the calculation algorithm is already built into the sensor de-
vice with preset solubility coefficients [39]. The development of a saturation meter-based
sensor has reduced the testing time when compared with the chemical diagnosis meth-
ods, such as KFT. Martin and his coworkers discussed the fundamental concepts of using
ay from saturation meter-based sensors to assess the WCO of the transformer in the lab-
oratory [40]. Magnetic stirrers and hotplates were used to mimic the actual oil flow and
temperature of an operating transformer. It was observed that at the higher oil flow rate,
the calculated WCO values are largely independent of whether the oil is heating or cool-
ing, but at the lower flow rate, the WCO values during heating are higher than those at
the same temperatures during cooling. The results from the study could help find the best
position of the sensor probe for online monitoring of the power transformer.

Currently, many commercially available saturation meter-based sensors have been
used for an online monitoring method for power transformers. Online measurement of
the WCO of the transformer can significantly reduce errors due to transportation to the lab
and titration and accurately trace water content variations [41]. Another effective use of
online monitoring is depicted in Figure 5.
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gives the dynamics pattern of water
content that can be used as mput for
operational loading guidance.

Online
monitoring
provides real-time data provide valuable information on
to detect early signs of transformers that have previously
faults and correct them. having moisture problems.

Figure 5. The advantages of online monitoring based on the saturation meter method [42].

Online continuous monitoring of a power transformer has become possible with the
introduction of thin film polymer capacitive sensors that were used as stand-alone devices
with datalogger [5,38,43]. The benefits of using such devices are that no oil sampling is
required, and the measurement is in direct contact with the oil. The in situ measurements
reduce costs since they requires no special equipment, unlike those needed in the labora-
tory. This technique will increase the sampling numbers, thus reducing the uncertainty
and increasing the accuracy. Furthermore, the capacitive sensor is very sensitive to water,
with almost no observed response to other molecules in oil [44]. However, the problem
arises when selecting the sensor location; it is important to avoid the stagnant oil location,
as the sensor only measures the oil at the surface. Usually, the sensor probes are installed
through the bottom of the tank wall, where the oil is the coolest [40]. The sensor is installed
atalocation with a good oil flow to prevent moisture fluctuations, increasing measurement
accuracy [5,30,45]. However, during a rapid temperature decrease because of unexpected
shutdown, the accuracy of the RS measurement will be affected because the dynamic re-
sponse is slower at low temperatures, which can underestimate the saturation point [46].
Sometimes, using a long cable (>3 m) between the sensor and readout contributes to errors
due to parasitic capacitance from the long cable.

4.2.1. Effect of Water Solubility on WCO Using KFT and Saturation Meter Method

The water solubility of oil is a material-specific property affected by the oil’s chemical
composition, aging condition, and presence of hydrophilic impurities [47]. Water solubil-
ity in oil will increase dramatically with temperature, even though the oil is strongly hy-
drophobic [48]. Solubility is a function of temperature, which can be expressed in
Equation (1).

B

log§ = A— T @)

where S stands for solubility, T is an absolute temperature, and A and B are the oil solu-
bility coefficients. Calculating absolute WCO (ppm) in the transformer is possible if the
oil-specific solubility coefficients (water solubility vs. temperature) are known. Addition-
ally, the absolute WCO (ppm) is needed to calculate the RS of the oil. A study in [4] con-
verted the a,, to WCO (ppm) to calculate the solubility coefficients for their oil sample for
the sensor probe calibration. Since the solubility is related to the chemical composition of
oil, where aged and contaminated oil have a higher solubility than new oil, the authors
suggested determining the solubility coefficients when using sensor probes with different
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transformers. The increase in solubility of aged or contaminated oil is due to the formation
of organic acid or an increase in polar molecules during the chemical reaction of oil [48,49].

Gradnik et al. investigated the impact of chemicals and temperature on determination
of WCO by using capacitive moisture sensors under controlled laboratory conditions [47].
Their study concluded that the results for new oils are in good agreement for temperature
ranges below 30 °C when using the preset sensor solubility coefficients. However, at a
temperature above 30 °C (i.e., 60 °C), the error is 20% of the measured value. Their inves-
tigation with aged oil using the preset sensor solubility shows 50% lower values of WCO
than the actual values measured by the KFT method due to the increased water solubility.
Therefore, theoretically, the solubility coefficient still affects the measurement accuracy us-
ing commercial probes. Studies have shown that various authors have determined the dif-
ferent values of A and B coefficients. A study by Leivo and Leppanen shows the solubility
coefficients for the new oil from the IEC standard and Vaisala, a commercial brand for the
saturation meter-based sensor, with the experimental determination of two different-aged
oils [49]. The comparison of their A and B values is shown in Table 3.

Table 3. Comparison of solubility coefficient for new and aged oil [49].

IEC 60422 Vaisala Aged Oil 1 Aged Oil 2
A 7.09 7.37 6.84 6.38
B 1567 1663 1486 1347

Since the water saturation for new and aged oil is different, it is important to know
the oil solubility coefficients for each investigated transformer oil. Many efforts have been
made to develop the formula to find the oil solubility coefficients. A study by [50] described
a method to determine the coefficients A and B that consists of conditioning the electro-
insulating liquid in a tightly closed vessel at three different temperature values. The oil
parameters such as water content, RS, and temperature are measured for each tempera-
ture value after moisture equilibrium is achieved. The measurement procedure adopted
from [50] is summarized in Table 4.

Table 4. Measurement procedure to determine coefficients A and B of insulation oil.

Variables Conditions Remarks
Range of 20 °C to 60 °C (at
least 10 °C difference -After reaching the equilibrium state, the
T t . "
emperature between the successive value of RS, and Ty, of the oil should be
temperature levels) recorded for each temperature level n.
15% (for a high value of -An oil sample should be taken to
RS liquid temperature) to 75% measure the water content using the
(for a low value of liquid KFT method.
temperature)

Some of the studies use different formulas to calculate the coefficients A and B. For
example, a study by [44] used the formula of Gibbs energy to relate with the Arrhenius for-
mula and derive the calculation of A and B coefficient. Different formulas were presented
to calculate coefficients A and B based on other studies, as shown in Table 5.
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Table 5. Equation to calculate A and B coefficients from the previous study.

Ref.  The Equation to Calculate A and B Description
RS = WTCL % 100 1) WCL = water concentration in liquid(oil)
10gS(T) = A — % ) S = water saturation limit
n = temperature level
Method:
-Relative water saturation »n and temperature 1, of the
50 Relati ion RS, and temp T, of th
[50] investigated liquid (oil) was recorded for each temperature
log("gkr x 100) = A~ £
&\ "Rs, - T, ®) level n after reaching the equilibrium state.
-WCL, was measured from an oil sample using the KFT
method.
A =7.288 and B = 1646.897 (new mineral oil).
WCL= £ xS (1)  WCL = absolute water contentin oil(%)
S = A ¥ ) RS = relative saturation (%)
[51] S= 1040~ 3) S = water saturation level (%)
A, = A1pIn(10); B, = B1gIn(10) 4) Ae, A19,Be,B1g = water saturation coef ficients
Method:
Ao = Aclog(e); Bio = Belog(e) ©®) -use the least-squares method for linear regression.
Weat = 104-% 1) Wsar = water saturatign c.ontent, ppm
Wiaat = Wp X - ) Wo,-,_: wtater ctqn?tent in oil, ppm
A =In(Wp); B = B x log(e) ©) %, - Z"IB{“C;” 13/ il .
W,it = o X Wt (T) ) MO c;n 8 = oil solubility coef ficients
9,521 A = log[Wsat(T1)] + £ 5 ethoct
521 0g[Waat (T)] + ©) -use Vaisala HMT338 moisture and temperature sensor.
-assumed that the isotherm of water activity is linear to
B — —log{Wa(T2)—log[Wea (T1)]} ©) water concentration (linearity of the moisture sensor
5T indication) and that the solubility curve has the form of
Equation (1).
rS = 100 x V‘ygg (1) rS = relative saturation of water in oil
In(WCO*) = A — % ) WCO* = water satumtz’or.z cor-zcer{;mtion
_ 1S « _ 1S B 3 WCO = water concentration in oi
WEO = 1 WCO™ = fpexp (A T) ) AG = change in Gibbs energy
AG =AH —TAS @ AH = change in enthalpy
AG = *len(fgq) AH ®) AS = change in entropy
[44] lrl'Sl(WCO )=F® - & (6) Tiop = temperature at top inlet
T00-€Xp (A - Tﬁ,,) = ’156’3 exp (A - Tfm) () Tpor = temperature at bottom inlet
(yst , )( ) R = ideal gas constant,8.3145 ]K’lmolf1
In P 2 Ttoprot Method:
B—=— Spot :
Ttop=Tbot (8)  -use Gibbs energy (4) to relate with the Arrhenius
A = 6.8444 + 0.0026B Formula (2). o ,
) -plot a graph and regression line to obtain (9).

4.3. Infrared Spectroscopy

Infrared spectroscopy (IR) is one of the methods that has attracted much attention to
determine WCO in the transformer insulation system. Fourier Transform InfraRed (FTIR)
is the preferred method of infrared spectroscopy. This method is straightforward, rapid,
and involves no chemical additives described in ASTM E2412 [53]. FTIR is a common
analytical tool available in most laboratories to identify the different functional groups
present in degraded oil samples. The basic structure of the FTIR instrument is configured
with a source, beam splitter, sample, and detector. The detector should sufficiently cover
the midinfrared range of 4000 cm~! to 550 cm~!. The signal measured by the detector
will be digitized and sent to the computer, where the final infrared spectrum is presented
to the user for interpretation. In the case of water detection, the FTIR spectrum shows
absorbance peaks at wave numbers 3700-3000 cm~!, which is the detection of the O-H
functional group. A study by [31] found the wave number of 3616 cm~! to signify the
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absorption of the water in the insulation oil samples. Meanwhile, a study by [54] assessed
the water samples’ infrared absorption at 3329 cm 1.

The FTIR method procedure includes trial and error to make a mixture of oil samples
with acetonitrile (ACN) as a solvent. The author found that the ideal ratio for oil: ACN is
3:1 (vol/vol), with 9 mL of oil and 3 mL of ACN added to a 15 mL centrifuge tube. Then, the
0il:ACN sample was vortexed for 2 min and then centrifuged for 2 min at 2000 x g (gravity)
to separate the ACN from the oil. The dry ACN sample was also prepared in another tube
as a reference. The absorbance spectrum was recorded for the sample extract’s upper ACN
layer (S) and the dry ACN (R). Finally, the water content in the sample was determined by
calculating the differential spectrum (S = S — R) [31].

The work carry out by Gupta shows that IR is a promising technique for directly
measuring the WCP in an oil-paper-insulated transformer [55]. This study investigates
three techniques, i.e., impedance measurement at high frequency, microwave absorption,
and infrared absorption, for their suitability for directly measuring the WCP in oil-paper-
insulated transformers. Gupta concluded that the IR technique can detect changes in the
order of 0.1% in the WCP (e.g., 1.9% to 2.0%). The summarized IR technique using optical
fiber bundles for directing infrared radiation used by Gupta is shown in Figure 6.

The optical fibers The optical fiber Ehelicuyiclatthe Ihebifurcated
common end of branches of the
were set by 1.5mm bundle was
q " the bundle was bundle were
from the face of installed in the wall N R
. . fixed in a jig so as exposed to the
the stainless-steel of the drying tank
. : to touch the paper lamp and detector
ferrule at the at the bifurcation P A
inside the located outside the
common end. ferrule.
transformer. tank..

Figure 6. Summarized IR method used to directly measure WCP of the transformer (based on a
study by [55]).

Even though the IR technique developed by Gupta can measure WCP directly, the
difficulty of finding a suitable location to install the optical fiber bundle has limited its
application. Therefore, IR application is mostly used to detect the WCO in the transformer
insulation system. Measurement of WCO, given its strong -OH absorption by means of the
IR technique, is a simple and fast-analyzing method where the measurement result can be
determined in less than 2 min. Even though IR techniques are more costly than a few other
techniques, they only require a small sample during the analysis, where only one drop of
oil is enough to run the test. Additionally, they are well-correlated to the KFT method, a
benchmark method to determine water in insulation oil. However, it is probably difficult
to interpret the IR spectrum because the -OH bond for water molecules may be confusing
with the -OH bond for alcohol, which falls in the same place, at around 3200-3500 cam~ 1,
The interferences in the oil sample, such as inhibitor content containing -OH bonds [53,54],
can also be misinterpreted with the -OH bond for alcohol.

4.4. Chromatography Techniques

Chromatography techniques principally separate components in a mixture by the dif-
ference in partitioning behavior between mobile and stationary phases. The application of
gas chromatography (GC) is widely used in the identification of gases (known as dissolved
gas analysis, DGA) such as hydrogen (H;), nitrogen (N2), oxygen (Oz), methane (CHy),
ethane (CyH,4), and other gases. The gases are generated because of the breaking of the
hydrocarbon molecules in oil due to electrical or thermal stress during transformer opera-
tion [11]. However, a minimal study measured water content using GC analysis [56]. The
findings demonstrated that two ways could be used to measure water using GC: directly
inject the insulation oil through an injection port; and based on the preliminary extraction
in a gas phase. The advantages of directly injecting the insulation oil are that the water
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content data appear simultaneously with the diagnostic gases. However, the water peak
is asymmetrical because its polar compound makes it challenging to interpret. Hence, the
water content was measured based on the preliminary extraction in a gas phase to obtain
the symmetry peak. This method determines the water as an independent task, and the
amount of extracted water will depend on the extraction condition. The study found that
the retention time of water’s symmetric peak is 3 to 3.5 min, with the detection limit at
0.2 mg/kg. The GC operating condition for the symmetry peak of water is as in Table 6.

Table 6. The operating conditions used for GC analysis.

Parameter Condition
Column 180 cm x 1/8in
Colum packing material Porapack Q of 80 to 110801(1)1435}1 and 10% of PEG-

Detector Thermal conductivity detector

Carrier gas flow rate Argon gas, 25 mL/min

Injection temperature 180 °C

Detector temperature 150 °C

Column temperature 120 °C

Sample volume 100 pL

Using the GC technique, determining water is considered a fast analysis with a low
detection limit. However, this technique is not practically used to determine the insulation
oil’s water content, probably due to the difficulty of interpreting the chromatogram, as the
water’s peak is asymmetrical. Moreover, the independent task of determining the water is
also not suitable since it requires a time-consuming extraction method. The measurement
accuracy can also be argued, as the water content depends on the extraction condition.

Overall, there are four methods that can be used to detect the water content in trans-
former oil. These include KFT, saturation meter method, IR, and GC. KFT is the most
common method for determining water content in transformer oil, as it provides a highly
accurate measurement compared to other methods. However, it is time consuming, lab-
oratory based, and uses hazardous chemicals. In contrast, the saturation meter method
provides a quick and accurate measurement of the amount of water in transformer oil,
but it can be expensive and require regular maintenance. The IR method also provides a
quick measurement of the amount of water in transformer oil; nevertheless, this method
is not commonly used, as it requires specialized equipment with a trained operator. The
spectrum interpretation might also differ from one person to another. A similar limitation
is also exhibited by the GC method. In addition, the GC method also requires a time-
consuming extraction procedure prior to detection. In general, the best method for water
detection is dependent on the specific needs of the transformer and the resources available
for testing. It is often recommended to use multiple methods to provide comprehensive
data of water content in transformer oil.

5. Detection Methods of Water Contents in Transformer Insulation Paper

Paper degradation can cause worse effects than insulation oil since it can never be re-
turned to its original condition once degraded. Eventually, the paper will become brittle
and lose its thermal and mechanical strength. Consequently, a higher cost is needed to
replace insulation paper than to replace oil. Increases in water content in paper insulation
are one factor that contributes to paper degradation. With the awareness of water’s haz-
ardous effects, many kinds of research have been performed to develop a suitable method
that can accurately determine the WCP. Determination of WCP can be directly measured
by collecting paper samples from the transformer, which will make the test destructive.
Indirectly, WCP is estimated from the known value of WCO with the help of some well-
known standard equilibrium curves, such as Oommen [57], Griffin [58], and Fabre-Pichon
curves [59]. In addition to these equilibrium curves, WCP can also be calculated using
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some mathematical formulae, such as Fessler's equation, ABB’s equation, and Serena’s
equation [4,60,61]. Electrical methods such as dielectric response are also among the meth-
ods used to assess WCP in a transformer. Conclusively, this section will review the meth-
ods that have been used to measure the water content in the paper insulation using direct
and indirect methods.

5.1. Direct Method on Paper Samples

The WCP can be directly determined from the paper sample by collecting it from the
insulation system. The direct measurement will provide an accurate result since the water
content was measured directly form the paper. The distillation method known as the Dean—
Stark method [62] directly measures water content in the insulation paper according to the
ASTM D95 standard [63]. The distillation method involves heating up a paper sample
with known weight, taken directly from the transformer insulation system in the presence
of an organic solvent such as xylene or toluene. The organic solvent must be immiscible
with water, have a higher boiling point than water, be less dense than water, and be safe
to be used. The water in the sample evaporates and is collected in a graduated glass tube
where its mass is determined. When no more water is collected in the graduated tube,
the distillation process is stopped, and the volume of water is read from the tube. The
study carried out by [62] performed the Dean-Stark method to measure the WCP. It was
concluded that Dean-Stark, as a direct method, is more accurate than indirect methods
such as Frequency-Domain Spectroscopy (FDS) and KFT ;.

The other way to determine the WCP is using a chemical reaction approach by per-
forming the KFT method directly on a paper sample (KFTpaper) [64]. The KFTpaper method
analyzes the solid paper sample with the help of oven systems, as solid samples do not
dissolve in the reagent. This technique requires that the samples be heated for the wa-
ter to be released before the samples are quantitatively carried into the measurement cell
with a stream of carrier gas. Since the KFTpaper is a destructive method, the used of this
method is generally performed for comparison with another method to test the accuracy,
as conducted in [61,65]. The Dean-Stark distillation method in general gives higher ac-
curacy compared to the KFTpaper method since the oil remains dissolved in the organic
solvent and therefore does not interfere with the measurement of the water [66]. However,
a practical disadvantage of the Dean-Stark method is the difficulty of ensuring that all
the water is collected in the graduated portion of the trap during the distillation process.
Apparently, the KFTpaper method is preferable as the direct method to measure WCP of
a transformer, as the titration only uses a simple apparatus and is easily carried out [67].
Still, these two methods are not practically used to determine the WCP in the transformer
since they are destructive and require a complicated sampling process, as the paper sam-
ples need to be sampled from the transformer tank. In fact, these methods are possible
only when the transformer is not operating or is under repair. That might be why research
on it is minimal.

5.2. Indirect Method: Moisture Equilibrium Curves or Water Sorption Isotherm

Moisture equilibrium curves are a group of characteristics that describe the depen-
dence of WCP as a function of WCO (ppm). Water sorption isotherm refers to a group of
characteristics that present the dependence of WCP as a function of the relative humidity
(RH) of the surroundings for different temperatures. Since the WCP cannot be measured
directly by the KFTpaper or Dean-Stark methods due to the destructive process and the
difficulty in obtaining the paper, the WCP is usually estimated through a moisture equi-
librium curve or water sorption isotherm. Fabre and Pichon first reported the application
of equilibrium curves in 1960 to derive the WCP in oils [68]. Other standard equilibrium
curves that have been widely used to determine the WCP are based on Oommen and Grif-
fin’s curves [57,58]. Based on the standard procedure for operators of power transformers,
the WCP was derived from the WCO (ppm). Firstly, the oil is sampled under service con-
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ditions, followed by the measurement of WCO by KFT;. Then, the WCPpaper is derived
by using standard equilibrium curves.

A new approach to equilibrium diagrams uses the RS or ay, in the oil instead of the
absolute WCO (ppm) [69]. An equilibrium diagram based on RS is generally derived with
limits of IEC60422 [70-72] to diagnose the condition of the insulation paper. The advan-
tage of using the RS measurement is that the aging of oil becomes negligible, and the mea-
surement can be performed online, leading to much more accurate results [73]. Instead of
estimating WCP based on standard curves as mentioned before, the new equilibrium curve
could also be developed for each type of oil sample to achieve more accurate WCP estima-
tion [59,74]. This is due to a different kind of oil having different oil solubility that may
cause the deviation in the standard equilibrium curves. Some formulae for calculating the
solubility coefficients based on previous studies are shown in Table 5 (Section 4.2.1). In an
attempt to know the WCP in a transformer, estimating the WCP from equilibrium curves
or mathematical formulae will not be fully justified since the techniques are recommended
to be used under stable equilibrium conditions inside a transformer. Practically, it is very
difficult to achieve absolute equilibrium (depicted in Figure 7), which includes thermody-
namic equilibrium, mechanical equilibrium, phase equilibrium, and chemical equilibrium
in a power transformer. The unstable conditions of a transformer generally cause diffusion
of water between oil and paper that eventually gives uncertain results of WCP [65].

Because water temperature and
surrounding temperature are
same

Surrounding

temperature is
Because the same pressure

25°C . .
inside and outside
Chemical equilibrium
< Because chemical composition of
Water . water is the same in entire bottle
temperature is
25°C

Same pressure
inside and outside

Figure 7. Absolute water equilibrium systems.

We summarized the determination of WCP in a flowchart in Figure 8. The WCP ob-
tained by mathematical formula can be used to construct a new equilibrium curve based
on an RS or a,, measurement. Based on the flowchart, we can conclude that the accuracy
of using RS or a,, measurements compared to KFT; is due to the Py value that can be
determined directly by using the readily measured RS or a,, from the probe’s reading.
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Figure 8. Flowchart diagram to determine WCP in a transformer based on KFT; and saturation
meter method. Note: Due to the nature of the capacitance sensor used in the saturation meter, the
solubility coefficients A and B measured will not affect the obtained measurement of RS or ay.

5.3. Indirect Method: Dielectric Response Methods

The dielectric response method is another indirect technique to determine insulation
paper water content. This technique overcomes the limitations of the moisture equilibrium
curve for estimating water content in insulation paper, such as the need to use the correct
moisture equilibrium curve for aged oils. It is also important to determine the water con-
tent at different operating temperatures under stable conditions, which is impossible to
achieve. Therefore, measurement based on dielectric response is currently used domesti-
cally and internationally since the measurement is temperature dependent [75]. This tech-
nique is performed by measuring the effects of water on electrical properties based on the
fact that paper and oil change their dielectric properties when water levels increase [76,77].
The dielectric response techniques measure the dielectric properties as a function of fre-
quency or time. These techniques measure the impedance of a system over a range of fre-
quencies and reveal the dissipation properties. There are two types of dielectric response
techniques: time-domain and frequency-domain [78].

5.3.1. Time-Domain Measurement

The time-domain dielectric diagnosis mainly includes polarization and depolariza-
tion current methods that record the insulation’s charging and discharging currents [79].
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Two time-domain measurement techniques are recovery voltage measurement (RVM) and
polarization and depolarization current (PDC).

The polarization (charging) current through the object can be expressed as in
Equation (2):

I(t) = Cou_O{SfO +f(t>} @

Once a short circuit replaces the step voltage, a depolarization current will build up.
The magnitude of the depolarization current is expressed as in Equation (3):

Ia(t) = Colo{f(t) — f(t+to)} ®)

The effect of f(t + ty) can be neglected if the charging period to complete all polariza-
tion was long enough [80]. As a result, the depolarization current becomes directly propor-
tional to the dielectric response function f(t) and can be calculated as in
Equation (4):

f(t) = —(1_d(t))/(C_0U_0) )
Furthermore, the conductivity of the insulation can be calculated as in Equation (5):
o~ == L8 + Ly(b)] ()
Collp -7

where: [, = polarization current
I; = depolarization current
o = dc conductivity

gy = permittivity of free space or vacuum (8.85419 X 10’12%>

f(t) = dielectric response function
Co = geometrical capacitance of the insulation
Uy = dc charging voltage
ty = time at which the current measurement wass tarted

From Equation (5), the conductivity, o; the relative permittivity, ¢; and the dielectric
response function, f(t), characterize the behavior of the dielectric material in the time-
domain. The current measurements in the time domain also can directly lead to the es-
timation or quantification of ¢ and f(t) to identify the insulation condition of a power
transformer. The basic circuits diagrams to measure RVM and PDC are shown in Table 7.
Based on the previous study, the characteristics of RVM are interpreted as maximum re-
turn voltage, initial slope, and central time constant [81]. The magnitude of return voltage
depends on charging time and discharging time. The initial slope of return voltage is pro-
portional to the active depolarization current at discharging time and thus, proportional
to the intensity of the polarization process [78].
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Table 7. The basic circuits to measure RVM and PDC.

RVM

S
oo

-A direct voltage is applied across the
dielectric for a long period of time.
C -Then, it is short-circuited for a
shorter period.
-After opening the short circuit, the
charge bounded by the polarization
will turn into free charges.

IO

DC

-The test object is charged with a
direct voltage for a long period of
time (tp).
. - -The voltage source is removed, with
L the test object being short-circuited
& once again for a long time (tq).
-The PDCs (Ip and Id) are recorded
(10,000 s each) during these charging
and discharging periods.

These two time-domain dielectric response methods, RVM and PDC, can be measured
by the interfacial polarization spectra (IPS), developed at the University of Queensland [82].
Computer-aided techniques are integrated with the IPS system to control the hardware.
Generally, MATLAB software is used to evaluate the measurement data to define the con-
dition of the insulation system. The commercial system named PDC Analyzer 1 MOD was
later developed by Alff Engineering and has been fully automated with internal data eval-
uation [83]. Water content for paper can be obtained independently using RVM and PDC
measurements. However, the water content for oil-based insulators can be evaluated from
PDC tests.

5.3.2. Frequency-Domain Measurement

In the frequency domain, capacitance and dissipation factor (tan J) are measured as
a function of frequency. The measurement principle of the frequency-domain is based on
the impedance of a test object, where it is determined by applying a sinusoidal voltage
across the object and accurately measuring the voltage across and current through the ob-
ject. Typically, the frequencies are applied from 0.001 Hz to 1000 Hz [84]. The dissipation
of electromagnetic energy through dielectric materials is called dielectricloss, generally ex-
pressed as a loss tangent, tan J, which corresponds to the loss angle of a phase difference
between voltage and current in a complex plane [85]. Given this relation, the tan J can be
quantified as the ratio of resistive current, Iz, by the capacitive current, I, measured at
respective frequency, w, and voltage, V, as in Equation (6):

R % 1
DFftanéfEf v = RC (6)

(ac)

The terms dissipation factor, DF, and tan J are commonly used interchangeably to
express losses in the system due to dielectric loss, C, assuming the sample to be of complex
capacitance.
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The test sample is subjected to the sinusoidal voltage producing the complex
impedance, Z*, which consists of real resistance, Z, and imaginary capacitive reactance,
Z,in a complex plane. The impedance is then determined by measuring the resulting volt-
age across and current through the object [86]. Given the measured phase difference of the
voltage U(w) and the current I(w) at a specific frequency, the test sample impedance can
be expressed as in Equation (7):

Zx (w) =R(w)+jX_Clw) =Z(w) +Z"(w)=Ux w)/I'x (w) (7)
Assume that the test sample is always a complex capacitance, such that Equation (8):

1
YA = 8
@)= e @) ®
where Equation (9):
Cx (w) =Clw) —jC"(w) 9)

Rearranging Equations (6)—(9), the DF or tan ¢ can be expressed as Equation (10):
DF =tan [(6 =1/(w)RC=1/(Z% (w)) )] =1/(1/(j(w)Cx* (w))) =C"/C (10)

The frequency-domain measurement techniques are known as FDS or dielectric fre-
quency response (DFR). It is a modern technology that has the advantages of providing
insulation information and has a strong anti-interference ability [87] as compared with the
PDC and RVM methods. Thus, it has excellent potential in evaluating oil-paper insulation
and can reliably calculate water content in paper insulation. From Equation (10), with the
tan J, as well as complex capacitance, water content in the paper insulation can be com-
puted by using the FDS method. The parameters that were measured by FDS were the
voltage across U(w) and current I(w) through the test sample at its respective frequency.
The measurement of the capacitance and tan 6 can be performed using dielectric analyz-
ers such as Megger IDAX300 [88], Omicron [10,89], ALPHA-A Dielectric Analyzer from
Novocontrol Technologies [90], and ELTEL ADTR-2K [91].

The basic procedure of running the FDS method is adapted from [23,86]. In common
practice, the sinusoidal voltage is applied between high-voltage (HV) and low-voltage (LV)
windings to measure the main insulation (CHL) dielectric response, as it contains the most
cellulose. The three HV terminals or bushings (for three-phase transformers) are joined
together by an output (voltage) cable, and the three LV terminals or bushings are joined
together by an input (sensor) cable, which is connected to the measuring equipment. The
equipment interprets the electrical response generated through the cables to measure the
corresponding voltage and current at a specific frequency. These measured values are then
used to autocompute the insulation tan é. A guard cable is used to bypass unwanted elec-
trical influences. The computed tan J values are plotted against their respective frequency
to produce tan J, which will be interpreted to estimate water content in the transformer
insulation system [23,86]. The measured tan é curves are compared to the simulated curve

modeled according to the standard X-Y model (barriers and spacings) described in CIGRE
TB 254. The modeled curve is fed with a pressboard dielectric properties database at var-
ious known temperatures, water contents, and oil conductivity [92]. The modeled curve
parameters (water content and oil conductivity) are autotuned until the modeled curve
best fits the real measured curve. Therefore, the measured curve’s unknown parameters
(water content and oil conductivity) are estimated to be almost identical to the matched
modeled curve parameters, as shown in Figure 9.
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Figure 9. FDS measurement procedure.

Theoretically, tan ¢ is inversely proportional to frequencies. This phenomenon is
significantly more apparent in higher and lower frequencies due to the fact that higher
frequencies cause the polarization changes process to happen very fast in the capacitors;
thus, it acts like a short circuit (lower tan §), whereas in lower frequencies, the polarization
changes process took so long to complete that it causes the capacitor to act like an open
circuit (higher tan ). However, distinct curve patterns in lower and higher frequencies
can be observed in Figure 10. This can be related to Equation (10), where an increase in
dielectric losses, C’, due to moisture in higher- and lower-frequency areas, corresponds to
a decrease in charges’ polarization in cellulose insulation, which consequently influences
the tan 6 curve in both lower and higher frequencies [23].
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Figure 10. Influence of moisture and oil conductivity on tan é curve [93].

The dielectric response method is currently the most widely adopted method for de-
termining the water content in transformer insulating paper. Three dielectric response
methods discussed here have an advantage: nondestructive diagnosis methods for the
transformer insulation system [94]. The advantage of the RVM lies in its simplicity, nonde-
structive character, and the ability for fast use directly on-site. However, the RVM method
is outdated since its interpretation scheme appeared to be complicated and unreliable in
calculating water content in solid insulation. In contrast, FDS and PDC can reliably esti-
mate water in the solid insulation, and both FDS and PDC results are comparable.

Since the moisture equilibrium in the oil and paper insulation system is highly
temperature-dependent, the FDS and PDC measurement require the shutdown of the trans-
former. The measurements are generally performed under nonequilibrium conditions in
the presence of temperature variations and thermal instabilities.

5.4. Comparison of the WCP Determination Method Based on the Previous Studies

Based on our literature review, there are two different methods to determine the WCP
in a power transformer: direct and indirect. A direct method that requires collecting cellu-
lose samples from the transformer insulation is generally not a standard method to mea-
sure WCP. Meanwhile, an indirect method such as dielectric response measurement, an
equilibrium diagram based on WCO (ppm), and an equilibrium diagram based on RS or
ay in oil is commonly used to estimate the WCP in a power transformer. The unit for WCP
is typically expressed in %, which is the weight of the water content divided by the weight
of the dry oil-free paper [74]. More precisely, if the vapor pressure (Py) of water directly
above the paper is known, then the WCP can be calculated (as a ratio of the mass of wa-
ter to the mass of dry paper) if the temperature is also known [10]. Section 5.4 discusses
on the accuracy or reliability of the results obtained from the methods described before in
determining the WCP.

Previous studies have shown the reliability of the dielectric response method, which
include FDS and PDC in water content analysis [62,75,95]. Bagheri et al. [62] investigated
the WCP measurement of three brand new distribution transformers using two laboratory
methods, the Dean-Starkpaper (direct) and KFT; (indirect) methods. Additionally, an on-
site FDS method was also carried out to determine the WCP of the transformer. Table 8
shows the result of the investigation with the % error calculated, using Dean-Starkpaper as
a reference measurement. Based on the results in Table 8, KFTy; indicates high % error
when compared to the Dean-Starkpaper method. Meanwhile, the FDS method has shown
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a relatively close WCP value with the Dean-Starkpaper method. Therefore, based on the
results, the FDS method has a higher probability of becoming the most reliable method for
determining the WCP.

Table 8. Comparison of % error based on different WCP using Dean-Starkpaper, KFT,;, and FDS
measurement methods.

Transformer 1(20 kV/400 V) 2 (33 kV/400 V) 3 (20 kV/400 V)
Number
Method WCP (%) Error (%) WCP (%) Error (%) WCP (%) Error (%)
Dean-5Starkpaper 0.9 * 1.0 * 0.9 *
FDS 1.1 22.22 1.0 0 0.7 22.22
KFT,; 1.7 88.88 1.6 60 14 55.55

* means that the method is used as reference.

In another study, Koch et al. investigated the WCP in a heavily aged transformer with
30 MVA, built in 1950 [72]. Table 9 shows the WCP results determined by Koch et al. using
different techniques that were carried out in the laboratory, such as KFTpaper and KFT,;.
On-site measurements were also performed to determine the WCP using FDS, PDC, and
RS measurements. The WCP measurement, based on the KFTpaper, is used as a reference
to compare the accuracy of the other methods. Based on the results in Table 9, determina-
tion of WCP estimated from equilibrium curves based on RS measurement (WCP = 2.5%)
is in good agreement with the KFTpaper method (WCP = 2.6%). In contrast, the WCP es-
timated from equilibrium curves based on the KFT,; method indicated high content of
water (WCP = 6.0%). On-site measurement using a combination of FDS and PDC methods
shows well-correlated results with the KFTpaper, which indicates 2.9% of WCP. Meanwhile,
the use of FDS and PDC alone exhibit the WCP values of 3.8% and 4.0%, respectively.

Table 9. Percentage error comparison of different water content detection methods. (Direct KFTpaper
detection as reference.)

Method WCP (%) % Error
KFT (Paper sample) 2.6 *
Dielectric response
PDC 4.0 53.84
FDS 3.8 46.15
Dirana (PDC + FDS) 2.9 11.54
Oil sample
Laboratory KFT; 6.0 130.77
RS (on-site) 2.5 3.85

* means that the method is used as reference.

Based on the method comparison in determining the WCP by Koch et al., on-site RS
measurement is recommended to be employed for a heavily aged transformer. Neverthe-
less, more investigation is still needed to improve the measurement to reduce the cost and
achieve a simple procedure. Table 10 shows a summary of the methods used to determine
the WCO and WCP of the transformer that were discussed in Sections 4 and 5. The direct
method to detect water content in transformer insulation paper includes the Dean-Stark
method and KFTpaper. Both methods are destructive, as the insulation paper needs to be
taken out from the transformer prior to measurement. The most common method to detect
water in transformer insulation paper is through indirect quantification from oil measure-
ment. The indirect methods, which include KFT,;;, saturation meter, FTIR, and GC are
possible indirect methods to quantify water content in transformer insulation paper. An-
other indirect method based on electrical measurement is using dielectric responses, which
is also widely used through techniques such as FDS, PDC, and RVM. Finally, to conclude
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our findings of the detection method for water content in the transformer insulation sys-
tem, WCO, and WCP in the laboratory or industrial practices, we summarized our results
in Table 10.
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Table 10. Summary of methods to determine WCO and WCP in the transformer.

Direct/Indirect . On- Shut Measurement Sample . " PR .
Method Method Standard Moisture Site/Lab Down Time Volume Accuracy Cost (USD) Limitation Sample Device Remarks
0Oil Paper
. -Complicated process, as
-possible only .
during unit Round bottom flask, it ne;;i;etrofil;;’ ?;et the
Dean— Direct ASTM D95 v Lab Yes 52 hrs 10 x 10 em <1% Glassware: repairmen when Liebig conden§er, transformer.
Stark 1SO 9029 <$200 there is not stored graduated receiver .
paperin {made with glass) -Tedious procedure has
limited the usage of this
transformer
method.
-Requires a very
-possible only complicated process, as it
bevce oS Bt iy Mo tbeout e
KFTpaper Direct ASTM D6304 v Lab Yes >2 hrs 2g 20 ng >$3000 there is not stored with I(i)vaporator -Compared to
. ven .
paper in Dean-Stark, KFTpaper is
transformer preferable, as the method
is simpler.
-Titrator Compact
series/Mettler
Toledo
$38.00 for one -TitroLine® -Uncertainties related to
KFTo Indirect IEC 60814 v Lab No 10-15 min 1-5mL <10 ppm sample -error du? to oil titrators/ Xylem oil sampling and analysis
ASTM D1533 Device: sampling Analytics need to be considered
$3995-4995 -GD 2100 ’
Coulometric Karl
Fischer
Titrator/Gold
-require annual
calibration for
maintenance -HUMICAP® -Cost-saving of more
-the preset of oil series/Vaisala than 50% compared to
. 1% RS (0.01 Device: solubility -Oilport 30/Epluse KFT method.
v On-site No N/A N/A aw) * $1000-3500 coefficient -YTS-W-1/Yateks® -Measure RS or ay, to
sometimes affects -PCE-WIO 1/PCE overcome the weakness
. the accuracy for Instrument of ppm measurement.
Saturation  pdirect ASTM D924 different
transformer
-not suitable for -Measurement is usually
Device: old transformer HUMICAP® on continuous time and
$1000-3500 -difficult to find a series/Vaisala the results are taken on
. Continuous 1% RS (0.01 * also need to suitable location -Oilport 30/Epluse average.
v Online No time N/A aw) ** consider the for the sensor -YTS-W-1/Yateks® -Long-term average

installation
cost.

probes.
-high cost for
installation

-PCE-WIO 1/PCE
Instrument

measurements can
overcome the
nonequilibrium problem.
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Table 10. Cont.

Direct/Indirect . On- Shut Measurement Sample . . PR .
Method Method Standard Moisture Site/Lab Down Time Volume Accuracy Cost (USD) Limitation Sample Device Remarks
oo -Agilent
Small drop of Instrument: inte_rdlif;tc ual; ;(())me -Perkin Elmer -Need to use stabilizer
Indirect ASTM E2412 v Lab No 2-5 min 1rop <1000 ppm $10,000— pret, - (surfactant) to reduce
oil wavenumbers
35,000 1 Spectrophotometer/3nh error.
FTIR may overlap Global
m;inlgli?hrgo or -Do not have enough
Direct N/A v On-site N/A N/A N/A 0.1% ** N/A an prop N/A information on this
location of the method
optical probe :
$100-200 per -difficult to Shimadzu -Provide correct
e Indirect ASTM v Lab No -6 min 100 uL. <lppm sample. . interpret, as t'he _Agilent determination of all
D8094-21 Instrument: water peak is Perkin Elmer water except chemically
$4980-7850 asymmetrical bound water.
Equilibrium Signal processing method to estimate the water content in paper prior to oil analysis -the curve is not -Easy to integrate data
qu v Always valid for older -Computer but need to find method
curve overestimate transformer. to minimize errors.
Dielectric
response
ﬁ . -So far, FDS is
~lme-cdomain . . -IDAX/Megger internationally accepted
-interpretation - as a measurement
0,
RVM +0.5% ) SCheIZ‘éIléRE) DIRANA/OMICRON method.
. ASTM D924 ) Device: incorrect -PDTech (DRA-3) -RVM-PDC combined
Indirect IEC 60422 v v On-site Yes Few hours N/A §5149-9269  ory sensitiveto | “ADTR2K Plus/Eltel  method was introduced
PDC +0.5% noise -Alpha- to increase accuracy.
JE— A/Novocontrol -Accuracy based on
Freq-domain Technologies current (RVM/PDC) and
e dielectric loss (FDS).
-longer
FDS +0.05% measurement time

at low frequency

* Information was retrieved from the web. ** Changes in moisture content. *** Accuracy: how much water can be detected.
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6. Challenges and Future Prospects

Research on the assessment of water content in the transformer insulation oil and
paper has been challenging and provides many opportunities for researchers for future
research. Many different techniques have been applied, including chemical, electrical, and
mathematical algorithms. This review made an effort to describe and compare the possible
techniques used to measure the water content in the transformer insulation oil and paper.
Although the most adopted methods to determine the water content in the transformer
insulation system are currently dominated by the dielectric response method, the primary
tool for determining the water content in transformers is still the oil analysis. The data
from the oil analysis are significant as an early indication of the current condition of the
transformer insulation system.

Based on the studies, the most common laboratory method in determining the WCO
in a transformer is based on the KFT;; method as compared with the FTIR or GC method.
Instead of measuring WCO in ppm, the measurements based on a,, or RS are more recom-
mended, as they can provide a true indication of WCP in the transformer. Measuring a.
or RS can be performed by calculating from the WCO in ppm (obtained from KFT;) us-
ing mathematical equations or from directly on-site measurement using saturation meter
probes. Nevertheless, obtaining accurate WCP utilizing this method still relies on changes
in oil solubility coefficients, which need to be calculated for each oil sample of the differ-
ent transformers. A thorough investigation is required in order to find the universal oil
solubility coefficients that can be used for any type of oil. Currently, analysis by KFTy; in
the laboratory is still practical to measure the WCO in the transformer oil, probably due to
the high price of saturation meter probes and their calibration requirement. However, the
estimation of the WCP method should be improved to make it more feasible.

Even though online monitoring of the transformer is considered an advanced method,
as described in a study by [43], where it can measure the water content and its distribution
in real-time, which can alert the operator if the water content level is increasing. How-
ever, its application is still not suitable for old transformers, and the difficulty in locating
the sensor limits the use of this advanced method. The electrical method of the dielectric
response is also widely used currently because of its advantages of removing the hassles
of laboratory analysis and providing a simple measurement. However, the dielectric re-
sponse method’s offline measurement field still needs attention, as disconnecting a power
transformer involves a high cost that cannot be overlooked [76].

Based on the review, we can conclude that the main problem lies in the difficulties in
interpreting the data to estimate the accuracy of WCP in the transformer. Since the water
accumulates more in the paper insulation and could not be determined directly without
shutting down the power transformer, accurate measurement of the data from the oil anal-
ysis and its related parameters are essential. Employing artificial intelligence (Al)-based
technologies such as machine learning could interpret the data with high accuracy and
simultaneously handle data uncertainty because it removes human errors. A few Al mod-
els have been proposed to investigate the performance of predicting power transformers,
such as Random Forest, Artificial Neural Network (ANN), Support Vector Machine (SVM),
and Decision Tree [96]. Recent studies [97-99] showed that the incorporation of artificial
intelligence would reduce the error due to data uncertainty and provide a fast and simple
analysis in monitoring the condition of the transformer insulation system. Implementa-
tion of a high computational tool such as Al to determine the WCP should be carried out
in the future in the transformer insulation system to overcome the limitations of the current
methods and achieve high accuracy in the estimation.

7. Conclusions

Measurement of the WCP, a critical part in determining the health of a transformer,
has been a challenging task since the direct detection method is unsuitable for practical
use. This paper reviews the water detection method in oil and paper insulation that has
been used in the laboratory and on-site. The principle of the method was described with
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its pros and cons. With various methods available, the accuracy and simplicity of the tech-
niques should be the main criteria in choosing a suitable method to be adopted. It can be
concluded that estimation of the WCP from RS or a,, measurement of oil samples using a
saturation meter-based sensor could be the most recommended method since it increases
accuracy as well as has simple procedures. Even though the saturation meter-based sen-
sor is currently advanced in online monitoring methods, its application is still limited due
to the high installation cost and the suitability of the transformer type. Furthermore, the
dielectric response method also can provide good correlation results of WCP with the di-
rect method of WCP measurement. Additionally, the electrical method does not require
sampling, which usually contributes to more errors. A combination of the time and fre-
quency domain of the dielectric response method shall be explored more in depth as other
alternatives in determining the accurate WCP. However, more research is needed to over-
come the limitation of this electrical method, which can greatly reduce the cost required of
the shutdown of a transformer during measurement. The research on the online dielectric
measurement on oil-paper-insulated transformers was performed in the laboratory and
looks promising for reducing the cost of the current offline method. However, it is still not
extended to the practical application of field measurement [76]. Recently, Al techniques
constituted the most cutting-edge method to diagnose the fault in a power transformer;
thus, implementing Al technologies in solving complex problems of power transformer
systems can be considered. With the growth of the power transformer system, complexity
in the network has increased tremendously. As a consequence, the analysis of the acquired
data by conventional techniques became more complicated and time-consuming. There-
fore, applying Al technologies with the help of sophisticated computer tools could resolve
the problems of determining the WCP in the transformer. Subsequently, the difficulties in
monitoring and maintaining power transformers could be reduced and handled efficiently.
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