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Abstract: The aim of this study was to perform precision measurements of the frequency-temperature
dependences of the loss angle tangent of the liquid-solid composite with the FDS Dirana meter. The
composite consisted of heavily moistered oil-impregnated pressboard. The moisturization of the
pressboard occurred in a manner as close as possible to the process of wetting the insulation in power
transformers to a moisture content of (5.0 4 0.2) wt. %. This value of moisture content was chosen
because exceeding this value can lead to transformer failure. The measuring temperature range was
from 293.15 K (20 °C) to 333.15 K (60 °C), with a step of 8 K. The measuring frequency range was
0.0001 Hz to 5000 Hz. It was observed that the shape of the frequency dependence of the loss angle
tangent for a moisture content of 5.0 wt. % does not depend on the value of the measuring temperature.
An increase in temperature leads to a shift of the waveforms into the higher frequency region. This
is associated with a decrease in the relaxation time, and its value depends on the activation energy.
It was found that a good fit of the waveforms, simulated by Dirana, to the actual tgé waveforms
obtained at temperatures between 293.15 K (20 °C) and 333.15 K (60 °C) requires the introduction of
temperatures, higher than the actual insulation temperatures, into the program. It was found that
estimating the moisture content for different temperatures using Dirana soft-ware for insulating an
oil-impregnated pressboard produced large discrepancies from the actual content. Better results were
obtained after an adjustment requiring manual temperature correction towards higher, compared to
measured, temperatures. The moisture content estimated after correction by the Dirana meter ranges
from of 4.5 wt. % to 5.7 wt. % and increases almost linearly with increasing measuring temperature.
The average moisture content estimated by the Dirana meter for all measuring temperatures is
5.1 wt. % and is close to the actual content (5.0 £ 0.2) wt. %. The uncertainty of the estimate is
+0.43 wt. % and is more than twice as high as the true value.

Keywords: transformer diagnostics; FDS method; insulation of transformers; moisture; oil-impregnated
pressboard; oil; transformer temperature

1. Introduction

The insulation of oil transformers has hardly changed from the first constructions to
the present day. For its construction, they use cellulose materials in the form of winding
paper and pressboard. Once made, the core and windings are placed in a transformer
tank, dried, and covered with insulating oil. This improves the insulation properties by
impregnating the cellulose with oil. Practically until the end of the last century, the basic
insulating materials were cellulose materials and petroleum-based mineral oil [1]. In the
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20th century, improvements were made to increase the electrical strength of transformer
insulation, including, first of all, the vacuum drying of insulation and treatment of mineral
oil before it is filled into the tank, as a result of which oil moisture is reduced to 3-7 ppm
and dissolved gases are removed [2-4]. Filling the ladle with oil is also done under
vacuum. This improves the electrical strength of the insulation, accelerates impregnation,
and reduces the probability of remaining gas bubbles, which are the source of partial
discharges [5]. In the last few decades, aramid paper has started to be used for insulation
in some transformers [6,7]. Increasingly, mineral oil has been replaced by other insulating
liquids, such as synthetic and natural esters [8-13]. In recent years, an alternative to esters
has emerged. Insulating bio-oils have been developed. Their production technology is
identical to that of mineral oils, but they are made not from oil but from natural raw
materials. One example of such oil is Nynas NYTRO BIO 300X [14]. Its electrical strength
is similar to that of mineral oil [15]. The great advantages of this oil in comparison with
mineral oil are lower viscosity and higher heat capacity [14,16-18]. This improves the
cooling conditions of transformers. The high biodegradability of bio-oil makes it more
environmentally friendly than mineral oil. The technology of manufacturing transformers
using esters or bio-oils is the same as the technology using mineral oils.

The cellulose moisture content of a newly built transformer is approximately 0.8 by
weight (wt. %). Power transformers are designed for a service life of at least 25 years.
During this time, moisture penetrates slowly into the transformer tank, where the moisture
dissolves in the oil. By circulating the o0il, water molecules are delivered to the cellulose,
which absorbs it. This is due to the fact that the solubility of moisture in the pressboard
is about 1000 times higher than in the insulating o0il [19]. Over a service life of more than
25 years, the concentration of water in the cellulose components of the insulation can reach
a level of 5 wt. % or even higher. The value of 5 wt. % is in a way a limit value, which, if ex-
ceeded, may cause a threat of transformer breakdown [20-22]. The detection of the state of
threat allows for its elimination through, for example, the vacuum drying of insulation. The
best method for determining the moisture content in cellulose is the chemical Karl Fischer
titration method [23]. Unfortunately, because the transformer is airtight, it is not possible
to take a sample of the pressboard from it for chemical analysis. Non-destructive electrical
methods are currently used to estimate the moisture state. Among these are Polarization
Depolarization Current (PDC) [24-26], Frequency Domain Spectroscopy (FDS) [27-30], and
Return Voltage Measurement (RVM) [31-33]. These methods are based on measurements
of a number of electrical properties of the insulation, which depend on the level of cellulose
moisture. Among the above-mentioned methods, the FDS method is currently considered
to be the most effective one by the units dealing with diagnostics and repairs. Modern
FDS meters, apart from the electrical parameters of the insulation, allow one, using ded-
icated software, to estimate the level of moisture in the pressboard. It has recently been
established that the moisture content estimated by one of the FDS meters does not coincide
with the actual water content of the cellulose component [34]. Undoubtedly, the press-
board impregnated with insulating oil is a two-phase composite material. Its absorption
of moisture causes the composite to become three-phase. DC studies of the three-phase
cellulose-insulating oil-moisture composite showed that its conductivity is determined
by the presence of water. The conduction of the current takes place by the quantum me-
chanical phenomenon of electron tunnelling between water molecules [35], whereas in
works [36,37] it was established that water in a three-phase composite is in the form of
nanodrops with diameters of about 2.2 nm, containing about 200 water molecules each.
There is a quantum mechanical phenomenon of electron tunnelling from one nanodrop
to another, which causes current flow and dipole formation. This results in additional
polarisation of the material [38,39]. An important factor in the tunnelling phenomenon
is the dielectric relaxation time. After its expiry, the positive field of the charged well
causes the electron to return to the well from which it started tunnelling. This results in the
disappearance of the dipole. The value of the relaxation time is strongly influenced by the
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average distance between nanodrops, the dielectric permeability of the material, and the
temperature [37].

Insulation condition diagnostics by the FDS method are largely based on measure-
ments of the frequency dependence of the loss angle tangent [40]. The insulation system of
power transformers is very complex. It is a complex cylindrical system, which includes
barriers and baffles made of pressboard and oil ducts. CIGRE in publication [41] recom-
mended the use of a simplified transformer insulation model. This is a series-parallel
planar capacitor in which the barriers are replaced by one of thickness X and the baffles are
replaced by one of width Y. A single oil channel was also created. The application of the XY
CIGRE model in a certain way simplifies the analysis of the results of power transformer
insulation diagnostics based on the frequency dependence of the loss angle tangent.

In [42], an analysis of the temperature-frequency dependence of tgd(f) of a three-
phase composite with a moisture content from 1 wt. % to 4 wt. % was performed. It was
found that dielectric relaxation of dipoles, formed by electron tunnelling between water
nanoparticles, occurs in the ultra-low and low-frequency regions. The shape of the tgé(f)
waveforms depends only on the moisture content, and their position with respect to the
double-logarithmic coordinates is determined by temperature. In order to analyse the state
of moisture in the cellulose component of power transformer insulation, laboratory tests
using the FDS method should be carried out to obtain the so-called calibration character-
istics, otherwise known as reference characteristics. Using them, it is possible to obtain
information about the state of the solid component of the transformers’ insulation on the
basis of their FDS tests.

The aim of this study was:

e  The moisturize the pressboard in a manner as close as possible to the process of
wetting the insulation in power transformers to a moisture content of (5.0 £ 0.2) wt. %.
This value of moisture content was chosen because exceeding this value can lead to
transformer failure.

e  To carry out precision measurements of the frequency-temperature dependences of
the loss angle tangent of the composite with the Dirana meter.

e  To match simulated waveforms with experimental waveforms using the meter soft-
ware, estimating the moisture content of moisture-impregnated insulating oil. The
quality of the moisture determination by the Dirana meter is gauged by comparing
the results obtained with the actual moisture content.

2. Materials and Methods
2.1. Materials

For the preparation of samples for testing, a moisture method was developed that was
as close as possible to the natural moisture process of the pressboard in power transform-
ers [43]. The sample preparation process was as follows. The plate of the pressboard to be
tested was vacuum-dried and, leaving it in vacuum, flooded with oil, which resulted in its
impregnation. Then, the two plates of the pressboard were vacuum dried, moistened in
the traditional way in atmospheric air [44-49], and impregnated with insulating oil. These
plates served as the moisture source for the dry plate. The moisture source pressboard
plates were then placed in a vessel, with oil underneath and above the dry impregnated
sample. Supports were placed between the dry and moisture pressboard plates to prevent
direct contact between them. Moisture from the damp plates penetrated into the oil. The
oil delivered the water to the dry plate, where it was absorbed. This is a process identical to
the wetting of the pressboard in transformers. The wetting process took about 18 months.
Several wafers with a water content of (5.0 & 0.2) wt. % were prepared for testing. This
involved limiting the moisture content above which catastrophic failure of the transformer
can occur. The insulating materials used in this study are intended for use in power trans-
formers. In the study, the electrotechnical pressboard made by Weidman and mineral
insulating oil made by Nynas were used. The oil was vacuum-treated at Energo Complex
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Sp. z 0.0. (Piekary Slaskie, Poland). The moisture content of the oil was in the order of a
few ppm.

2.2. Methods

The schematic diagram of the system (Figure 1), on which investigations of the tangent
angle of loss of moisture pressboard were carried out, has been described in papers [50-53].
The measurements were performed using a three-electrode measuring capacitor.

Figure 1. The cross-section of the measuring capacitor with the electrical diagram of the stand:
1—DIRANA meter-FDS-PDC dielectric response analyser (OMICRON Energy Solutions GmbH,
Berlin, Germany), 2—measuring electrode, 3—voltage electrode, 4—protection electrode, 5—insulator,
6—pressboard, 7—temperature recorder Agilent 34970A, 8—thermostat, and 9—computer.

A plate of pressboard is used for the test, moistened as described in Section 2.1. The
pressboard is placed in a three-electrode measuring system between the voltage (3) and
measuring electrodes (2). The system with the test sample is placed in a hermetic vessel
flooded with insulating oil. The vessel is placed in a thermostat that maintains the set
temperature over a number of hours. The uncertainty of temperature maintenance does
not exceed £0.01 K. Loss angle tangent measurements were performed with a DIRANA
meter—FDS-PDC dielectric response analyser (OMICRON Energy Solutions GmbH, Berlin,
Germany). In the frequency range from 10~ Hz to 5000 Hz, 10 measurement points per
decade were performed, and in the range from 10~* Hz to 10~3 Hz, 6 points per decade
were performed. Measurements were performed at six measurement temperatures from
293.15 K (20 °C) to 333.15 K (60 °C), with a step of 8 K.

The first temperature at which measurements were performed was 293.15 K (20 °C).
Once stabilised, the measuring system was connected to the Dirana meter. Measurements
were started at the highest frequency of 5000 Hz. Subsequent measurement frequencies
were set up to a frequency of 0.0001 Hz. The next temperature was set, and after it had
stabilised, further measurements were taken.

2.3. Tangent Angle Loss Measurements of Insulating Materials. Theoretical Background

The tests were carried out with a planar capacitor in a parallel equivalent diagram,
shown in Figure 2a. In this figure, Cp is the capacitance of an ideal capacitor, whereas Rp is
the ideal resistance. The conduction and capacitive current vectors, as well as the phase
shift angle ¢ and loss angle 5, are shown in Figure 2b.
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a)

Figure 2. A parallel equivalent diagram of the insulating material (a) and indication diagram for
a parallel equivalent diagram (b). V—supply voltage amplitude, [z—conduction current ampli-
tude, Ic—offset current amplitude, Rp—resistance, Cp—capacitance, ¢—phase shift angle, and
5—Iloss angle.

Frequency Domain Spectroscopy (FDS) meters measure, in parallel or series, equiva-
lent schemes two fundamental values from which it is possible to determine other dielectric
parameters. In the parallel equivalent scheme, these are the values of the phase shift angle
¢ and the admittance Y. In the series equivalent circuit diagram, these are the values of
impedance Z and phase shift angle 0. The value of admittance (impedance) is determined
from the quotient of the supply voltage amplitudes and the current [54]. The values of
admittance and impedance are related to each other by the formula:

Y=—=— 1)

where: Y—admittance, V—supply voltage amplitude, i—current amplitude, and Z—
impedance.

The phase shift angle in the parallel equivalent circuit ¢ is calculated from the differ-
ence of angles for which zero values appear on the current and voltage waveforms. During
measurements in the series equivalent circuit, the value of the phase shift angle module, in
this case denoted as 0, remains unchanged. Only its sign changes:

¢ = 9. @)

To analyse the condition of the cellulose-oil insulation of power transformers, the most
commonly used value is the tangent of the loss angle tgé. To determine tgd, the phase shift
angle modulus ¢ is needed. According to the definition, the value of {gJ is (see Figure 2b):

tgo — IR _ COS@
Ic |sin ¢|

= |ctgel. 3)

It follows from Figure 2b that in a parallel substitution scheme:

u
IR - Ripl (4)
IC = U(UCP. (5)

By substituting the values from Equations (4) and (5) into Equation (3), we obtain:

Ir u 1
5 = — = = . 6
IC Rlepr Rp(IJCp ( )

tg:
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For a flat capacitor with a homogeneous dielectric, having losses:

d

Rp=—
P oS’

@)
where o—conductivity, d—the thickness of tested insulating material, and S—the surface
area of the lining of measuring capacitor.
egpS
Cp=——, 8

P= ®)
where e—the dielectric permeability of the tested material, ,—the dielectric permeability
of the vacuum, d—the thickness of the tested insulation material, and S—the surface area
of lining of the measuring capacitor.

By substituting Formulas (7) and (8) into Formula (6), we obtain:

oSd o

t 5 == = = .
8 RpwCp  wdeepS  weey

©)

Equation (9) shows that the loss angle tangent is a function of three variables: circular
frequency, conductivity, and permeability. The conductivity ¢ describes the ability of a
material to conduct the electric current. The dielectric permeability ¢ characterises the
material’s ability to polarise. These parameters are electrical material parameters. The
use of the tgé value to measure the homogeneous insulating material in a planar capacitor
provides some information about the quality of the insulation and eliminates the need to
consider the geometrical dimensions of the insulation.

3. Study of Loss Tangent of Moistened Pressboard Impregnated by Oil

Figure 3 shows the frequency dependence of the loss angle tangent of a three-phase
composite of pressboard—-insulating oil-water, moistured in a manner maximally similar to
the moisture process in transformers to a water content of (5.0 £ 0.2) wt. %. Measurements
were made for six temperatures ranging from 293.15 K (20 °C) to 333.15 K (60 °C). Figure 3
shows that, similarly to the lower moisture contents analysed in [42], the changes of tem-
perature do not cause any changes in the shape of the relation g6 of the board impregnated
with insulating oil and moistured in a manner maximally similar to moisture in power
transformers up to the critical moisture content of (5.0 & 0.2) wt. %. The shape of the tgd(f)
curve depends only on the moisture content.

As the temperature increases, a shift of the waveforms into the higher frequency
region is observed. This is associated with a change in the relaxation time, defined by the

formula [37]: ) AE
T = Tmo exp(R;) exp( kTT)' (10)

where T—relaxation time; T,,p—numerical value; Rg—the radius of the electron localization

—the so-called Bohr radius; AE;—the activation energy of the relaxation time; and r—the

average distance between the potential wells, between which the electron is tunnelling.
The average distance between the potential wells is described by the formula:

[N

~ Xp -
"= (100uMHZO) ' (1)

In the test sample, the water concentration and with it the average distance between
the potential wells are constant values. Therefore, only the temperature dependence of
the relaxation time remains. On the basis of 6 curves of {gd(f), obtained for different
temperatures, using Formula (10) the value of the activation energy of the relaxation time
of the loss angle tangent was determined, which is AE; ~ (0.871 £ 0.020) eV.
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Figure 3. The frequency dependences of the tangent of the angle of loss of the composite pressboard—
insulating oil-water with the content of (5.0 & 0.2) wt. % for the measured temperatures from 293.15 K
to 333.15 K. Points—results of measurements.

The next step of the study was to try to match the waveforms, generated by the Dirana
meter software, to the experimental tgé(f) relationships shown in Figure 3.

Figure 4 shows a screenshot of the computer screen showing the control panel of the
Dirana program, the experimental relationship {¢d(f) obtained at 293.15 K (20 °C), and the
fitted waveform. In addition, the program determined the values X = 5% and Y = 91%. This
means that the oil content in the channels is very low and amounts to about 8.55% of the
volume of the pressboard plate. This is a reflection of the real situation, as the pressboard
plate was placed between the flat voltage and measuring electrodes. Therefore, the oil
channel contains very little oil. This is due to the slight unevenness of the sample surface
compared to the electrode planes. The meter estimated the moisture content at 3.3 wt. %.
This is strongly underestimated compared to the actual value, which is (5.0 & 0.2) wt. %.
On the other hand, the shape of the fitted waveform is very far from the one obtained
experimentally. On the control panel (Figure 4), there are windows that allow manual
changes of the oil conductivity and temperature values. The changes we made to the oil
conductivity over the entire changeable range did not improve the fit. On the other hand,
changes in temperature significantly improved the quality of the fit. Figure 5 shows the
experimental curve obtained at 293.15 K (20 °C) and the fitting results for a temperature
of 331.15 K (58 °C), entered manually in the control panel. From the comparison with
Figure 4, it is clear that the manual adjustment of the temperature towards increasing the
temperature significantly improved the quality of the fit.

The shapes of the automatic fit from Figure 4 and the manual fit from Figure 5,
performed at 293.15 K (20 °C) and 331.15 K (58 °C), respectively, are very different. This
concerns, above all, the increase of the slope in the area below 100 mHz and the decrease of
the maximum at 1 Hz with increasing temperature. This means that Dirana’s software did
not take into account the fact that the shape of the waveforms, obtained experimentally for
tgé(f) of the pressboard, do not depend on temperature (Figure 3). Similar steps regarding
the variation of the fitting temperature compared to the measurement temperature were
performed for the other temperatures in Figure 3. Figures 6 and 7 show, as examples, the
fits for a measurement temperature of 309.15 K (36 °C) and 325.15 K (52 °C).
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Figure 4. The experimental dependence of {gd(f) of a composite of pressboard—insulating oil-water
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with a content of (5.0 £ 0.2) wt. % for a measurement temperature of 293.15 K (20 °C)—Dblue points,
and the waveform fitted by the Dirana meter software—red points.
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Figure 5. The experimental dependence of {gd(f) of a composite of pressboard—insulating oil-water
with (5.0 £ 0.2) wt. % for a measurement temperature of 293.15 K (20 °C)—blue points, and the
waveform fitted by a Dirana meter for a manually entered temperature of 331.15 K (58 °C)—red points.

For a measuring temperature of 309.15 K (36 °C), an improvement in the quality of
the fit was obtained when the temperature of 334.15 K (61 °C) was manually entered into
the software.

The experimental curve obtained at 325.15 K (52 °C) satisfactorily coincides with the fit
performed after manually introducing a temperature of 340.15 K (67 °C). An analysis of the
waveforms obtained by fitting to the experimental waveforms determined at temperatures
from 293.15 K (20 °C) to 333.15 K (60 °C) showed that satisfactory quality requires the
manual correction of the fitting temperatures in the direction of their increase in relation to
the measured values.
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Figure 6. The experimental dependence of tg5(f) of a composite of the pressboard—-insulating oil-water
composite with a content of (5.0 & 0.2) wt. % for a measuring temperature of 309.15 K (36 °C)—blue
points, and the waveform fitted by a Dirana meter for a manually entered temperature of 334.15 K
(61 °C)—red points.
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Figure 7. The experimental dependence of {gd(f) of a composite of pressboard—insulating oil-water
with (5.0 £ 0.2) wt. % for a measurement temperature of 325.15 K (52 °C)—blue points, and the
waveform fitted by a Dirana meter for a manually entered temperature of 340.15 K (67 °C)—red points.

Figure 8 shows the dependence of the manually introduced temperature, needed to
obtain a satisfactory fit to the experimental relations tgé(f) of the composite of pressboard—
insulating oil-water with a content of (5.0 &= 0.2) wt. % on the measurement temperature. It
can be seen from the figure that obtaining a satisfactory fit requires the manual correction
of the temperature in the direction of an increase compared to the measurement tempera-
ture. Figure 9 shows the dependence of the moisture content, as estimated by the Dirana
meter after manual temperature correction to obtain a satisfactory fit, as a function of the
measurement temperature.
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Figure 8. The dependence of the manually entered fitting temperature on the measurement tem-
perature needed to satisfactorily fit the experimental tgd(f) relationships of a (5.0 £ 0.2) wt. %.
pressboard-insulating oil-water composite.
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Figure 9. The dependence of the water content estimated with the Dirana gauge software on
the measuring temperature of a composite of pressboard—insulating oil-water with a content of
(5.0 + 0.2) wt. %.

Figure 9 shows that the average moisture content of the pressboard-oil-water com-
posite determined after manual temperature adjustment is (5.1 &= 0.43) wt. % and is close
to the actual content of (5.0 & 0.2) wt. %. The uncertainty of measurement is more than
twice the actual value and is £0.43% or approximately +8.3%. An increase in the mea-
suring temperature results in an almost linear increase in the Dirana Meter’s estimated
moisture value from 4.5 wt. % to 5.7 wt. %. This means that the estimated moisture value
significantly depends on the measuring temperature. This is contrary to the conditions of
the experiment, in which a sample with a strictly defined water content was used. It has
not been ruled out that the increase in the estimated water content observed in Figure 9
with increasing measurement temperature is related to the fact that the activation energy
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of the relaxation time used in the Dirana meter software is slightly different from that
specified in this paper. This means that in order to correctly determine the state of moisture
in the paper-oil insulation on the basis of the frequency dependence analysis of the loss
angle tangent, the parameters of the physical model must be precisely determined. The
model describes the temperature dependence of conduction (defined by conductivity) and
dielectric relaxation (defined by dielectric permittivity). This is because the loss angle
tangent, which serves as the basis for moisture estimation, is a function of both of these
material parameters.

4. Conclusions

The paper presents the results of investigations of the loss angle tangent determined
by the FDS method for cellulose-oil insulation with a limiting water content in the blanket
of (5.0 £ 0.2) wt. %, moistened in a manner as close as possible to the actual moistening
process in power transformers. This water content was chosen because exceeding it risks
the catastrophic failure of the transformer. The measuring temperature range was from
293.15 K (20 °C) to 333.15 K (60 °C) with a step of 8 K. The measuring frequency range was
0.0001 Hz to 5000 Hz. The moisture content of the actual water content (5.0 £ 0.2) wt. % of
the insulating oil impregnated blanket was estimated using Dirana software.

It was observed that the shape of the frequency dependence of the loss angle tangent
for a moisture content of (5.0 &+ 0.2) wt. % does not depend on the value of the measuring
temperature. An increase in temperature leads to a shift of the waveforms into the higher
frequency region. This is associated with a decrease in the relaxation time. Its value
depends on the activation energy, the value of which was determined in this paper as
AE: ~ (0.871 £ 0.020) eV. It was found that a good fit of the waveforms, simulated by
Dirana, to the actual fgé waveforms obtained at temperatures between 293.15 K (20 °C) and
333.15 K (60 °C) requires the introduction of temperatures, higher than the actual insulation
temperatures, into the program. As the fitting temperature changes, changes in the shape
of the fitted waveforms occur. This is inconsistent with the experimental results, which
show the independence of the shape of the waveforms from temperature.

It was found that estimating the moisture content for different temperatures using
Dirana software for insulating an oil-impregnated pressboard produced large discrepancies
from the actual content. Better results were obtained after an adjustment requiring manual
temperature correction towards higher, compared to measured, temperatures. The moisture
content estimated after correction by the Dirana meter ranges from a minimum value of
4.5 wt. % to a maximum value of 5.7 wt. % and increases almost linearly with increasing
measuring temperature. The average moisture content estimated by the Dirana meter
for all measuring temperatures is 5.1 wt. % and is close to the actual content (5.0 £ 0.2)
wt. %. The uncertainty of the estimate is +0.43 wt. % and is more than twice as high
as the true value. An important result of the research is the fact that the dependence of
the moisture content estimated by the Dirana gauge software depends on the measuring
temperature. Its conformity with the actual content of the pressboard sample used in
the study occurs only at the measuring temperature of 309.15 K (36 °C). For the other
measuring temperatures, it is either lower or higher than the actual content. It follows that
in order to improve the quality of the determination of the state of moisture of paper-oil
insulation on the basis of FDS analysis, it is necessary to use a physical model, which
accurately describes the processes of conduction, defined by conductivity, and of dielectric
relaxation, defined by dielectric permeability. Both of these parameters unambiguously
determine the temperature dependence of the experimental value of the loss angle tangent,
on the basis of which the moisture content is estimated.
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