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Abstract: The aim of the work was to prepare and test a paper-oil insulation system according to
the recommendations of CIGRE (Conseil International des Grands Réseaux Électriques) with the
parameters X = 50% and Y = 30%. Pressboard was moistened to a water content of (5.0 ± 0.2) wt.%
The loss tangent was measured using a DIRANA meter (FDS-PDC dielectric response analyzer) in
the frequency range 10−4 Hz–5000 Hz for 6 temperatures from 293.15 K to 333.15 K with a step of
8 K. The waveforms simulated by the DIRANA software were fitted to the experimental dependence
of the loss tangent. The fitting process was performed using two methods. In the first method, the
measuring temperature value as well as X and Y values were entered into the software. The estimated
moisture content of the insulation varied from about 1.4 to about 5.2 wt.%. The average value of
moisture content was (3.73 ± 1.11) wt.%. In the second method, only the measuring temperature
value was entered into the software. This improved the quality of matching. The estimated average
moisture content was (5.83 ± 0.25) wt.%. It was found that the dimensions of the oil channel clearly
affected the quality of the fitting process. By not taking into consideration real values of oil channel,
the quality of the moisture content estimation was significantly improved.

Keywords: power transformers; insulation system; dielectric materials; mineral oil; electrotechnical
pressboard; insulation diagnostics; moisture; dielectric loss factor

1. Introduction

The use of mineral oil in combination with cellulose as electrical insulation of power
transformers dates back to the end of the 19th century [1–3]. The continued popularity
of this type of insulation is due to its good electrical and mechanical properties as well
as economic considerations. Cellulose, most often in the form of pressboard or paper, in
combination with insulating oil, forms the so-called liquid-solid insulation. The role of
the oil in this insulation system is to act as electrical insulation, work as a coolant, and
protect the cellulose insulation against the ingress of moisture. The task of cellulose is to
perform a structural and insulating function. In the transformer production process, after
its assembly, the cellulose insulation is dried. Under vacuum conditions, the temperature
of the insulation is raised in order to evaporate the water. Then, under reduced pressure,
the insulation is poured over with heated and previously degassed insulating oil [4–6]. Cel-
lulose has a capillary structure. In the process of oil pouring, the insulation is impregnated.
Increased temperature of the insulating liquid facilitates impregnation of the insulation
due to the inversely proportional dependence of the kinematic viscosity of the oil on the
temperature. Then, the pressure in the transformer tank is equalized with the atmospheric
pressure, which accelerates the impregnation process. The water content of new paper-oil
insulation usually does not exceed 1 wt.%. Due to the negative impact of the potential
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leakage of mineral oil into the environment, more and more emphasis is now placed on
the use of more environmentally friendly insulating liquids. Natural and synthetic ester
oils can be distinguished among the solutions currently used [7–9]. They are characterized
by high biodegradability, electrical strength similar to or higher than that of mineral oil,
and a high flash point. The disadvantage of ester oils is their high viscosity, which can
significantly reduce the efficiency of the transformer cooling system. A new alternative to
the previously mentioned insulating liquids is bio-carbon mineral oil. It is characterized by
electrical parameters similar to classical mineral oil, but better in terms of thermal parame-
ters, with high biodegradability at the same time [10–13]. The aforementioned parameters
of bio-carbon oil result from its production process, which, unlike the refining of petroleum
substances such as the case with mineral oil, uses a mixture of natural hydrocarbons. One
example of such oils is NYTRO BIO 300X oil [13]. An alternative to cellulose is aramid
paper, which is more resistant to temperature and moisture [14,15].

During many years of transformer operation, slow degradation of its insulation occurs.
As aging processes progress, the electrical and mechanical properties of paper-oil insulation
are reduced. The presence of water molecules in the insulation significantly accelerates the
aging processes. The main source of moisture in the insulation is its penetration from the
outside of the transformer. When the water molecules enter the tank, they dissolve in the
oil which carries them to the cellulose. Due to over 1000 times higher solubility of water in
cellulose than in oil, cellulose insulation accumulates moisture molecules [8]. When the
moisture level of the transformer’s paper-oil insulation exceeds 5 wt.%, it is necessary to
turn it off [16,17]. There are methods for drying power transformers that reduce insulation
moisture. The most popular method is the use of separators that dry the oil taken from
the transformer, and then, return it to the tank. Due to the balance between the relative
moisture content of the cellulose and the relative moisture content of oil, water migrates
from the cellulose to the dry oil drying the insulation.

In order to prevent potential transformer failure, it is necessary to know its insulation
moisture degree. Due to the fact that transformers are hermetic devices, it is not possible to
take an insulation sample in order to perform chemical tests. For over 50 years, one of the
most popular methods of assessing the moisture content of paper-oil insulation has been
the use of Oommen curves to show the relationship between the moisture of mineral oil
and the moisture of cellulose insulation [18]. In order to use this method, an oil sample
is taken from the transformer, and then, it is analyzed for moisture by the Karl–Fischer
titration method. Then, using the Oommen curves, the level of moisture in the transformer
insulation is estimated. Unfortunately, this method has many practical limitations that
significantly reduce its accuracy. Currently, nondestructive electrical methods are used to
determine the condition of paper-oil insulation, with particular emphasis on the level of
moisture. They can be divided into two groups. In the first group, DC voltage excitation is
applied, and the dielectric response of the insulation system is recorded in the time domain.
Examples of such methods are the polarization depolarization current (PDC) [19–21] and
return voltage measurement (RVM) [22–24] methods. In the second group, a sinusoidal
forcing voltage is used, allowing the response of the isolation system in the frequency
domain to be observed, for example, the frequency domain spectroscopy (FDS) [25–27]
method. Currently, the most frequently used method among the methods mentioned above
is the FDS method [28–32] Modern FDS meters, with the help of the software provided by
the manufacturer, make it possible to estimate the moisture content of paper-oil insulation
and the conductivity of insulating oil.

The latest research indicates the possibility of significant discrepancies between mois-
ture content estimates using the software of FDS meters and actual insulation moisture [33].
The reason for the occurrence of such discrepancies may be the use of simplified models of
conductivity and relaxation of oil-paper insulation.

Moistened, oil-impregnated insulating oil cellulose insulation forms a three-element
composite, the conductivity of which depends on the water content. The research has
proven that the electric current conduction in the composite takes place by tunneling
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electrons between potential wells formed by water molecules [34]. In the works by [35,36],
it was proven that water in paper-oil insulation occurred in the form of nanodrops with a
diameter of about 2.2 nm, consisting of an average of 200 water molecules. The occurrence of
quantum-mechanical electron tunneling between nearby nanodrops leads to the formation
of temporary dipoles, causing additional polarization of the material. The lifetime of the
dipoles formed in this way is determined by the dielectric relaxation time, which is the
time from the moment of the electron tunneling to the nearby potential well, until its return
to the potential well from which the electron was initially tunneling. The value of the
dielectric relaxation time is influenced by the distance between the potential wells, the
electric permittivity of the material, and the temperature [36].

Diagnostics of the transformer insulation condition is based on the measurements
of the loss tangent [37,38]. Due to the geometric complexity of the insulation system, the
CIGRE (Conseil International des Grands Réseaux Électriques) team of scientists proposed
to use a simplified XY model of the insulation. In this model, the X parameter reflects the
share of barriers, and the Y parameter reflects the share of spacers in the oil channel. The
use of the XY model significantly simplifies the analysis of measurement results.

Research on the influence of the moisture content of paper-oil insulation on the value
of the loss tangent has shown the presence of dipole relaxation in the ultralow frequency
range as a result of electron tunneling between water nanodrops.

In the work by [39], an analysis of the temperature and frequency dependencies of
tgδ(f ) of a three-phase composite with a moisture content from 1 to 4 wt.% was performed.
It was found that in the ultralow and low-frequency regions, dielectric relaxation of dipoles
occurred as a result of electron tunneling between nanoparticles of water. The shapes of
the tgδ(f ) waveforms depend only on the moisture content, and their position in relation to
double logarithmic coordinates is determined by temperature. Taking into consideration
that the risk of transformer failure may occur after exceeding the critical moisture content
of 5 wt.% [16,17], the pressboard with this moisture content had to be tested. Therefore, the
aims of this study were:

• To prepare pressboard samples with moisture content of (5 ± 0.2) wt.% in a manner
identical to the moisturization of insulation in power transformers and the construction
of an XY insulation system, compliant with the CIGRE recommendations. The choice
of the moisture content was chosen because exceeding this level may cause failure of
the transformer.

• To perform measurements of the frequency and temperature dependencies of the loss
tangent of the XY insulation system.

• To use the FDS meter software for fitting the simulated waveforms to the experimental
dependence of the loss tangent of the XY insulation system.

• To estimate the moisture content of the cellulose component based on adjusting the
system parameters, and to compare the obtained results with the actual parameters.

2. Materials and Methods
2.1. Preparation of the Insulation System According to CIGRE

The insulating system of power transformers, shown in Figure 1, includes barriers (1)
and spacers (2) made of pressboard and oil ducts (3). This means that the insulation of the
power transformer is a complex series-parallel cylindrical capacitor.

In publications [40,41], CIGRE proposed a simplified insulation system in the form of a
series-parallel flat capacitor, as shown in Figure 2, to be used in the analysis of transformer
insulation diagnostics results, using electrical methods. The capacitor contains a barrier of
thickness X, which is the sum of the thicknesses of all the barriers in the transformer. The
CIGRE model also has one Y-wide spacer and one oil channel.
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Figure 1. Scheme of windings and insulation of a power transformer. 1—low voltage winding;
2—high voltage winding; 3—barriers; 4—spacers; 5—oil channels [40,41].

Figure 2. Electrical model of transformer insulation according to CIGRE. The heights of all com-
ponents are the same and equal h. 1—low voltage winding; 2—high voltage winding; 3—barriers;
4—spacers; 5—oil channels.

The electrical model of the system shown in Figure 2 can be presented in two ways.
The first system consists of an oil channel and spacers connected in parallel. A barrier
is connected in series with them. The second system comprises a serially connected oil
channel and a right part of barrier 1−Y wide. An element consisting of a spacer and the
left part of the barrier with the width Y is connected in parallel to them. Due to the level of
complexity, the second system is easier to calculate. It should be noted that the numerical
results of the calculations according to both equivalent schemes should be the same. The
CIGRE model assumes that the height of the windings is many times greater than the
distance between the high and low voltage windings. The equivalent diagrams of both
insulation electrical systems according to CIGRE are shown in Figure 3.

Figure 3. Electrical equivalent diagram of transformer insulation according to the CIGRE model:
(a) parallel-series diagram; (b) series-parallel diagram. tgoil, Coil—loss tangent and capacitance of
oil channel; tgsp+bar, Csp+bar—loss tangent and capacitance of spacers and left sided barriers; tgbar,
Cbar—loss tangent and capacitance of right sided barriers, tgsp, Csp—loss tangent and capacitance
of spacers.

Each of the elements connected in parallel (capacitance and resistance) measured in a
parallel equivalent diagram can be described with the respective values of the capacitance
and the loss tangent.

In the case of a homogeneous insulation material, the value of the loss tangent is given
by the formula:

tgδ =
σ

ωεε0
, (1)
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where σ is the conductivity, ε is the permittivity, ε0 is the vacuum permittivity, and ω is the
angular frequency.

Formula (1) shows that in the case of a homogeneous material, the value of the loss
tangent does not depend on the geometrical dimensions. For the transformer insulation sys-
tem and the XY model (Figures 1–3), the loss tangent is a function of frequency, temperature,
water content, and the X and Y parameters of the CIGRE model. In addition, it depends on
the following electrical parameters: tgcel, pressboard loss tangent; tgoil, oil loss tangent; Coil,
oil channel capacitance; Csp+bar, capacity of spacers + left side of the barriers; Cbar, capacity
of the right part of the barriers. This means that the measurements of the transformer
insulation loss tangent, performed by the frequency domain spectroscopy (FDS) method
are a function of many variables. The DIRANA meter used for the research has the ability to
adjust the simulated curves to the experimentally obtained loss tangent data. On the basis
of the fitting, the program returns the following parameters of the insulation system: X and
Y parameters, the conductivity of the insulating oil, and the insulation moisture content.

For the production of the XY insulation sample, 1 mm thick Weidman plates of
pressboard were used, which were moistened in the same way as pressboard is moistened
in power transformers during their many years of operation [32,42]. For this purpose, the
pressboard plate was dried in a vacuum chamber. Drying was performed at the temperature
of 80 ◦C for 72 h in a vacuum below 1 hPa. Then, leaving the plate in a vacuum, it was
poured with mineral oil produced by Nynas, as is done in the production of transformers.
The moisture content of the oil was several ppm. Then, two sources of moisture were
prepared in the form of pressboard plates made using the traditional method [43–46]. It
consists of drying the pressboard in a vacuum, then moistening it in the atmospheric air,
and impregnating it with insulating oil. The sources of moisture are placed in a vessel
with oil under and above the dried vacuum-impregnated plate. Supporters of 3 mm thick
were placed between the dry and moistened plates to eliminate direct contact between
them. The process of moistening the dried vacuum-impregnated plate is as follows: Water
from the moisture sources diffuses into the oil. Mineral oil supplies moisture to the dry
plate. The dry plate absorbs the moisture from the oil. A similar process takes place in
power transformers. The humidification was performed at room temperature for over
18 months. The plates were moistened to a water content of (5.0 ± 0.2) wt.%. The water
content selected is a limit value, and therefore, if exceeded, it could result in failure of the
transformer [16,17].

An insulation system compliant with the CIGRE model was built with pressboard
plates, as described above. The plates had the shape of circles with a diameter equal to
that of the voltage electrode (Figure 4). Then, a hole was cut in one of the plates so that the
cut part constituted 70% of the measuring electrode surface. After assembling the plates
and placing them between the voltage and measuring electrodes, and pouring them with
insulating oil, a system was created in accordance with the CIGRE model. Its parameters
were: a barrier with a thickness of X = 50%, a spacer with a width of Y = 30%, and the
remaining part, an oil channel (Figure 4). The volume of the oil channel was 35% of the
total volume of the insulation system.

Figure 4. Cross-section of the XY system: 1—measuring electrode; 2—voltage electrode; 3—barrier
with a thickness of 50%; 4—a spacer with a width of 30%; 5—oil channel.
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2.2. Methods

The scheme of the measuring stand used to measure the loss tangent of the insulation
system was described in the paper [47]. The insulating system located in a three-electrode
capacitor was placed in a vessel flooded with insulating oil. After hermetic closure, the
vessel was placed in the thermostat. The uncertainty of measuring and maintaining the
temperature during the tests did not exceed ±0.01 ◦C. A DIRANA meter (FDS-PDC dielec-
tric response analyzer, OMICRON Energy Solutions GmbH, Berlin, Germany) was used
for the measurements. In the frequency range from 10−3 Hz to 5000 Hz, 10 measurement
points per decade were made, in the range from 10−4 Hz to 10−3 Hz, 6 measurement points
per decade were made. Measurements were made at six temperatures from 293.15 K to
333.15 K in steps of 8 K.

Measurements were started at the temperature of 293.15 K. After it had stabilized, a ca-
pacitor was connected to the DIRANA meter and measurements were made at a frequency
of 5000 Hz. Then, the frequency was gradually lowered and further measurements were
made, after performing the measurement at the last frequency of 0.0001 Hz, measurements
were made at the next temperature.

3. Research on the Insulation System According to CIGRE Parameters, Impregnated
with Mineral Insulating
3.1. Research on the Frequency and Temperature Dependencies of the Loss Tangent of a Moistened
Insulation System

Figure 5 shows the frequency dependence of the loss tangent of the insulation system
according to CIGRE, consisting of a barrier and a spacer made of pressboard, impregnated
with mineral oil. The pressboard was moistened to the water content of (5.0 ± 0.2) wt.%, in
a manner identical to the humidification process in transformers. The channel was filled
with mineral insulating oil.

Figure 5. The frequency dependence of the loss tangent of the XY system consisting of the composite
pressboard, insulating oil, water with moisture content of 5 wt.%, and insulating oil, for the measuring
temperatures from 293.15 K to 333.15 K. Points—measurement results.
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The measurements were made for six temperatures ranging from 293.15 K to 333.15 K.
Figure 5 shows that temperature changes cause the waveforms to shift to a higher frequency
region. The shapes of the waveforms practically do not change. A slight decrease in the
value of tgδ in the waveform maximum is observed only in the frequency range below
0.001 Hz. In this frequency range, the course of the system loss tangent depends mainly on
the mineral oil parameters [38,44,48]. The measurement results of the XY insulation system,
shown in Figure 5, served as the basis for the analysis of insulation parameters using the
DIRANA meter software. For this purpose, the software adjusts the simulated waveform
to the waveform obtained from the insulation measurements. The software can determine
the insulating oil conductivity value and estimate the moisture content. The software, in
the absence of information about the geometrical dimensions of the transformer insulation,
can also determine the X and Y parameters of the insulation system. Accordingly, the
fitting process can be achieved following two methods. In the first method, the measuring
temperature value and the X and Y parameters of the insulation are entered into the
program, determined in accordance with the CIGRE model. The DIRANA meter software
adjusts the simulated waveform to the experimental waveform and returns the conductivity
values of the insulating oil and the pressboard water content given in wt.%. In the second
method, only the measuring temperature value is entered into the program. The software
completes the fitting process and returns the X and Y parameters, the oil conductivity value,
and the pressboard water content. Such a situation may arise, for example, when testing
older transformers, in which the geometrical dimensions of the insulation system are not
known, which excludes the possibility of calculating the X and Y parameters.

3.2. Fitting the Loss Tangent Waveforms of a Moistened Insulation System and on This Basis
Determining the Parameters of the Insulation Components, Known Values of X and Y

Figures 6 and 7 are examples of computer screenshots showing the experimental
results and the fitting for the temperatures of 36 ◦C and 60 ◦C. Figure 6 shows a screenshot
showing the experimental tgδ curve of the XY insulation system and the curve adjusted by
the DIRANA meter software. On the left, there is a software control panel with parameters
X = 50% and Y = 30%, and the measuring temperature of 36 ◦C. In the panel, the permittivity
corresponding to the value for mineral oil of 2.2 was selected.

Figure 6. The experimental dependence of the loss tangent of the insulation system by X = 50%
and Y = 30% measured at the temperature of 36 ◦C (1) and the curve fitted by the DIRANA meter
sofware (2).
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Figure 7. The experimental dependence of the loss tangent of the insulation system by X = 50%
and Y = 30% measured at the temperature of 60 ◦C (1) and the curve fitted by the DIRANA meter
software (2).

Figure 6 shows that the fitted waveform is quite far from the measurement waveform.
The parameters obtained on the basis of the fitting are oil conductivity at the temperature
of 20 ◦C amounting to 440.7 × 10−18 S/m, oil conductivity at the measuring temperature
of 1.0 × 10−15 S/m, and moisture content of 5.2 wt.%.

Figure 7 shows similar results for the measuring temperature of 60 ◦C. In this case, the
fitted waveform is also quite far from the measurement results.

In this case, the program provided the following parameters of the insulation system
components: oil conductivity at 20 ◦C of 1 × 10−9 S/m, oil conductivity at 60 ◦C of
7 × 10−9 S/m, and moisture content of 1.4 wt.%. On the basis of the fittings made for all of
the measuring temperature values, the temperature dependence of the moisture content in
the mineral oil-impregnated pressboard was developed, as shown in Figure 8.

Figure 8. Temperature dependence of the moisture content, estimated on the basis of the software
adjustment of the DIRANA meter with the input data of the X and Y values. Horizontal line—actual
water content.
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Figure 8 shows that the estimation of moisture content performed by the DIRANA
software for different temperatures has very large spreads. The minimum moisture content
value determined for a temperature of 60 ◦C was about 1.4 wt.%. Maximum moisture
content values of about 5.2 wt.% were determined for the temperatures of 36 ◦C and 44 ◦C.
The average moisture content value was (3.73 ± 1.11) wt.%. This means that the estimated
value of moisture content by using the DIRANA meter is much below the actual value,
which is (5.0 ± 0.2) wt.%. The difference between the actual value and the estimated
average value is 1.27 wt.% or about 25%. In addition, there is a very high uncertainty in the
estimation of the moisture content, amounting to ±1.11 wt.% or ±30%. These results are
rather unsatisfactory.

Figure 9 shows the temperature dependence of the mineral oil conductivity, obtained
by using the DIRANA meter software for the temperature of 20 ◦C. Figure 9 shows that
during the fitting process of the waveforms for the system made according to CIGRE, the
software introduces gigantic changes in the conductivity of the oil during the transition
from one measuring temperature value to another. For example, when the temperature
increases from 28 ◦C to 36 ◦C, a reduction in the conductivity of the oil by about six orders
of magnitude is observed. With a further increase in temperature from 44 ◦C to 52 ◦C,
there is a sharp increase in conductivity by more than six orders of magnitude. Such large
changes in conductivity are rather impossible. For insulating materials, the conductivity
should increase exponentially with increasing temperature.

Figure 9. Temperature dependence of the oil conductivity at 20 ◦C, estimated on the basis of fitting
by using the DIRANA meter software with the input data of the X and Y values.

3.3. Fitting the Loss Tangent Waveforms of a Moistened Insulation System and on This Basis
Determining the Parameters of the Insulation Components, Unknown Values of X and Y

Figures 10 and 11 show, as an example, the experimental dependences of the loss
tangent obtained at the temperatures of 36 ◦C and 60 ◦C. These are the temperatures for
which the curves were presented in the previous Section 3.2. These figures also show the
waveforms fitted by the DIRANA meter software. For this purpose, only the measuring
temperature values were entered into the software. By comparing the waveforms presented
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in Figures 6 and 10 for the temperature of 36 ◦C, it can be seen that performing the fitting
without introducing the X and Y parameters to the DIRANA meter software significantly
improved its quality. The best quality of matching occurs in the frequency range above
0.01 Hz. In this frequency range, the loss tangent of the insulation system depends mainly
on the moisture content of the cellulose component [38,44,48]. After the fitting process, the
DIRANA meter software returned an oil conductivity value of 1.1 × 10−12 S/m at 20 ◦C,
water content of 5.9 wt.%, and the parameters of the CIGRE model X = 92% and Y = 7%.

Figure 10. The experimental dependence of the loss tangent of the insulation system measured at the
temperature of 36 ◦C (1) and the waveform fitted by the DIRANA meter software without introducing
the values of X and Y (2).

Figure 11. The experimental dependence of the loss tangent of the insulation system measured at the
temperature of 60 ◦C (1) and the waveform fitted by the DIRANA meter software without introducing
the values of X and Y (2).

Figure 11 shows the results of the fitting process without specifying the X and Y values
for the experimental results, obtained at the measuring temperature of 60 ◦C. In this case, a
good quality of matching was obtained at frequencies above 0.04 Hz. Similar results were
obtained for the remaining measuring temperature values.

Based on the fittings made for six temperatures, the temperature dependence of the
moisture content was determined, estimated by the DIRANA meter software, shown in
Figure 12.

Figure 12 shows that the minimum value given by the DIRANA meter software,
obtained at a temperature of 60 ◦C, is 5.3 wt.%, whereas the maximum value is 6.0 wt.%
and the mean value Z ≈ (5.83 ± 0.25) wt.%. It means that the estimated value of moisture
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content is slightly overestimated in relation to the real value, amounting to (5.0 ± 0.2) wt.%,
and the measurement uncertainty is close to the real one.

Figure 12. Temperature dependence of the moisture content, estimated by the DIRANA meter
software fitting without entering the X and Y values. Horizontal line—actual water content.

Figure 13 shows the temperature dependence of the insulating oil conductivity, given
on the basis of matching, converted to a temperature of 20 ◦C. As can be seen, with
an increase in the measuring temperature value, the conductivity of the oil, converted
to the temperature of 20 ◦C, increases from the value of about 6 × 10−13 S/m to about
4 × 10−12 S/m. This is possible due to the fact that as the temperature increases, the
migration of moisture from the pressboard to the oil takes place. It results from the fact
that the thermodynamic equilibrium between the moist pressboard and the oil shifts to the
area of higher moisture content in the oil with the temperature increase [18].

Figure 13. Temperature dependence of the oil conductivity at 20 ◦C, estimated on the basis of the
fitting by the DIRANA meter software without the input of the X and Y values.
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Figure 14 shows the temperature dependencies of the X and Y parameters, estimated
by the DIRANA meter software. It shows that the values of the X parameter, estimated by
the DIRANA meter, range from about 76% to about 92% and that the average value of the
X parameter for all of the measuring temperature values is 83.3 ± 6.80%. These values are
approximately 1.66 times greater than the real value of 50%.

Figure 14. Temperature dependence of X and Y values, determined by the DIRANA meter software
fitting. Horizontal lines—actual values of X and Y.

In the case of the Y parameter value, estimated by the meter for different temperatures,
values range from about 5% to about 10%. The mean value is Y ≈ 6.85 ± 1.57%, which is
approximately 4.4 times less than the actual value of the insulation system of 30%.

On the one hand, when simulating without specifying the X and Y values, the moisture
content is overestimated as compared with the actual value by about 17% with slight devia-
tions from the average value. On the other hand, when entering the X and Y parameters, the
estimated value of moisture content is underestimated by an average of about 25%, while
the spreads for different temperatures are very large. In the examined model of cellulose-oil
insulation, oil channels account for 35% of the total volume of insulation. The actual oil
content in the insulation system is taken into consideration during fitting with known
X and Y parameters. A simulation without specifying the values of X and Y, returning
the model parameters, inflates the value of X and lowers the value of Y, thus, reducing
the volume of oil to about 16%, i.e., to about 2.2 times smaller than the real volume. This
improves the quality of the waveform matching and reduces the scattering of the moisture
content estimation results. From the measurements and analysis of the XY CIGRE system,
using the DIRANA software, it can be clearly stated that the introduction of the actual
parameters of the oil channel significantly deteriorates the quality of the fitting and the
accuracy of determining the moisture content. This is probably related to the difficulty of
determining the exact parameters of insulating oil in real conditions, which is due to the
fact that an increase in the temperature of the insulation system affects the conductivity of
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the oil in two ways. First, there is an increase in conductivity, characteristic for insulating
materials, described by an exponential relationship [49] as follows:

σ = σ0 exp
(
−∆W

kT

)
, (2)

where σ0 is the numerical factor, ∆W is the activation energy, k is the Boltzman’s constant,
T is the temperature.

The second factor is striving, with increasing temperature, to achieve a thermodynamic
equilibrium between the moisture content in the pressboard and oil, at a higher and higher
level. The ratio of the moisture content of the oil and the pressboard is described by the
Oommen curves [18]. They show that the moisture content in oil is several orders lower
than in cellulose. Therefore, temperature changes practically do not change the moisture
content of the cellulose component of the insulation system. An increase in temperature
causes a significant increase in the moisture content of the oil through transition of moisture
from the pressboard. The second factor also increases the conductivity of the oil and is
much more difficult to describe analytically or numerically. This is due to the fact that the
level of oil moisture after achieving the thermodynamic equilibrium depends both on the
temperature and on the moisture content of the pressboard, which is unknown. These
factors both cause the visible negative influences of the properties and dimensions of the oil
channel on the results of the waveform matching, the insulation oil conductivity assessment,
and the estimation of the moisture content in the solid component of the insulation system.

4. Conclusions

In this study, pressboard samples were used with a moisture content of 5 ± 0.2 wt.%,
which had been moistened in a manner identical to the humidification of insulation in
power transformers. The moisture content used in the work is a limit value, therefore,
exceeding it could cause catastrophic failure of the transformer. An insulation system was
prepared from the samples and mineral insulating oil, in accordance with the recommenda-
tions of CIGRE, with the parameters X = 50% and Y = 30%. Electrotechnical pressboard
produced by Weidmann and mineral insulating oil produced by Ninas were used to build
the system; both of these insulation materials are dedicated to the production of insulation
for power transformers.

The frequency and temperature dependencies of the of loss tangent of the XY insulation
system in the frequency range from 10−4 Hz to 5000 Hz at temperatures from 293.15 K
to 333.15 K were measured. The measurements were performed using a DIRANA meter
(FDS-PDC dielectric response analyzer manufactured by OMICRON Energy Solutions
GmbH, Berlin, Germany). The results of the measurements were used for fitting of the
waveforms simulated by the DIRANA meter software to the waveforms obtained during
the measurements. There were two methods for the fitting.

The first method involved entering the measuring temperature value and the actual
values of X and Y into the software. The waveforms obtained with the fitting differed
significantly from the experimental waveforms for all the measuring temperatures. The es-
timated values of moisture content of the cellulose insulation component varied irregularly
from about 1.4 wt.% at 60 ◦C to a value of about 5.2 wt.% at temperatures of 36 ◦C and
44 ◦C. The average value of moisture content, determined for all the measuring temperature
values was (3.73 ± 1.11) wt.% which was far from the actual value of (5.0 ± 0.2) wt.%.

An adjustment in the second method was made by entering only the measuring
temperature value into the software. This significantly improved the quality of matching
the simulated loss tangent waveforms to the experimental waveforms. The oil conductivity
estimation results, converted to the temperature of 20 ◦C, look more reliable due to the
occurrence of an almost monotonic increase in conductivity with increasing temperature.
This is probably due to the moisture transfer from the pressboard to the oil. The estimated
moisture content in this case also improves. The average value of moisture content, i.e.,
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(5.83 ± 0.25) wt.% approached the actual value of (5.0 ± 0.2) wt.%, and there was a radical
reduction in spreads.

It was found that the oil channel dimensions have a clear impact on the results of
matching the simulated waveforms to the real waveforms of the frequency and temperature
dependencies of the insulation system loss tangent. The transition from the actual channel
dimensions (fitting in the first method) to the estimation without providing these values
in the second method causes the DIRANA meter software to understate the estimated
oil content in the system by about 2.2 times. There is an improvement in the quality of
matching the simulated waveforms to the experimental loss tangent waveforms of the
insulation system. This may mean, for example, that the meter software does not accurately
reflect the temperature dependence of oil conductivity.
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