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Abstract: The reference characteristics of complex permittivity of the transformers insulation solid
component were determined for use in the precise diagnostics of the power transformers insulation
state. The solid component is a composite of cellulose, insulating oil and water nanoparticles.
Measurements were made in the frequency range from 10−4 Hz to 5000 Hz at temperatures from
293.15 to 333.15 K. Uncertainty of temperature measurements was less than ±0.01 K. Pressboard
impregnated with insulating oil with a water content of (5.0 ± 0.2) by weight moistened in a
manner maximally similar to the moistening process in power transformers was investigated. It was
found that there are two stages of changes in permittivity and imaginary permittivity components,
occurring for low and high frequency. As the temperature increases, the frequency dependencies
of the permittivity and imaginary permittivity component shifts to the higher frequency region.
This phenomenon is related to the change of relaxation time with the increase in temperature. The
values of relaxation time activation energies of the permittivity ∆Wτε′ ≈ (0.827 ± 0.0094) eV and
the imaginary permittivity component ∆Wτε′′ = 0.883 eV were determined. It was found that Cole-
Cole charts for the first stage are asymmetric and similar to those described by the Dawidson–Cole
relaxation. For stage two, the charts are arc-shaped, corresponding to the Cole-Cole relaxation. It
has been established that in the moistened pressboard impregnated with insulating oil, there is an
additional polarization mechanism associated with the occurrence of water in the form of nanodrops
and the tunneling of electrons between them.

Keywords: power transformer; failure prevention; insulation condition diagnostics; electrotech-
nical pressboard; mineral oil; moisture; dielectric permittivity; imaginary part of permittivity;
environmental pollution

1. Introduction

For many years, insulation of power transformer windings has been made from cellu-
lose (in the form of paper and pressboard) and mineral oil. Currently, synthetic aramid
paper [1–5] has been introduced in the production of transformer parts. As a liquid compo-
nent of the insulation, synthetic and natural esters are used in some transformers [6,7]. The
transformers currently working in power systems are dominated by those with paper-oil
insulation. In paper insulation, aging phenomena occur during operation. Namely, there
is the so-called depolymerization of cellulose fibers, which results in a reduction in fiber
length. This results in the reduction of mechanical parameters of material and the occur-
rence of a small amount of water molecules in them [8,9]. Often times more moisture gets
into the transformer from the outside. Then the moisture is dissolved in oil, which supplies
it to the cellulose. The solubility of water in cellulose is several decades higher than in
oil [10]. Therefore, the moisture is absorbed by the cellulose, where its content gradually
increases over time. The moisture content of the cellulose during the long-term operation
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of transformers gradually increases from an initial level of about 0.7–0.8% by weight to
as much as 5% by weight and more. This is a limit value, exceeding which can lead to
a catastrophic failure of the transformer [11–13]. As a result of the failure, transformer
oil leaks out and ignites. The effects of this are very harmful to the environment because
mineral oil is poorly biodegradable [14–16]. The burning of transformer oil causes a large
amount of toxic smoke [17–20]. In order to prevent a breakdown, the moisture content
of the cellulose must be checked. Chemical methods for the determination of water con-
tent in cellulose are known [21]. However, due to the fact that the power transformer is
made as a hermetic construction, a cellulose sample cannot be taken for testing. Therefore,
non-destructive methods are used to determine the moisture content. These are primarily
electrical methods whose application requires the determination of so-called reference
characteristics. These are the dependencies of electrical parameters determined in a labo-
ratory for a moistened pressboard. The estimation of insulation moisture levels is based
on a comparison of transformer insulation electrical parameter measurements results and
reference characteristics, simultaneously taking into account geometrical dimensions of
transformer solid insulation and oil channels.

Considering the type of voltage used in measurements, the electrical methods used for
transformer diagnostics can be divided into two groups. The group of DC methods includes
Return Voltage Measurement (RVM) [22–24] and Polarization Depolarization Current
(PDC) [25–27]. The Frequency Domain Spectroscopy (FDS) method [28–30] uses alternating
voltage in the low and ultra-low frequency ranges. Currently, meters dedicated to testing
electrical transformers are manufactured. These meters can perform measurements using
RVM, PDC, FDS methods and their combinations [31–33]. Currently, FDS meters are widely
used to diagnose the condition of solid insulation in terms of moisture. FDS meters return
the real C′ and imaginary C′′ components of the composite complex capacity calculated on
the basis of their own software. Using the C′ and C′′ values and the geometric dimensions
of the insulation, it is possible to calculate the material parameters to which the article
is devoted:

ε′ =
C′d
ε0S

, (1)

ε′′ =
C′′ d
ε0S

, (2)

where ε′—relative dielectric permittivity (real component), ε′′—imaginary part of permit-
tivity (imaginary component), d—thickness of dielectric, S—surface area of flat capacitor
electrode, C′—real component of capacity, C′′—imaginary component of capacity.

The FDS meter software allows for the cellulose insulation moisture level estima-
tion. Recently, there has been a report [33] that the moisture values determined with the
measuring software differ from the actual values determined by chemical methods. Under-
estimation of moisture level, determined by FDS meters, may result in a delay in deciding
what action to take to prevent transformer failure. Underestimation of moisture level using
FDS meters can be caused by the two following factors. The first is the traditional way
of preparing reference samples for testing. For this purpose, the pressboard is vacuum
dried and then humidified in atmospheric air, where the moisture is absorbed by a dry
pressboard. After moisturization, the reference sample is impregnated with transformer oil
at the atmospheric pressure [34–41]. The process of pressboard moisturization in power
transformers is different. After vacuum drying, the transformer is filled with oil under
vacuum. During many years of operation, the moisture level of oil-impregnated cellulose
gradually increases by water absorption from the oil.

The failure of the FDS method in the determination of cellulose moisture, especially in
older transformers [42] may also be caused by the use of simplified models of relaxation
processes in analysis and the occurrence of strong temperature dependencies of the param-
eters measured. The basis for the analysis of FDS results is a number of dielectric relaxation
models. The first of them is the Debye model [43]. It assumes that the polarization is
caused by the orientation of water molecules in the electric field. The model assumes
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that all dipoles have the same relaxation time τ0. The Cole-Cole relaxation model [44,45]
assumes that the relaxation time τ0 is the expected value of the probability function of
relaxation time distribution. There are also other relaxation models, for example, the
Davidson–Cole empirical model [46,47]. The distribution containing the most empirical
parameters was proposed by Havriliak and Nagami [48].

The formula describing the above models include dielectric permittivity ε′ and imagi-
nary permittivity component ε′′, which are components of the complex permittivity:

ε∗ = ε′ + jε′′ , (3)

where ε*—complex permittivity of composite, ε′—real permittivity component, ε′′—imaginary
permittivity component, j—imaginary unit.

From the models presented [43–48] above, it follows that when the frequency is
lowered to zero (to DC voltage), the conductivity also decreases to zero. This means
that the resistivity of the material should increase infinitely. This is contrary to all the
experimental results known so far, which in the ultra-low frequency range shows a certain
limit of conductivity, equal to DC conductivity. In the paper [49], it was experimentally
established that in the ultra-low frequency region, the AC conductivity exactly equals the
DC conductivity of moistened oil-impregnated insulating pressboard.

In papers [50,51], on the basis of studies on the dependence of DC conductivity on
the moisture content in the insulating oil-impregnated pressboard, it has been established
that the conduction takes place through electron tunneling between water molecules.
Constant and alternating current studies, on the other hand, have shown that water in
moist pressboard impregnated with insulating oil [51,52] occurs in the form of nanodrops
with diameters of about 2.2 nm, containing about 200 water molecules each. Tunneling of
the electron from one electrically neutral nanodrop causes it to obtain a positive charge.
Simultaneously, the closest nanodrop to which the electron has tunneled obtains a negative
charge. In this way, by tunneling, dipoles in the form of near nanodrops of water are
formed. Such a dipole has a dipole torque, many times greater than that of water molecules.
This is due to the fact that the distance between the nanodrops is many times greater than
the distance between positive and negative charges in the water molecules.

The formation of such large dipoles causes additional polarization of the mate-
rial [53,54]. Due to the structure of energy states, the tunneling electron requires additional
thermal energy. Such polarization, due to the influence of thermal energy, is called addi-
tional thermally activated polarization. After some time, the electron from a negatively
charged well tunnels back into the positive well and thus the dipole disappears. In the
case of polarization caused by electron tunneling, the relaxation time τ is an important
parameter of the phenomena. It is the time from the moment the dipole is formed after the
electron jumps from one electrically neutral potential well to another, until the moment the
electron returns to the well from which it started its jump. The value of relaxation time has
a significant influence on the value of permittivity caused by the hopping electron exchange
as well as on the frequency range in which it occurs. Relaxation time is a function of the
distance between the nanodrops to which the electron tunnels, high-frequency dielectric
permittivity of the medium in which the nanodrops are located, and temperature [52].

For the transformer insulation condition diagnosis, including the cellulose insulation
moisture level estimation, the FDS method is currently the most commonly used. Mea-
surements using the FDS method were performed both in laboratory conditions and on
transformers, usually three points per decade, to shorten the measurement time [29,55–57].

The aim of this study was to determine the reference frequency–temperature depen-
dences of permittivity and imaginary permittivity components of pressboard, moistened
in a manner as similar as possible to the process of cellulose moistening in power trans-
formers. Diagnostics on the basis of reference dependencies make it possible to determine
states threatening transformer failure and thus to avoid environmental pollution. A press-
board with a water content limit value of (5.0 ± 0.2) by weight, exceeding which threatens
transformer failure and environmental pollution with poorly biodegradable transformer
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oil, was investigated. Precise measurements of permittivity and imaginary permittivity
components of the composite of cellulose, transformer oil and water nanoparticles were
performed, with the number of measurement points per decade several times higher than
in the previous tests, in the temperature range 293.15–333.15 K with a step of 8 K. For
the tests, a climate chamber was used. The uncertainty of temperature maintenance and
measuring was less than ±0.01 K during many hours of testing. For the analysis of the
obtained results, the model of alternating and direct current hopping conductivity was
used, which was developed on the basis of the quantum mechanical electron tunneling
phenomenon. The results of the direct and alternating current conductivity tests of the
composite of cellulose, insulating liquid and water nanoparticles perfectly agree with this
model [49,52,58–61].

2. Materials and Methods

Thus far, samples of a moistened and oil-impregnated pressboard used for determining
the reference characteristics have been prepared as follows. The pressboard was dried for
up to about 72 h in a vacuum chamber at a temperature of about 353 K. After drying using
the Karl Fischer Titration method [21], residual water content was determined. Then the
mass, which should be obtained by the sample after moistening it to the set value, was
determined, taking into account the residual water content. The sample was left in the
air in order to absorb moisture from the atmosphere. At the same time, the mass of the
pressboard was constantly controlled until the calculated value, i.e., the assumed moisture
level, was reached. After reaching the calculated mass, the sample was put into transformer
oil or other insulating liquid for impregnation [29,34,56,58]. Such a method of moistening
is very far from the process of cellulose moistening in power transformers. In transformers,
the cellulose is dried and then impregnated in vacuum conditions. During many years of
operation, the moisture penetrates into the transformer and dissolves in oil. Then the oil
delivers it to dry impregnated cellulose insulation. Cellulose absorbs moisture from oil
because the solubility of moisture in the cellulose is several decades higher than in oil [10].
As a result, the natural process of cellulose moistening in a transformer differs significantly
from the way samples are prepared for laboratory tests. Therefore, the use of standard
dependencies obtained on samples prepared in the previous way may cause a discrepancy
with the values obtained for transformers.

To produce the samples tested in this work, a method of moistening was used, as close
as possible to the natural moistening of pressboard in transformers [49]. The process of
sample preparation was carried out in the following way. Two plates of the pressboard
were vacuum-dried, moistened in atmospheric air and immersed in insulating oil for
impregnation. These plates served as a source of moisture for the third one. The third
sample was vacuum-dried and impregnated with oil in the vacuum. Then the dry vacuum
impregnated sample was placed between two previously moistened plates, located in a
vessel with oil. In order to eliminate contact, the plates were separated with brackets. The
plate to be tested was moistened in the same way as pressboard moistening in power
transformers. Namely, moisture from previously moistened plates diffused into the oil.
The oil transferred the moisture to the impregnated dry sample, where it was absorbed by
cellulose. The moistening time of the sample to be tested was over a year and a half.

The measurements presented in this paper were carried out on a plate prepared
in a manner as close as possible to natural moistening in a transformer. The tests were
performed on a plate with water content of (5.0 ± 0.2)% by weight, as accumulation
of water above this value may lead to failure. The materials used in the study were
Weidman’s electrotechnical pressboard and Nynas’ transformer oil with a moisture content
of several ppm, prepared by a specialist company for filling of a power transformer after
the renovation. Both insulating materials are dedicated for building insulation of power
transformers. Wetting, drying and impregnation were carried out on 1 mm thick slabs of
pressboard, shown in Figure 1. Then samples were cut from the slabs to be tested. Their
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diameters were 160 mm. A view of the test sample before wetting is shown in Figure 1a
and after drying, wetting and impregnation with insulating oil in Figure 1b.

Figure 1. View of the test sample before moistening (a) and after moistening, drying and impregnation
with insulating oil (b).

Measurements were made in a three-electrode measuring system. The measuring
station was presented and described in References [58,62]. The measuring system with the
tested sample was placed in a hermetic vessel, flooded with a small amount of oil. The
oil level was above the pressboard plate. Then the measuring system and the plate were
placed in a climate chamber.

Figure 2 shows a photograph of the test station used in this paper to measure the AC pa-
rameters of a composite of electrical pressboard—insulating oil—water nanodroplets [63].
The climate chamber used in the research has been equipped with an electronic con-
trol system—proportional-integral-differential controller (PID), forced air circulation and
chilled air source. To achieve and stabilize the set temperature of the measuring capacitor,
due to its mass, a time of approx. 15 h is needed. After reaching the preset temperature,
the climate chamber maintains it for many hours. The measuring system temperature is
controlled by a PT 1000 sensor and AGILENT 34970A temperature meter (Agilent Tech-
nologies, Santa Clara, CA, USA) and recorded in the computer memory every 1 s. The
uncertainty of measurement and temperature stabilization type A, determined on the basis
of 108,000 measurement points, is less than ±0.01 K [62].

Figure 2. Photograph of the test stand for alternating current measurements of electrical properties
of liquid–solid insulations [63]: 1—DS-PDC Dielectric Response Analyzer (Dirana meter), 2—three-
electrode capacitor, 3—Agilent temperature meter, 4—climatic chamber.
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As is well known, measurements of the values of the real and imaginary components
of the combined permittivity can only be made using an alternating current forcing. The
measurements were made with the Dirana meter—FDS-PDC dielectric response analyzer
(OMICRON Energy Solutions GmbH, Berlin, Germany) manufactured by Omicron. The
measuring frequency range of the meter is from 0.0001 to 5000 Hz at a voltage of up to 200 V.
In many cases, laboratory measurements using the FDS method are performed at three
points per decade [34,64]. In a similar way, as a rule, tests of energy transformers are also
performed [29,65]. This is due to the very high time-consuming character of measurements
in the ultra-low frequency area, of the order of 0.001 Hz and lower.

Alternating current measurements in the study were performed in the frequency range
from 10−3 to 5000 Hz at 10 points per decade. In the range from 10−4 to 10−3 Hz, 6 points
per decade were recorded. This improved the accuracy of the reference characteristics de-
termination. Further improvement of the reference characteristics accuracy determination
was achieved by increasing the number of measurement temperatures and decreasing the
temperature measurement and maintenance uncertainty. Measurements were performed at
6 measurement temperatures 293.15, 301.15, 309.15, 317.15, 325.1 and 333.15 K. A computer
program was developed to control the operation of the meters and climate chamber and to
collect the measurement results. It allows for remote control of the stand.

3. Results and Discussion
3.1. Frequency–Temperature Relationships of Dielectric Permittivity

Figure 3 shows in the form of points the results of the alternating current permittivity
measurements of the composite of cellulose, synthetic ester and water nanoparticles for its
content of (5.0 ± 0.2)% by weight measured at temperatures from 293.15 to 333.15 K with
step 8 K. We will analyze its frequency dependence on the example of a measurement for
333.15 K.

Figure 3. Frequency dependence of permittivity of the composite of cellulose, transformer oil and
water nanoparticles for its content of (5.0 ± 0.2)% by weight measured at temperatures from 293.15 to
333.15 K. Continuous lines—polynomial approximation.

In the ultra-low frequency area, the permittivity values are very high. Thus, for a
frequency of 10−4 Hz at 333.15 K, its value is above 3000. An increase in frequency causes
the permittivity to drop to a value below 30 with further stabilization at this level. In the
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frequency area above 1 Hz, the permittivity is further reduced to a value of about five
with further stabilization at this level. This means that there are two stages of polarization
changes in the composite, low and high-frequency one. From Figure 3, it follows that in
both areas of permittivity values stabilization, permittivity is practically not dependent
on temperature. This means that the determined permittivity value at the end of the first
(low-frequency) stage is its high-frequency permittivity ε′∞1. The same value is the static
permittivity ε′S2 for the second stage. At the end of the second stage the value of the high-
frequency permittivity ε′∞2, is determined. As shown in Figure 3, for the high-frequency
stage, both static and high-frequency permittivity values were determined. For the low-
frequency stage only the high-frequency permittivity was determined. It is likely that static
permittivity for this stage can be achieved at frequencies below the Dirana frequency range
of 10−4 Hz.

We will now analyze the effect of temperature on the frequency relationships of
the permittivity. Figure 3 shows that as the temperature rises, the curves move to a
higher frequency area. This is due to the change in relaxation time as the temperature
rises. In studies [50,52] it has been established that the transfer of charges, determining
the conductivity and polarity of the moist pressboard impregnated with insulating oil,
takes place through electron tunneling between nanodrops of water. In Reference [52], a
relaxation time formula for electron tunneling between water nanodrops was derived:

τ = τ0Lexp
(

βr
R0

+
∆W0

kT
− U

2kT

)
, (4)

where τ0L—numerical coefficient, r—average distance between the potential wells between
which the electron tunnels, R0—radius of location of the wave function of the jumping
electron (Bohr radius), β—numerical coefficient, the value of which is β ≈ (1.75 ± 0.05) [66],
∆W0—activation energy of the conductivity, k—Boltzman constant, U—dipole potential
energy.

In Formula (4), U is the potential energy of a dipole, formed after electron tunneling
from one electrically neutral nanodrop of water to another, i.e., the closest one. Its value is
given by the formula:

U =
e

4πε0ε′∞mr
, (5)

where e—electron charge, ε0—dielectric permittivity of vacuum, ε′∞m—high-frequency
permittivity of dielectric matrix, r—distance between adjacent nanodrops of water.

Due to the fact that a sample with moisture content of (5.0 ± 0.2)% by weight was
tested, the distance r between nanodrops remains unchanged while changing temperature.
Therefore, a generalized activation energy value ∆W can be entered in Formula (4):

τ = τ0Lexp
(

βr
R0

)
exp
(

∆W
kT

)
= Cτexp

(
∆W
kT

)
, (6)

where ∆W = ∆W0 − U
2 and Cτ = τ0Lexp

(
βr
R0

)
= const.

In order to precisely calculate the temperature dependence of the relaxation time
described by Formula (6), permittivity values between adjacent measuring points will be
needed. In order to determine these values, a polynomial approximation of the experimen-
tal values was made, which was performed using the method proposed in the paper [56].
As Figure 3 shows, the experimental permittivity values are within a wide range of several
decades. They are a function of frequency, which changes in the area of eight decades. In
order to limit the range of such large changes of parameters approximated, the approxi-
mation for logarithms of these values was applied [67]. In order to eliminate errors that
arise during approximation at the beginning and at the end of the approximation range,
extrapolation of data points outside the measuring ranges was applied. Extrapolations
were performed both in the area of lower and higher frequencies. The results of such
polynomial approximation are shown in Figure 3 as solid lines. Each of these lines consists
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of 200 points per decade, calculated from the formula for polynomial approximation. High
quality of approximation is proved by the values of determination coefficients R2 for differ-
ent measurement temperatures presented in Table 1. Table 1 shows that the lowest of the
obtained R2 = 0.999936 value is very close to unity.

Table 1. R2 values for the approximation of polynomial permittivity for different measurement
temperatures.

T, K 293.15 301.15 309.15 317.15 325.15 333.15

R2, a.u. 0.999993 0.999972 0.999998 0.999971 0.999936 0.999954

The high quality of experimental results approximation is also confirmed by the
percentage differences between the approximation waveforms and the experimental results
shown in Figure 4. Higher values of the differences are found in the ultra-low frequency
area. The greatest of the differences, occurring for the two frequency values, do not exceed
1.4%. The remaining differences are smaller and decrease with frequency increase. In the
frequency range above 10−1 Hz, the differences are 0.1% and smaller. These results are
highly satisfactory.

Figure 4. Permittivity differences between the permittivity test results for the composite of cellulose,
transformer oil and water nanoparticles for temperatures from 293.15 to 333.15 K and calculated
polynomial approximation.

Figure 5 shows the values of derivatives, calculated according the formula d(logε′)/d(logf )
on the basis of approximations. The figure shows that the transition from the low-frequency
permittivity dependence to the high-frequency dependence is separated by a section with
very small derivative values of about 0.02–0.03. The very small values of derivative in
this frequency area are due to the small impact of the permittivity from the first stage, for
which the permittivity tends to achieve a steady state of ε′∞1 = ε′S2. This means that in
these frequency ranges, the low-frequency permittivity for stage 2 reaches the constant
value ε′S2 = const.



Energies 2021, 14, 5802 9 of 24

Figure 5. Frequency dependence of d(logε′)/d(logf ) derivatives for temperatures from 293.15 to
333.15 K.

In Figure 5, two distinct minima can be observed, which correspond to the points of the
quickest permittivity drop. The first minimum determines the rate of permittivity change
in the low-frequency stage. It is located in the ultra-low frequency area and is only visible
for temperature of 317.15 K and above. For lower temperatures, the minimum is located at
frequencies below the lower limit of the Dirana meter. The second minimum moves as the
temperature increases into the higher frequency area. The shift as the temperature increases
both in the permittivity waveforms (Figure 3) and in the derivatives minima (Figure 5)
means that the relaxation times for both stages decrease as the temperature increases.

In order to determine the activation energy of relaxation time value, determined by
Formula (6), two ranges (I and II), marked with horizontal dashed lines, in which rapid
changes in permittivity are observed, have been selected on the temperature relationships
of the permittivity (Figure 3). In the area between these ranges, as shown in Figure 5,
changes are hardly visible. Formula (6) will be simplified by starting from the following
assumptions. Relaxation time, with an accuracy of a non-specified value of the constant A
can be written in the form:

τ(ε′ i, T) = A
1

2π fi(ε′ i, T)
, (7)

where εi
′—our chosen permittivity value from ranges I or II in Figure 3, the same for

all measurement temperatures, A—a more or less undefined constant value, fi(T)—the
frequencies at which ε′i occurs for different temperatures.

Taking into account Formulas (6) and (7), we can write it down in the form:

τ(, T) = A
1

2π fi(ε′ i, T)
= Cτexp

(
∆W
kT

)
. (8)

Since the experimental results give the permittivity relationship ε′i as a function of
frequency, we will transform Formula (8) into a form suitable to determine the activation
energy of relaxation time:

fi(ε
′
i, T) =

A
2πCτ

exp
(
−∆W

kT

)
. (9)
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The factor before the exponent in Formula (9) contains constant values. This allows
the Arrhenius chart to be drawn. Figure 6 shows Arrhenius charts for 5 permittivity values
in the I (low-frequency) range, and for 10 values in the II (high-frequency) range.

Figure 6. Arrhenius diagrams for determination of the permittivity activation energy of relax-
ation time.

In Figure 6, straight lines show the linear approximation of the data points, obtained
by the method of smallest squares. The coefficients of determination R2 for curves from
Figure 6 are shown in Table 2. The smallest value of R2 is 0.99612 and is very close to unity.
This means the high quality of linear approximation and high accuracy of permittivity
and temperature measurements. As Figure 6 shows, the curves for all permittivity values
are placed practically parallel. This means that the activation energies for the different
permittivity values are similar. The activation energies of the relaxation times for the
different permittivity values determined from the approximation formulae for the 15 curves
from Figure 6 are shown in Table 2.

Table 2. Activation energies for the relaxation time of electrical permittivity and determination
factors R2 for the runs shown in Figure 6.

E′, a.u. ∆Wτε ′ , eV R2, a.u.

7 0.808 0.99979
8 0.815 0.99996
9 0.821 0.99991
10 0.824 0.99958
11 0.830 0.99985
12 0.830 0.99986
13 0.830 0.99985
14 0.832 0.99979
15 0.832 0.99979
16 0.832 0.99979

73.36 0.846 0.99818
87.73 0.836 0.99760
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Table 2. Cont.

E′, a.u. ∆Wτε ′ , eV R2, a.u.

104.90 0.825 0.99693
125.44 0.823 0.99629

150 0.813 0.99612

Average value of ∆Wτε ′ , eV 0.827 0.99890
Uncertainty of measurement 0.0094 0.00139

The data presented in Table 2 show that the mean value of the activation energies
of the permittivity relaxation time, determined on the basis of 15 values, is equal to
∆Wτε ′ ≈ (0.827 ± 0.0094) eV. The application of 15 permittivity values from I and II ranges
allowed to obtain a very low uncertainty of activation energy determination, which is only
0.0094 eV or 1.14%. Figure 7 shows the dependence of the individual activation energy of
relaxation time of the permittivity values on the permittivity value, the mean value and the
mean value ± uncertainty of its determination. Figure 7 shows that the activation energies
of the permittivity relaxation times for both the first and the second stage are equal within
the uncertainty limits.

Figure 7. Relaxation time activation energy values ε′ determined for 15 permittivity values from
Figure 3, mean value and mean value ± uncertainty of determination.

Using this fact, the mean activation energy of relaxation time of the permittivity has
been converted from 301.15 K and above to an electrical engineering reference temperature
of 293.15 K. The results of conversion are presented in Figure 8.
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Figure 8. Permittivity relationships ε′ for different measurement temperatures converted to a refer-
ence temperature of 293.15 K by means of the average activation energy of the relaxation time value.

As shown in Figure 8, after shifting with use of the activation energy of relaxation
time, all six curves obtained at different measurement temperatures overlap perfectly. This
means that the shape of the pressboard and mineral oil composite frequency dependences
of permittivity are determined by the content of water nanoparticles. The position of the
permittivity curves in relation to the frequency axis depends on temperature through the
activation energy of relaxation time, described by Formula (6). As is well known, measure-
ments on real power transformers are made at various insulation temperatures—usually
not coinciding with the temperatures used in laboratory measurements. Establishing that
the waveform obtained at any temperature can be converted to the reference temperature
by means of the activation energy of relaxation time of the permittivity means that the
measurements results made on real power transformers can be converted to the reference
temperature of 293.15 K. This will allow for determination of the cellulose insulation mois-
ture content after taking into account the geometrical dimensions of the solid insulation and
the oil channels. This will enable accurate diagnostics of the insulation and thus detection
of conditions threatening the failure and hence environment contamination.

3.2. Frequency–Temperature Imaginary Part of Permittivity Dependence

Figure 9 shows the experimental frequency dependences of the ε′′ imaginary part of
permittivity for temperatures from 293.15 to 333.15 K. The values of imaginary permittivity
component ε′′ were calculated from the values of the imaginary capacity C′′ given by Dirana
meter and the surface area of the measuring electrode S and the thickness of pressboard d
using Formula (2). Figure 9 shows that in the ultra-low frequency area, a very fast decrease
in the imaginary permittivity component value is observed. In the area from about 10−2 to
about 1 Hz, depending on the temperature, the rate of reduction slows down. It then
increases slightly and reaches a local maximum. Then the next area of the imaginary
permittivity component decrease is observed.
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Figure 9. Frequency dependence of imaginary permittivity component of the composite of
pressboard, mineral oil and water nanoparticles for temperatures from 293.15 to 333.15 K.
Points—experimental results, continuous lines—approximation results.

As Figure 9 shows, the test points are relatively densely spaced. However, for further
analysis, points in between will be needed. In order to obtain the intermediate points, as in
the case of permittivity described above, polynomial approximation of the experimental
results was performed using the method proposed in Reference [67]. The approxima-
tion results are presented in Figure 9 as solid lines, each of which consists of 200 points
per decade.

The differences between experimental results and polynomial approximation results,
presented in Figure 10, show the high quality of the approximation results performed using
the method proposed in Reference [67]. The figure shows that the biggest difference occurs
near the frequency of 10−2 Hz and its value is about 0.5%. In the remaining frequency
ranges, the differences are even smaller.

As we know, the imaginary part of permittivity ε′′ is determined by the formula [43,48]:

ε′′ =
σ

ωε0
, (10)

where σ—conductivity, ω—angular frequency, ε0—vacuum permittivity.
Formula (10) includes the conductivity σ, which is a function of temperature, ω and ε0,

the values of which do not depend on temperature. As established in [49], the position of σ
curves in the double logarithmic coordinates is affected simultaneously by the temperature
dependence of conductivity and the temperature dependence of the relaxation time of
conductivity. Both these factors are determined by the same activation energy, the mean
value of which equals ∆Wστ ≈ (0.894 ± 0.0134) eV [49]. Formula (10) shows that the
activation energies of the imaginary permittivity component value and its relaxation time
are identical to the corresponding activation energies for conductivity.
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Figure 10. Percentage differences between the experimental imaginary permittivity component
results for the composite of cellulose, transformer oil and water nanoparticles for temperatures from
293.15 to 333.15 K and polynomial approximation results.

As we know [43], the frequency at which the maximum imaginary permittivity compo-
nent value occurs is related to the expected value of the imaginary permittivity component
relaxation time by the formula:

fmax =
1

2πτ0
, (11)

where f max—frequency where maximum imaginary permittivity component occurs,
τ0—expected value of relaxation time.

Determining the relaxation time from the local maximum position on the relation
ε′′(f ) from Formula (11) allows to determine its real value. In order to determine the exact
position of the maximum ε′′(f ) for the different measurement temperatures, the values of
derivatives from formula d(logε′′)/d(logf ) are determined. The results of the calculations
based on polynomial approximation are shown in Figure 11.

As we know, at the function extremes, the value of the derivative is equal to zero.
The maximum position is represented by a change in the derivation value from positive
to negative with an increase in the value of the argument. On this basis, the frequencies
at which the maxima occur for all measurement temperatures were determined from
Figure 11. Then, from Formula (11), the expected values of the relaxation times were
calculated, and for them, the Arrhenius diagram, shown in Figure 12, was developed.
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Figure 11. Frequency dependence of the derivative d(logε′′)/d(logf ) for the composite of pressboard,
mineral oil and water nanoparticles for temperatures from 293.15 to 333.15 K.

Figure 12. Arrhenius diagram for the values of expected relaxation time, determined from the
position of the imaginary permittivity component frequency dependence maximum and its linear
approximation.

The approximation curve, determined by the least squares method, is a linear relation-
ship. The determination factor R2 = 0.9997 is close to unity. It proves a high accuracy of
approximation. Calculated from the approximation formula, as shown in Figure 13, the
value of the activation energy of relaxation time of the imaginary permittivity component
is ∆Wτε ′′ = 0.883 eV. This value is equal, within the limits of uncertainty, to the mean
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values obtained in [49] for the activation energy of the relaxation time of the conductivity
∆Wστ ≈ (0.894 ± 0.0134) eV. The difference is only 0.011 eV or 1.2%.

Figure 13. Cole-Cole diagrams in the area of high permittivity ε′ for the composite of cellulose,
transformer oil and water nanoparticles for temperatures from 293.15 to 333.15 K.

3.3. Analysis of the Cole-Cole Diagrams of Imaginary Part of Permittivity as a Function
of Permittivity

The Dirana meter returns real C′ and imaginary C′′ capacity values. On their basis,
using the geometric dimensions of the tested sample, the permittivity ε′ and imaginary per-
mittivity component ε′′ are calculated, which are the components of the complex dielectric
permittivity ε* of the composite. These values are described by Equations (1)–(3). The fre-
quency relationships ε′(f ) and ε′′(f ) are determined by the dielectric relaxation mechanism.
A number of different dielectric relaxation processes can occur in insulation materials. The
best known are the Debye, Cole-Cole and Davidson–Cole distributions [43–47].

In the cases of Debye and Cole-Cole type dielectric relaxation, combined permittivity
is described by a formula:

ε∗ = ε′ − jε′′ = ε∞ +
εs − ε∞

1 + (jωτ0)
1−α

, (12)

where ε*—complex permittivity, εs—low-frequency permittivity (static), ε∞—high-frequency
permittivity, j—imaginary unit, ω—angular frequency, τ0—expected value of relaxation
time, α—numerical factor.

The value α = 0, corresponds to Debye’s relaxation mechanism. The Debye relaxation
mechanism assumes that all dipoles in a dielectric material have the same relaxation time
value τ0 = const. Values 0 < α < 1 occur in the Cole-Cole relaxation mechanism. In this
mechanism, a probability distribution of relaxation times occurs, and τ0 is the expected
value of relaxation time.

For the analysis of dielectric relaxation phenomena, the dependence of imaginary
permittivity component ε′′ on the permittivity value ε′ is used:

ε′′ = f
(
ε′
)
. (13)
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Dependency (13) is shown in the Cole-Cole chart. In the case of Debye’s relaxation,
relation (13) takes the shape of half a circle in the chart. For the Cole-Cole relaxation, it
takes the form of an arc. In some materials, a Davidson–Cole distribution [46,47] take place,
described by the formula:

ε∗ = ε′ − jε′′ = ε∞ +
εs − ε∞

(1 + jωτ)β
, (14)

where β < 1.
The physical justification of this distribution is not as easy as in the cases of the Debye

and Cole-Cole distributions and is mainly empirical. The graphs described by distribution
(14) are asymmetric. In the low ε′ area, the increase in ε′′ values is slower than in the circle.
In the higher ε′ area, the ε′′ decrease is close to the circle. The distribution containing the
most empirical parameters was proposed by Havriliak and Nagami [48]. Apart from the
four above-mentioned relaxation distributions, there are a number of others. As shown in
paper [68], the shape of ε′′ = f (ε′) graphs is related to the relaxation mechanism found in
insulation material. This article lists seven possible mechanisms, and the corresponding
seven different shapes of the relation ε′′ = f (ε′) curves. Each of these mechanisms occurs
in a different range of measuring frequencies, starting from ultra-high EHF through high
HF, medium MF, low LF, very low VLF to ultra-low ELF. In our case, the use of the low
to ultra-low frequency range eliminates four of the seven relaxation mechanisms listed in
this article.

In Figure 13, Cole-Cole dependencies are presented, for which ε′ values from Figure 3
and ε′′ from Figure 9 have been used. The figure shows that ε′′ = f (ε′) dependencies may
be similar to those described by the Davidson–Cole empirical relaxation. It does not seem
possible to analyze the waveforms presented in Figure 13 more closely. This is due to the
fact that these waveforms are still very far from reaching the maximum, behind which a
decrease in ε′′ should be observed.

From Figure 13, it follows that in the area of the lowest ε′ values there are some
peculiarities. In order to explain them, Figure 14 shows the waveforms ε′′ = f (ε′) for low
values of the ε′ argument.

Figure 14. Cole-Cole charts in the low permittivity area ε′ for the composite of cellulose, transformer
oil and water nanoparticles based on experimental data for temperatures from 293.15 to 333.15 K.
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Figure 14 shows that in the area of permittivity ε′ from about 5 to about 19, the shape
of the waveform is similar to the curve described by the Cole-Cole relaxation, Formula (12)
at α < 1.

In order to determine the center position of the circle, the values of derivatives
d(ε′′)/d(ε′), presented in Figure 15, were determined. The values presented in Figure 15
were calculated on the basis of the graphs obtained by polynomial approximation of ε′ and
ε′′ (Figures 3 and 9). As is known, the derivative is a tangent line to the dependency curve.
The normal to the circle tangent line is the line on which the center of the circle lies. In
order to determine the center of the circle, two tangent lines to different points on the circle
were chosen and normal lines to them were determined. The center of the circle lies at the
intersection of the normal lines to the tangents.

Figure 15. Values of d(ε′′)/d(ε′) derivatives in the low permittivity area ε′ for the composite of
cellulose, transformer oil and water nanoparticles based on approximation results for temperatures
from 293.15 to 333.15 K.

The formula for the normal to tangent at the point with the coordinates [εp
′, εp

′] lying
on the circle is given by:

y = −
x− ε′p
f ′(ε′p)

+ ε′′ p, (15)

where x, y—coordinates of points on the tangent line, xp, yp—coordinates of a point on the
circle the tangent passes through, f ′(xp)—value of the derivative to the circle at that point.

Formula (15) is fair to all xp, except the xp for which f ′(xp) = 0.
At the point of intersection of the two normals to the tangent, the values of the

coordinates are the same. This point is the center of the circle. Therefore, at this point, the
x0 and y0 coordinates of the normal points must be equal: y0 = − x0−ε′1

f ′(ε′1)
+ ε′′ 1

y0 = − x0−ε′2
f ′(ε′2)

+ ε′′ 2
, (16)
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By transforming Formula (16), the formula is obtained for x0—the coordinate of the
center of the circle:

x0 =
ε′′ 2 − ε′′ 1 +

ε′2
f ′(ε′2)

− ε′1
f ′(ε′1)

1
f ′(ε′2)

− 1
f ′(ε′1)

. (17)

In order to determine the value of y0, we substitute the obtained value x0 in of
Equation (16). After obtaining the coordinates of the center of the circle, we calculated the
radius of the circle:

r =
√
(ε′1 − x0)

2 + (ε′′ 2 − y0)
2. (18)

By substituting the values of coordinates and derivatives for the two points on the
arc shown in Figure 14 with Formulas (16)–(18), the radius r = 14.4 and coordinates of the
center of the circle ε′ = 15.9, ε′′ = −9.6 are determined. Figure 16 shows the plot of the circle,
the coordinates of its center and its radius, calculated from Formulas (16)–(18).

Figure 16. Cole-Cole diagrams in the low permittivity area ε′ for the composite of cellulose, trans-
former oil and water nanoparticles and the circle describing the relation ε′′ = f (ε′).

For the Cole-Cole relaxation, the angle β (Figure 16) between the ε′ axis and the radius
of the circle at ε∞, expressed in radians, is related to the value α entered in Formula (12) [45]:

β =
απ

2
(19)

Figure 16 shows that:

β = arccos
εs2 − ε∞2

2r
(20)

or

α =
2arccos εs2−ε∞2

2r
π

(21)

By substituting the numerical values for Formula (21), we obtain a value of α = 0.658.
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Using the obtained α value of the Cole-Cole distribution for a composite of pressboard,
mineral oil and water nanodrops with a moisture content (5.0 ± 0.2)% by weight, we can
write the equation:

ε∗ − εs2 =
εs2 − ε∞2

1 + (jωτ0)
0.342 . (22)

We will now analyze the polarization mechanism occurring at the second high-
frequency stage of permittivity changes. As is known, the dielectric permittivity of
capillary-free and pore-free cellulose is ε′∞c = 6.6 [69]. In the pressboard used in the
work, there are capillaries, the volume of which is about (15–20)% of the sample volume.
The capillaries are filled with insulating oil of permittivity ε′∞o = 2.3 [70]. This results in a
decrease in the resultant permittivity of an oil-impregnated pressboard. This means that the
value ε′∞2 = 5.2 obtained in work is the high-frequency permittivity of an oil-impregnated
pressboard. As Figure 16 shows, the circle of the Cole-Cole diagram intersects the x-axis
at points ε∞2 = 5.2 and εS2 = 26.6. This means that the moisture content of the cellulose
results in an increase in permittivity at stage 2 from about 5.2 to about 26.6, i.e., by 21.4.
In some publications, for example, in [55], the increase in permittivity is attributed to the
polarization of water molecules. The static permittivity of water at 293.15 K is known to be
about ε′w = 80 [71]. It follows that if the increase in pressboard permittivity of the second
stage by about 21.4 is due to the polarization of the water, its content in the pressboard is
about 27% by weight. The moisture content of the pressboard tested was (5.0 ± 0.2)% by
weight and was over five times lower. A number of other parameters characterizing water
polarization do not agree with these assumptions. The relaxation time of water molecules
at room temperature is about 10−11 s [72]. From our measurements, the value of relaxation
time in the second stage at room temperature is only 0.8 s (Figure 12). The second stage of
permittivity occurs at frequencies f ≤ 104 Hz (Figure 3). The static permittivity of water at
temperatures above 273.15 K occurs up to a frequency of about 109 Hz [72]. The comparison
of polarization characteristics obtained in the study at stage 2 and relevant parameters
concerning water polarization shows unequivocally that water in an oil-impregnated
pressboard is not in the state of a liquid with macroscopic volumes. This means that in a
moistened pressboard impregnated with insulating oil, there is an additional mechanism
of polarization, causing more than a fivefold increase in permittivity compared to the value
caused by water alone in the form of a liquid. Additional polarization is related to the pres-
ence of water in the form of nanodrops. Tunneling of electrons from one electrically neutral
nanodrop to another causes the formation of dipoles with dipole moments many times
greater than the dipole moment of water molecules. This is manifested by an additional
polarization of the composite.

4. Conclusions

In this paper, reference characteristics of permittivity and imaginary permittivity
components of cellulose—insulating oil—water nanoparticle composites were determined.
They form the basis for accurate diagnosis of the transformer insulation state. Diagnostics
made on the basis of reference relations makes it possible to determine the states threatening
transformer failure and thus to avoid environmental pollution. The tests were carried out
for a pressboard with a water content of (5.0 ± 0.2) by weight.

In the frequency range from 10−3 to 5000 Hz, measurements were made with a
resolution of 10 points per decade, in the range 10−4 to 10−3 Hz, and six points per decade
were recorded. Measurements were made for measurement temperatures 293.15, 301.15,
309.15, 317.15, 325.15 and 333.15 K. The uncertainty of temperature maintenance and
measurement was less than ±0.01 K.

It was observed that in the ultra-low frequency area, the permittivity values are very
high. Thus, at a frequency of 10−4 Hz at a temperature of 333.15 K, its value is above
3000. An increase in frequency causes a decrease in permittivity to below 30 with further
stabilization at this level. In the frequency area above 1 Hz, there is a further decrease in
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permittivity to about a value of five with a transition to the steady state. This means that
there are two stages of polarization changes in the composite, at low and high-frequency.

As the temperature increases, the frequency dependencies of the permittivity shifts
into the higher frequency area. This is related to the reduction of the relaxation time as the
temperature increases.

To determine the activation energy of relaxation time of the permittivity, 15 permittiv-
ity values were used. The average value of the activation energy of relaxation time of the
permittivity is ∆Wτε ′ ≈ (0.827 ± 0.0094) eV. The mean activation energy of relaxation time
of the permittivity value has been used to convert the waveforms obtained at temperatures
301.15 K and above to the electrical reference temperature 293.15 K. After the recalculating,
all the curves overlap perfectly. This means that the shape of the frequency dependence of
permittivity of the pressboard and mineral oil composite is determined by the content of
water nanoparticles. The position of the permittivity curves in relation to the frequency
axis depends on temperature through the activation energy of relaxation time.

It has been observed that in the area of ultra-low frequencies, there is a very fast
decrease in the imaginary permittivity component value. In the area from about 10−2 to
about 1 Hz, depending on the temperature, the rate of decrease slows down. Then there
is a slight increase, and a local maximum is reached. The next section of the decrease
in the imaginary permittivity component value is then observed. Calculated from the
imaginary permittivity component’s maximum position, the value of the activation energy
of relaxation time of the imaginary permittivity component is ∆Wτε ′′ = 0.883 eV.

Cole-Cole charts for the imaginary permittivity component in the function of permit-
tivity have been plotted. In the area of high imaginary permittivity component values, the
diagrams are asymmetric and similar to those described by the Davidson–Cole relaxation.
In the low imaginary permittivity component area, the Cole-Cole charts are arc-shaped,
described by the Cole-Cole relaxation.

It was found that in the high-frequency stage, the static permittivity value ε′S2 is more
than five times higher than the water content and its permittivity. This means that in a
moistened pressboard impregnated with insulating oil, there is an additional polarization
mechanism associated with the presence of water in the form of nanodrops. Tunneling
of electrons from one electrically neutral nanodrop to the other causes the formation of
additional dipoles with a dipole moment much greater than for water molecules, which is
manifested by additional polarization.
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51. Żukowski, P.; Kołtunowicz, T.N.; Kierczyński, K.; Subocz, J.; Szrot, M. Formation of water nanodrops in cellulose impregnated
with insulating oil. Cellulose 2015, 22, 861–866. [CrossRef]
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