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Abstract: This article presents direct σDC and alternating σ(f) current conductivity measurements
obtained by the frequency domain spectroscopy (FDS) method on cellulose-transformer oil–water
nanoparticle composite with a moisture content of (5.0 ± 0.2)% by weight in a temperature range
from 293.15 to 333.15 K with step of 8 K. The uncertainty of temperature maintenance during
measurements was below ±0.01 K. The sample was prepared for testing in a manner as close as
possible to the cellulose insulation moisturizing process in power transformers. For the analysis
of the results obtained, a model of alternating and direct current hopping conductivity was used,
based on the quantum phenomenon of electron tunneling between the potential wells and nanodrops
of water. It was observed that on the d(logσ)/d(logf)-derived waveforms there was a clear low-
frequency maximum, and a tendency to reach the next maximum in the high-frequency area was
visible. On this basis it was established that the increase in conductivity takes place in two stages. It
was found that the position of σ(f) waveforms in the double logarithmic coordinates is influenced by
the temperature dependence both of the conductivity and of the relaxation time of the conductivity.
These relationships are described with the appropriate activation energies of the conductivity and
relaxation time of conductivity. Based on the analysis of experimental data using Arrhenius diagrams,
average values of the activation energy of conductivity ∆Wσ≈ (0.894± 0.0134) eV and the relaxation
time of conductivity ∆Wτσ≈ (0.869± 0.0107) eV were determined. The values were equal within the
limits of uncertainty and their mean value was ∆W≈ (0.881± 0.0140) eV. Using the mean value of the
activation energy, the frequency dependence of conductivity, obtained at different temperatures, was
shifted to 293.15 K. For this purpose, first the waveforms were shifted along the horizontal and then
the vertical axis. It was found that after the shift the σ(f) waveforms for the different temperatures
overlap perfectly. This means that the shape of the frequency dependence of the conductivity is
determined by the moisture content of the pressboard. The position of the waveforms in relation to
the coordinates is determined by the temperature relationships of the conductivity and the relaxation
time of the conductivity.

Keywords: power transformer; pressboard; mineral oil; moisture; conductivity; activation energy

1. Introduction

To assess the state of insulation in power transformers, the dielectric loss factor or
resistance measurements determined using the absorption coefficient R60/R15 [1,2] are
mostly used. New methods consisting of the measurement and analysis of relaxation
phenomena in the insulation of transformers over a wide range of time or frequency are
also applied. These methods make it possible to precisely determine the amount of water
accumulated in the pressboard or to estimate the degree of the insulation degradation. To
test the moisture content of power transformer insulation, diagnostic methods based on
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relaxation changes in the time domain using the recovery voltage method (RVM) [3–6]
and polarization depolarization current (PDC) method [7–10] are used. In the frequency
domain, however, the values of the loss factor tgδ and system capacity at low frequencies
are determined using the frequency domain spectroscopy (FDS) method [11–15].

The global literature also includes research related to influences of water on aging
characteristics of insulation paper [16] and adsorption of mineral oil and water by insulation
paper [17]. New and improved methods for measuring the moisture content of mineral-oil-
impregnated cellulose pressboard have been described [18–20].

The most common methods used to determine the moisture content of cellulose in-
sulation in power transformers are electrical methods using direct or alternating current
measurements. To properly analyze the test results of transformers, so-called standard
dependencies are necessary, and are determined for different moisture levels and tempera-
tures of insulation. The standard dependencies, as a rule, are performed in laboratories on
the basis of paper or electrotechnical pressboard dried under vacuum, humidified in air,
and then impregnated with insulating oil [21–24]. In the paper [25], on the basis of analysis
of the test results of moisturized paper impregnated with insulating oil, it was found that
water accumulates in cellulose fibers in the form of a nanodrops with a diameter of about
2.3 nm, containing about 220 water molecules each. In a number of papers, measurements
of alternating current properties of insulation parameters have been made to shorten the
time of their execution—usually three points per decade and sometimes even eliminating
measurements in the lowest frequency range [26–29].

The aim of this study was to precisely determine the standard dependencies for direct
and alternating current conductivity of the electrotechnical pressboard, moistened in a
manner as close as possible to the process of moistening the cellulose in power transformers.
For this purpose, the number of measuring points per decade was applied several times
greater than in previous studies. A climate chamber was used for the tests, for which
the uncertainty of temperature maintenance and measurement was below ±0.01 K. The
measurements were made in the temperature range from 293.15 to 333.15 K with a step
of 8 K. A sample with water content (5.0 ± 0.2)% by weight was tested. The use of such a
high moisture content in tests is connected with the fact that exceeding the value of about
(5.0 ± 0.2)% of the weight may lead to the failure of the transformer [30–32]. The analysis
of the obtained results was carried out with the use of the direct (DC) and alternating (AC)
current hopping conductivity model developed on the basis of the quantum-mechanical
electron tunneling phenomenon [33–37]. This model has proven to be excellent for the
constant and alternating current analysis of the conductivity of a cellulose, mineral oil,
and water nanoparticle composite prepared in a traditional way, i.e., by means of drying,
humidifying, and then impregnation [37].

2. Foundations for the Analysis of Constant and Alternating Current Material
Parameters of a Composite of Cellulose, Transformer Oil, and Water Nanoparticles
2.1. Conductivity

Alternating current testing of the conductivity of insulating materials is carried out in
a parallel RC substitution scheme. The angle of phase shift between the conduction current
and the shift current is −90◦. This means that in real dielectrics the phase shift angle ϕ is
within 0◦ ≥ ϕ ≥ −90◦.

To determine the alternating current parameters of electrical systems or insulating
materials, meters are used, which are called admittance meters. In the case of alternating
current transformer insulation tests, these meters are often called FDS meters. These meters
perform, in a RC parallel scheme, measurements of two basic values that describe systems
with passive elements. For insulating materials these are the values of phase shift angle
ϕ and admittance Y. The angle of phase shift, as a rule, is calculated on the basis of the
difference of angles for which there are zero values on the sine waveforms of current and
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voltage. The value of admittance is determined on the basis of the quotient of the current
and supply voltage amplitudes [38]:

Y =
I
V

(1)

where: Y—admittance; V—supply voltage amplitude; I—current amplitude.
FDS meters on the basis of their own software calculate the resistance Rp and the

capacity Cp in the RC parallel substitution scheme. Using these values and the geometric
dimensions of the insulation, it is possible to calculate the alternating current conductivity
and permittivity of the oil impregnated pressboard:

σ =
d

RpS
(2)

ε′ =
Cpd
ε0 · S

(3)

where: S—surface area of the measuring capacitor lining, d—plate thickness.
Material parameters of real dielectrics, conductivity, and dielectric permeability deter-

mine the values of conduction and displacement currents density which, according to the
second Maxwell equation, are sources of magnetic field [33]:

∇×
→
H =

→
j R +

→
j C = σ

→
E0 sin(ωt) + ωε′ε0

→
E0 sin

(
ωt− π

2

)
(4)

where:
→
H —magnetic field strength vector,

→
j R —conduction current density,

→
j C—displacement

current density, E0—electric field amplitude, ω = 2πf—circular frequency, f—frequency,
t—time, σ—conductivity, ε—relative dielectric permittivity, ε0—vacuum dielectric permit-
tivity.

Using the FDS method it is possible to obtain the frequency and temperature de-
pendence of the conductivity of a electrotechnical pressboard, insulating oil, and water
nanodrop nanocomposite, and to analyze the relaxation mechanisms occurring in the
insulating material investigated.

2.2. Quantum Mechanics Components

For the analysis of alternating current conductivity in the article, a model of alternating
and direct current hopping conductivity was used. The model is based on the quantum
mechanical phenomenon of electron tunneling between nanoparticles placed in a low
conductivity matrix. This condition is satisfied by a composite with the composition of an
electrotechnical pressboard impregnated with insulating oil containing nanodrops of water.
In relation to such a composite, the model assumptions can be presented as follows [37]:

• Nanodrops of water form potential wells of nanometer dimensions in the composite.
The average distances between these are also nanometric. The barrier between the
nanodrops is an insulating material.

• Electrons can tunnel between three-dimensional potential wells. The probability of
tunneling into a unit of time is determined by the formula [39,40]:

P(T) = P0 exp
(
− βr

RB
− ∆W

kT

)
, (5)

where: P0—numerical factor; r—average distance between the nearest nanodrops; β—
coefficient with the value β ≈ (1.75 ± 0.05) [41], RB—jumping electron wave function
radius of location (Bohr radius); ∆W—activation energy; k—Boltzman constant; T—
temperature.
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• The hopping conductivity takes place in a weak electric field, which does not change
the value of jump probability of the P(T) electrons but only leads to the formation of
their jump asymmetry, taken into account by the Debye factor [42]:

exp
(
± erE0

kT

)
, (6)

where: e—electron charge, r—average distance between potential wells; E0—electric
field amplitude; k—Boltzman constant; T—temperature.

From formulas (5) and (6) the formula for DC conductivity can be derived for the case
of tunneling between the potential wells—adjacent, (see for example [39]):

σ(r, T = const) = σ0exp
(
− βr

RB
− ∆W

kT

)
. (7)

In the area of weak fields, defined by inequality:

e · r · E� k · T, (8)

conductivity does not depend on electric field strength.
After jumping (tunneling) of the electron from one well to another, an electric dipole

is formed, which results in additional polarization of the material [34].
The jump causes the formation of current density j0, described by the formula:

j0 = σ0E sin ωt, (9)

where: ω—circular frequency, σ0—conductivity value.
To determine the value of σ0, entering into formula (9) and subsequent formulas,

solutions proposed, for example, in the paper [43], can be used.
After tunneling, the electron remains in the second well for time τ, called relaxation

time. After time τ, two scenarios of further jumps are possible. First, the electron can
jump in the direction opposite to the electric field to the third well (move away from well
one). The probability of such a jump is p << 1. As a result of such a jump, a flow of DC or
low-frequency current of density is observed:

j+ = pσ0E sin ω(t− τ). (10)

In the case of the second scenario, the electron returns from well two to well one. The
probability of return is 1 − p ≈ 1. This causes the flow of current at higher frequencies of
density:

j− = −σ0E(1− p) sin ω(t− τ). (11)

The total current density is given by the formula:

j = j0 + j+ + j− = σ0E[sin ωt + p sin ω(t− τ)− (1− p) sin ω(t− τ)]. (12)

Formula (12) shows that the j+ and j− components are phase shifted in relation to j0.
This means that the resultant current density has both real and imaginary components. The
actual current density component, related to material conductivity, is:

jr = σ0E(1− cos ωτ + 2p cos ωτ) sin ωt. (13)

Formula (13) shows that for direct or low-frequency current (ω→0) the current density
value does not depend on the frequency and amounts to:

jr = 2pσ0E sin ωt. (14)
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In this case, the phase shift angle is close to zero. In the high frequency area, the
current density is also not dependent on the frequency:

jr = σ0E sin ωt. (15)

As is well-known, current density and conductivity are linked by the formula:

j = σE. (16)

Formulas (14) and (16) show that the DC or low-frequency conductivity for electron
tunneling amounts to:

σDC = 2pσ0. (17)

On the other hand, in the high frequency area:

σH = σ0. (18)

Formulas (17) and (18) show that the high-frequency conductivity is 1/(2p) times
higher than the DC conductivity. The value of p included in formulas (10)–(17) can be
determined from the experimental course σ(f ). The analysis of formulas (17) and (18) shows
that p is the quotient of the conductivity values in the low σDC area and high σH frequency:

p =
σDC
2σH

. (19)

In the area of intermediate frequencies, where ωτ < 1, there is an increase in cur-
rent density and its dependence on the frequency can be described following the Mott’s
formula [39]:

jr ∼ f α( f ), (20)

where: α(f )—frequency factor.
According to the Mott model [39], parameter α ≤ 0.8 does not depend on frequency.

From the model of the hopping conductivity for composites of pressboard, mineral oil,
and water nanodrops [37], it follows that α(f ) is a function of frequency. In the area of
intermediate frequencies, the phase shift angle is 0◦ > ϕ > −90◦.

As established in papers [25,29,37,44,45], the relaxation time value should depend on
the distance between the nearest potential wells, generated by the nanodrops of water. In
this work a relaxation time formula was derived for the conductivity of electron tunneling:

τ = τ0 exp
(

β · r
RB

)
· exp

(
∆W
kT

)
, (21)

where: τ—relaxation time; τ0—unknown numerical factor; β—a numerical factor, the
value of which, according to [41] is β ≈ (1.75 ± 0.05); r—distance over which the electron
tunnels; RB—Bohr radius of the tunneling electron; ∆W—activation energy of relaxation
time.

Formula (21) shows that the relaxation time depends on the distance over which
the electron tunnels. In our case it is the distance between adjacent nanodrops. Current
conductivity in composites containing nanoparticles is carried out through percolation
channels, connecting measuring electrodes. In a 1 mm percolation channel, the number of
water nanodrops and the number of distances between them is in the order of 105. The
nanodrops in the pressboard are distributed at random. The central limit claim shows
that the probability distribution of the distance between nanodrops is approximately
normal (Gaussian distribution). This means that there are pairs of adjacent wells in the
percolation channel, distances between which are both smaller and larger than the average.
Formula (21) shows that for a pair of wells with a distance less than the average, the
relaxation time is less than the average. For a pair of adjacent wells with a distance greater
than the average, the relaxation time is greater than the average. As a result, in a composite
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of electric pressboard, mineral oil, and water nanoparticles a probability distribution of the
relaxation times occurs.

The probability distribution of relaxation times should be determined for positive
values τ. The occurrence of negative τ values would mean that the electron will return
from well two to well one even before tunneling from well one. Such conditions, i.e., only
positive values of relaxation time τ, correspond, among others, to Landau’s probability
distribution in the approximation of Moyal [46]:

FL(τ) =
1

σm
√

2π
exp

(
−τ − τm

2σm
− 1

2
exp

(
−τ − τm

σm

))
, (22)

where: σm—standard deviation; τm—expected relaxation time value.
Taking into account the distribution of Landau’s formula (13) on the frequency depen-

dence of conductivity, we can write it in the form:

σ(ω)

σ0
=

∞∫
0

FL(τ)(1− cos ωτ + 2p cos ωτ) sin ωtdτ. (23)

From formula (23), the frequency dependence of alternating current conductivity was
calculated using numerical methods taking into account the Landau probability distribu-
tion. The σ(f ) dependencies for the probability value p from 10−6 to 0.5 were obtained with
a very small step of change in the p value. Figure 1a presents the σ(f )/σ0 dependencies, and
Figure 1b the frequency coefficient α(f ) dependencies for seven selected probability values
p from 0.0001 to 0.1. As can be seen from Figure 1a, in the low frequency area σDC(f ) = const.
A further increase in frequency causes a rapid increase in conductivity. The maximum
slope of the rising section decreases with an increase in the jump probability value p. In the
high frequency area, where τm f > 0.1, consequently σH(f ) = const.
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The hopping conductivity model discussed above describes, as shown in Figure 1,
the occurrence in the low frequency area of DC conductivity, the value of which does not
depend on frequency. With a further increase in frequency there is a rapid increase in
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conductivity. Then there is a stabilization of the conductivity at a level much higher than
the value of DC conductivity.

Figure 1b shows the frequency dependence of the coefficient α(f ) entering into formula
(20). The coefficient α(f ) shows the slope of σ(f ) in double logarithmic coordinates. The
maximum position α(f ) is at the frequency at which the fastest increase in conductivity
occurs. Figure 1b shows that α(f ) in the low frequency area is zero and the conductivity is
constant. As the frequency increases, an increase in α(f ) is observed until the maximum
is reached. As the frequency increases further, α(f ) decreases to zero. The waveforms
presented in Figure 1b show that as the probability of jumping p increases, the maximum
value αmax(f ) decreases and the position of maximum moves to the higher frequencies.
Figure 1a,b on the horizontal axis show values of (f τm). Comparison of the experimental
frequency dependence αmax(f ) and the numerical determination α(f τm) shown in Figure 1b
allows determination of the value of the expected relaxation time τm entering into formulas
(22) and (23). To do this, a relationship is chosen from a family of waveforms α(f τm) defined
numerically, the maximum value for which is equal to the maximum experimental curve:

αmax( f )m = αmax( f τm). (24)

Then, from the numerical determination, the maximum position (f τm)max is de-
termined and, from the experimental determination, the frequency fmax at which the
maximum value αmax(f ) occurs is determined. Based on these data, the expected relaxation
time is determined from the formula:

τm =
( f τm)max

fmax
, (25)

where: (f τm)max—position of the maximum for the curve α(f τm) determined numerically;
fmax—frequency at which the maximum value of αmax(f ) of the experimental curve occurs.

In a number of works, the model of hopping conductivity (electron tunneling) at
direct and alternating current for composites containing nanoparticles of metallic phase in
dielectric matrices was verified (see, for example, Ref. [35,36]). In this work it was proven
that there is both qualitative and quantitative agreement of experimental results with the
model of DC and AC hopping conductivity. This model has been successfully used to
analyze frequency and temperature dependence of alternating current conductivity of
the electrotechnical pressboard, insulating oil, and nanodrops of water composite for the
moisture content range from 1% to 4% of weight [37].

The analysis of the hopping conductivity (electron tunneling) model at direct and
alternating current has shown that frequency courses of conductivity are determined by
two basic parameters—relaxation time τ and jump probability p.

The value of p determines the ratio of conductivity values in high and low frequency
areas, described by formula (19). The lower the value of the jump probability p, the greater
the ratio. The value of the relaxation time determines the position of the frequency for
which the fastest increase in conductivity occurs and the frequency factor α(f ) reaches its
maximum.

3. Materials and Methods
3.1. Materials

The use of the FDS method to determine the moisture content of solid insulation of
power transformers requires reference relationships, defined for different water contents
and temperatures. For this purpose, laboratory tests are performed on paper and elec-
trotechnical pressboard of different water content. To date, samples for laboratory tests
were prepared using the following technology. The pressboard was vacuum dried at a
temperature of about 353 K for up to two or three days. Then its mass was measured
and the mass which should be obtained by the sample after it has been moistened to a
given value was calculated. The sample was left in the atmospheric air until it reached its
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calculated mass. After reaching the set mass, the sample was immersed in transformer oil
for impregnation.

In transformers, the vacuum-dried pressboard is vacuum impregnated with trans-
former oil. During many years of operation, moisture penetrates into the transformer
and dissolves in the oil. The oil supplies the moisture to the cellulose insulation, where it
accumulates because its solubility in cellulose is about 1000 times higher than in oil [47].
This means that the natural process of moistening the cellulose in the transformer is funda-
mentally different from the way samples are moistened for laboratory tests. Transformers
are first subjected to drying and vacuum impregnation. Then, slow (over many years)
absorption of moisture into the oil-impregnated pressboard takes place. In the samples
for laboratory tests, the moisture penetrates from the atmosphere into the dried unimpreg-
nated pressboard. After moistening, impregnation is carried out in atmospheric pressure,
not in vacuum.

In the work for the production of samples, a method of moisturizing the pressboard
as close as possible to the natural moisturization of the pressboard in power transformers
was used. For this purpose, three identical plates were cut out of the pressboard. Two
of them were vacuum-dried and then moisturized in atmospheric air and immersed in
insulating oil for impregnation. These tiles served as sources of moisture. The third tile,
intended for testing, was vacuum-dried, and while left in the vacuum, it was flooded
with insulating oil, where it was impregnated. After vacuum impregnation, the third
plate was placed in an oil vessel between two previously moistened plates, as sources of
moisture. Moisturization of the dried and vacuum impregnated panel intended for testing
was carried out in the same way as moisturizing the pressboard in power transformers,
namely, moisture from previously moisturized pressboard plates diffused into oil. The
oil transferred the moisture to the impregnated dry panel, where it was absorbed by the
cellulose. The time of moisturizing the tile to be tested was over a year and a half.

For the tests presented in this paper, a sample of pressboard with moisture content
(5.0 ± 0.2)% by weight was prepared as described above. In the work, Weidman’s elec-
trotechnical pressboard and Nynas’ transformer oil were used, with a moisture content of
several ppm, dedicated to building insulation of power transformers.

3.2. Methods

The diagram of the test stand used in the work for the measurement of alternating
current parameters of the electrotechnical pressboard, insulating oil, and nanodrops of
water composite is presented in works [48,49]. The main component of the stand is a
three-electrode measuring system. Measuring and voltage electrodes are used to measure
the cross-current intensity, flowing perpendicularly to the surface of the pressboard sample.
The protective electrode is used to discharge the surface current to earth. The pressboard
plate, moistened in a manner as close as possible to that of permanent insulation in power
transformers, is placed between the electrodes. A metallic voltage electrode, made in
the form of a 50 mm high cylinder with a diameter of 160 mm, presses a sample of the
pressboard to the measuring electrode. The three-electrode measuring system and the
sample is placed in a hermetic vessel and flooded with a small amount of oil, so that its
surface is located above the pressboard plate. The measuring vessel with the condenser
and the pressboard plate is placed in a climate chamber.

To maintain the temperature precisely, the climate chamber was developed and man-
ufactured. The chamber was equipped with a proportional-integral-differential (PID)
regulator electronic control system, forced air circulation and a chilled air source. A time
of approx. 5 h was needed to reach and stabilize the preset temperature of the measuring
capacitor. This is due to the high mass of the measuring capacitor together with the vessel
and oil. Once the set temperature has been reached, the climate chamber maintains it
for many hours. The temperature of the measuring capacitor was monitored with the PT
1000 sensor and AGILENT 34970A temperature meter (Agilent Technologies, Santa Clara,
CA, USA) and recorded in computer memory every 1 s. Based on the recording of the
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measurement results within thirty hours (108,000 measuring points), an uncertainty of
measurement of temperature type A was determined, the value of which did not exceed
±0.01 K. For the measurement of DC and AC properties, a Dirana meter—FDS-PDC di-
electric response analyzer (OMICRON Energy Solutions GmbH, Berlin, Germany)—was
used. This meter allows for DC and AC measurements in the frequency range from 0.0001
to 5000 Hz at voltages up to 200 V.

As a rule, in FDS alternating current tests, measurements are made at three points
per decade [11,50–52]. In this way, tests of power transformers have also been per-
formed [53–58]. This is due to the very highly time-consuming characteristic of mea-
surements at ultra-low frequencies. For example, a single period of sinusoidal voltage at
0.0001 Hz is equal to 10,000 s, which is about 2.77 h.

In our tests of the pressboard, moistened in a manner as close as possible to that of
solid insulation in transformers, alternating current measurements in the frequency range
from 10−3 to 5000 Hz were made at 10 measurement points per decade. In the frequency
range from 10−4 to 10−3 Hz, 5 points per decade were recorded. This lengthened the
testing time and also improved the accuracy of reference characteristics’ determination.
To further improve the accuracy of reference characteristics’ determination, the number
of measurement temperatures was extended. Measurements were performed at six mea-
surement temperatures: 293.15, 301.15, 309.15, 317.15, 325.15, and 333.15 K. This had a
positive impact on the accuracy of the determination of the activation energy of the direct
and alternating current conductivity of the oil-impregnated pressboard.

The work of the meters and the climatic chamber was controlled by a computer
program, which allows for remote control of the stand (setting of the measurement mode—
direct or alternating current—supply voltage values, measurement temperature) and
recording of measurement results.

Tests of direct and alternating current conductivity of the pressboard, moisturized in a
manner as close as possible to the moisturization of solid insulation in power transformers,
were performed in the following manner. Measurements were started from the lowest
temperature of 293.15 K. After reaching and stabilizing the set temperature, the measuring
capacitor was supplied with DC voltage of VDC = 100 V. The Dirana meter raised the
voltage to the set value gradually within about 8 s. After reaching the preset voltage value,
the value of the volume current was recorded. Current and capacitor temperature values
were recorded and stored in the computer memory once per second. Recording of DC
current intensity lasted for two hours (7200 s). After the DC measurements were completed,
alternating current measurements were started. This was done from the highest frequency
of 5000 Hz. After measurements were taken at the first frequency, the computer program
changed the frequency to the next. This procedure was repeated until the measurement was
performed at the lowest frequency of 0.0001 Hz. After the measurements were completed
at the temperature of 293.15 K, the next temperature was set, and after its stabilization the
next cycle of electrical measurements was performed.

4. Temperature Influence on Constant and Alternating Current Conductivity Values

The study examined a sample of pressboard moisturized to the water content of
(5.0 ± 0.2)% by weight in a manner as close as possible to that of pressboard moistened
in power transformers. Such a high moisture content was selected due to the fact that
its accumulation in the solid insulation above 5% of weight might lead to catastrophic
failure of the transformer [59–61]. Figure 2 shows the time dependence of the volume–
current intensity for measuring temperatures from 293.15 to 333.15 K with a step of 8 K.
As the time increases, the current intensity, determined at each temperature, decreases
and then stabilizes. From the value of the determined current intensity, the value of DC
conductivity was calculated using formula (16). Figure 2 shows that, with an increase
in temperature from 293.15 to 333.15 K, the determined current intensity, i.e., also the
conductivity, increases about 50 times. On the basis of the temperature dependence of
DC conductivity, the Arrhenius diagram presented in Figure 3 was drawn. The linear
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approximation of the experimental results by the method of smallest squares showed
its very high quality. This is evidenced by the value of the determination factor R2 =
0.9992, which is very close to unity. On the basis of the approximation formula obtained
with the use of numerical methods, the activation energy of the DC conductivity of the
pressboard, moistened in a manner as close as possible to that of the solid insulation in
power transformers, was determined. Its value was ∆WDC = 0.8022 eV.
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Figure 4 shows, in the form of points, the experimental results of the alternating current
conductivity values of the composite of cellulose, insulating oil, and water nanoparticles
for its content (5.0 ± 0.2)% by weight, measured at measurement temperatures from 293.15
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to 333.15 K with a step of 8 K. The figure shows that in the ultra-low frequency area,
the value of alternating current conductivity is a constant value. This value increases as
the temperature increases. This means that in this frequency area the value of alternating
current conductivity depends only on temperature and not on the relaxation time. With
a further increase in frequency, the value of the alternating current conductivity starts to
increase. The beginning of the increase moves as the temperature increases to the higher
frequency area. This is related to the change in the relaxation time as the temperature
increases, as described by formula (13). For a precise calculation of the activation energy of
the relaxation time and the conductivity, conductivity values between adjacent measuring
points are needed. Polynomial approximation was used to determine the intermediate
values between adjacent test points. The approximation of experimental waveforms was
performed using the method proposed in paper [29]. In Figure 4, the approximation results
are presented as continuous lines. Each of these lines consists of 200 points per decade,
obtained by polynomial approximation. The values of R2 for the approximated courses are
very close to unity (Table 1).
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temperatures from 293.15 to 333.15 K. Continuous lines—polynomial approximation.

Table 1. Values of R2 and the position of the f max maxima of the frequency factor αmax(f ) for
the approximation of the polynomial alternating current conductivity for different measurement
temperatures.

T, K 293.15 301.15 309.15 317.15 325.15 333.15

R2, a.u. 0.9999989 0.9999992 0.9999995 0.9999997 0.9999999 0.9999998
f max, Hz 0.08128 0.2239 0.5012 1.1749 2.6915 5.495

Figure 5 shows the percentage differences between the approximation waveforms and
experimental results of alternating current conductivity. Figure 5 shows that the highest of
the differences occurring in the low frequency area does not exceed 0.5%. The remaining
differences are smaller and decrease with increasing frequency. This means a very high
quality of polynomial approximation performed according to the method proposed in the
paper [29].



Energies 2021, 14, 32 12 of 26

Int. J. Environ. Res. Public Health 2020, 17, x FOR PEER REVIEW 12 of 26 
 

 

very high quality of polynomial approximation performed according to the method pro-
posed in the paper [29]. 

 
Figure 5. Percentage differences between experimental results of alternating current conductivity 
for a composite of cellulose, transformer oil, and water nanoparticles for measurement temperatures 
from 293.15 to 333.15 K and the results of approximation. 

In Figure 6, derivative values of d(logσ)/d(logf), obtained by differentiation of ap-
proximating courses presented in Figure 4, are presented. The figure shows that with the 
increase in frequency, an increase in derivative value is observed practically from zero to 
the maximum. Then the value of the derivative decreases and reaches the minimum. Fur-
ther increase in frequency leads to the increase in the derivative value and reaching the 
next maximum. 

 

Figure 5. Percentage differences between experimental results of alternating current conductivity for
a composite of cellulose, transformer oil, and water nanoparticles for measurement temperatures
from 293.15 to 333.15 K and the results of approximation.

In Figure 6, derivative values of d(logσ)/d(logf), obtained by differentiation of ap-
proximating courses presented in Figure 4, are presented. The figure shows that with the
increase in frequency, an increase in derivative value is observed practically from zero
to the maximum. Then the value of the derivative decreases and reaches the minimum.
Further increase in frequency leads to the increase in the derivative value and reaching the
next maximum.
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We now compare the experimental dependence of direct and alternating current
conductivity with the model of hopping conductivity (electron tunneling) at direct and
alternating current, discussed in Section 2. Figure 7 shows the value of DC conductivity
in the form of a horizontal dotted line and frequency dependence of alternating current
conductivity and frequency factor α(f ) determined at measuring temperature 293.15 K.
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which αmax(f max) occurs.

The first of the conclusions of the model is the equality of DC and AC conductivity,
measured in the ultra-low frequency area. Figure 7 shows that this condition is fulfilled. It
also follows from the model that, with the increase in frequency, the alternating current
conductivity starts to increase faster (Figure 1a). The frequency factor α(f ), which deter-
mines the rate of increase in conductivity, described by formula (20), starts to increase from
zero in the ultra-low frequency area, where σ(f ) = const. At the point of the fastest increase
in conductivity, coefficient α(f ) obtains a maximum value of αmax(fmax). With a further
increase in frequency, the rate of increase in conductivity decreases and the coefficient α(f )
decreases its value. A comparison of the experimental waveforms of alternating current
conductivity and the frequency factor α(f ) (Figure 7) with the waveforms defined in the
model (Figure 1a,b) shows that the experimental waveforms and those calculated on the
basis of the model perfectly match. This means that the frequency dependence of alter-
nating current conductivity and frequency factor α(f ), in addition to the equality of direct
current conductivity and low frequency alternating current conductivity values, indicate
the presence in the composite of cellulose, transformer oil, and water nanoparticles of
hopping conductivity, based on the quantum-mechanical electron tunneling phenomenon.

On the basis of comparison of experimental and numerically calculated waveforms
for the value α(f ), we can determine the expected values of relaxation times occurring for
different temperatures in the frequency range from 10−1 to 101 Hz. From the diagrams
shown in Figure 6, the values of fmax(T) frequencies at which αmax(f ) occurs for different
temperatures were determined. These values are shown in Table 1. The values of αmax(fmax)
for the different measuring temperatures (Figure 6) are within the limits of αmax(f ) ≈
(1.08 ± 0.01). The value of fmax·τm≈ (0.0417± 0.0003) was determined from the simulation
waveforms shown in Figure 1b. By substituting the values of fmax(T) given in Table 1 and
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fmax·τm for formula (25), the temperature dependence of the expected relaxation time value
τm(T) was calculated. Based on the obtained values of τm(T), an Arrhenius diagram was
drawn up, shown in Figure 8.
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The approximation, made using the method of the smallest squares, showed that it is a
linear dependence. The coefficient of determination R2 = 0.9989, which is very close to unity,
proves a very high quality of approximation. On the basis of the obtained approximation
formula, the activation energy of the value of expected relaxation time was determined,
and amounted to ∆Wτm ≈ (0.884 ± 0.0203) eV.

The resulting uncertainty value of the relaxation time activation energy is ±2.3%,
which is a satisfactory value.

Figures 6 and 7 show that with a further increase in frequency, the value α(f ) decreases
to a minimum, which, depending on the temperature, is in the frequency range from 10
to 103 Hz. After passing through the minimum, the value α(f ) starts to increase, striving
for the next maximum. This is indicated by a slowdown in the rate of increase in α(f )
for a temperature of 293.15 K, which can be seen in the frequency range near 5000 Hz.
The position of the second maximum is outside the frequency range used in the Dirana
PDC-FDS. Therefore, it was not possible to determine the position of the second maximum,
the value of the expected relaxation time, or the activation energy. The increase in α(f ) after
passing through the minimum and aiming at the second maximum indicate the occurrence
of two electron tunneling mechanisms in the pressboard, which differ in their values of
expected relaxation times.

The location of alternating current conductivity in double logarithmic coordinates is in-
fluenced simultaneously by two factors. One of these is the activation energy of alternating
current conductivity and the other is the activation energy of relaxation time. The influence
of the activation energy of alternating current conductivity is that the relationship moves
vertically as the temperature increases. This is clearly visible in the ultra-low frequency
area (DC conductivity). Changes in the relaxation time, the value of which is determined
by the temperature and the activation energy, result in a shift in the higher frequencies
along the vertical axis as the temperature increases. According to the DC and AC hopping
conductivity model in the ultra-low frequency area, the conductivity is a constant value
and does not depend on frequency (formula (17)). Figure 4 shows that in the ultra-low
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frequency area, the experimental value of conductivity does not depend on the frequency
but increases with temperature.

Figure 9 shows the Arrhenius diagram for conductivity at frequencies 10−4 Hz, i.e.,
in the range where the conductivity value does not depend on frequency. Linear approx-
imation of experimental values by the method of smallest squares showed its very high
accuracy. This is evidenced by the value of the coefficient of determination R2 = 0.9998,
which is very close to unity. This indicates the constancy of the energy of activation of
the conductivity over the whole temperature range. On the basis of the approximation
formula, the value of activation energy of the low-frequency conductivity ∆Wσ = 0.8575 eV
was determined.
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The fact that, in the ultra-low frequency area, the conductivity value does not depend
on the value of relaxation time allows the influence of the activation energy of the conduc-
tivity on the course of the conductivity to be eliminated. In order to eliminate the influence
of the activation energy of the conductivity, the σ(f ) waveforms measured at temperatures
from 301.15 to 333.15 K are shifted along the vertical axis to 293.15 K, which is the reference
temperature in electrical engineering. The shifts are made in such a way that the conduc-
tivities at 10−4 Hz overlap. The alternating current conductivity waveforms shifted along
the vertical axis are shown in Figure 10. After the shift to alternating current conductivity
waveforms shown in Figure 10, only the temperature dependence of relaxation time of the
conductivity is affected.

In Figure 10, the horizontal dotted lines indicate the range from 10−11 to 2 × 10−9 S/m,
which contains the growth segments of the shifted conductivity waveforms for all mea-
surement temperatures. In this area, 22 conductivity values were selected, from which the
values of the activation energy of relaxation time were determined. Such a large number
of conductivity values were selected to increase the accuracy of the determination of the
average value of the activation time energy of the conductivity and the uncertainty of
its measurement. For each of the 22 conductivity values from the waveforms shown in
Figure 10, the frequency values at which the selected conductivity value occurs were deter-
mined for the different measurement temperatures. These values were used to draw the
Arrhenius diagrams presented in Figure 11. The smallest squares were used to approximate
the Arrhenius diagrams. These are linear relationships. Their high accuracy is indicated by
the values of determination coefficients R2, which were very close to unity, presented in
Table 2. The lowest of R2 = 0.9992 and the mean value R2 ≈ (0.9996± 0.00022). On the basis
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of the approximation formulas obtained, 22 values of the activation energy of relaxation
time of the conductivity were determined, presented in Table 2.
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Table 2. Activation energies of relaxation time of the conductivity ∆Wτσ and R2 values for the
22 linear approximations of Arrhenius diagrams shown in Figure 11.

σ, S/m ∆Wτσ, eV R2, a.u.

1.00 × 10−11 0.860 0.9998
1.29 × 10−11 0.866 0.9998
1.66 × 10−11 0.864 0.9998
2.13 × 10−11 0.864 0.9998
2.74 × 10−11 0.866 0.9993
3.53 × 10−11 0.860 0.9995
4.54 × 10−11 0.864 0.9998
5.85 × 10−11 0.864 0.9998
7.53 × 10−11 0.860 0.9995
9.69 × 10−11 0.860 0.9995
1.25 × 10−10 0.860 0.9998
1.60 × 10−10 0.858 0.9999
2.06 × 10−10 0.860 0.9998
2.66 × 10−10 0.863 0.9998
3.42 × 10−10 0.866 0.9993
4.40 × 10−10 0.869 0.9993
5.66 × 10−10 0.875 0.9992
7.29 × 10−10 0.875 0.9996
9.38 × 10−10 0.885 0.9995
1.21 × 10−9 0.888 0.9998
1.55 × 10−9 0.893 0.9997
2.00 × 10−9 0.892 0.9993

Average value 0.869 0.9996
Standard deviation 0.0107 0.00022

In Figure 12, 22 values for the activation energy of relaxation time of the conductivity
are shown. The figure shows that the value of the activation energy of relaxation time
of the conductivity is a constant value over a wide range of conductivity changes. Only
in the highest frequency area 4 do the values slightly exceed the mean value + standard
deviation. This may be due to an increase in uncertainty at the ends of the measuring range
for many measuring instruments. The mean value of the activation energy of relaxation
time of the conductivity is ∆Wτσ ≈ (0.869 ± 0.0107) eV. Even the highest value at the end
of the range, at 5000 Hz, is only 2.65% higher than the average value. From Table 2 and
Figure 12 it can be seen that using 22 conductivity values to determine the average value
of the activation energy of relaxation time of the conductivity allowed high accuracy to
be obtained. The uncertainty of determining the activation energy of relaxation time is
only ±1.23%. Comparing the values of ∆Wτσ with ∆Wτm ≈ (0.884 ± 0.0106) eV, obtained
from directly determined values of relaxation times (Figure 8), shows that both values are
identical within the limits of the uncertainty of their determination, and the difference
between them is 1.7%.
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5. Determination of Activation Energy of the Conductivity

After obtaining the activation energy of relaxation time of the conductivity, we can use
its value to eliminate the influence of the relaxation time on the position of the frequency
dependence of the conductivity shown in Figure 4. For this purpose, using the value
∆Wτσ, the waveforms from Figure 4 obtained for temperatures from 301.15 to 333.15 K
were converted to a reference temperature of 293.15 K by moving them along the horizontal
axis. The results of the conversion are shown in Figure 13. Figure 13 shows that the
waveforms for frequencies 10−4 Hz and above are practically parallel.
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water nanoparticles measured at temperatures from 293.15 to 333.15 K, shifted by means of the
activation energy of relaxation time of the conductivity to reference temperature 293.15 K.
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This is evidenced by the differences between the frequency dependence of the conduc-
tivity for the reference temperature 293.15 K and the dependence for the other temperatures,
as shown in Figure 14. From the figure it can be seen that the differences between the indi-
vidual curves, when shifted with the activation energy of relaxation time of the conductivity,
are horizontal lines that are very close to straight lines.
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Figure 14. Differences between the frequency dependence of the conductivity for the reference
temperature 293.15 K and the other temperatures shifted by the activation energy of relaxation time
of the conductivity along the horizontal axis to the reference temperature 293.15 K.

The values of all six curves after shifting at the same time are within the frequency
range from 10−4 to 60 Hz, indicated in Figure 13 by dashed vertical lines. As in the
activation energy of relaxation time calculation cases described above, 22 points on the
frequency axis were selected in the frequency range 10−4 to 60 Hz. For each of these points,
conductivity values at different temperatures were determined. On this basis, 22 Arrhenius
diagrams, shown in Figure 15, were drawn. This allows the average value of the activation
energy of the conductivity and the uncertainty of its measurement to be determined with
high accuracy. For the experimental points, the linear functions were approximated by the
least squares method, presented in Figure 15 in the form of straight lines. The quality of the
approximations is very high. The values of the coefficients of determination R2, presented
in Table 3, are between 0.9995 and 0.9999, and their mean value is (0.9997 ± 0.00011).
On the basis of the obtained approximation formulas, 22 values of activation energy of
the conductivity, presented in Table 3, were determined. The obtained average value of
activation energy of the conductivity is ∆Wσ ≈ (0.894 ± 0.0134) eV. The uncertainty of
determining the activation energy of the conductivity is ±1.50%.
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Table 3. Activation energy of the conductivity ∆Wσ and R2 values for Arrhenius diagrams presented
in Figure 16.

f, Hz ∆Wσ, eV R2, a.u.

1.00 × 10−4 0.898 0.9998
1.88 × 10−4 0.896 0.9998
3.55 × 10−4 0.895 0.9997
6.69 × 10−4 0.895 0.9997
1.26 × 10−3 0.896 0.9997
238 × 10−3 0.898 0.9998
4.48 × 10−3 0.899 0.9998
8.43 × 10−3 0.900 0.9998
1.59 × 10−2 0.902 0.9997
2.99 × 10−2 0.907 0.9996
5.64 × 10−2 0.915 0.9993
1.06 × 10−1 0.914 0.9990
2.00 × 10−1 0.910 0.9996
3.78 × 10−1 0.905 0.9996
7.11 × 10−1 0.899 0.9997
1.34 × 100 0.893 0.9995
2.53 × 100 0.886 0.9995
4.76 × 100 0.880 0.9999
8.97 × 100 0.873 0.9998
1.69 × 101 0.870 0.9998
3.18 × 101 0.871 0.9997
6.00 × 101 0.869 0.9998

Average value 0.894 0.9997
Standard deviation 0.0134 0.00019
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Figure 16 shows the frequency dependence of the activation energy of the conductivity
∆Wσ and the mean value ± standard deviation.

Figure 16 shows that activation energy of the conductivity value is a constant value
over a wide frequency range. The greatest deviation from the average value occurs at 60 Hz
and is only 2.8%. This is a highly satisfactory difference.
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Figure 16. Frequency dependence for 22 values of activation energy of the conductivity for the
composite of cellulose, synthetic ester, and water nanoparticles, mean value and mean value ±
standard deviation.

The mean value of the activation energy of relaxation time of the conductivity is
∆Wτσ ≈ (0.869 ± 0.0107) eV, and the activation energy of the conductivity is ∆Wσ ≈
(0.894 ± 0.0134) eV. As can be seen, these values are very close. The difference between
them is 0.025 eV. This means that the two activation energy values, describing the different
processes in the composite of cellulose, mineral oil, and water nanoparticles, are equal
within the error limits. The mean value and the standard deviation for the 44 residual
activation energy values shown in Tables 2 and 3 is ∆W ≈ (0.881 ± 0.0140) eV. Due to the
determination of such a large number of residual activation energy values, the uncertainty
of determination is only ±1.6%. This means that very high accuracy was achieved in
determining the average value of activation energy.

Using the mean activation energy value ∆W ≈ (0.881 ± 0.0140) eV, the frequency
dependence of the conductivity, obtained at different temperatures, was converted to a
reference temperature of 293.15 K. The conversions were made by shifting the waveforms
along the conductivity axis using formula (12) and the frequency using formula (20). The
results of the conversion are shown in Figure 17.
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From Figure 17, it can be seen that all six passages overlap perfectly. This means
that the shape of the frequency dependence of the conductivity depends only on the
parameters of the composite of the pressboard and mineral oil, and the moisture content
of the pressboard. The position of each of the six waveforms in relation to the double
logarithmic coordinates (Figure 4) is determined by the temperature. The influence of
the temperature on the position of the waveforms is determined by the temperature
dependence of the relaxation time of the conductivity. This moves the curves along the
horizontal axis (frequency axis). The dependence of the conductivity value on temperature
shifts the waveforms along the vertical axis (the conductivity axis). The simultaneous
interaction of both of these dependencies determines the position of the waveform in
relation to the coordinate axis.

6. Conclusions

To prepare a sample for laboratory tests, a method of moisturizing a pressboard
impregnated with insulating oil, as close as possible to the moisturization of cellulose
insulation in power transformers, was applied in the study. The previously dried and
vacuum-impregnated moisture was delivered from moistened tiles. Moisture from these
tiles was diffused into the oil, which supplied it to the vacuum-impregnated dry tile, by
which it was absorbed. The tile moistening process was carried out over a year and a half.
A sample of pressboard impregnated with insulating oil with water content (5.0 ± 0.2)% by
weight was prepared for measurements. A sample with such a high content was selected
due to the fact that the accumulation of water in the transformer insulation to the level
exceeding 5% by weight may cause a catastrophic failure of the transformer.

Precise tests of direct-current conductivity σDC and alternating-current σ(f ) by the
FDS method were performed on such a composite of cellulose, transformer oil, and water
nanoparticles. Measurements were made in the temperature range from 293.15 to 333.15 K
with a step of 8 K. The uncertainty of temperature maintenance during measurements was
below ±0.01 K.
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For the analysis of the obtained results, the model of hopping conductivity on direct
and alternating current was used, based on the quantum phenomenon of electron tunneling
between the potential wells and nanodrops of water.

It was found that in the ultra-low frequency area the conductivity value depends on
temperature and does not depend on frequency. With a further increase in frequency, the
conductivity starts to increase. The beginning of the increase moves as the measuring
temperature increases to the higher frequency area. This is related to the influence of
temperature on the relaxation time of the conductivity. Based on the d(logσ)/d(logf)-
derived waveforms, it was established that the increase in the conductivity value takes
place in two stages. From the comparison of the experimental results of the maximum
position of the derivative d(logσ)/d(logf) for the first stage and the results of the computer
simulation for the hopping conductivity model (electron tunneling), the temperature
dependence of the expected relaxation time value of the conductivity was determined. The
expected value of the activation energy of relaxation time ∆Wτm ≈ (0.884 ± 0.0203) eV
was determined. For the second stage, the derivative value reached a maximum in the
frequency range above the upper range of the meter.

It was found that the position of relation σ(f ) in double logarithmic coordinates is
influenced by two factors simultaneously. The first is the temperature dependence of the
conductivity, which is determined by the activation energy of the conductivity. This causes
a shift along the vertical axis as the temperature increases. The second is the temperature
dependence of the relaxation time of the conductivity. This is related to the activation
energy of the relaxation time. This causes the waveforms to shift along the horizontal axis
as the temperature rises to the higher frequencies. The simultaneous interaction of these
two factors determines the position of the waveform σ(f ) at a given temperature.

A comparison of the DC and AC conductivity measurements shows that these values
are identical in the ultra-low frequency area. In this frequency area, the temperature
only moves the conductivity value in a vertical direction. This eliminates the influence
of the activation energy of the conductivity on the obtained σ(f ). For this purpose, the
relationships for temperatures 301.15 K and above were shifted along the vertical axis so
that the conductivity values at 10−4 Hz were equal to the conductivity densities obtained
at 293.15 K on this frequency.

After shifting in the area from 10−11 to 2 × 10−9 S/m, where all six curves at differ-
ent measurement temperatures are simultaneously located, 22 conductivity values were
selected. For these values Arrhenius charts were drawn, from which 22 values of the
activation energy of the relaxation time of the conductivity were determined and the mean
value ∆Wτσ ≈ (0.869 ± 0.0107) eV.

Using the activation energy of relaxation time, the waveforms for temperatures
301.15 K and higher were shifted to 293.15 K. This eliminated the effect of the relaxation
time. After the shift, all six curves for different temperatures were in the frequency range of
10−4 to 60 Hz. In this range, 22 points on the frequency axis were selected. For each of these
points, conductivity values at different temperatures were determined and 22 Arrhenius
diagrams were drawn, from which 22 values of activation energy of the conductivity were
determined. The average value of the activation energy of the conductivity obtained on
this basis was ∆Wσ ≈ (0.894 ± 0.0134) eV.

It was found that the values of the activation energy of the relaxation time of the
conductivity and the activation energy of the conductivity are equal within the limits
of uncertainty, and the mean value was ∆Wσ ≈ (0.881 ± 0.0140) eV. Using the mean
value of activation energy, the frequency dependence of conductivity, obtained at different
temperatures, was shifted to 293.15 K. For this purpose, first the waveforms were shifted
along the horizontal and then the vertical axis.

For this purpose, the horizontal and vertical axes were first shifted, then the vertical
axes. This means that the shape of the frequency dependence of the conductivity depends
on the moisture content of the pressboard, impregnated with insulating oil. The position of
each of the waveforms in relation to the double logarithmic coordinates is determined by
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the temperature through the activation energy of relaxation time and the activation energy
of the conductivity.

The paper proposes a way to precisely determine the standard characteristics for the
conductivity of a pressboard impregnated with insulating oil and containing moisture.
This method involves: the use of a large number of measuring points in the area of low and
ultra-low frequencies; the use of a climatic chamber with an uncertainty of temperature
determination of less than ±0.01 K; and determination of activation energy of conductivity
and relaxation times with high accuracy. The application of such a method of determination
of standard characteristics will allow the accuracy of determination of moisture content in
cellulose insulation of power transformers to be improved, particularly in the range close
to 5% of weight.
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