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Abstract: Polarization-depolarization current (PDC) measurements are now being used as a diagnosis
tool to predict the ageing condition of transformer oil-paper insulation. Unfortunately, it is somewhat
difficult to obtain the ageing condition of transformer cellulose insulation using the PDC technique
due to the variation in transformer insulation geometry. In this literature, to quantify the ageing
condition of transformer cellulose insulation using the PDC technique, we firstly designed a series of
experiments under controlled laboratory conditions, and then obtained the branch parameters of an
extended Debye model using the technique of curve fitting the PDC data. Finally, the ageing effect
and water effect on the parameters of large time constant branches were systematically investigated.
In the present paper, it is observed that there is a good exponential correlation between large time
constants and degree of polymerization (DP). Therefore, the authors believe that the large time
constants may be regard as a sensitive ageing indicator and the nice correlations might be utilized
for the quantitative assessment of ageing condition in transformer cellulose insulation in the future
due to the geometry independence of large time constants. In addition, it is found that the water in
cellulose pressboards has a predominant effect on large time constants.

Keywords: polarization-depolarization current; transformer cellulose insulation; ageing effect; water
effect; quantitative correlation; large time constant

1. Introduction

Transformers, widely in the electric power transmission and transformation area, are regarded as
one of the most important pieces of equipment [1,2]. Unfortunately, during their long operation period,
the ageing of transformer insulation inevitably occurs due to the complicated operating conditions [3-5].
Once the power transformer ages, its insulation compounds obviously degrade, which increases risk
of dielectric failure. The degradation/ageing of transformer insulation compounds is regarded as one
of the major factors of outages in large transformers. It is believed that a suddenly occurring insulation
failure in a transformer can be traced back to its insulation degradation/ageing. It is believed that

Energies 2017, 10, 1842; doi:10.3390/en10111842 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-8785-126X
https://orcid.org/0000-0001-8394-6659
https://orcid.org/0000-0002-7660-7293
http://dx.doi.org/10.3390/en10111842
http://www.mdpi.com/journal/energies

Energies 2017, 10, 1842 20f17

many power transformers now in use are close to the end of their service life. Replacing them with
new ones, based only on their insulation ageing, is clearly unadvisable. This is due to that some of
these transformers may still be in good operation conditions and could be serviced to extend their
in use duration. Therefore, preventing insulation failures and keeping power transformers in better
operating conditions is an important topic for utility professionals.

Nowadays, a great number of studies in relation to fault diagnosis, life estimation, and reliability
analysis techniques for transformer insulation have been widely reported [6-10]. The authors in [6]
reviewed the diagnostic measurements for power transformers using the techniques of partial discharge
(PD), frequency response analysis (FRA), dissolved gas analysis (DGA) and dielectric response
measurement (DRM). It has been observed that these diagnostic measurement techniques have certain
limitations, but with some obvious improvements it is shown that it is possible to determine the
internal condition of power transformers with these diagnostic techniques. In [7] the authors reported
a comprehensive review in terms of the analysis and discussion of the effect of loads and other key
factors on oil-transformer ageing. In addition, each factor was analysed in detail and useful comparative
tables were also created. This contributed significantly to insulation diagnosis and life estimation in
transformers. An induced voltages ratio-based algorithm for fault detection, faulted phases and winding
identification of a three-winding power transformer in an electrical power system was proposed in [8].
The intelligent algorithm presented in the paper can not only detect an internal fault, but also identify
the faulted phase and winding of a three-winding power transformer. This novel algorithm may
be applied to the insulation fault diagnosis on oil-filled transformers with different voltage levels.
Wang et al. [9] presented a new concept about overload capability assessment of transformers. It is
found that, compared with the previous studies that without regard to the overloading probability,
the assessment results obtained in the work are much more reliable. This new idea can contribute to
the overload capability assessment of oil-filled transformers. Prasojo et al. [10] reported the expected
life estimation of transformer cellulose insulation using ANFIS based upon the oil characteristics and
dissolved gases analysis. The proposed ANFIS model has 89.07% training accuracy and 85.75% testing
accuracy and provides a helpful assistance for experts in transformer condition assessment.

As for the techniques reported in [6-10], the DRM techniques are more suitable for the
insulation assessment/diagnosis on field transformers due to the abundant information obtained
from transformer insulation. It is generally accepted that the understanding and interpretation of
the correlations between the PD signals and transformer insulation ageing is rather more difficult.
Moreover, onsite/online PD measurements are often affected by the high noise levels in the field. As for
the FRA technique, we believe that it is a helpful tool for indicating electrical or mechanical damages to
transformer windings. However, there are now no clear correlations between FRA data and transformer
insulation ageing. The DGA technique, presently, is generally used for transformer insulation fault
diagnosis/assessment because of the convenience for using it in the field. Using artificial intelligence or
machine learning techniques (fuzzy logic model, neural networks, wavelet-based algorithms, adaptive
neuro-fuzzy inference system, grey clustering analysis, etc.), power utilities can perform the fault
diagnosis/ageing assessment on transformer insulation. It has been shown that the DGA technique
can not only effectively determine the transformer fault types but also estimate qualitatively the
degradation/ageing conditions of transformer insulation. Unfortunately, this general methodology
cannot perform quantitative insulation evaluation.

At present, many publications have generally reported that the operating life of a transformer is
predominantly determined by the operating life of its cellulose insulation [11,12]. Until now, taking
several paper/pressboard specimens to obtain the degree of polymerization (DP) value is the most
effective technique for residual life evaluation in transformer insulation, nevertheless, the sampling
technique is both impractical and destructive [12,13]. It is generally believed that the oil specimen
analysis (OSA) technique can be commonly utilized for the prediction of ageing condition in transformer
cellulose insulation due to the undamaged oil sampling [7]. However, the OSA technique only
provides quite inadequate information relevant to the ageing condition of transformer cellulose
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insulation [2,12,13]. Moreover, the furan measurement technique is a practical method for quantitatively
assessing transformer cellulose insulation ageing [11]. Unfortunately, the furan measurement is
severely influenced by thermosiphoning and furan distribution between oil and cellulose. Nowadays,
the hot-spot temperature on transformer windings is also used for assessing the ageing condition of
transformer cellulose insulation, although it is observed that there is a correlation between cellulose
ageing and hot-spot temperature, this relations have not been quantified yet. Under the present
economic conditions, it is an important issue for power utilities to quantitatively acquire the ageing
condition of transformer cellulose insulation using appropriate diagnostic techniques.

Over the last few years, the demand to non-destructively and reliably obtain the transformer
insulation condition has greatly accelerated the improvement of DRM techniques, such as Return
Voltage Measurement (RVM) [14,15], Polarization and Depolarization Current (PDC) [16-18],
and Frequency Domain Spectroscopy (FDS) [19-21]. The transformer insulation system contains
insulation oil and cellulose material, and its dielectric properties are strongly affected by the test
temperature, ageing and moisture. Therefore, the DRM techniques can provide indications of the
general ageing condition and water content on the transformer oil-paper insulation system. Currently,
it is generally believed that PDC measurements are a better tool for these dielectric response diagnostic
techniques, and it has widely aroused the interest of many researchers/research groups. So far, many of
the research findings in relation to PDC behavior have been commonly reported for diagnosing water
content and ageing condition in transformer cellulose insulation [16-18]. However, it is somewhat
difficult for power utilities to reliably and accurately predict the water content and ageing condition
using the PDC technique due to the different insulation size and geometry in transformers [22-25].
Fofana et al. [22] and Hadjadj et al. [23] investigated whether the poles could be utilized for predicting
the ageing condition of the whole transformer insulation. This new idea represented a major
contribution because the poles are geometry independent. Unfortunately, the pole information
obtained from insulation resistance (IR) and geometric capacitance (GC) measurements might be
not clear due to the fact that it represents information about the whole transformer insulation but not
cellulose materials in particular. In addition, the researchers did not present any quantitative relations
between poles and ageing condition of whole transformer insulation. Baral et al. [24,25] assessed the
water content and ageing condition of transformer main insulation systems using the poles technique.
However, the water content and ageing condition in actual transformer cellulose insulation cannot
be accurately obtained unless paper/pressboard specimens are taken directly from the transformer.
Therefore, this new method should be further investigated under laboratory conditions. In [26]
an ageing indicator, named stable depolarization charge quantity (SDCQ), to obtain DP values of
transformer cellulose insulation was reported. Nevertheless, this new characteristic parameter is
very geometry dependent. Therefore, it is very necessary for researchers to eliminate the geometry
dependence so that the SDCQ could be utilized for field applications. The authors in [27] studied
a fuzzy algorithm for assessment of transformer insulation based upon the RVM, PDC and FDS
techniques. This study contributed a lot to qualitatively obtain onsite the condition of transformer
cellulose insulation. In order to further promote the research area, it is also very interesting to find
how to quantify the ageing condition of transformer cellulose insulation using a dielectric response
technique, such as PDC measurements.

The aim of this paper is to propose a characteristic parameter for quantifying the ageing condition
of transformer cellulose insulation using the PDC technique. In terms of curve fitting technique of
PDC data, we obtain the branch parameters for larger time constants and investigate the ageing effect
and water effect on the branch parameters of larger time constants. Although the branch parameter
(resistance and capacitance) values are geometry dependent, the larger time constants are geometry
independent due to the geometry independence of resistivity, vacuum dielectric permittivity and
relative dielectric permittivity. A better correlation has been found between DP values and larger time
constants. The preliminary feasibility of larger time constants proposed in the paper to assess ageing
degree of aged pressboard specimens is reported using a laboratory case study.
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2. Preparation of Oil-Impregnated Pressboard Specimens

The insulation oil is the Karamay No. 25 naphthenic mineral oil, which is provided by Chongging
Chuanrun Petroleum Chemical Co., Ltd. (Chongqing, China). The typical parameters of the insulation
oil specimens are as follows: density is 884.6 g/cm?, kinematic viscosity is 9.652 mm? /s, pour point
is <—24 °C, flash point is 143 °C, acidity is <0.01 mg KOH/g and breakdown voltage (2.5 mm gap
electrode) is 38 kV. The transformer cellulose pressboard specimens with a high density of 1.2 g/cm3
are provided by Chongqing Aea Group Transformer Co., Ltd. (Chongqing, China). These transformer
cellulose pressboard discs have a thickness of 2 mm and diameter of 160 mm. To prepare the
oil-impregnated pressboard specimens, the insulation oil and pressboard specimens need to be
pre-treated. The specific pretreatment processes are as follows:

(1) The pressboards and insulation oil are dried in a vacuum-thermal tank at 105 °C/50 Pa for
two days.

(2) The dried and degassed insulation oil is heated to 40 °C/50 Pa.

(3) The dried pressboards are quickly put into the dried and degassed insulation o0il with vacuum
impregnation for two days under the condition of 40 °C/50 Pa.

Finally, the obtained initial moisture content in oil-impregnated pressboards is 1.11% using a Karl
Fischer titration method according to IEC 60814.

2.1. Preparation of Oil-Paper Insulation Specimens with Different Ageing Conditions

In this report, oil-impregnated pressboard specimens with five ageing conditions are prepared.
The steps of the thermal ageing experiments are as follows:

(1) The pretreated oil-impregnated pressboard specimens are divided into five equal groups.
Thus these oil-impregnated pressboard specimens are put into five ageing steel cans numbered
No. 1, No. 2, No. 3, No. 4 and No. 5, respectively.

(2) Appropriate copper bars are put into the steel cans, numbered No. 2-No. 5 (No. 1 is used for
storing the unaged specimen). All steel cans are sealed and then treated using vacuum pumping
and nitrogen charging techniques.

(3) The steel cans (No. 2-No. 5) are put into the thermal ageing oven for accelerating thermal ageing
under 130 °C.

(4) After ageing for 8 days (No. 2), 21 days (No. 3), 32 days (No. 4) and 42 days (No. 5), respectively,
these steel cans are taken out and placed at room temperature for 48 h. Then, the DP values of
cellulose pressboard specimens are measured in order to obtain the degradation degree of aged
and unaged cellulose pressboard specimens according to IEC 60450.

2.2. Preparation of Oil-Paper Insulation Specimens with Different Water Contents

To prepare the cellulose pressboard specimens with desired water contents (1%, 2%, 3% and
4%), we perform water intake experiments for cellulose pressboard specimens with the same ageing
duration. The water intake activities are implemented at the following steps: during every test,
three pieces of pressboards with the corresponding ageing condition are randomly sampled. We firstly
clean the residual dielectric liquid on the surface layer of the cellulose pressboards to perform water
intake easily. Then, the cleaned pressboard specimens are placed on a precision scale and the initial
weights are recorded. The desired weights are calculated. The humidifier is opened to increase the
ambient humidity. During the water intake process, the pressboard specimen weights are constantly
monitored using a precision scale until the target weights are obtained. After that, the pressboard
specimens are quickly placed in a three-electrode test cell and kept for two days under 45 °C to
insure temperature equalization between the pressboard samples and insulation oil for the PDC
measurements. After performing the PDC measurements, the pressboard specimens are sampled to
determine the final water content according to IEC 60814.
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3. Introduction of the PDC Test Platform

3.1. Three-Electrode Test Cell

In order to perform the PDC measurements on oil-impregnated pressboards, a three-electrode test
cell which is shown in Figure 1 was made in the lab. This apparatus includes a high voltage electrode,
a measuring electrode and a guard electrode. The voltage electrode and measuring electrode have the
diameters of 141 mm and 113 mm, respectively. The voltage electrode is connected to an additional
weight (a copper plate) to insure the close contact between pressboard and the electrodes and equalize
the pressure on the pressboard. Furthermore, to ensure a better repeatability in each test, we remove
the air bubbles between the electrode and the pressboard using a special bleeder hole.

additional weight

A NN
N

voltage electrode

bleeder hole

binding posts binding posts

presshoard

measuring electrode

guard electrode

— electrode support
epoxy resin tank

Figure 1. Schematic diagram of the three-electrode test cell.

3.2. DIRANA

In this paper, the PDC results are obtained using the DIRANA (Chinese version, OMICRON,
Electronics GmbH, Klaus, Austria). The testing times of polarization and depolarization current of oil
impregnated pressboard specimen are both set to 5000 s. The measuring voltage is set to Uy = 200 V.
In order to insure the reliability of the PDC results, the pressboards are tested for three times and the
average values are taken as the final PDC results.

4. PDC Results and Analysis

In this section, we present the PDC measurement results of oil-impregnated pressboard specimens
with different ageing conditions and different water contents and also analyze the ageing effect on the
PDC data in detail.

4.1. Ageing Effect on Polarization Current

Figure 2 shows the polarization current results of oil-impregnated pressboard specimens with
different ageing times at 45 °C. It could be seen that the majority of polarization current curves moved
towards the top left and the tail of the polarization current increased gradually with as the ageing time
increased. The polarization current results of oil-impregnated pressboard specimens (aged for 8 days,
water content 2.82%) are abnormal. This indicated that the conductivity of the insulation oil and cellulose
pressboards increased gradually as the ageing time increased. The abnormal polarization current results
of oil-impregnated pressboard specimens with 8 days of ageing and water content 2.82% are due to that
the water migration between the ambient air and oil-impregnated pressboard specimens during the
moisture measurement process. The authors believe that the variation of polarization current curves at
any ageing condition depends on two factors. The first factor is the insulation resistance. A more severe
ageing condition in cellulose pressboard gives rise to a lower insulation resistance value. The decreasing
insulation resistance contributes to increase the conductive current component of the polarization
current results. The second factor is the polarization behavior inside cellulose pressboard. The authors
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of [18] showed that the PDC results mainly reflect the Maxwell-Wagner effect inside the cellulose
pressboard when the response duration is generally 5000 s and above. The polarization duration
in our PDC measurement is exactly set to 5000 s, therefore we believe that the polarization current
shown in Figure 2 is mainly attributed to the Maxwell-Wagner effect inside the cellulose pressboard.
In addition, the scission of cellulose chains can produce a large number of ageing by-products with
strong polarization, such as water, organic acids, and furans. These ageing by-products, in fact, can
strengthen the electron displacement polarization. Hence, these polarization behaviors give rise to a
severe increase in the relaxation component of the polarization current results.
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Figure 2. Polarization current results of oil-impregnated pressboards with different ageing times (a)
water content 1%; (b) water content 2%; (c) water content 3%; (d) water content 4%.

4.2. Ageing Effect on Depolarization Current

Figure 3 shows the depolarization current results of oil-impregnated pressboard specimens with
different ageing times at 45 °C. It could be seen that the depolarization current results moved to the top
left overall and the tail of the depolarization current increased gradually with the increase of ageing
time. In addition, we also observed the noise current at the end of depolarization current shown in
Figure 3a,b. This phenomenon may be attributed to the fluctuation of the weak electric field present in
our laboratory.

As for the depolarization current results shown in Figure 3, we believe the variation of
depolarization current curves under any ageing condition depends on the relaxation current
component due to the fact that the dc voltage is removed from the oil-impregnated pressboard.
Moreover, it is observed that the tail values of depolarization currents seem to be irregular. This may
be attributed to the relaxation polarization behavior of some dipoles inside the cellulose insulation
which can indicate the condition of the insulation.
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Figure 3. Depolarization current results of oil-impregnated pressboards with different ageing times.
(a) water content 1%; (b) water content 2%; (c) water content 3%; (d) water content 4%.

5. Quantifying the Ageing Condition of Transformer Cellulose Insulation Using Large
Time Constant

A typical transformer main insulation is usually composed of barriers, spacers and oil ducts.
The authors of [19] provided a structural diagram of the main insulation system of a transformer with
double-winding. In [28] it was pointed out that the relaxation polarization behavior of composite
dielectric insulation such as transformer oil-paper insulation can be expressed using the sum of a set
of index functions contained with n relaxation elements, which is the parallel connection of n R-C
series branches on the circuit. According to this theory, in [29] the authors take the transformer main
insulation structure as a whole and reduce to the resistance and capacitance in the equivalent circuit to
obtain the extended Debye equivalent model shown in Figure 4. The R and C, represent the insulation
resistance and geometric capacitance of the oil-paper insulation system, respectively, and R; and C;
represent the resistance and capacitance of the i (1 < i < n) branch. It should be pointed out that it is
still a challenge for researchers about how to determine the number of R-C series branches. Presently,
it is found that different authors have reported different number of R-C series branches. In this paper,
we obtain the parameters of R-C series branches using the multinomial fitting technique of PDC curves
introduced in [30]. Due to space limitations, the details of the process are not presented in our paper.
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Figure 4. Extended Debye model for transformer oil-paper insulation.

Currently, how to quantize the ageing effect and water effect of cellulose insulation (especially
the ageing effect) on PDC characteristics has become a research hotspot for experts and scholars.
The authors in [22,23] proposed a system pole technique to obtain the water content in transformer
cellulose insulation. The system pole can be written as:

L 1
S N 0o 1)
C :se§ pP= !
0 OrL 0E0Er

In Equation (1), P is the system pole, Ry is the insulation resistance of the specimen, C is the
capacitance of the specimen, S is its effective cross section area of the specimen, L is its effective
thickness of the specimen, p is the resistivity of the specimen, ¢ is the vacuum dielectric permittivity
of the specimen, ¢, is the relative dielectric permittivity of the specimen.

The research in [22,23] has found that since the terms p, gy and ¢, have nothing to do with the
insulation size, therefore the system pole P is not affected by the size of the cellulose insulation.
In addition, the authors also found that the system pole P has a good correlation with the water
content and ageing condition in cellulose insulation. However, the insulation resistance Ry and the
geometric capacitance Cy only reflect the insulation condition of overall insulation, and the system pole
technology might not reliably assess the water content and ageing condition in transformer cellulose
insulation. Therefore, it is necessary to further research on applying the system pole technology to
quantize the water content and ageing condition in transformer cellulose insulation.

5.1. Large Time Constant Technique

With reference to the research results in [22,23], as well as the expression of system pole in
Equation (2), the time constant of extended Debye circuit model can be written as:

L
Ri = Pzg T = RiCi '
= C(i=12---n) )
C = Eoﬁiz T; = Pi€0&;

In Equation (2), the term i represents the number of dipole groups with different types, the n
is the number of dipole groups, normally 7 < 10, the T; is the time constant of the i branch, which
reflects the relaxation polarization behaviors of different dipole groups, the R; is the resistance of the i
branch, the C; is the capacitance of the i branch, the S is the effective cross section area of the specimen,
L is the effective thickness of the specimen, the p; is the resistivity of the i dipole group, the ¢y is the
vacuum dielectric permittivity, the &, is the relative dielectric permittivity of the i dipole group. The ¢,
p; and &, have nothing to do with the insulation size of the cellulose pressboard specimen. Therefore,
the time constant 7; = R;C; in an extended Debye circuit model has nothing to do with the insulation
size of the cellulose pressboard specimen.

Studies in [29,30] have shown that the initial measurement part of PDC results can be fitted by the
small time constant of extended Debye model while the final measurement results of PDC results can
be fitted by the large time constant of an extended Debye model. Therefore, we adopt the maximum
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time constant (Tpmax1) and the second maximum time constant (Tpax2) of the extended Debye model to
attempt to assess the ageing condition of transformer cellulose insulation. The large time constants
(Tmax1 and Tmax2) can be written as:

_ _ 1

Tmaxl = Rmaxl Cmaxl - Pmaxlsoe?ax (3)
_ _ 2

Tmax2 = RmaXZCmaXZ - PmaxZEOel;:naX

5.2. Ageing Effect on Resistances, Capacitances and Large Time Constant of Maximum and Second Maximum
R-C Branches

The computation results of resistances (Rmax1 and Rmax2) and capacitances (Cax1 and Cax2)
of maximum and second maximum R-C branches are shown in Figure 5. As can be seen, under the
same water content levels, the values of Rynax1, Rmax2, Cmaxi and Cmaxo changed with an increase in
ageing time. The Ryax1 and Rpax2 values decreased, but there was a little fluctuation, while Cyax1
and Cpax2 presented a contrary tendency, which is an indication of a stronger polarization behavior
attributed to the ageing by-products such as water, organic acid, and furan inside the cellulose
insulation. The resistances and capacitances provide valuable information about the condition of
the insulation. A bad condition (such as ageing) of the cellulose pressboard tends to decrease the
value of Ryax1 and Ryaxo and increase the value of Cyax1 and Caxe thus increasing the magnitudes
of relaxation current at the end of time. This change in resistance and capacitances also indicates
permanent degradation of the cellulose insulation. In addition, we observe the phenomenon that the
rate of change of Cpax1 and Cpaxo is somewhat higher than Rpyax1 and Rpax2, and it is indicate that
the result of multiplication between resistances and capacitances (the larger time constant described
later in this paper) is determined by Cpax1 and Cmaxo. In [26,29] the authors reached the opposite
conclusion that the rate of change of Rjmax1 and Rmax2 is somewhat higher than that of Cpax1 and Craxo-
This might due to the fact that a larger time constant is assumed to be a constant value.
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Figure 5. Resistances and capacitances of maximum and second maximum R-C branches with different
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Figure 6 shows the variations of the maximum time constant (Tmax1) and second maximum time
constant (Tmax2). It could be found that the Trmax1 and Tmaxe increase with ageing duration increase,
but there is a little fluctuation. According to the theoretical knowledge of the circuit principle, the time
constant characterizes the attenuation speed of the capacitive current of an R-C circuit.

The calculation results of the above time constant show that the cellulose pressboard in poor
insulation conditions will increase the value of the large time constant, and then increase the amplitude
at the end of PDC curves. In addition, on the contrary, the pressboard in good insulation conditions will
decrease the large time constant, thus contributing to decrease the amplitude at the end of PDC curves.
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Figure 6. Maximum and second maximum time constants with different ageing times. (a) Tmax1; (P) Tmax2-

5.3. Quantitative Relationship between Large Time Constant and DP Value

Figure 7 presents the fitting relations between larger time constants and DP values (the real line
is the computation curve while the dotted line is the fitted curve). It is found that for the tested
pressboard specimens at the same water gradients, the Tpax1 and Tmaxz gradually increase as the DP
values decrease.
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Figure 7. Relations between larger time constants and DP values. (a) Relations between 7,51 and DP
values (b) Relations between Ty and DP values.

In addition, according to the fitting relationship between larger time constants and DP values
shown in Tables 1 and 2, good exponential relationships between Tmax1/Tmax2z and DP values are
observed overall except for the cellulose pressboard specimens with the desired water content of 2%
(the R-squared value is only 0.80). The R-squared values of the remaining three exponential relations
are all over 0.92.
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Table 1. Fitting relations between the maximum time constants and DP values.

Water Fitting Equation Tpmax1 = A + B X exp(C X DP) R?
1% Tmax1 = 4548.317 + 932.157 exp(—0.0024 x DP) 0.99
2% Tmax1 = —33049.599 + 38257.396 exp(—8.0977 x DP) 0.80
3% Tmax1 = 4984.090 + 48336.764 exp(—0.0098 x DP) 0.96
4% Tmax1 = 4934.992 + 4360.154 exp(—0.0030 x DP) 091

Table 2. Fitting relations between the second maximum time constants and DP values.

Water Fitting Equation Tpax = A + B X exp(C X DP) R?
1% Tmax2 = 852.655 + 506.382 exp(—0.0007 x DP) 0.92
2% Tmaxa = 1028.678 + 482.556 exp(—0.0010 x DP) 0.96
3% Tmax2 = 1126.325 + 728.836 exp(—0.0015 x DP) 0.93
4% Tmax2 = 1381.403 + 4040.509 exp(—0.0059 x DP) 0.95

5.4. Case Verification

11 0f 17

In order to verify the feasibility of the fitting relations presented in Tables 1 and 2, it would
be interesting to estimate the condition of aged pressboard specimens. In this part, we take two
oil-impregnated pressboard specimens, numbered as Xiest 1 (Water content 3.62% and DP value 755)
and Xiest 2 (water content 1.09% and DP value 377), as example to perform the task. Figure 8 shows the
PDC results of Xest1 and Xest.2. According to the fitting relations presented in Tables 1 and 2, and the
Tmax1 and Tmax2 Obtained from extended Debye model based upon the PDC results of Xiegt.1 and Xest.2,
the computation results of DP values on Xt 1 are equal to 806 and 815 respectively, and the actual
measurement value of DP is 755. As for the Xiest2, the computation results of DP values are equal to
429 and 458, respectively, and the actual measurement value of DP is 377. The computation values are
in accordance with actual measurement values. The differences might derive from the errors of both
the experimental data and computation data, and the errors results are acceptable.
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Figure 8. PDC results of the test samples. (a) Xiegt.1 (b) Xest.2-

6. Water Effect on PDC Results and Branch Parameters Obtained from the Extended

Debye Model

According to the PDC results shown in Figures 2 and 3, this section redraws the PDC results of
the oil-impregnated pressboard specimens at 45 °C to study the water effect on the PDC results and

branch parameters obtained from the extended Debye model.
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6.1. Water Effect on Polarization Current

Figure 9 shows the polarization current results of oil-impregnated pressboard specimens with
different water contents at 45 °C. It is observed that the water content has a very significant effect on
the polarization current values. The polarization current values increased significantly and moved
upward overall as the water content increased.
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Figure 9. Polarization current results of oil-impregnated pressboards with different water contents.

(a) Ageing for 0 day; (b) Ageing for 8 days; (c) Ageing for 21 days; (d) Ageing for 32 days; (e) Ageing for
42 days.

Compared with insulation ageing, the water effect on the polarization current results is more
obvious. In addition, it is found that the stable value of the polarization current also increased
significantly as the water content increased. Studies in [29,30] have reported that the oil conductivity is
related to the initial measuring part of polarization current, while the paper (pressboard) conductivity is
related to the final measuring part of polarization current. Therefore, the conductivity both oil and paper
(pressboard) increases as the water content increases. This is in accordance with the literature [17,29,31].
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6.2. Water Effect on Depolarization Current

Figure 10 shows the depolarization current results of oil-impregnated pressboard specimens with
different water contents at 45 °C. It could be seen that the depolarization current values increased
significantly and moved upward overall with the increase of water content inside the cellulose
pressboard specimens. Moreover, as for the depolarization current results shown in Figure 10,
we believe that the variation of depolarization current curves at any moisture contents only depends
on the depolarization behaviors of the transformer cellulose insulation due to the fact that the dc
voltage is removed from the oil-impregnated pressboard specimen. A higher moisture contents in
cellulose pressboard gives also rise to a strengthening of the electron displacement polarization, and the
Maxwell-Wagner effect inside the cellulose pressboard specimens.
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Figure 10. Depolarization current results of oil-impregnated pressboards with different water contents.
(a) Ageing for 0 day; (b) Ageing for 8 days; (c) Ageing for 21 days; (d) Ageing for 32 days; (e) Ageing
for 42 days.
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Therefore, the amplitude of depolarization current values shows an increasing trend and the
attenuation speed of the depolarization current curve slows down somewhat. In addition, with regard
to the depolarization current results, in our experiment, the water effect on depolarization current
results is found to be more predominant than the ageing effect.

6.3. Water Effect on Resistances, Capacitances and Large Time Constant of Maximum and Second Maximum
R-C Branches

Figure 11 presents the computation results of resistances (Rmax1 and Rpnax2) and capacitances
(Cmax1 and Cpaxp) with different water contents. It is found that the Rinax1, Rmax2, Cmaxi and Cpax2
have changed obviously due to the water content increase. At higher water contents, the Ry, and
Rmax2 values have decreased while the Cpax1 and Cpax2 presented a contrary tendency, which is an
indication of both stronger conduction and polarization inside the cellulose insulation. A higher level
of water content in cellulose pressboard can strengthen the conduction currents due to the increased
magnitude of charge carriers such as hydrophilic particles or hydrophilic groups. This may contribute
to decrease Riax1 and Rpaxe Values. In addition, the increased water molecules are deemed to polar
substance, which could strengthen the electron displacement polarization and Maxwell-Wagner
inside the cellulose pressboard specimens, and thus further leads to decrease Rpax1 and Rmax2
values. Furthermore, the higher the water content inside cellulose insulation is, the more the energy
inside dipoles stores. This may contribute to increase Cpax1 and Cpaxo values. It is noteworthy
that, in contrast to ageing effect, this change values in resistance and capacitance does not indicate
permanent degradation of the cellulose insulation, due to the water effect is inverted when water
content in cellulose insulation decreased. In addition, we can still observe the phenomenon that the rate
of change of values of Cpnax1 and Cpaxo is higher than the values of Rpax1 and Ryaxe. Authors in [21,24]
found the opposite conclusion that the rate of change of Rpax1 and Rpaxe is somewhat higher than
Cmax1 and Cpaxz. This might, also, due to that larger time constant is assumed to be constant value.
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Figure 11. Resistances and capacitances of maximum and second maximum R-C branches with different
water contents. (a) Rmax1; (b) Rmax2; (€) Cmax1; (d) Ciaxz-
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Figure 12 shows the computation results of larger time constants obtained from maximum
and second maximum R-C branches with different water contents. It could be seen that with the
water content increase the large time constant gradually increases but there is also a little fluctuation.
Compared with insulation ageing, water content has a predominant effect on larger time constants
due to that the amount of the ageing products such as organic acids, furan compounds and other polar
matter is far less than water.
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Figure 12. Maximum and second maximum time constants with different water contents. (a) Tmax1; (P) Tmax2-

7. Conclusions

This paper reports the quantitative correlations between ageing condition of transformer cellulose
insulation and large time constant derived from an Extended Debye model. The detailed conclusions
in this paper are as follows:

(1) The water effect on resistance values and capacitance values of maximum and second maximum
R-C branches is more predominant than the ageing effect. However, in contrast to the ageing effect,
this change of resistance and capacitance values does not indicate permanent degradation of the
cellulose insulation due to the fact the water effect is inverted when the water content decreases.

(2) The large time constants obtained from the maximum and second maximum R-C branches are
geometry independent. It has been observed that the large time constants show a total trend of
increase but there is a little fluctuation as the DP values decrease due to the fact that the rate
of change of Cyax1 and Caxe values is higher than that of the Ryax1 and Ryaxo values. It also
has been shown that there is a good exponential relationship between large time constants and
DP values.

(3) The large time constants obtained from maximum and second maximum R-C branches show
a total trend of increase with the water content increase but there is a little fluctuation due to
the fact that the rate of change of Ciax1 and Cpaxe values is higher than that of the Rpax1 and
Rmax> values.
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