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Abstract: HV bushings are an important part of the equipment of large power transformers, responsi-
ble for their many serious (including catastrophic) failures. Their proper exploitation needs to apply
correct and reliable diagnostics, e.g., the use of dielectric response methods, that take into account
their specific construction and working conditions. In this article, based on laboratory tests carried
out on a real bushing, it has been shown that the significant temperature distribution within its core
significantly affects the shape of the dielectric response of its insulation; therefore, the approach to its
modeling should be changed. Hence, a new method for interpreting the results, using the so-called
the 2XY model, is proposed. Subsequently, based on the measurements made on the insulators in
operation, a new modeling method was verified. In conclusion, it can be stated that the 2XY model
significantly improves the reliability of the dielectric response analysis, which should be confirmed
in the future by tests on withdrawn and revised insulators.

Keywords: HV bushing; dielectric response; paper–oil insulation; temperature distribution

1. Introduction

The high voltage bushing is a device used to take a high electric potential lead out
from a grounded housing such as a transformer tank. Due to its function, its insulation
system is therefore exposed to the influence of a strong electric field (especially within the
vicinity of its passage through a grounded metal housing) and generally works in two
environments, often with different properties. For example, in a power transformer, the
top part of the bushing is in the air and the bottom is in contact with the insulating liquid.
Hence, in order correctly perform its function, devices of this type are required to have
quite a complex structure. In the case of solutions for voltage above 30 kV, the bushings
are equipped with specially designed screens that control the electric field distribution
(condenser type bushing), between which there is an appropriately selected insulation.
Likewise, due to its operations in different environments, the top and bottom parts of the
insulator are significantly different. The overhead part is often more than three times longer
than the lower oil part to ensure adequate surface electrical strength, and is protected by
an additional cover that provides resistance to changing weather conditions. In turn, the
lower oil part, aside from having to meet the requirements related to electrical strength,
should also be resistant to the effects of an insulating liquid and have the appropriate
heat resistance class. This is because the upper layer of the tank, where the bushing is
located, has a relatively high temperature during transformer operation. An example of
the construction of an RIP bushing (with Resin Impregnated Paper insulation) is shown in
Figure 1 [1].
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Figure 1. Cross-section of an RIP insulator. 

Due to the difficult working conditions, transformer bushings for 110 kV and more 
are characterized by a high risk of failure. A main cause of failure is dielectric damage 
(due to the electric or thermal breakdown of individual layers of insulation), as well as 
increased moisture resulting from leakage and progressive cellulose oxidation processes 
[2,3]. This is confirmed by the failure rate statistics, which are periodically published by 
relevant scientific groups, e.g., CIGRE or IEEE. An example of such an analysis can be 
found in the report “Transformer Reliability Survey” of the CIGRE Working Group A2.37 
published in 2015 [4]. Based on a statistically large group of power transformers (536 net-
work transformers and 127 GSU transformers), the main causes of failures and the factors 
that determined them were analyzed. These statistics show that for both network and unit 
transformers, bushing breakdown is a frequent cause of failures. According to the report 
cited above, these were the third largest cause of serious transformer failures and 
amounted to 17.16% for network transformers, and 16.53% for unit transformers (includ-
ing insulators installed on the high and low voltage sides). Therefore, based on these sta-
tistics, it can be concluded that a bushing failure may have very serious, and in many cases 
even catastrophic, consequences for the entire device. The analysis of numerous cases 
shows that insulator damage is often also the cause of the entire transformer and the sur-
rounding infrastructure catching fire, which in turn generates huge costs and causes seri-
ous environmental contamination. Figure 2 presents selected photos from the last few 
years where we can see examples of catastrophic power transformer failures, which were 
initiated by the damage of high voltage bushing. In each of the cases, the high-power 
transformers (from 160 to 240 MVA) were installed at power stations belonging to the 
national transmission network operator. The failed HV bushings (220 and 400 kV), were 
made using the OIP (Oil Impregnated Paper) technology. 

  

Figure 1. Cross-section of an RIP insulator.

Due to the difficult working conditions, transformer bushings for 110 kV and more are
characterized by a high risk of failure. A main cause of failure is dielectric damage (due to
the electric or thermal breakdown of individual layers of insulation), as well as increased
moisture resulting from leakage and progressive cellulose oxidation processes [2,3]. This
is confirmed by the failure rate statistics, which are periodically published by relevant
scientific groups, e.g., CIGRE or IEEE. An example of such an analysis can be found in the
report “Transformer Reliability Survey” of the CIGRE Working Group A2.37 published
in 2015 [4]. Based on a statistically large group of power transformers (536 network
transformers and 127 GSU transformers), the main causes of failures and the factors
that determined them were analyzed. These statistics show that for both network and
unit transformers, bushing breakdown is a frequent cause of failures. According to the
report cited above, these were the third largest cause of serious transformer failures and
amounted to 17.16% for network transformers, and 16.53% for unit transformers (including
insulators installed on the high and low voltage sides). Therefore, based on these statistics,
it can be concluded that a bushing failure may have very serious, and in many cases
even catastrophic, consequences for the entire device. The analysis of numerous cases
shows that insulator damage is often also the cause of the entire transformer and the
surrounding infrastructure catching fire, which in turn generates huge costs and causes
serious environmental contamination. Figure 2 presents selected photos from the last few
years where we can see examples of catastrophic power transformer failures, which were
initiated by the damage of high voltage bushing. In each of the cases, the high-power
transformers (from 160 to 240 MVA) were installed at power stations belonging to the
national transmission network operator. The failed HV bushings (220 and 400 kV), were
made using the OIP (Oil Impregnated Paper) technology.
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Figure 2. Examples of catastrophic failures of high power transformers initiated by the failure of a bushing. 

Both the damage resulting from the degradation of the insulation and the increase in 
its moisture can be detected with the use of various diagnostic methods, including the so-
called dielectric response methods [5]. Measurements of the dielectric response in the time 
or frequency domain have an advantage over traditional methods (e.g., measurement of 
tan delta and C at 50 Hz) since they provide more complete information about the tested 
insulation material [6–9]. Owing to this more credible type of diagnosis, it is thus possible 
to observe the symptoms of upcoming failure in advance [10]. 

Despite the fact that the dielectric response methods are becoming more and more 
reliable, the interpretation of the obtained results is still difficult [9,11–14]. This is mainly 
due to the fact that the bushing works as a parallel system of two elements located in 
different environments, and the measured dielectric response is their resultant. The cur-
rently used algorithms (based on the XY model) for assessing the dielectric response often 
give an ambiguous result, frequently due to the poor fit of the measurement curve to the 
model curve. In a situation where an obtained value, such as moisture, is close to the cri-
terion value, this will be of great importance when making a decision about its further use 
or replacement, which in turn is a complicated and costly process.  

The 2XY model proposed in this article, developed on the basis of laboratory and 
field measurements, is an interesting alternative to the traditional approach in assessing 
the condition of the bushing. It seems that in many cases it will increase the reliability of 
the obtained analysis results, which in turn will translate into a reduction in the number 
of transformer failures. 

This article presents laboratory test results of a 110 kV insulator made using the OIP 
(Oil Impregnated Paper) technology. The insulator was subjected to uniform and non-
uniform heating in order to observe the influence of temperature and its distribution on 
the dielectric response of the insulation system. Based on the obtained results, a new 
method of dielectric response modeling (2XY model) was developed in order to obtain a 
reliable method for assessing the degree of degradation and moisture content of the solid 

Figure 2. Examples of catastrophic failures of high power transformers initiated by the failure of a bushing.

Both the damage resulting from the degradation of the insulation and the increase
in its moisture can be detected with the use of various diagnostic methods, including the
so-called dielectric response methods [5]. Measurements of the dielectric response in the
time or frequency domain have an advantage over traditional methods (e.g., measurement
of tan delta and C at 50 Hz) since they provide more complete information about the tested
insulation material [6–9]. Owing to this more credible type of diagnosis, it is thus possible
to observe the symptoms of upcoming failure in advance [10].

Despite the fact that the dielectric response methods are becoming more and more
reliable, the interpretation of the obtained results is still difficult [9,11–14]. This is mainly
due to the fact that the bushing works as a parallel system of two elements located in dif-
ferent environments, and the measured dielectric response is their resultant. The currently
used algorithms (based on the XY model) for assessing the dielectric response often give
an ambiguous result, frequently due to the poor fit of the measurement curve to the model
curve. In a situation where an obtained value, such as moisture, is close to the criterion
value, this will be of great importance when making a decision about its further use or
replacement, which in turn is a complicated and costly process.

The 2XY model proposed in this article, developed on the basis of laboratory and field
measurements, is an interesting alternative to the traditional approach in assessing the
condition of the bushing. It seems that in many cases it will increase the reliability of the
obtained analysis results, which in turn will translate into a reduction in the number of
transformer failures.

This article presents laboratory test results of a 110 kV insulator made using the
OIP (Oil Impregnated Paper) technology. The insulator was subjected to uniform and
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non-uniform heating in order to observe the influence of temperature and its distribution
on the dielectric response of the insulation system. Based on the obtained results, a new
method of dielectric response modeling (2XY model) was developed in order to obtain
a reliable method for assessing the degree of degradation and moisture content of the
solid insulation in various types of bushings. Finally, the new method for interpreting the
insulation dielectric response was verified on a few selected bushings in operation.

2. Materials and Methods

For the experimental tests, a Trench transformer bushing, model COT-250-800, was
used (Figure 3a). It is an insulator made using the OIP technology, which means that the
core is a paper insulation impregnated with a special liquid based on mineral oil. The
bushing is equipped with screens made of aluminum foil that control the distribution of
the electric field. The cover of the oil-paper insulation is made of porcelain. The head,
containing the degassed liquid that fills the insulator, is equipped with an oil level indicator.
The bushing was designed for 52 kV rated voltage, 800 A current, and 250 kV impulse
withstand voltage.
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IDAX 300 m (b).

The bushing insulation dielectric response was measured using the IDAX 300 insu-
lation diagnostic system from PAX Diagnostics. The connection system of the bushing
with the IDAX 300 m is shown in Figure 3b. The measurements were performed in the
frequency range of 0.001–1000 Hz, at a voltage of 200 V.

During the tests, temperature sensors were attached to the bushing, the arrangement of
which is shown in Figure 4a. The sensors allowed us to control the temperature distribution
and the heating of individual parts of the insulator during the experiment. The probes
used to measure the temperature were thermocouples with a J-type connector (Fe-CuNi),
the limit error of which, according to the manufacturer’s specification, was ±1.5 ◦C. To
be sure, the sensors’ indications were previously verified through a test in a thermal
chamber, performed in accordance with the standard [15]. In order to be able to control
the temperature of the test object, the upper part of the insulator was placed within a glass
pipe, and the lower part was immersed in a glass vessel filled with oil. The temperature of
the object in the upper part was changed with the use of a fan heater, while in the lower
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part, the temperature was modified with the help of a heater with a magnetic stirrer. The
arrangement of the temperature control systems is shown in Figure 4b.
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The research methodology adopted in the experiment was as follows: First, the
measurements of the dielectric response (tan δ = f (f )) of the bushing insulation were
performed under thermal equilibrium conditions, at room temperature (23 ◦C). This result
was used as a reference in further studies. Subsequent tests included the uniform heating
of the system to the temperatures 30 ◦C and 40 ◦C, and unevenly forcing the lower oil part
of the bushing to 50 ◦C and 60 ◦C, while maintaining an open temperature range for the air
part (the room temperature was then 23 ◦C). The individual test variants and the adopted
temperatures of the oil and air parts of the bushing are presented in Table 1. The adopted
temperature ranges correspond to the real operating conditions that occur in real power
transformers in the summer season.

Table 1. Summary of cases examined during the experiment.

Temperature (◦C)

Case N◦ Oil Air

1 23 23
2 30 30
3 40 40
4 50 23
5 60 23

3. Results
3.1. Measurements with Uniform Temperature Distribution

In the first part of the experiment, measurements were carried out at different insula-
tion temperatures, but with a uniform temperature distribution throughout the bushing.
According to the data presented in Table 2, the average object temperatures during the
measurements were 23.1 ◦C, 30.1 ◦C, and 40.7 ◦C.
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Table 2. Measurement of the bushing temperature at various points to check for uniform temperature
distribution; the markings of the measurement points are as shown in Figure 4a.

Temperature (◦C)

Sensor N◦ Case 1 Case 2 Case 3

1 22.7 30.4 40.4
2 22.7 28.3 37.9
3 22.9 29.6 40.7
4 23.2 30.5 43.1
5 23.8 31.3 41.3

Average 23.1 30.1 40.7

After the proper preparation of the system and the connection of the measuring
equipment as shown in Figure 3b, measurements of the dielectric response in the frequency
domain were carried out, which is reflected in the characteristic tan δ = f (f ). The individual
results, for comparison purposes, are shown in one collective diagram presented in Figure 5.
The obtained result is typical for a new OIP-type insulator. Comparing the individual
characteristics, it can be seen that as the insulation temperature increases, they do not
change their shape but rather shift to the higher frequencies, which is a typical effect
described by the Arrhenius law [16]:

tan δ1 = tan δ2 exp
[

Ae

k
·
(

1
273− T1

− 1
273− T2

)]
, (1)

where:

- tan δ—loss tangent;
- Ae—activation energy;
- T—temperature;
- K—Boltzman’s constant.
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Figure 5. Dielectric response of the bushing insulation with uniform temperature distribution;
measurements made for temperatures: 23 ◦C, 30 ◦C, and 40 ◦C.

Assuming the activation energy typical for the paper–oil insulation system, i.e.,
0.9 eV [17–19], and converting the individual dependencies to the temperature of 23 ◦C
(Figure 6), one can see that the characteristics perfectly overlap. Therefore, despite the
existence of two significantly different media (air and oil), the system behaves very homo-
geneously; therefore, it should be assumed that with small differences in object temperature
during the measurements, there will be no difficulties with modeling the system and inter-
preting the obtained results (e.g., determining the degree of moisture content). The method
of modeling and analyzing such systems will be described in more detail in Section 4.1.
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assuming activation energy at the level of 0.9 eV.

3.2. Measurements with Nonuniform Temperature Distribution

In the second part of the experiment, measurements were carried out to simulate
the situation of nonuniform temperature distribution, which was obtained by forcing
different operating conditions on the air and oil part of the bushing. According to the data
presented in Table 3, in both cases, the air part was operated at an ambient temperature
of approximately 23 ◦C, and the oil part was heated to a temperature of 50 ◦C and 60
◦C, respectively. The temperature distribution was obtained after 2 h of the heating
system operation.

Table 3. Measurement of the bushing temperature at various points to check for non-uniform
temperature distribution; the markings of the measurement points are as shown in Figure 4a.

Temperature (◦C)

Case N◦ Case 4 Case 5

Oil 50.0 60.1
1 25.4 29.2
2 23.6 25.1
3 23.5 25.1
4 23.7 25.2
5 25.2 30.4

For comparison purposes, the individual results are shown in one collective graph
in Figure 7. Analyzing the characteristics, it can be noticed that this time the temperature
change caused not only a curve shift towards higher frequencies, but also a change of its
shape. This can be seen by converting the obtained results to the same temperature level
(according to the Arrhenius law mentioned above). The result of conversion is presented
in Figure 8. At the shift, the activation energy was assumed at the level of 0.9 eV and
the object temperature was an average value calculated from temperature measurements
by individual sensors (Table 3). The shifted curves do not match as well as they did in
the case of the uniformly heated bushings, despite the fact that the average values of the
temperatures obtained in individual cases do not differ significantly (within 9 ◦C).
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60 ◦C.
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Figure 8. Dielectric response of the bushing insulation with non-uniform temperature distribution;
measurements made at an ambient temperature of 23 ◦C; the temperature of the oil part was at 50 ◦C
and 60 ◦C, subsequently converted to 23 ◦C, assuming an activation energy at the level of 0.9 eV.

Summarizing the obtained results, several conclusions can be drawn. Firstly, the
nonuniform temperature distribution changes the shape of the tan δ = f (f ) characteristic,
which will certainly make the process of modeling and assessing the condition of the
bushing’s paper–oil insulation more difficult in the traditional way, i.e., assuming one
resultant temperature. It should be emphasized that the tested insulator had a relatively
large disproportion between the oil and air parts (in the ratio 1:4), which means that
the temperature distribution was characterized by a sizeable gradient and was largely
dominated by the ambient temperature. It should be expected that in the case of insulators
for higher voltage (from 110 kV and higher), for which the proportions are different, the
observed effect will be even stronger. In addition, it should also be noted that the tests were
carried out on a new insulator, with dry and non-degraded insulation, which made it more
homogeneous. In the case of insulators with a long service life and in which degradation
processes have already occurred, the dielectric properties of the bushing will have already
changed and may consequently affect the resultant dielectric response of the device. The
influence of these factors, confirmed by the measurements made on insulators in service,
will be presented in Section 4.2.
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After analyzing the results of the studies presented above, and owing to their years of
experience in the practice of high voltage bushing diagnosis, the authors were prompted
to verify the standard approach in the interpretation of measurements of the dielectric
response of bushing insulation; consequently, the authors were inspired to develop a new
modeling method, which will improve the reliability of assessments of these important
elements of transformer equipment. The developed concept and its verification will be
discussed in the following sections of the article.

4. Discussion
4.1. Modeling the Dielectric Response of the Bushing Insulation in the Case of Significant
Temperature Distribution along Its Axis

The basis for the interpretation of the results in the DFR (Dielectric Frequency Re-
sponse) method is the comparison of the dielectric response obtained from the measure-
ments (e.g., the relationship tan δ = f (f )) with the response of the model based on previously
determined reliable moisture patterns [20]. The so-called XY model [21–24], where the
parameters X and Y determine the percentage of cellulose insulation in the cellulose–
oil insulation system (Figure 9), is a commonly used analysis tool, described in many
publications such as in [25–27].
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Figure 9. A portion of the transformer insulation cross-section, with a cylindrical arrangement of
windings (a) and a simplified transformer insulation model (b).

In this model, information about the geometry of the insulating system as well as
information on the conductivity and electric permeability of the insulating liquid and the
object temperature are required. Therefore, the credibility of the obtained result will largely
depend on whether the correct parameters for the model [28] are adopted. Most of the
geometric and material parameters can be determined quite precisely in the process of
matching the measurement curve to the model curve; however, use of the appropriate
moisture standards and the adoption of the correct temperature are necessary [29].

Moisture patterns are presented as components of real and imaginary permittivity,
depending on the voltage frequency for the selected level of moisture in the cellulose
insulation and the selected temperature. They are usually available as a part of an analytical
software, included by the manufacturer of the measuring apparatus.

However, determining the proper temperature of the object, despite its relatively
small dimensions compared to the dimensions of the power transformer, may pose some
difficulties. As it was proved earlier in the article, a bushing working in two environments
very often has a significant temperature distribution along its axis, i.e., the temperature
in the overhead section can be much lower than in the oil section. In this case, in order to
model the insulation system, a resultant temperature should be assumed. Some guides
suggest assuming a temperature that is two-thirds of the ambient temperature and one-
third of the temperature of the upper oil layer [30]. Such an approximation produces
relatively good results, provided that the temperature of the overhead and oil portions are
not significantly different. However, a much better representation can be obtained if the
mathematical model is modified by treating the overhead and oil parts of the bushing as
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two insulation systems connected in parallel (Figure 10). The 2XY model proposed by the
authors therefore represents the dielectric loss factor measured between the line terminals
Z1 and measuring terminals Z2 of the insulator. In the model thus defined, the XY1 block
(overhead part) and the XY2 block (oil part) can be assigned the actual temperature, as
well as separate geometric and material parameters, consistent with the construction of
the bushing.
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For each area representing a part of the insulation of a different temperature (T1 and
T2), complex permittivity is calculated according to the following formulae:

ε∗XY1(ω,T) = X1ε∗P(ω,T) +
1− X1

1−Y1
ε∗U(ω,T)

+ Y1
ε∗P(ω,T)

(2)

ε∗XY1(ω,T) = X2ε∗P(ω,T) +
1− X2

1−Y2
ε∗U(ω,T)

+ Y2
ε∗P(ω,T)

(3)

where:

- ε∗P(v,T)—complex permittivity of paper impregnated with mineral oil;
- ε∗U(v,T)—complex permittivity representing areas of the leakage nature (oil, shield);
- X1, Y1, X2, Y2—geometric parameters describing the participation of the paper in the

whole modeled space.

Subsequently, for each area, the tangent of the dielectric loss angle is determined
according to the following formulae:

tan δXY1 =
ε′′ XY1

ε′XY1

(4)

tan δXY2 =
ε′′ XY2

ε′XY2

(5)

where:

- ε′XY1
, ε′XY2

—the real part of permittivity calculated respectively for the areas of tem-
peratures T1 and T2 according to Formulae (1) and (2);

- ε
′′
XY1

, ε
′′
XY2

—the imaginary part of permittivity calculated respectively for the areas of
temperatures T1 and T2 according to Formulae (1) and (2).



Energies 2021, 14, 4016 11 of 18

The tangent of the dielectric loss angle is calculated for the whole insulator at the final
stage, according to the formula:

tan δ2XY = A tan δXY1 + (1− A) tan δXY2 (6)

where:

- A—participation of the area of temperature T1 in the whole volume of the insulator;
- tan δXY1, tan δXY2—tangent of the dielectric loss angle of the areas of temperatures T1

and T2.

Figure 11 shows exemplary curves obtained from mathematical modeling for blocks
XY1 and XY2 and the resultant curve for connected blocks XY1and XY2. The measurement
points are plotted on the result curve. As you can see, the good fit of the XY1 + XY2 model
curve as well as the measurement points prove that the methodology is correct. Using
the described approach, it is possible to determine the moisture content of the bushing
cellulose insulation with sufficient accuracy; this will be analyzed in the next section using
the results of field measurements.
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Figure 11. Loss tangent for 220 kV voltage insulator, Hitachi type OS, measured and modelled using
the 2XY model, taking into account the axial temperature distribution. Upper part temperature, 8 ◦C;
oil temperature in the upper layer, 29 ◦C.

4.2. Verification of the 2XY Model on Insulators in Service

In order to verify the proposed 2XY model, measurements on bushings in service
were carried out. Bushing insulators, due to their high impedance, i.e., low capacitance and
high resistance, are difficult elements in terms of providing information on the dielectric
response and therefore require the use of an additional high-voltage amplifier, as shown in
Figure 12. The equipment used for the tests are the insulation response analyzer (IDAX 300)
and a VAX type amplifier supplied by PAX Diagnostic. The VAX-020 amplifier enabled
measurements at voltages up to 1400 VRMS in the frequency range from 10−4 Hz to 103 Hz.
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Figure 12. Test system for the measurement of the dielectric response of bushings.

The presented research concerns the measurements of the capacitance of bushing
insulators equipped with a measuring tap. The UST (Ungrounded Specimen Test) system
was used, in which the voltage lead is connected to the line clamps, and the measuring lead
to the measuring tap. In such a configuration (Figure 12), only the capacitance C1 of the
bushing is measured (CHL, CH, and CL capacitances are not measured and the influence of
leakage current flowing on the outer surface of the insulator is eliminated).

Figures 13–15 show examples of dielectric response (tan δ = f (f )) modelling using the
classic XY model and the 2XY model for three different bushing types. In the lower part
of each of these figures, the relative differences between the measured values and those
calculated with the XY and 2XY models are shown in the form of bars. The parameters (X,
Y, oil conductivity, moisture in paper insulation) resulting from the application of the XY
model were obtained using the standard auto-matching procedure implemented in the
MODS program, which is the measuring device used. So far, no IT tool has been developed
that could similarly search for parameters for the 2XY model; hence, the adjustment
process was performed manually. However, in order for the procedure to be repeatable,
an algorithm was used to minimize the error. From the outset, it was assumed that the
geometry of individual blocks (air and oil) may change slightly due to the specificity of the
measuring system and because it is largely determined by paper insulation, thus the filling
is close to 100%. After adopting the geometry of the system and selecting the appropriate
temperature for individual parts of the model, conductivity and moisture were introduced
to adjust the curves and minimize the value of the MADM parameter (Mean of the Absolute
Difference Modules, defined below). The process was repeated until the minimum value
of the criteria parameter was obtained.
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The mean of the absolute difference modules (MADM) was used as a first quantity to
assess the quality of the curve fitting obtained from modelling and measurement. The
MADM value can be calculated from the equation:

MADM =
∑n

i=1

∣∣∣∣ tan δmi−tan δ fi
tan δmi

·100%
∣∣∣∣

n
, (7)

where:

- tan δm—loss tangent measured for a specific frequency;
- tan δ f —loss tangent calculated for a specific frequency based on XY or 2XY model;
- n—number of points for which measurements and calculations were carried out.

The second quantity we use to assess the quality of the fitting is the correlation
coefficient (r). The correlation coefficient was calculated according to the formulae [31]:

r =
∑n

i=1(tan δmi − tan δm)
(

tan δ fi
− tan δ f

)
√

∑n
i=1 (tan δmi − tan δm)

2·
√

∑n
i=1 (tan δ fi

− tan δ f )
2

, (8)

where:

- tan δm—loss tangent measured for a specific frequency;
- tan δ f —loss tangent calculated for a specific frequency based on XY or 2XY model;
- n—number of points for which measurements and calculations were carried out.

In our case, the correlation coefficient describes the relationship between the measured
curve and the one calculated on the basis of the model. It can take values from −1
to 1, where 1 means full correlation, zero means no correlation, and −1 means inverse
correlation. The correlation coefficient r is a good illustration of the similarity of the shapes
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of the analyzed curves, but it does not illustrate the differences in values. The differences
in values are correctly described by the mean of the absolute difference modules (MADM).

Tables 4 and 5 present the parameters used in the calculation of the dielectric response
(X/Y, temperature T, conductivity of oil δ, and moisture in paper Mc) as well as the
correlation coefficients r and the mean of the absolute difference modules MADM for the
three analyzed bushings, respectively, for the XY (Table 4) and the 2XY models (Table 5).

Table 4. XY model parameters used in modelling the dielectric response of the tested bushings.

№
XY Model

X/Y, % T, ◦C σ, S/m Mc, % r MADM, %

Bushing 1 85/45 30 7.79 × 10−13 2.3 0.980 46.5
Bushing 2 90/0 22 2.72 × 10−11 2.3 0.942 38.9
Bushing 3 74/86 25 1.69 × 10−12 1.0 0.991 5.9

Table 5. 2XY model parameters used in modelling the dielectric response of the tested bushings.

№
2XY Model

X1/Y1, % X2/Y2, % T1,
◦C

T2,
◦C

σ2,
S/m Mc1, % Mc2, % r MADM, %

Bushing 1 96/2 100/100 24 43 1.87 × 10−11 2.5 2.5 0.985 14.6
Bushing 2 31/69 100/100 15 36 1.60 × 10−9 3.7 3.6 0.983 11.3
Bushing 3 94/0 98/33 18 38 9.37 × 10−12 1.0 1.0 0.999 3.2

The parameters with the index 1 presented in Table 5 refer to the air part of the
insulator, while parameters with the index 2 refer to the oil part. Table 5 does not provide
the oil conductivity for the air part because it is calculated automatically in the program
based on the oil conductivity in the oil part, and the temperature difference between the oil
part and the air part of the insulator, according to the formulae [16]:

σ1 = σ2 exp
[

Ae

k
·
(

1
273− T1

− 1
273− T2

)]
, (9)

where:

- σ1—oil conductivity in the air part (at T1 temperature);
- σ2—oil conductivity in the oil part (at T2 temperature);
- Ae—activation energy equal to 0.4 eV;
- k—Boltzmann constant.

Analyzing the data presented in Figures 13–15, one can see that in each case, the fit of
the model curves to the measurement curves is better when the 2XY model is used. It is
especially visible for insulators with higher humidity, but also noticeable for dry insulators.
The relative differences (Rd), correlation coefficients (r), and mean of the absolute difference
modules (MADM) clearly indicate that the 2XY model better fits the dielectric response of
insulators than the classical model.

5. Conclusions

The most important conclusion from the research results presented in this article is the
need to analyze the dielectric response of bushings, taking into account the axial tempera-
ture distribution. During the work life of a bushing, the temperature distribution occurs
both in the axial and radial directions. However, measurement can only be performed
a few hours after the transformer has been turned off (in particular due to the need to
comply with formal procedures, safety procedures, preparation of the workplace, removal
of connectors from insulators, etc.). After this time, the temperature distribution in the



Energies 2021, 14, 4016 16 of 18

bushing changes and is close to the axial distribution, which can be roughly described. We
can distinguish the temperature of the lower part (usually equal to the temperature of the
transformer oil in the upper layer) and the temperature of the upper part of bushing in
the air.

The laboratory tests performed on a specially prepared measuring stand and the field
tests on insulators installed on transformers indicate the influence of the axial temperature
distribution on the dielectric response of the bushings. This influence is especially visible
for insulators in poor technical condition (those whose insulation has a relatively high
water content).

The authors proposed to extend the XY model—which assumes a uniform temperature
distribution and is usually used in the analysis of the dielectric response—to the 2XY model.
The 2XY model makes it possible to consider different values of the bushing temperature in
its oil and air parts, as well as different water content in its paper insulation and different
oil conductivity in these parts.

Comparisons of the dielectric responses calculated with the use of the XY and 2XY
models show that considering the axial temperature distribution results in a much better
fit of the model curves to the measured ones. This fit was assessed using the absolute
difference modules (MADM) and the correlation coefficient (r). Both of these parameters
clearly indicate that the 2XY model better reflects the measured dielectric response than
the XY model. This better fit is also confirmed by the values of relative differences between
the measured and calculated values for both models.

The examples presented in the article show that the use of the XY model to analyze
the dielectric response of insulators with a significant temperature distribution results in
an underestimation of the water content in the insulation, which may incorrectly indicate
that the insulator is in better condition than it actually is. This effect will especially be
noticeable in the case of insulators in poor technical condition, which may lead to leaving
such a bushing in operation and, consequently, to a catastrophic failure.

Including the axial temperature distribution in the modeling significantly improved
the quality of fitting the dielectric response. However, the authors are aware that in practice,
there may be situations in which the proposed 2XY model will be less effective, e.g., when a
radial temperature distribution occurs, or when the surface of the ceramic shield is heavily
contaminated.

In the future, the patterns for dielectric response of insulation that can absorb water
(for example RIP and RBP), should be created; it will then be possible to conduct tests for
those types of insulators.
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Nomenclature

Variable Symbol Units
Complex permitivity ε∗ F/m
Real part of complex permitivity ε′ F/m
Imaginary part of complex permitivity ε′′ F/m
Relative content of barriers X %
Relative content of spacers Y %
Loss tangent tan δ -
Mean of the absolute difference modules MADM %
Correlation coefficient r -
Relative differences Rd %
Temperature T ◦C
Frequency f Hz
Voltage U V
Activation energy Ae eV
Participation of the air part in the whole volume of the insulator A %
Conductivity σ S/m
Moisture content in paper Mc %
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