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Analysis of gas content in oil-filled equipment
with defects for which ethane is the key gas
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Abstract — The article presents results of a comprehensive
analysis of the gas content in oil of 252 pieces of high-voltage
equipment with defects, for which ethane is the key gas.
There are 14 types of defects with maximum ethane content,
which correspond both to overheating with temperature 150-
300°C and low temperature overheating accompanied by
discharges with different energy density (partial discharges,
spark discharges, discharges with low and high energy
density, arc discharges). The most typical defects are
analysed and examples of their recognition by different
researchers are given. For each type of defect, ranges of gas
percentage values and gas ratio values are obtained. This is
particularly important for the recognition of combined
defects (overheating that is accompanied by discharges),
because for such defects the values of these criteria are not
regulated in any known standard for the interpretation of the
results of the analysis of gases dissolved in oil. For the first
time, 14 nomograms and graphic areas of defects for which
ethane is the key gas have been obtained, which makes it
possible to significantly expand the range of reference
nomograms, as the regulatory document in force in Ukraine
does not contain reference homograms for defects with the
maximum content of ethane. For all 252 pieces of equipment,
a comparative analysis of known diagnoses with diagnoses
made using the Duval triangle was made. It has been
determined that diagnoses made using different methods may
differ significantly from each other as well as from real
diagnoses. The ranges of gas percentage and gas ratio values
obtained in the work, together with the defect nomograms,
make it possible to use three of these criteria simultaneously
to recognise the type of defect with a maximum ethane
content, which in turn will improve the reliability of defect
type recognition based on the analysis of gases dissolved in
oil.

Keywords — analysis of gases dissolved in oil, high-voltage
equipment, defect recognition, ethane content, gas ratios,
percentage of gases, Duval triangle, defect nomograms,
graphic areas.

l. INTRODUCTION

Timely faults detection and recognition in high-voltage
oil-filled equipment, especially the one that is in operation
for a long time, allows both to provide a predetermined
level of operational reliability of the equipment and to
extend its residual life. Currently, dissolved gases analysis
in oil (DGA) is the one of the most widely used diagnosis
methods of oil-filled equipment. Using this method to
detect the fault, concentrations values and rises speed of
such gases as hydrogen (Hz), methane (CH.), ethane
(C2He), ethylene (CoHi), acetylene (C2Hz), carbon
monoxide (CO), carbon dioxide (CO;), oxygen (O) and
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nitrogen (N2) are analysed. Both analytical and graphical
methods are used to recognize the fault type. Analytical
methods are based on the analysis of gases ratio typical for
different fault types. For example, in standards [1-4] for
fault type recognition the values of three gases ratios such
as CHa/Hz, CyH4/CoHg and CyH2/CyH4 are regulated. The
Dornenburg method [5] uses four relations: CHa/Hy,
Csz/CzH4, Csz/CH4, and CzHe/Csz. The Rogers method
[6] also uses the values of four relations: CHa4/Ha,
C,He/CHa4, CoH4/CoHs and CoH2/CoHg. It should be noted
that these methods differ both in the number of ratios used
and their values, as well as in the number of recognized
faults. In some graphic methods of recognition as the
coordinates of the object being diagnosed, the values of the
gases ratios are also used, for example, ETRA square [7, 3]
and Dornenburg rectangle [1, 5]. In Duval triangle [8] and
GATRON triangle [7] the fault type is determined by the
gases percentages (CHas, C2Ha, CoH» in the Duval method
and Hz, C;H, and the weighted sum of the hydrocarbon
gases CHa4, CoHa4, CoHg, C3Hg, and CsHsg in the GATRON
method). In the key gas method [9], the fault type is
determined by the percentage of five gases Hz, CHa, C2oHs,
C2H4 and CzHa. In the nomograms method [10], the fault
type is determined by the graphical image, which is based
on the ratio of five gases (Hz, CH4, C2Hs, C2Ha and CaHy)
to the gas with the maximum content. In this case, the fault
type is determined by comparing the obtained homogram
with the reference one. The comparative analysis of the
most known recognition methods performed in [11]
showed that the accuracy of recognition using different
methods differs significantly. At the same time, the same
method has different reliability in identifying different fault
types. In this regard, the task of improving the existing
methods of recognition is relevant and provides practical
interest.

II. PROBLEM STATEMENT

According to the existing concepts of gas formation in
transformer oils, which are implemented in the existing
standards, and the interpretation of DGA data [1, 3], the
gases formation in the oil of high-voltage equipment occurs
by the reunification of monocarbon radicals (CHs*, CHx**,
CH*** C****) and molecular hydrogen (H*). These
radicals are formed due to the destruction of hydrocarbons
under the impact of energy influences. This process is
considered exclusively from the energy viewpoint, in other
words, based on the amount of energy costs that are
necessary to break certain chemical bonds in hydrocarbon
molecules. This approach is clearly reflected in Fig. 1,
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which shows the temperature dependence of the gases
formation in the transformer oil [12].

As can be seen from the figure, hydrogen and saturated
hydrocarbons are formed under low-energy influences, and
at high-energy influences formed saturated hydrocarbons.
At the same time, this approach does not take into account
the possibility of secondary conversion of gases, which
occurs during the transition of low-temperature fault into
fault with a higher energy value or with the simultaneous
development of two or more faults. Such transformations
take place because hydrocarbon gases in their chemical
properties differ little from the initial liquid hydrocarbons
of transformer oil. Due to these transformations, the values
of the criteria used to recognize the fault type might differ
from the normalized values.
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Fig. 1. Temperature dependence of gas formation in oil

According to existing concepts, the maximum content
of ethane (C;Hs) occurs in overheating in the low
temperature range with temperatures up to 300°C. In the
existing standards [1-4] for such faults, characterized by
the following gases ratio values: CH4/H>>1, CoHa/CoHe<1.
The values of the ratio C;H2/C2H4 for this faults type are
not typical. However, with the development of combined
faults, in which overheating is followed by discharges with
different degrees of intensity, the gases ratio can take
values characteristic of different type faults, which
complicates the process of their recognition. As shown in
[13], many faults that led to accidental damage began with
faults for which the gas with the maximum content was
C,Hg. Despite the fact that in some works [14, 15] are
given fault nomograms for which the gas with the
maximum content is CoHs, none of the existing standards
such nomograms are not regulated as reference. The key
gas method [9] also lacks gas percentages for faults with a
maximum ethane content, which limits the use of these
methods for recognition of such faults. To eliminate this
drawback, the analysis results of the gas content of
equipment with faults for which the gas with the maximum
content is ethane are presented.

I, INVESTIGATION TECHNIQUE

The initial data in the given research were DGA results
for 252 units of faulty equipment with ethane as the key
gas. At the first stage of research, the DGA data were split
into several groups according to the fault type identified.
Further, for every equipment unit were calculated gas ratio

*

values, which are regulated by applicable standards [1-6] to
recognize the fault type. By analogy with [16-18], For the
purpose of error reduction, the computations were only
made under condition of the available gas ratio values
exceeding the values of the detectable oil-dissolved gas
limits. The latter depend on both chromatograph sensitivity
and the detection technique applied, and according to [3]
these values are the following: H»=50,
CH4#=C,Hg=C,Hs=15 and C,H,=3 ul/l. If the calculated
values fell beyond the range defined in the standards for
the considered fault, the DGA data for the equipment unit
analysed were transferred to another array. Then for every
equipment unit the percentage of each of the five gases was
calculated [16]. The calculated values were compared with
each other and were transferred to another array in case of
difference in the percentage of DGA results. The
nomograms method (graphic images) was used as a
graphical method of interpretation. The method [3, 4, 10]
consists in determining the key gas in the analysed oil
sample and calculating the ratio of each gas to the key gas.
A nomogram is plotted with x-axis presenting the
following strict sequence of gases: Hy, CHa, CoHg, CoHa,
CsH2, and y-axis presenting the calculated ratio. The
plotted points are connected with a line. The resulting
graph is compared with the reference nomograms and
choose the one where the maximum match is achieved.
This nomogram also defines the fault type. With this
method application, nomograms were plotted for every
equipment unit. The nomograms were compared, and in
case they visually differed from each other, they were
transferred to another group even if their ratio values and
percentages were close. As a result, 14 arrays with identical
gas ratio values, close gas concentrations and similar
nomograms were compiled. The percentages of each gas in
arrays formed are introduced in Table 1 for specified fault
types and sample volumes, the gas ratio values given in
Table 2.

TABLE 1. GAS PERCENTAGES IN FAULTY EQUIPMENT WITH
ETHANE AS THE KEY GAS
S Gas concentration, %
= |Fault type, sample volume

H, |CH; |C,Hs [CoH4 [CoH,

Overheating with temperature

150.300°C N4 10-30|12-40(30-70| 0-25 | 0-1.1

Overheating with temperature 0-10 | 4-46 |35-88 0.06-

150-300°C. N=87. 23 |0-15

Overheating with temperature
150-300°C. N=7. 10-20|10-25|30-60(15-30| 0-1.2

Overheating with temperature

4 160 3000 Nods. 0-10 [0.1-2735-98(0.7-40] 0-1.3
5 [X-wax deposition, PD. N=4. 25-45| 3-15 [49-62 o(.)oé- 0-05

Overheating and partial

discharges. N=15. 14-42[1.5-32/30-80/0.6-10| 0-1.6

Overheating and partial

discharges. N=15. 10-40| 0-22 {28-75/0.1-33/ 0-1.5

8 |Overheating and discharges. N=4. | 0.9-7[0.9-12|55-87| 5-15 4.5-10

9 |Overheating and discharges. N=5. [10-40| 1-23 |25-50| 5-23 | 4-22

10 |Overheating and discharges. N=8. |1.0-15| 3-32 |45-75| 2-15 | 5-17

0.35-| 0.2-

16 | 25 67-98/0.7-10| 1-12

11 |Overheating and discharges. N=4.

12 |Overheating and discharges. N=4 |15-25(20-30(25-35| 1-12 {10-30

13 |Overheating and discharges. N=6 |10-30| 7-15 |25-45| 3-21 | 9-32

14 |Overheating and discharges. N=4. |10-22(14-23|20-30|10-22|10-25
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M TABLE Il GAS RATIOS IN FAULTY EQUIPMENT WITH ETHANE AS M
THE KEY GAS
1.0 1.0
s Gas ratio values 8:3 8-3
0.7 ’
Z | CHu/H; | CoHg/CH, | CoHy/CaHs| CaHolCH |CoHa/CoH|CoHa/CoH, 056 o
0.5 0'5
] ] ] 0.0001- | 0.0001- | 0.002- 0a 08
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iatel Eenadn el RS a A i 10035 [T 0.0 +——— 0.0
1.1-1.8 | 1.45-5.38 | 0.27-0.93 | 0.02-0.23 |0.005-0.12{ 0.01-0.09 H2  CH4 C2H6 C2H4 C2H2
19-3 | 1.4-70 |0.188-0.91{0.021-0.098]0.001-0.03(0.02-0.087 a b
0.001- 10 10
5(02:048| 39-76 | oo |0.005-0.09 10 10
0.8 0.8
0.0006- | 0.0086-
- - - - 0.7 0.7
6|05-0.96 | 1.1-498 | 0.018-0.30.003-0.00 | ~ ool | oo 07 07
. o)
7(03-0.85|22-1692 | 0.14-0.75 | 0.01-0.16 | "0 0.008-0.05 0.4 04
8| 1-102 | 46-192 | 0.1-0.25 | 0.46-0.88 | 0.06-0.2 | 0.6-0.75 52 52
0.298- 0.0 4 T T T 00 ¢—e T !
10[15-255 | 146-75 |0.048-021| 0.234-10 | 297 [10332 _ ¢ _ d
0.250 Fig. 2. Fault nomograms and the graphic areas based on DGA data
11/0.18-0.8| 28-462 |0.004-0.13| 1.8-12.6 |0.004-0.18| 1.3-7.36 from equipment with overheating in the temperature range of 150-
12| 1.0-1.7 | 1.02-1.22 | 0.049-0.4 | 05-1.0 |0.41-0.97 | 1.03-19.8 300°C
13/0.2-0.93 | 2.32-4.22 | 0.1-0.739 | 0.64-358 | %218 11322148 Comparing gases percentage values from Table 1 with
0.981 gases ratio values from Table 2 and with graphic areas
14|1.01-1.2| 1.2-1.842 | 0.39-0.94 | 0.53-1.69 |0.42-0.999|1.061-1.15 from Flg 2 for defect groups’ No. 1-4, itis possible to see

As shown in [14, 15], even for the same fault in the
equipment of the same type, plotted nomograms may
significantly differ both from each other and from the
reference nomograms. To take into account coordinate
value drift of graphic images in [19] suggested using the
reference areas rather than the reference nomograms, the
areas plotted with application of DGA results for
equipment under the same type of fault. The maximum and
minimum values of coordinates (ratios of each gas to the
key gas) obtained for the 14 DGA data arrays serve as the
reference area boundaries. The graphic areas based on
DGA data for 252 pieces of faulty equipment from Table 1
and 2 are shown on Fig. 2-13.

IV. RESULTS ANALYSIS

The characteristic nomograms and graphic areas based
on DGA data from equipment with overheating in the
temperature range of 150-300°C are provided on Fig. 2.
The solid line specified the centre of area, which matches
the fault nomogram. The dashed lines are selected the
lower and upper boundaries of the fault area. These areas
are based on DGA data from equipment in which such
faults as were revealed:

o pollution of pipes and interpipe space;

e contamination of the cooler pipes;

o blockage of air-drying filters;

o the increased heating of bolted connections;
e existence of a short-circuited circuit;

e overheating of paper and oil due to the impact of
ferroresonance overvoltage and some other.

some existing differences. Therefore, in the equipment,
which DGA data created fault groups No. 1 and No. 2,
higher content of CHs4 in comparison with CyH, takes
place. The difference between gas content in the equipment
from group No. 1 and No. 2 is that in the equipment from
fault group No. 1 higher content of H, takes place. It
should be noted that DGA data from defect group No. 1 are
received generally for the equipment of pressurized
construction, and from defect group No. 2 for untight
construction. In this regard, it would be logical to assume
that the low maintenance of H; in the equipment from
defect group No. 2 is caused by its diffusion in the
atmosphere owing to low coefficient of solubility in oil. In
the equipment, which DGA data created fault groups No. 3
and No. 4, higher content of C;Hs in relation to CH,4 takes
place that testifies higher overheating temperature, than in
the equipment from group No. 1 and No. 2. Gases content
in the equipment from groups’ No. 3 and No. 4 differs in
higher content of H. for the equipment from group No. 3.
Figure 3 shows the results of diagnostics of equipment with
overheating in the temperature range of 150-300°C using a
Duval triangle.

As can be seen from the Fig. 3, at diagnostics of the
equipment from groups No. 1 and 2 (Fig. 3 (a) and (b)
respectively) Duval triangle for most of equipment units
allowed to set as overheating in the range of low and
medium temperature range, partial discharges and also
overheating, which are followed by discharges. It is caused
by the fact that in Duval's method the maintenance of C;Hs
is not considered. Moreover, due to the low maintenance of
C2H4 and CyH; in oil tests of the diagnosed equipment gas
with the maximum contents, according to Duval's method,
is CHs. Higher content of C;H. in the equipment from
groups No. 3 and No. 4 was a consequence of the fact that
diagnostics of this equipment with Duval triangle showed
existence of overheating with a temperature over 700°C
(Fig. 3 (c) and (d)). At the same time, as shown in [20, 21],
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" recognition of such faults with use of gases ratios does not
cause difficulties.

Fig. 3. Results of the equipment diagnostics with overheating in
the temperature range of 150-300°C using Duval triangle

According to the existing ideas of gas content of the
faulty equipment [1, 3], the maximum maintenance of
C,H¢ takes place for thermal faults with a temperature of
150-300°C, but not for defects of electric type. However
DGA data from equipment in which partial discharges with
a low energy density are revealed are given in works [17,

18, 22], and gas with the maximum contents is CoHs
(defect No. 5 from Table 1 and 2). As can be seen from
Table 1 (defect No. 5), for the equipment with similar
faults the maintenance of H; is higher than CHs4, and the
maintenance of CoH4 and CoH; less than 1%. It should be
noted that gases ratio values received for this equipment
(Table 2, defect No. 5), are not regulated in the known
standards. As shown in [15], similar gas content has been
obtained for the bushing of a 220 kV oil circuit breaker and
a 110 kV current transformer filled with oil of 1A class, in
which X-wax deposition has been detected. Fault
nomograms (solid line) and graphic area (dotted lines),
based on DGA data from equipment with these faults are
provided on Fig. 4 (a). Results of the equipment
diagnostics from group No. 5 with Duval triangle are
shown in Fig. 4 (b).
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H2 CH4 C2H6 C2H4 C2H2

~ag—— %C:H;

b

Fig. 4. Fault nomograms, graphic area and results of the equipment
diagnostics with partial discharges and X-wax deposition from
group No. 5 using Duval triangle

As can be seen from Fig. 4 (b) in spite of the fact that in
the analysed equipment gas with the maximum contents is
ethane, Duval triangle allowed to make diagnoses “partial
discharges” and “discharges with a low energy density”
that practically matches the real equipment diagnosis.

In the equipment from defect group No. 6 higher
content of H, in comparison with CH4 also takes place.
However, in comparison with gas content of the equipment
from group No. 5 in it higher content of C,H, takes place.
In spite of the fact that for this fault ratio value
0.1<CH4/H<1 (Table 1, defect No. 6) that according to the
existing standards is characteristic of electric discharges, in
[20, 23, 24, 25] for the equipment with the similar gases
content the diagnosis — “overheating in the range of low
temperatures” was made to CHai/H,. In [26] for the
equipment with the same gas content the diagnosis
“overheating, which is followed by partial discharges” was
made. As shown in [13, 15 and 16] same gas content was
revealed in 10 months prior to damage to the transformer
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“of 250 kV. This transformer was manufactured in 1977 and
was operated on a hydroelectric station of “Nelson River”.
After opening-up this transformer on the connecting end on
“doll”: traces of copper particles, which caused thermal
breakdown, are found. Survey of a winding after
breakdown showed existence of particles in a winding and
on a magnetic conductor. It should be noted that in oil tests
and before damage by gas with the maximum contents
ethane was. However, in oil tests received in 10 months
prior to accident, values of concentration of gases were
H,=20 ppm, CH4=15 ppm, CoHe=52 ppm, CoH4=9 ppm,
and the maintenance of CO, CO, and C;H; did not exceed
detection limit of these gases the chromatograph. Low
values of gases concentration, except for, perhaps, CoHs
did not allow recognizing timely fault in this transformer.
The characteristic nomogram and the graphic area based on
equipment DGA data of group No. 6 are provided on Fig. 5
(). The solid line specified the centre of area, which
matches fault nomogram. The dashed lines are selected the
lower and upper boundaries of fault area. Results of this
equipment diagnostics using Duval triangle are given in
Fig. 5 (b). Comparison results from Table 2 and Fig. 5 (b)
showed that despite the fact that gases ratio values for the
equipment from group No. 6 are in one range of values
Duval triangle allowed to make absolutely different
diagnoses — partial discharges; discharges which are
followed by overheating and also overheating in the range
of low, average and high temperatures. The given results
show clearly that use of different diagnostic criteria (gases
ratio values and gases percentage even at external
similarity of nomograms) for recognition of the fault type
can lead to setting of different diagnoses.

CO0O0O0O0O0O00OR
oRrNMwhUONDOO

- %C;H,

b

Fig. 5. Fault nomograms, graphic area and results of the
equipment diagnostics from group No. 6 using Duval triangle

The nomogram and the graphic area of faults
(Fig. 6 (a)) based on equipment DGA data of group No. 7
has external similarity with the nomogram and the graphic
area based on equipment DGA data of group No. 6. As can
be seen from Table 2, gases ratio values for the equipment

from these two groups also have close values. However, as
can be seen from Table 1, in equipment oil tests from
defect group No. 7 the maintenance of CzHys is higher, than
the maintenance of CHs4. Higher content of C,Hs in
equipment oil tests from group No. 7 was a consequence of
the fact that using Duval triangle (Fig.6 (b)) for this
equipment overheating with a temperature over 700°C was
generally diagnosed (for 10 pieces of equipment). In 4
cases the diagnosis “overheating in the temperature range
of 300-700°C” is made and in 1 case the diagnosis
“overheating which is followed by discharges™ is made.

\ g *

H2 CH4 C2H6 C2H4 C2H2

a

A—PD

Fig. 6. Fault nomograms, graphic area and results of the
equipment diagnostics from group No. 7 using Duval triangle

In [27] for the transformer of 220/500 kV with the close
gases content the diagnosis “overheating with a
temperature over 700°C”, and in [28, 29] — “thermal fault
of low temperature 150-300°C” was made. At the same
time in [30] similar DGA data were interpreted as
“discharges with a low energy density, which are followed
by heating”. In work [31] for the equipment with the same
gases content, the diagnosis “combined fault: heating
which is followed by discharges” was also made.

In the equipment from group No. 8 gas with the
maximum contents is ethane, and the maintenance of CH,4
is higher, than H, that demonstrates the thermal nature of
fault. However, higher content of acetylene (Table 1)
demonstrates existence in the equipment of electric
discharges. In the transformer of 330 kV and 400 MVA
with such gases content traces of discharges and
overheating of a magnetic conductor were revealed.
However, as shown in [32], due to the combined fault
nature recognition of such faults by means of the gases
ratio regulated by the existing standards causes objective
difficulties. The characteristic fault nomogram (solid line)
and graphic area (dotted lines), based on equipment DGA
data with these faults, are provided on Fig. 7 (a). Results of
the equipment diagnostics from group No. 8 with Duval
triangle are reflected in Fig. 7 (b). As can be seen from

DOI: 10.33042/2079-424X-2020-2-58-33-42 82

2



MIXXHAPOAHWM }KYPHA/ «CBIT/IOTEXHIKA TA E/IEKTPOEHEPTETUKA»

0. Shutenko, O. Kulyk Bun.58, N°02.

o

L 4

Fig. 7 (b) using Duval triangle diagnoses discharges with a
high and low energy density were received that is caused
by relatively high content of C,H; in ratio to CH. and
CHa.

In spite of the fact that in equipment oil tests from
defect group No. 9 higher content of C;H, (Table 1) takes
place, in [33] such faults are identified as partial discharge.
In [34] for the equipment with such gases content the
diagnosis —“low discharge energy arcing” was made. As
can be seen from Table 1 in this equipment the
maintenance of H is higher, than CHj, that is characteristic
of electric discharges, and the maintenance of CyHs is
higher, than C;H, (C2H2/CoHa<1, Table 2).

H2 CH4 C2H6 C2H4 C2H2

a
A—PD

80 60 40 20
g ——— %C;Hy

b

Fig. 7. Fault nomograms, graphic area and results of the equipment
diagnostics from group No. 8 using Duval triangle

The graphic area of this fault is given in Fig. 8 (a). As
well as earlier in figure the solid line specified the centre of
area, which matches fault nomogram. The dashed lines are
selected the lower and upper boundaries of fault area.
Results of the equipment diagnostics from group No. 9
using Duval triangle are given in Fig. 8 (b). As can be seen
from Fig. 8 (b) due to relatively high content of C,H,
Duval's method in the equipment from group No. 9
diagnosed discharges with a high energy density.

Feature of gases content from equipment oil tests from
group No. 10 is that gas with the maximum contents is
C2Hs (C2H4/CaHe<1, Table 2) and the maintenance of CH,
is higher, than H, that is characteristic of thermal faults. At
the same time the maintenance of C;H; is higher, than
CoHs (CoH2/CoH4>1, Table 2) that is characteristic of
discharges with a low and high energy density. In the
current transformer of 110 kV with such gas content the

spark discharge which is followed by heating to 300°C was
revealed. Survey of the voltage transformer is established
that the ohmic resistance of a zero output of high-voltage
winding changed more than for 10%. After dismantling the
bad contact in the lower part of high-voltage winding was
found. Insulation failure, turn short circuit, existence of
surface discharges on barriers on high-voltage winding
became the reason of damage of the block transformer of
250 kV installed on a hydroelectric station of “Nelson
River”, Northern Canada [13, 15, 16]. At the same time in
[35] for the equipment with the same gases content the
diagnosis — “Heating and partial discharge” was made. The
characteristic nomogram and the graphic area based on
equipment DGA data of group No. 10 are provided on
Fig. 9 (a). The solid line specified the centre of area, which
matches fault nomogram. The dashed lines are selected the
lower and upper boundaries of fault area. Results of
equipment diagnostics using Duval triangle are given in
Fig. 9 (b). Comparison graphic area and Duval triangle for
the equipment from group No. 10 showed that from three
gases used in Duval's method for recognition of fault type
both the maintenance of CH4, and the maintenance of C,H;
is higher, than the maintenance of C;H.. It caused that for 6
equipment units Duval's method made the diagnosis —
“discharges with a low energy density”, and for 2 pieces of
equipment — “discharges with a high energy density”.

————— %C;H;
b

Fig. 8. Fault nomograms, graphic area and results of the equipment
diagnostics from group No. 9 using Duval triangle
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Fig. 9. Fault nomograms, graphic area and results of the
equipment diagnostics from group No. 10 using Duval triangle

H2 CH4 C2H6 C2H4 C2H2

- %CH:

b
Fig. 10. Fault nomograms, graphic area and results of the
equipment diagnostics from group No. 11 using Duval
triangle

In the equipment from group No. 11 the maintenance of
C2H; also exceeds the maintenance of CaH4 (C2H2/CoH4>1,
Table 2). However, at the same time the maintenance of H,
is higher, than the maintenance of CHs 0.1<CH4/Ho<1,
Table 2) that is characteristic of discharges with a high and
low energy density, and gas with the maximum contents is
C.Hs that is characteristic of overheating. In [36] for the
equipment with the similar gases content the diagnosis —
“thermal fault”, and in [8] for the regulation device under
load diagnosis “contacts damaged, by carbon particles”
was made. The characteristic nomogram and the graphic
area based on equipment DGA data of group No. 11 are
provided on Fig. 10 (a). The solid line specified the centre

of area, which matches fault nomogram. The dashed lines
are selected the lower and upper boundaries of fault area.
Results of equipment diagnostics using Duval triangle are
given in Fig. 10 (b). As can be seen from Fig. 10 (b) using
Duval's method in the equipment from group No. 11
diagnoses “discharges with a low energy density” and
“discharges with a high energy density” were made.

Gas content in the equipment from group No. 12 has
similarity to gas content of the equipment from group
No.10, namely the maintenance of CHj, is higher than the
maintenance of Hy, and the maintenance of C,H; is higher,
than C,Hs. However, as can be seen from Table 1, in the
equipment from group No. 12 higher percentage of H,
CH4 and CoH; and, as a result, lower maintenance of CyHs
in comparison with the equipment from group No. 10 takes
place. As for the previous cases in the equipment from
defect group No. 12 overheating which is followed by
discharges were revealed. In the transformer of
230/127 kV, tracking between a “doll” of bushing of
230 kV and the grounding electrostatic screen, and arc turn
short circuits in a winding of high voltage with transition to
short circuit to the screen were revealed [13, 15, 16]. This
transformer was operated on a hydroelectric station of
“Nelson River” Northern Canada and was damaged in July
1997. In [23] for the equipment with the similar gases
content, the diagnosis “overheating and partial discharges”
was made. Breakdown of a skeleton isolation became the
reason of damage of high-voltage input of 110 kV [15]. At
the same time both the gases content and their relation
values corresponded to gas content and gases relations
values for the equipment from group No. 12. Fault
nomogram and the graphic area based on DGA data of this
equipment are given on Fig. 11 (a).

As can be seen from figure in the analysed equipment
relatively high content of C,H. takes place. However
relatively low maintenance of C,Hs in relation to C;H; and
CH4 caused that Duval triangle (Fig. 11 (b)) showed
existence of discharges with a low energy density.

80 80 40 20
- %C.H,

b
Fig. 11. Fault nomograms, graphic area and results of the
equipment diagnostics from group No. 12 using Duval triangle
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In the equipment from group No. 13 gas with the
maximum contents is C,Hs, but at the same time, the
maintenance of H, is higher, than CHs and the
maintenance of C,H; is higher, than C;Ha. The same ratio
between these gases is revealed also in the equipment from
group No. 11. However, as can be seen from Table 1 in the
equipment from group No. 13 the percentage of C,Hs does
not exceed 45% at sufficiently high percentage of other
gases that much lower than the percentage of this gas in the
equipment from group No. 11. According to [15] such
characteristic gases content is caused by existence of
overheating which is followed by intensive discharges. In
[37] in the equipment with such gases content electric
discharges were revealed. The characteristic nomogram
and the graphic area based on equipment DGA data of
group No. 13 are provided on Fig. 12 (a). The solid line
specified the centre of area, which matches fault
nomogram. The dashed lines are selected the lower and
upper boundaries of defect area. Results of equipment
diagnostics using Duval triangle are given in Fig. 12 (b).

Fig. 12. Fault nomograms, graphic area and results of the
equipment diagnostics from group No. 13 using Duval triangle

As can be seen from Fig. 12 (a) fault nomogram has
some similarity with the nomograms, characteristic of arc
discharges, regulated in some standards, for example in [3,
4]. However essential difference of the received nomogram
from regulated is that for the nomogram in Fig. 12 (a) gas
with the maximum contents is C;Hg, and in reference
nomograms for arc discharges gases with the maximum
contents are Hy or Cy;Hy and C;Hg has the smallest
contents. At the same time equipment diagnostics from
group No. 13 using Duval triangle (Fig. 12 (b)) allowed
revealing discharges with both low and high energy
density.

The smallest percentage of C;Hg (Table 1) is revealed
in the equipment from defect group No. 14. At the same
time other gases percentage have close values. Despite
approximately identical gases percentage values in the

equipment from group No. 14, the maintenance of CHy is
higher, than H,, and the maintenance of C,H; is higher,
than C,Hs. The same ratio between gases takes place and
for the equipment from group No. 12, but distinctions
consist in the gases percentage that is visually reflected by
the nomogram and graphic area of fault given in
Fig. 12 (a). In [38] such fault is identified as “partial
discharges of high energy density”. In the transformer of
500 kV and 135 MVA [15] with the similar gases content
short circuit between an average frame of a magnetic
conductor and a frame from the dilator is revealed.
Equipment diagnostics using Duval triangle (Fig. 12 (b))
shows existence of discharges with a high energy density.

Fig. 13. Fault nomograms, graphic area and results of the
equipment diagnostics from group No. 14 using Duval triangle

As shown by the results obtained in faults equipment
for which gas with the maximum contents is ethane, take
place not only overheating in the temperature range of 150-
300°C, but also overheating which is followed by electric
discharges with different degree of intensity.

The examples given in work visually illustrate that use
of different criteria for recognition of the fault type (gas
ratios values, gases percentage and all gases concentration
ratio to gas with the maximum concentration) for
diagnostics of the same equipment can be led to statement
of various diagnoses. At the same time, each of the criteria
analysed in work provides various value of recognition
reliability for different faults. For example, gases ratio
values allow revealing almost unmistakably overheating in
the temperature range of 150-300°C, but at the same time
there are difficulties at recognition of the combined faults
(overheating which is followed by discharges with different
degree of intensity). At the same time for such faults gases
ratio values correspond to two different faults that in the
absence of the corresponding explanations in the existing
standards can lead or to refusal of recognition, or to
statement of the wrong diagnosis. Reliable recognition of
fault type only according to nomograms (graphic areas of
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vfaults) is possible only in the presence of reference
nomograms. Moreover, as in one of the existing standards
fault nomograms for which ethane is gas with the
maximum maintenance, are not regulated recognition of
such faults using nomograms method is not possible.
Similar situation and with using gases percentage. For
example, in key gas method there is no reference gases
content characteristic of faults with the maximum content
of ethane. At the same time as shown in this work, Duval
triangle in many cases allows making the correct diagnosis.
It is remarkable that unlike criterion of the gases ratio,
Duval's method better distinguishes the combined faults,
than overheating in the temperature range of 150-300°C. It
is also necessary to note that for the equipment with close
gases ratio values Duval's method diagnoses faults of
different type. In this regard at faults recognition it is better
to use all three criteria that are considered in this work.

The ranges of gases ratio values and their percentage
received in work and the constructed nomograms and
graphic areas of faults, in total with the indication of the
most characteristic damages will allow increasing
reliability of faults recognition of the high-voltage
equipment for which gas with the maximum contents is
ethane.

V. CONCLUSIONS

The given results show that in the equipment with the
maximum content of ethane gases ratio values can
significantly differ from gases ratio values regulated by the
existing standards. So from 14 groups of the equipment
gases ratio values correspond to the regulated values only
for 4 groups in which overheating in the range of low
temperatures is revealed. At the same time for 10 groups of
the equipment with faults at which overheating is followed
by discharges with a different energy density gases ratio
values correspond simultaneously to faults of different type
that complicates their recognition. The ranges of gases ratio
values with the indication of potential damages specified in
work will help to eliminate this fault.

The constructed nomograms and graphic areas of faults
for 14 most characteristic types of damages will allow
using nomograms method for identification of faults with
the maximum content of ethane. Graphic areas that unlike
fault nomograms allow considering possible drift of
coordinates values (the concentration ratio of five gases to
gas with the maximum concentration) are offered. They
also permits to find in area an identical object with the
closest coordinates values that allows to estimate not only
fault type, but also the possible reason of its emergence.

The ranges of gases percentage values received in work
allow expanding possibilities of key gas method for faults
recognition with the maximum content of ethane.
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AHaJ13 ra30BMICTY B MAaCJIOHAIIOBHEHOMY OOJIaJHAHHI
3 ne)eKTaMu, IS SIKUX ra3oM 3 MaKCUMaJIbHUM
BMICTOM € €TaH

O.B. Illyrenko 0.C. Kynuxk
HarmionaneHU# TeXHIYHAN YHIBEPCHUTET HarmionamsHUH TeXHIYHAN YHIBEPCUTET
«XapKiBCHKUH MOMITEXHIYHUHN IHCTUTYT «XapKiBCHKUH MONITEXHIYHAN THCTUTYT
VYkpaina VYkpaina

Y cTaTTi HaBeeHO Pe3yJIbTATH KOMILIEKCHOT0 aHAJi3y BMIcTy rasis B Macii 252 oquHHIb BHUCOKOBOJIBLTHOTO 00J1aJHAHHSA 3
neeKTamMu, IJ8 AKUX ra3oM 3 MAaKCHMAJILHUM BMicTOM € eTaH. Bugineno 14 TumiB gedekTiB 3 MakcHMaJbHUM BMiCTOM €TaHY,
mo BinnmomizaloTs sk meperpiBam 3 Temmepatypolo 150-300°C, Tak i HH3BKOTEMIEPATYpHHM IeperpiBam, sKi
CYNPOBOIKYIOTHCS PO3PSAaMU 3 Pi3HOI HIVIBLHICTIO eHeprii (4acTKOBi po3psiau, iCKpoBi po3psiau, po3psigd 3 HU3BKOIO i
BHCOKOIO INIJIbHICTIO eHeprii, Ayrosi po3psian). HaBeneHo anani3z Hai6inbm xapakTepHux ae)eKTiB Ta HABeAeHO MPUKIAAN iX
po3NiZHABaHHA Pi3HUMM JocjaigHukamu. [lJisi KOKHOro 3 THMIB AedexTy oTpuMaHi Jiana3oHU 3HaAYeHb BiICOTKOBOro BMicCTy
rasis i riana3oHu 3HayeHb BiqHOMIeHb rasis. Ile 0c00,1MBO BaKJIMBO 1/l PO3Ni3HABAHHSA KOMOiHOBaHUX AedekTiB (meperpisis,
SIKi CyNMpOBOKYIOTHCSI PO3pPS/IaMH), OCKUJIBKHM IS TaKMX JeeKTiB 3HA4YeHHs] JaHUX KPUTePiiB He PerjiaMeHTYIOTbCS B
JKOIHOMY 3 BiIOMHUX cTaHAapTiB 3 iHTepnperauii pe3yJbTaTiB aHai3y po3uMHeHHUX B Macii rasis. Bmepme orpumano 14
HOMorpaMm i rpagiunnx odgaacteii nedekTtiB, A SIKMX razoM 3 MaKCHMAJIBHHUM BMicToM € eraH. Lle mo03Bousie icToTHO
PO3IIMPUTH JiaNa30H eTATOHHUX HOMOrpaM, OCKLILKH B YHHHOMY B YKpaiHi HOpMATHBHOMY NOKYMEHTi BiacyTHi eTajoHHIi
HOMoOTrpamMu s JedekTiB 3 MakcUMadbHUM BMicToM eTaHy. s Bcix 252 omumHHUb 00/1aHAHHS BHKOHAHO NMOPiBHAIBHMIA
aHaji3 BigoMmux iarHo3iB 3 giarHo3aMm, MOCTABJIEHUMH 3 BUKOPUCTAHHSM TPUKYTHHKaA /[1oBans. BecraHoBiieHo, 110 AiarHosu,
NMOCTABJEHI 3 BHKOPHCTAHHAM Pi3HHX MeTOMiB, MOXKYTh iCTOTHO BiApi3HATHCHA SIK OJMH BiX OAHOro, Tak i Bix peajJbHUX
niarnosiB. Otpumani B po0oTi Aiana3oHM 3HAYeHb BiICOTKOBOro BMicTy rasiB i 3HaueHb BigHOLIeHb rasiB pasom 3
HOMOTpaMamu /ie(peKTiB 103BOJISIIOTH BHKOPHCTOBYBATH OJTHOYACHO TP AAHUX KPHUTEPii IS po3nmizHABaHHs THIY JedeKTiB 3
MaKcHMaJIbLHUM BMicToM eTaHy. Lle B CBOI0 4epry 103BOJMTH MiIBMIIMTH JOCTOBIpHiCTH po3mizHaBaHHS THHY AedeKTy 3a
pe3yJbTaTaMu aHali3y PO3YHMHEHUX B MacJi rasis.

Knwwuoei cnosa — ananiz po3uunenux ¢ macii 2azie, 6UcoK0801bmHe 00NAOHAHHA, POZNI3ZHAGAHHA OegheKmie, emicm emany,
GiOHOUIEHHA 2a3i6, 8i0cOmKOGUIl émicm 2a3ie, mpukymHuk /[10eansa, nomozpamu deghekmie, zpaghiuni oonacmi.
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