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RECOGNITION OF DISCHARGES THAT ARE ACCOMPANIED BY LOW-
TEMPERATURE OVERHEATING BASED ON THE ANALYSIS OF GASES
DISSOLVED IN THE OIL OF HIGH-VOLTAGE TRANSFORMERS

Abstract. Based on the analysis of test results for 135 high-voltage transformers, ranges of gas percentage, gas
ratio values were obtained and nomograms for 10 types of combined defects were made, representing discharges
with different intensity which are accompanied by overheating with temperature of 150-300°C. It has been
established that in transformers with discharges accompanied by low-temperature overheating the values of
CH4/H2, C2H2/CH4, C2H2/C2H6 and C2H2/C2H4 ratios determine the discharge energy, in accordance with the
norms regulated by the most known standards, the C2H4/C2HG6 ratio varies slightly depending on the hot spot
temperature and the C2H6/CH4>1 ratio value. Dynamics of defects nomograms changing in the process of their
development is analyzed. It is stated by the analysis results that in majority of cases the primary defect is discharges
with different intensity, which are accompanied by low-temperature overheating. Overheating occurs in the process
of discharge development. The analysis of recognition reliability of discharges with different intensity which are
accompanied by 150-300°C overheating was made, using norms and criteria regulated by the most known
standards and methods. The results of the analysis show that the most reliable recognition of the defects analyzed is
provided to a large extent by the graphical methods, namely the ETRA square and the Duval triangle. The results
obtained will significantly increase the recognition reliability of combined defects based on the results of the
dissolved gas analysis in the oil.
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PO3II3HABAHHS PO3PAAIB, AKI CYITPOBOKYIOTBCA
HU3bKOTEMIIEPATYPHUMMU INEPETI'PIBAMMU 3A PE3YJIBbTATAMMU AHAJUII3Y
PO3YUHEHUX Y MACJII I'A3IB BUCOKOBOJIbTHUX TPAHC®OPMATOPIB

Anomauin. Ha niocmasi awanizy pesynomamis eunpobyeéanv no 135 eucoxosonemuum mpancopmamopam
OMPUMAHT 0iana3oHy 3HAYEeHb BI0COMKOB020 BMICHTY 2a318, 3HAUEHHSA GIOHOUIEHb 2a3i6 | N0OY008AH] HOMOSPAMU OJA
10 munie xombinoganux oegpekmis, wjo nNpPedCmagAms coO0 po3PAOU 3 PISHUM CIMYNeHeM THMEeHCUBHOCI, SKI
cynposodicyromuvcs nepeepieamu 3 memnepamyporo 150-300°C. Bcmanoéneno, wo 6 mpancghopmamopax 3
po3padamu, AKi CYnpo8OONXCYIOMbCA HUbKOMeMnepamypHumu nepezpieamu, 3uauenus eioHowens: CHA4/H2,
C2H2/CH4, C2H2/C2H6 i C2H2/C2H4 eusnauaromov enepeilo po3psdie, GION0GIOHO 00 HOpM, WO
PpecnameHmylomscst y Oinbuiocmi gioomux cmanoapmis, snavenns gionowenns C2H4/C2H6 nesnauno eapiroemuvcs
3ANIEIHCHO 60 MemMnepamypu «2apsayoi moukuy, a 3uavenns gionowenns C2H6/CH4> 1. Ilpoananizosano OuHamixy
3MiHU HOMOZpam Oeexmis y npoyeci ix posgumky. 3a pe3yrbmamamu aHaizy 6CMAHOBNEHO, WO HPU PO3GUMKY
pOo3psA0i8 3 PIZHUM CMIYNeHeM [HMEeHCUBHOCI, SIKI CYNPOB0ONCYIOMbCsl nepezpieamu 6 Oianas’oHi HU3LKUX
memnepamyp, y Oinbuiocmi 6UnaoKie nepeuHHUM oepexmom € came pospaou. Ilepezpisu sunuxaioms 6dice 6 npoyeci
PO3BUMKY pO3psA0i8. Bukonano ananiz 00cmogipHocmi po3nisHa8aHHs po3psoié 3 PI3HUM CMYNeHeM [HMEeHCUBHOCMIL,
KL cynpogoodicyiomsbcst nepeepieamu 3 memnepamypoio 150-300°C, 3 euxopucmanHsm HOpm [ Kpumepiis,
Ppecnamenmo8anux Haudinbw GI0OMUMU CIMAHOAPMAMY | MemoouKamu. 3a pe3yIbmamamu aHanizy 6CMaHo8IeHO,
Wo Haubinbuy 00CMOBIPHICIb PO3NIZHABAHHA, CIMOCOBHO AHANI308AHUX OegheKmis 3abe3neyyoms OilbUo0 MIpoio
epagiuni memoou, a came keaopam ETPA i mpuxymuux [Jroeans. Ompumani pesyromamu 0038045Mb iCMOMHO
nIOGUWUMU OOCMOBIPHICMb PO3NI3ZHABAHHS KOMOIHOBAHUX OeheKkmie 3a pe3yIbmamamu anaiizy pPOYUHEHUX )
macai 2a3ie.

Knwuoei cnosa: cunosi mpancghopmamopu, ananiz posuuHeHux y mMacii 2asie, Kombinosaui degpexmu, po3psaou i
HU3bKOMEeMNEPpamypHuti nepeepis, OIAeHOCMUYHI Kpumepii, OUHAMIKA pO36UMKY Oeekmy, O00CmOSIipHICMb
OlacHOCMUKU.
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PACIIO3HABAHME PA3PAA0B, KOTOPBIE COITPOBOXIAIOTCA
HU3KOTEMIIEPATYPHBIMHU ITIEPEI'PEBAMM 110 PE3YJIbTATAM AHAJIM3A
I'A30B, PACTBOPEHHBIX B MACJIE BBICOKOBOJIbTHBIX
TPAHC®OPMATOPOB

Annomayun. Ha ocnosanuu ananuza pe3yiomamog ucnvlmanuil no 135 6bicOK080IbMHbIM MpaHCHOopMamopam
NOYy4eHbl OUANA30Hbl 3HAYEHUL NPOYEHMHO20 COOEPAUCAHUSI 23308, 3HAYEHUN OMHOWEHUU 24308 U NOCHPOEHb
Homoepamm Onst 10 munoe KOMOUHUPOBAHHBIX OegheKmos, npedcmasiaiouux coool paspsosl ¢ PA3HOU CHENeHbIo
UHMEHCUBHOCMU KOMOpble COnpogodicoaromest Hazpegom ¢ memnepamypou 150-300°C. Yemarnoeneno, umo 6
mpauncgopmamopax ¢ paspsaoamu, KOmopbie COnpoBoNCOAIOMCs HUZKOMEMNEPAMYPHbIMU Nepecpesamt 3SHAUeHUs
omnowenuu: CH4/H2, C2H2/CH4, C2H2/C2H6 u C2H2/C2H4 onpedensitom suepeuio paspaoos, 6 COOMEemcmeuu
C HOpMAaMU pe2lamMeHmupyemMbiMy 8 OOIbUUHCIEe U38eCMHbIX cmaHoapmos, 3HadeHue omuoutenus C2H4/C2H6
He3HAYUMENbHO 6apbupyemcs 8 3aGUCUMOCMU OM MeMnepamypbl 2opAdell MouKu, d 3HaueHue OMHOULEHUS
C2H6/CH4> 1. I[lpoananusuposana OUHAMUKA UBMEHEHUsl HOMozpamm Oeghekmos 6 npoyecce ux pazgumust. I1o
pe3yibmamam aHaIu3a YCmMaHoGneHo, 4mo Npu pazeumuu paspsaoo8 ¢ PpasHou CMenenvio UHMeHCUSHOCMU,
KOMOpble CONPOBOHCOAIOMCSL nepezpesami 8 Ouanazone HUKUX memnepamyp, 6 60IbuUHCmee ciyuaes nepeuyHbiMm
Oeghexmom s6nsa100MCs UMenHo paspaovl. Ilepecpesvl 6o3nuKaiom yoice 6 npoyecce pazeumus paspsaoos. Beinoanen
amanusz  00CMOBEPHOCIU  PACNO3HABAHUA  pPA3PA008 €  PA3HOU  CIMENneHvl0  UHMEHCUSHOCMU, KOmopble
conpogodicoaromess  Hazpegom ¢ memnepamypou  150-300°C, ¢ ucnoavzoeanuem HOpM U Kpumepues,
peanamenmupyemvlx Haubonee uU3GeCMHbIMU cmandapmamu u Mmemoouxamu. Ilo pesyibmamam ananusa
YCMAHOBAEHO, YO HAUOOILULYIO 0OCMOBEPHOCHb PACNO3HABAHUS, NPUMEHUMENLHO K AHATUSUPYEMbIM 0edheKmam
obecneuugarom 8 boavuuell cmenenu spaguueckue memoovl, a umentno keaopam ETPA u mpeyeonvnux [drosans.
Tlonyuennvle pe3yibmamul NO360AM CYUECMEEHHO NOBBICUMb OOCMOBEPHOCHb PACHOZHABAHUSL KOMOUHUDOBAHHBIX
Oeghekmos no pe3yibmamam aHaiu3d pacmeopeHHbIX 8 MAcie 2a308.

Knrouesvie cnoea: cunosvie mpanc@opmamopuvl, amaiu3 PAcmeopeHHblX 6 Mdacle 2d308, KOMOUHUPOBAHHbIE
Oeghekmbl, paspadvl U HUSKOMEMNEPAMypHblll hepezpes, OUAZHOCMUYecKue Kpumepuu, OUHAMUKA DPaA36UMuUs
deghekma, 00cmMoBepHOCHb OUASHOCTIUKU.

Introduction. One of the ways to reduce the damageability of high-voltage power
transformers, especially those operating beyond their standard service life, is the development of
new and improvement of existing methods of non-destructive diagnostics. One of these methods,
which have found the widest application, both in Ukraine and abroad, is the dissolved gas
analysis (DGA). This method makes it possible not only to detect defects, which develop in oil-
filled equipment at an early stage, but also to recognize their type. The latter circumstance is
fundamentally important when deciding on the possibility of further operation of equipment,
which imposes rather high requirements for the reliability of defect type recognition. Currently,
the DGA method enables to recognize both defects of electrical type (partial, spark, creeping and
arc discharges) and thermal defects (overheating with different "hot spot" temperature).
However, during operation combined defects may occur, such as discharges accompanied by
overheating or overheating transforming into discharges. Diagnostics of combined defects is
connected with certain difficulties due to practical absence of norms and criteria allowing to
recognize them. In order to eliminate this problem, the article presents the results of a complex
analysis of the values of diagnostic criteria used to recognize the type of defects based on the
results of dissolved gas analysis for transformers in which discharges with different intensity
accompanied by overheating with temperature of 150-300°C are detected.

Publication analysis and research agenda. Both analytical and graphical methods are used
for defect type identification [1]. Analytical methods are based on the analysis of gas ratios
characteristic of different defect types. For example in standards [2-6] the values of three gas ratios
are regulated for defect type identification: CH4/H2, C2H4/C2H6 and C2H2/C2H4. The Doérnenburg
method [7] uses four ratios: CH4/H2, C2H2/C2H4, C2H2/CH4 and C2H6/C2H2. The Rogers
method [8] also uses four ratios: CH4/H2, C2H6/CH4, C2H4/C2H6 and C2H2/C2H4. In contrast,

Ne3-4(157-158) 2021 EHEPTO3BEPEKEHHA e EHEPTETUKA « EHEPFTOAYAUT 21



EHEPTETUKA, ETEKTPOHIKA TA EJIEKTPOMEXAHIKA

the MSS method [9] uses five ratios: H2/CH4, C2H4/C2H6, C2H2/C2H6, C2H4/C3H6 and
CO2/CO. However, of the eight standards analyzed only [5, 6] regulates values of gas ratios
characteristic of combined defects. At the same time the given standards do not allow to estimate
either the discharge energy or the hot spot temperature.

In turn, graphical recognition methods can use various criteria as coordinates of the
object to be diagnosed. The values of the gas ratios are used in the ETRA square [10] and the
graphical interpretation of the gas ratios according to [2]. In the Duval Triangles [11] and
GATRON fault gas triangle [12], the defect type is determined by the gas percentage values
(CH4, C2H4, C2H2 in the Duval method) and (H2, C2H2 and weighted sum of hydrocarbon
gases CH4, C2H4, C2H6, C3H6 and C3HS8 in the GATRON method). In the Key Gas method
[3] the type of defect is determined by the percentage content of the five gases H2, CH4, C2H6,
C2H4 and C2H2. In the Nomogram method [10, 13] the defect type is determined by a graphical
image, which is plotted by the ratios of five gases (H2, CH4, C2H6, C2H4 and C2H2) to the gas
with the maximum content. The type of defect is determined by comparing the obtained
nomogram with the reference one. It should be noted that both in the ETRA square and in the
Duval triangle, areas corresponding to combined defects are highlighted. However, in the ETRA
square this area corresponds only to discharges and overheating with a temperature above 700°C.
In the Duval triangle, the region corresponding to the combined defects is related neither to the
discharge energy nor to the hot spot temperature.

In addition to the norms and criteria regulated by known standards and author's methods,
a rather large number of publications are nowadays devoted to the interpretation of DGA results
using more advanced mathematical tools, such as artificial neural network (ANN) [14-15], fuzzy
logic [16-17], Adaptive Neuro-Fuzzy Inference System (ANFIS) [18-19]. In [20], a modified
clustering method has been proposed to classify the state of different transformers. In [21],
Adaptive Dynamic Rose Guided Whale Optimization algorithm is used to improve the accuracy
of transformer diagnosis using various classical diagnostic methods. A multi-nominal
classification model called KosaNet based on decision trees is described in [22]. In [23], the
diagnostic accuracy of power transformer faults is improved using K-Nearest Neighbors (KNN).
A comparative analysis of dissolved gases using machine learning and traditional diagnostic
methods has been carried out in [24].

However, despite the rather large number of publications, issues related to improving the
recognition reliability of combined defects are not well covered, which is the reason for this article.

Analysis of the values of the diagnostic criteria used to recognize the type of defect in
power transformers with discharges, which are accompanied by low-temperature overheating

As noted in [25], one of the significant problems encountered in determining the type of
defect based on DGA results is that using different standards and diagnostic criteria
(characteristic gas ratios, gas percentage content values, gas concentration ratios to the maximum
gas concentration value) for the same data can lead to different diagnoses. One way to eliminate
this problem is to evaluate and analyze the values of all diagnostic criteria simultaneously in the
same type of equipment with defects of the same type, with subsequent training of the diagnostic
model. The use of such an approach makes it possible, on the one hand, to eliminate
contradictions between different diagnostic criteria when recognizing defects of the same type
[26], and, on the other hand, to determine characteristic ranges of diagnostic criteria values for
defects for which such ranges are not regulated [27-28].

As input data for analysis of diagnostic criteria values, which are used to determine the
type of defect according to DGA results, the results of periodic tests on 135 power transformers
were used, in which electrical discharges with different intensity which were accompanied by
overheating with temperature of 150-300°C were identified. The raw data were first divided into
several separate arrays depending on the type of defect detected. Then, by analogy with [26-28],
the percentage content values for each of the five gases were determined, the values of
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characteristic gas ratios were calculated, and defect nomograms were constructed for each of the
transformers analyses. The obtained values were compared with each other and if the value of at
least one of the criteria differed significantly from those obtained earlier, the DGA results for the
analyzed transformer were transferred to another array. The procedure of successive selection of
homogeneous DGA results allowed the formation of 10 arrays with similar values of diagnostic
criteria. The ranges of gas percentages in transformers with electrical discharges with different
degrees of intensity, which were accompanied by overheating with a temperature of 150-300C, are
shown in Table 1 (the symbol N indicates the volume of sample values for each of the arrays). As
can be seen from Table 1, the gas percentage content of the 10 arrays obtained varies significantly.
The gases with maximum content are H2 (arrays No. 1-8) and C2H2 (arrays No. 9-10), indicating the
presence of electrical discharges in the transformers under investigation. For almost all 10 arrays
formed, the second gas in content is C2H6, indicating the presence of low-temperature overheating.
The content of C2H2 increases as the discharge energy increases and in some transformers,
according to the DGA results of which array No. 8 was formed, exceeds the content of C2H6.

The content of CH4 and C2H4 varies mainly depending on the overheating temperature. In
[30] it is shown that in overheating with temperatures of 150-300°C the gas with maximum content
is C2H6 and the second gas in content depending on the hot spot temperature is either CH4 or C2H4.
As the hot spot temperature increases, the percentage of C2H4 increases. This trend is also true for
combined defects, for example, in transformers whose DGA results formed arrays No. 4 and 5, the
gas content has very similar values. The difference is that transformers with DGA results for array
No. 4 have a higher CH4 content, while transformers with DGA results for array No. 5 have a higher
C2H4 content.

Comparing the gas percentage ranges given in Table 1 with the gas percentage ranges
regulated by the Key Gas Method [31], it should be noted that the values obtained do not correspond
to the gas percentage values for any of the defect types recognizable by the Key Gas Method.

Table 1. Gas percentage in high-voltage power transformers with electrical discharges with
different intensity, which were accompanied by overheating with temperatures of 150-300°C

V)
Array Type of defect, sample volume Gas percentage, %
H2 CH4 C2H6 | C2H4 | C2H2
1 | Partial discharges and low-temperature overheating. N=20. | 73-99 | 0.2-7.5 | 0.48-17 | 0-5.3 | 0-1.58
2 Partial discharges and low-temperature overheating. N=6. | 81-96 | 1-6.5 1.6-10 | 1.1-45 | 0-1.6
3 Discharges and low-temperature overheating. N=22. 38-73 (0.002-10| 15-47 |0.002-18| 0-3
4 Discharges and low-temperature overheating. N=20. 38-73 | 10-28 13-35 | 0.04-11 | 0-2.1
5 Discharges and low-temperature overheating. N=6. 33-66 1-10 14-35 10-28 0-5
6 Discharges and low-temperature overheating. N=5. 30-41 3-22 | 23-40.5| 6-20 2.9-10
7 Discharges and low-temperature overheating. N=7. 40-68 | 4-22 15-30 1-17 1.6-17
Discharges with high energy density and overheating with
8 temperatures of 150-300°C. N=24. 2774 | 317 6-28 | 04-15 1 837
Discharges with high energy density and overheating with
9 temperatures of 150-300°C. N=9, 1.5-6.5| 1.7-10 | 23-35 14-22 | 36-51
Discharges with high energy density and overheating with
10 temperatures of 150-300°C. N=16. 3-37 1 15211 25-36 11 0.6-22 | 25-58

As can be seen from Table 2, for 9 out of 10 arrays (No. 1-8 and 10), the content of H2
exceeds the content of CH4, that is, the value of CH4/H2<1, which is more typical of the
electrical type defects. At the same time for the transformers in which the partial discharges
accompanied by overheating with temperature 150-300°C have been revealed, values of
CH4/H2<0.1. For the transformers with discharges with higher energy density accompanied by
overheating with temperature 150-300°C, values of the ratio 0.1<CH4/H2<l. Only in
transformers, according to the DGA results of which the array No. 9 is formed, the CH4 content
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exceeds the H2 content, that is the value of the ratio CH4/H2>1, which is more typical for the
thermal type defects.

The ranges of characteristic gas ratios obtained from the DGA results of the transformers
analyzed are given in Table 2. The studies performed in [29] showed that the defect nomograms
constructed by the DGA results of the same type of equipment, with a defect of the same nature
can differ significantly. In order to account for drift in the coordinate values of defect
nomograms (values of ratios of gas concentrations to the gas with the maximum content), defect
nomograms, by analogy with [26-28], were represented in the form of graphical areas instead of
defect nomograms. Graphical areas based on the DGA results of transformers where electrical
discharges with different intensity, which were accompanied by overheating with temperature of
150-300°C were detected, are shown in Fig. 1. The number of the graphic area coincides with the
number of defects from Tables I and II. Dotted lines in the figures mark upper and lower
boundaries of areas, solid line marks centres of areas which coincide with defect nomograms.

For all the analyzed transformers the values of the ratio C2ZH6/CH4>1, which according
to Rogers [8] is typical only for low-temperature overheating, but as can be seen from Table 2,
the same values of this ratio take place and in discharges, which are accompanied by overheating
with temperature 150-300°C.

Table 2.
Gas ratio values in high-voltage power transformers with electrical discharges with different
intensity, which were accompanied by overheating with temperatures of 150-300°C

Array Gas ratio values

CH4/H2 C2H6/CH4 | C2H4/C2H6 | C2H2/CH4 |C2H2/C2H6|C2H2/C2HA4
1 0.032-0.09 1.5-4.1 0.01-0.58 — — —
2 0.011-0.073 1.1-2.0 0.35-0.92  |0.087-0.208| 0.07-0.139 | 0.12-0.16
3 0.0004-0.19 4.2-800 0.125-0.46 0.1-0.143 {0.0001-0.06| 0.001-0.27
4 0.19-0.72 1.06-2.9 0.007-0.373 | 0.007-0.07 |0.004-0.039| 0.039-0.56
5 0.08-0.147 1.6-11.2 0.71-0.85 — — —
6 0.5-0.6 1.2-1.5 0.6-0.63 0.33-0.43 | 0.23-0.36 0.5-0.58
7 0.1-0.46 1.1-2.5 0.05-0.7 0.07-1.5 0.06-0.62 0.88-1.1
8 0.1-0.38 1.03-3.8 0.07-0.66 0.99-6.0 0.47-5.1 1.67-68
9 1.1-2.1 2.7-6.3 0.42-0.93 4.5-9.3 1.05-2.2 1.9-3.33
10 0.43-0.92 1.09-6.2 0.01-1.0 1.7-12 1.04-4.6 1.3-66

Value of C2H4/C2H6 ratio in all data sets does not exceed 1 that indicates low-
temperature character of overheating. At the same time, relatively high values of this ratio are
observed both for partial discharges with low-temperature overheating (array No. 2), and for
discharges with low energy density and low-temperature overheating (array No. 5), as well as for
discharges with high energy density and low-temperature overheating (arrays No. 9 and 10). This
fact made it possible to conclude that for the analyzed defects the value of C2H4/C2H6 ratio is
determined more by the hot spot temperature than by the discharge energy. At the same time, the
values of C2H2/CH4, C2H2/C2H6 and C2H2/C2H4 increase with the growth of the discharge
energy, which allows to conclude that the values of these ratios are determined by the discharge
energy. Thus, in discharge transformers with low-temperature overheating, the values of
CH4/H2, C2H2/CH4, C2H2/C2H6 and C2H2/C2H4 determine the discharge energy in
accordance with the norms regulated in the most known standards [2, 4-6], the value of
C2H4/C2HG6 slightly varies depending on hot spot temperature and the value of C2H6/CH4>1.
The graphical areas in Figure 1 also show this trend.

As can be seen from Figure 1, for all graphical areas without exception there is a
characteristic "triangle" with the apex corresponding to the values of C2H6. The analysis showed
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that in none of the existing standards similar defect nomograms (centres of reference areas,
highlighted in solid lines in the figures) are not regulated. Some of the areas shown have been
given in [26, 32, 33 and 34].

However, despite this, it would be desirable to be able to determine the defect type of
equipment without the presence of a similar reference nomogram or a nomogram obtained by
other researchers. As shown in [27], the nomograms obtained from the DGA results for
transformers with combined defects are the sum of the nomogram corresponding to the electric
discharge of a certain intensity and the nomogram corresponding to the thermal defect with a
certain temperature. Figure 2 illustrates this fact.

In order to recognize combined defects using the Nomogram method, the coordinates of a
known nomogram corresponding to the closest discharge or closest heating must be subtracted
from the coordinates of the nomogram to be analyzed. The nomogram obtained as a result of the
subtraction will determine either the thermal or electrical defect type.

Analysis of the dynamics of gas content change during the development of discharges
with different intensity, which are accompanied by overheating with temperatures of 150-300°C.

One possible way of early detection of developing defects in oil-filled equipment, based
on the DGA results, is to analyze the dynamics of change in diagnostic criteria over time during
the development of the defect. As shown in [36], this kind of analysis is best carried out using
defect nomograms. The analysis made it possible to establish that during the development of
discharges with different intensity, which are accompanied by overheating in the low
temperature range, in most cases it is the discharges that are the primary defect. Overheating
occurs already in the process of discharge development.

1 2
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0.8
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0.6
0.5
0.4
0.3
0.2
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Sopprpeeeeeen
cRNwrnaGRo

H2 CH4 C2H6 C2H4 C2H2 H2 CH4 C2H6 C2H4 C2H2

Figure 1. Graphical areas based on DGA results for high voltage power transformers with electrical
discharges with different intensity, which were accompanied by overheating with temperatures of 150-
300°C
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As can be seen from the figure, the defect nomograms plotted from the first two tests
correspond to discharges with low energy density. However, during the development process
(nomograms No. 3 and 4), in addition to partial discharges, low-temperature overheating caused
by increased heating of the bolted joints occurred in this transformer.

As an example, Figure 3 shows the evolution of nomograms during the development of
low energy density partial discharges accompanied by low-temperature overheating, plotted from
the DGA results of a transformer with a rated capacity of 40 MVA and a voltage of 110 kV. As
can be seen from the figure, the defect in the transformer in question initially started as low
energy density discharges (nomogram No. 1). However, the defect nomograms constructed from
the results of two subsequent tests correspond to arc discharges, which indicates an increase in
discharge energy during the development of the defect. Only the nomogram based on the DGA
results, obtained just before the transformer was repaired, corresponds to discharges with high
energy density, which are accompanied by low-temperature overheating.

Figure 4 shows the evolution of defect nomograms in a transformer with a rated capacity
of 250 MVA and a voltage of 220 kV during the development of discharges with high energy
density, which are accompanied by a low-temperature overheating.

Assessment of the recognition reliability of discharges that are accompanied by
overheating with temperatures of 150-300°C using known standards and techniques. As the
results of the analysis given in [26,32-34] have shown, the recognition of discharges that are
accompanied by low-temperature overheating, using the norms and criteria regulated by the
current standards and author's methods, does not always allow a correct diagnosis. Moreover,
often the same DGA results are interpreted differently in different sources. For example, the
same DGA results: H2=0.012 % vol.; CH4=0.0017 % vol.; C2H6 = 0.0032 % vol.;
C2H4 = 0.0023 % vol. and C2H2 =0.0004 % vol. in [37] are interpreted as partial discharges,
while in [38] — as a low-temperature overheating. It is therefore of practical interest to assess the
reliability of the recognition of discharges which are accompanied by low-temperature
overheating, using the best known standards and techniques. Using the approach given in [26-
28], in the process of analysis it was determined the statistics of correct diagnoses, partially
correct diagnoses (the type of defect was determined correctly, but its intensity — temperature of
heating or energy density of discharge — was estimated incorrectly). The statistics of incorrect
diagnoses and failures of recognition (that is cases where the analyzed method does not allow to
establish a diagnosis) were also recorded. The results of the analysis are shown in Table 3. As in
[26-28], the numerator of column 1 is the percentage of correct diagnoses and the denominator is
the percentage of partially correct diagnoses. The numerator of column 2 is the percentage of
incorrect diagnoses and the denominator is the percentage of recognition failures. Figure 5 shows
the results of the diagnostics of the analyzed transformers using the graphical representation of the
gas ratios according to IEC 60599 (Fig. 5 a), the Duval triangle (Fig. 5 b) and the ETRA square
(Fig. 5 c). When analyzing the data in Table 3 it is easy to see that the recognition reliability of the
analyzed defects, using the norms and criteria regulated by the different standards, differs
significantly. The highest number of correct diagnoses (up to 15%) is provided by the use of ratio
values regulated in [5]. Approximately 7% of correct diagnoses can be established using the Duval
triangle. The highest number of partially correct diagnoses was obtained using the ETRA square
(41%), and the Duval triangle (30%). At the same time, the highest number of failures of
recognition are observed for methods based on gas ratios (84.4% for MSS, 81.5% for IEC 60599,
80% for Dornenburg, 74.8% for Rogers, 59.3% for SOU, and 45.2% for RD).

As can be seen from Table 3, the use of the gas ratios values, regulated by the standards
[2,4-5], in relation to the recognition of discharges with different intensity, which are accompanied
by overheating with a temperature of 150-300°C, allowed to put partially correct diagnosis only for
transformers, the DGA results of which formed array No. 1. In all other cases, a failure of recognition
was recorded.
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Figure 2. Scheme of formation of combined defect nomograms (electrical discharges, which are
accompanied by low-temperature overheating) from known thermal and electrical defect

nomograms:

1 — partial discharges; 2, 5 and 8 — overheating with temperature 150-300°C; 3 — partial
discharges accompanied by overheating with temperature 150-300°C; 4 — discharges with low
energy density; 6 — discharges with low energy density accompanied by overheating with
temperature 150-300°C; 7 — arc discharges; 9 — arc discharges accompanied by overheating with

temperature 150-300°C.
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Figure 3. The evolution of defect nomograms in a transformer with a rated capacity of 40 MVA
and a voltage of 110 kV during the development of low energy density partial discharges, which

are accompanied by low-temperature overheating

The main reason for the failure of recognition is that, according to these standards, the values of
the C2H4/C2H6 ratio for low and high energy density discharges are regulated at a level greater than 1
(Fig.5a).

Ne3-4(157-158) 2021 EHEPTO3BEPEKEHHA ¢ EHEPTETUKA ¢ EHEPTOAYAUT 27



28

coeeeeoeeen
cbhwrinalxnos

EHEPTETUKA, ETEKTPOHIKA TA EJIEKTPOMEXAHIKA
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Figure 4. The evolution of defect nomograms in a transformer with a rated capacity of 250 MVA

and a voltage of 220 kV during the development of discharges with high energy density, which
are accompanied by low-temperature overheating
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Results of a comparative analysis of the recognition reliability of discharges that are

accompanied by low-temperature overheating using the best known standards and techniques
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At the same time, because of the development of low-temperature overheating, C2H6 is

the second gas with the highest content (Table 1) and, therefore, regardless of the discharge
energy, C2H4/C2H6 ratio value is less than 1 (Table 2). As can be seen from Table 3 and Figure
5 b the use of the Duval triangle allows a partially correct diagnosis of the discharge energy for
30% of all transformers analyzed, but the presence of overheating was recognized for only 7% of
the sample analyzed. In fact, the lack of account of the C2H6 concentration in the analyzed
triangle did not allow a correct diagnosis for 93% of the transformers. The incorrect diagnoses in
the diagnostics of discharges with different intensity, which are accompanied by overheating
with a temperature of 150-300°C, using the ETRA square, are due to the absence in this method
of defect areas corresponding to discharges and low-temperature overheating, as can be easily
seen by analyzing Fig. 5 c. Since none of the given defect nomograms are regulated by known
standards, the use of the Nomogram method for all 10 defect types resulted in a failure of
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recognition. Thus, the greatest reliability in recognition of discharges with different intensity,
which are accompanied by overheating with temperature of 150-300°C, is provided by graphic
methods of interpretation (ETRA square and Duval triangle), which allow to partially recognize
the presence of discharges, as well as their energy. At the same time, diagnosis using analytical
methods based on the use of gas ratios gives much worse results, because most of the standards
used do not contain the values of gas ratios corresponding to the defect in question. Therefore,
the values of gas ratios obtained in Table 2 will significantly increase the reliability of
recognition of discharges, which are accompanied by low-temperature overheating.
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Figure 5. Diagnostic results for transformers with discharges with different intensity
accompanied by overheating with temperatures of 150-300°C using the IEC 60599 graphical
method (a), Duval triangle (b), and the ETRA square (c).

Conclusions. The analysis of gas percentages, gas ratios and defect nomograms for 135
high-voltage transformers, where discharges with different intensity, which are accompanied by
overheating with temperature of 150-300°C have been identified, allowed to establish that
depending on discharge energy both gas percentages , gas ratios as well as defect graphical areas
differ significantly. For all defects without exception the gases with the maximum content are H2
or C2H2, and the second gas is C2H6. From the analysis of gas ratios values for transformers
with discharges with different intensity, which are accompanied by low-temperature overheating,
it has been established that the values of CH4/H2, C2H2/CH4, C2H2/C2H6 and C2H2/C2H4
ratios determine the discharge energy in accordance with the norms regulated in the most known
standards, the C2H4/C2H6 ratio value slightly varies depending on hot spot temperature, but
does not exceed 1, and the C2H6/CH4>1.
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Based on the analysis of the dynamics of changes in defect nomograms it was found that
during the development of discharges with different intensity, which are accompanied by low-
temperature overheating, in most cases the primary defect is the discharge, and overheating
occurs already in the process of their development. The performed analysis of recognition
reliability of discharges with different intensity, which are accompanied by overheating with
temperature 150-300°C, with use of norms and criteria regulated by the most known standards
and methods, showed that the greatest reliability in recognition of discharges with different
intensity, which are accompanied by overheating with temperature of 150-300°C, is provided by
graphic methods of interpretation (ETRA square and Duval triangle), which allow to partially
recognize the presence of discharges, as well as their energy. At the same time, diagnosis using
analytical methods based on the use of gas ratios gives much worse results, because most of the
standards used do not contain the values of gas ratios corresponding to the defect in question.

The ranges of gas percentages and ratios obtained and the plotted defect areas will
significantly increase the reliability of detecting discharges with different intensity, which are
accompanied by low-temperature overheating.
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