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ANALYSIS OF GAS CONTENT DYNAMICS IN POWER TRANSFORMERS DURING
DEVELOPMENT OF SPARK DISCHARGE

The results of analysis of the dynamics of change in the values of diagnostic criteria used to recognise the type of defect based on the dissolved gas
analysis results for five high-voltage transformers during the development of spark discharges are presented. In the course of the analysis the dynamics
of changes in gas concentrations and defect nomograms were considered. There was also analysed the change of the defect type during the spark
discharges development by means of diagnostic space determined by gas ratios values according to IEC 60599 and ETRA square, and by means of
diagnostic space determined by gas percentage content according to Duval's triangle. According to the results of the analysis it was found that during
the development of spark discharges in different transformers the values of diagnostic criteria correspond to the defects of different types, which makes
it practically impossible to predict this defect based on the results of previous tests. At the same time the values of both gas ratios and gas percentage as
well as defect nomograms obtained by dissolved gas analysis before the moment when gas concentrations exceeded their limit values correspond to the
defects of different types, which enables to recognise spark discharges at an early stage. Analysis of correlation relations between values of concentrations
and percentages of gases and the operation time as well as between the values of concentrations and percentages of individual gases shows that the
development of spark discharges is accompanied not only by the growth of gas concentrations, which is known and widely used, but there is also a
significant positive correlation between the values of concentrations of dissolved gases in oil and the operation time as well as between concentrations
of individual gases. At the same time, the gases between which a significant correlation has been detected during the development of spark discharges
in different transformers differ significantly. The analysis showed that the standards and criteria of IEC 60599, the ETRA square and the Duval triangle
do not allow any spark discharges to be detected. The maximum recognition reliability was obtained using the nomogram method. The results show that
an early detection of spark discharges is possible, which increases the reliability of nondestructive diagnostics and prolongs the service life of
transformers.

Keywords: power transformers, diagnostics, dissolved gas analysis (DGA), spark discharges, defect type dynamics, correlation, gas
concentrations, gas percentages, gas ratios, ETRA square, Duval triangle, defect nomograms.
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AHAJII3 JUHAMIKH 3MIHHU 'A3OBMICTY MACEJL Y CHJIOBUX TPAHC®OPMATOPAX Y
MMPOLHECI PO3BUTKY ICKPOBHUX PO3PANIB

HaBeneHo pe3ynbTaTH aHami3y AWHAMIKM 3MIHH 3Ha4eHb JIarHOCTUYHUX KPHTEpiiB, BUKOPHCTOBYBAaHUX JUIS PO3Mi3HAaBaHHA THIYy AedeKTy 3a
pe3yIbTaTaMy aHali3y PO3YMHEHHX B MAcI rasiB, JUlsl II'SITH BHCOKOBOJIBTHHX TpaHC(OPMATOpiB B IpoOIeci PO3BUTKY iICKPOBHUX PO3psAiB. Y mporeci
aHaJIi3y PO3IJISIHYTO AMHAMIKY 3MiHM KOHIIGHTpallii ra3iB, BiICOTKOBOTO BMICTY Ta3iB, a TaK0X HOMorpam AedexTiB. Takoxk aHanizyBanacs 3MiHa TUITY
neeKTy B Ipomeci po3BUTKY ICKPOBHX PO3DAAIB 3 BHKOPHUCTaHHSAM MAIarHOCTUYHOTO IPOCTOpY, IO BH3HAYABCS 3HAYEHHSIMH BiJHOIICHH Tas3iB,
pernamenroBanux crangaproM |IEC 60599 i kBaxgparom ETPA, Ta 3 BUKOPHCTAaHHSIM JiarHOCTHYHOTO IPOCTOPY, IO BU3HAYABCS BiJCOTKOBHM BMiCTOM
rasiB, perjaMEHTOBAaHMX TPUKYTHUKOM JlroBais. 3a pe3ynbTaTaMM aHalidy BCTaHOBJEHO, IO IPU PO3BUTKY ICKPOBHUX pO3pPSAAIB B Pi3HUX
TpaHc(opMaTOpax 3HAYEHHS AIarHOCTUYHHX KPHUTEpiiB BiANOBINAIOTH AedeKTaM Pi3HOTO THUITy, IO HPAKTHIHO HE JO3BOJIIE MPOTHO3YBATH JAHHI
nedeKT 3a pe3ysibTaTaMu HOIEPeHIX BUIIPOOYBaHb. Y TOM e yac 3Ha4UCHHS 1 BiIHOIICHB ra3iB, i iX BiICOTKOBHIA BMICT, a TAKO HOMOTpaMHu JIe(eKTIB,
OTpHMaHi 3a pe3yJibTaTaMH aHaji3y PO3YMHEHHX B MAacii IIe JO TOr0 MOMEHTY, KOJIM KOHIEHTpaLii ra3iB HepeBHILMIM CBOI IPaHUYHI 3HAYCHH,
BiZIMTOBIAI0Th ie)eKTaM Pi3HOTO THUILY, IO AO3BOJISIE PO3ITI3HABATH ICKPOBI PO3PsAN Ha paHHii cTail. 3a pe3ynbraTaMu aHai3y KOpeJsILiitHuX 3B’ I3KiB
MK 3HaYCHHSIMH KOHIICHTPAIH 1 BiICOTKOBOTO BMICTY Ta3iB Ta TPHBAIICTIO SKCILIyaTallii, a TAKOXK MiX 3HAUCHHSMH KOHIIEHTpAwiil i BiICOTKOBOro
BMICTY OKPEMHX Ta3iB BCTAHOBJICHO, IIJ0 PO3BHTOK ICKPOBHX PO3DSJIiB CYyHNPOBOKYEThCS HE TIIBKU 3POCTAHHAM KOHIIEHTpAliil Ta3iB, MO BiIOMO i
IMIIPOKO BHKOPHCTOBYETHCS, alle 1 MOSBOIO 3HAUYIIO] ITO3UTHBHOI KOPEIANii MiX 3HAYEHHAMHU KOHICHTPAI} PO3YMHEHNX y MAcCII ra3iB i TPUBANICTIO
eKCILTyaTauii, a TaKoX MiX KOHIIGHTpaIisiMU OKpeMux ra3is. [Ipy npoMy rasu, Mix SKHMU BHSIBIICHA 3HATYIA KOPEILIis, B IIPOLECi PO3BUTKY 1CKPOBUX
PO3psAMIB B Pi3HUX TpaHC(HOPMATOPAX iICTOTHO PO3PI3HSIOTHCS. BUKOHAHMIT aHANi3 MOKa3aB, [0 HOPMH 1 KpHTEpii, pernameHToBaHi cranaaptoM IEC
60599, kBangparom ETRA i TpukyTHukoM J[roBaiis He JO3BOJISIOTH PO3ITI3HABATH ICKPOBI po3psan. MakcuMaibHa IOCTOBIPHICTh po3ITi3ZHaBaHHS Oyna
OTpHMaHa 3 BHKOPHCTaHHAM MeTOAy HoMorpam. OTpUMaHi pe3ylbTaTH AEMOHCTPYIOTH MOXIIMBICTH PaHHBOTO BUSBICHHS iCKPOBHX PO3DSAIB, IO
JI03BOJISIE MiIBUIIUTH JOCTOBIPHICTh HEPYHHIBHOT AIarHOCTHKH 1 IPOJIOBXKHUTH PeCypc TpaHC(hopMaTopis.

Kuio4oBi ciioBa: cuioBi TpaHcopMaTopu, AiarHOCTUKA, aHATI3 PO3UMHEHHUX B MACIIi ra3iB, iCKPOBI pO3PsIIH, IMHAMIKA 3MIHH THITY Je(eKTy,
KOpeJIsiilisi, KOHIEHTpaIlii ra3iB, BiZICOTKOBHUII BMICT rasiB, BifiHOIICHHS ra3iB, kBaapaT ETRA, TpukyTHuk [[f0BaJis, HOMOrpaMu Ie(eKTy.

O. B. IIIYTEHKO, U. B. BAPEALIIOB, I'. B. OME/IBAHEHKO

AHAJIN3 TUHAMUKHU N3MEHEHUA T'A30COJEPKAHUA MACEJI B CWJIOBBIX
TPAHC®OPMATOPAX B IPOLHECCE PA3ZBUTHUA NCKPOBbBIX PA3PAIOB

ITpuBeneHBI pe3ysIbTaThl aHANIN3a JUHAMHKY H3MCHEHUS 3HAUCHUH TUarHOCTHYECKIX KPUTEPHEB, HCIIOIb3yEMBIX JUIS paclo3HaBaHHs THIIA iedeKTa 10
pe3ysbTaTaM aHajin3a PACTBOPEHHBIX B MAacje ra3oB, IS ISTH BBICOKOBOJBTHBIX TPaHC(OPMATOPOB B MPOLIECCE Pa3BHTHSA HCKPOBBIX paspsjioB. B
IpoIiecce aHaIN3a PacCMOTPEHA IUHAMUKA H3MEHEHUS KOHIIEHTPAIMi ra30B IPOIEHTHOTO COIEPKaHus Ta30B, a TakXke HOMOrpaMM aedekTos. Takxke
QHAIM3UPOBAJIOCE M3MEHEHHE THIIA Ae(eKTa B IPOIecce Pa3BUTHA HCKPOBBIX Pa3psSIoB C HCHOJIB30BAHHEM JMArHOCTHYECKOTO IIPOCTPAHCTBA,
OIpenesIsIeMOr0 3HAYCHHSMH OTHOLICHHI ra3oB, periameHtupyembix crangaprom |EC 60599 u kBamparom ETRA, um ¢ wucmonb3oBaHueM
JIMarHOCTHYECKOTO IIPOCTPAHCTBA, OIPEIeIIeMOro IPOIIEHTHEIM COAEPKaHUEM Ia30B, PErIIaMeHTUPYEeMBbIX TpeyroibHukoM JlroBams. I1o pesynsratam
aHaJIM3a YCTaHOBJIICHO, YTO IIPU Pa3BHTHU HCKPOBBIX Pa3psioB B Pa3sHBIX TpaHC(HOPMATOPaX 3HAUCHUs JUArHOCTHYECKHX KPHUTEPHEB COOTBETCTBYET
neexTaM pa3HOro TUIIA, YTO MPAKTHYECKH HE MO3BOJISACT IPOTHO3MPOBATH AAHHBII Ae(EKT [0 pe3ysbTaTaM MpeIblayINX HCIBITaHUHA. B Toxke Bpemst
3HAUYCHHS U OTHOIICHUH Ia30B, H UX IPOIEHTHOTO COJIEPIKAHMS, a TAK)KE HOMOIPaMMBI Ie(eKTOB, IOTyIeHHBIE 10 Pe3yIbTaTaM aHaIn3a PACTBOPEHHBIX
B MacJie Ta30B elle 1O TOr0 MOMEHTa, KOT/ia KOHIIEHTPAaIlH Ia30B IPEBEICHIIN CBOM I'PAHHYHBIEC 3HAYSHHs, COOTBETCTBYIOT Je(heKTaM pa3HOro THIA, 4TO
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MO3BOJISIET PACIO3HABATh MCKPOBBIE pa3psibsl Ha paHHel craguu. Ilo pesynpTaraM aHanm3a KOPPEISALUOHHBIX CBA3€ll Mexay 3HAa4EHHAMH
KOHIIEHTpAalMi U MPOLEHTHOIO COJEPKaHHs Ia30B M JJIMTENLHOCTBIO 3KCIUTyaTallHH, a TaKKe MEXy 3HaUeHUSMH KOHIEHTpalUi U IPOLEHTHOro
COZIep)KaHHUs OTHENbHBIX Ia30B YCTAHOBJICHO, YTO Pa3BUTHE HCKPOBBIX PaspsIOB COINPOBOXKAAETCS HE TOJNBKO POCTOM KOHIIEHTPALMH ra3oB, YTO
U3BECTHO U HIMPOKO UCIOJIB3YETCsl, HO U MOSBICHUEM 3HAUUMOMN MOJI0XKUTENBHON KOPPENALMT MKy 3HaU€HUAMH KOHLEHTPAlUii paCTBOPEHHBIX B
Maclle ra30B U JJIMTENIbHOCTBIO KCIUTyaTalluH, a Tak)Ke MEXKIy KOHLEHTPALMAMU OTAENbHBIX ra3oB. IIpy 3ToM rasel, Mexk1y KOTOPBHIMH BBISBIICHA
3HAYMMasl KOpPeJAlys, B IPOIeCce PAa3BUTHSA UCKPOBBIX PaspsoB B Pa3sHBIX TpaHC(HOPMATOpax CyLIECTBEHHO Pa3IHYAIOTCA. BBIMOTHEHHBIH aHamm3
IOKa3al, 9TO HOPMBI U KpHUTEepHH, periaamentupyemsle crangaprom IEC 60599, xBagpatom ETRA u TpeyromsHukoM JlioBais, He HO3BOJISIIOT
pacmo3HaBaTh MCKpOBBIE pa3psibl. MakcuManbHas JOCTOBEPHOCTh DPAcllO3HABaHUsA ObLIa MOMyYeHA C MHCIONB30BAHHEM METOJa HOMOTPAMM.
IMomydeHHble pe3ynbTaThl JEMOHCTPHUPYIOT HAIM4HEe BO3MOXKHOCTH PAaHHETO OOHApY)KCHHS HCKPOBBIX Pa3psloB, YTO IO3BOJIIET IIOBBICHTDH
JIOCTOBEPHOCTH Hepa3pylIaroNieil ANArHOCTUKY U IIPOIIHTE PECYPC TPaHC(HOPMATOPOB.

KiroueBble c/10Ba: CUIIOBbIE TPAHC(HOPMATOPBI, JHATHOCTHKA, AHAIN3 PACTBOPEHHBIX B MACJIe Ta30B, HCKPOBBIE Pa3psibl, JMHAMHKA H3MEHEHHUS
THna jaedexra, Koppersus, KOHIESHTPAIWH ra3oB, HPOIEHTHOE COAep)KaHHe ra3oB, OTHOLIEHUs ras3os, keagpaT ETRA, Tpeyronshuk [lroBans,

HOMOTpPpaMMBbI L[ed)eKTa.

Statement of the problem. Deterioration of
insulation properties of high-voltage power transformers
during long-term operation occurs not only under the
influence of processes of hydrolysis and pyrolysis of
cellulose and oxidation of transformer oil, but also due to
processes of ionization aging and thermal degradation,
which are called developing defects. Just as in the case of
medical diagnosis, untimely detected disease in the human
body can lead to death, so the developing defects, if not
detected in time, can lead to accidental damage to
equipment, which is accompanied by serious economic
losses. There is therefore an objective need for early
detection and recognition of such defects. One of the most
widespread methods of non-destructive diagnostics
allowing to recognise developing defects of oil-filled
equipment is the dissolved gases analysis (DGA).
However, the use of traditional norms and criteria regulated
in the majority of international and national standards and
author's methods on interpretation of DGA results [1-10]
allows to detect defects only if concentration of at least one
of gases exceeds the limit values, which does not allow
timely detection of fast-developing defects.

Spark discharges are one of the faults which, if not
detected in time, can cause accidental damage to high-
voltage transformers. Such defects include discharges
caused by deposits of contaminants or products of oil
degradation on the surfaces of insulating structures with
subsequent growth of discharge channel (creeping
discharges) and spark discharges between areas with
different potentials, which are caused by sharp edges,
violation of contact connections or appearance of "floating
potential”. The analysis [11-13] has shown that among all
the known standards the surface or creeping discharges are
singled out as a separate type of defect only in [3, 5, 7],
which complicates the recognition of this defect
significantly.

Publication analysis. In addition to the norms and
criteria governed by known standards and author's
methods, a rather large volume of publications is currently
devoted to the issues of interpretation of DGA results. For
example, in [14, 15] fuzzy logic apparatus is used to
interpret DGA results. In [16, 17], support vector machine
(SVM) is used for defect type recognition. Another
direction to improve the reliability of defect type
recognition is the use of neural networks [18, 19]. In [20,
21], Adaptive Neuro-Fuzzy Inference System is used to
interpret the results of oil dissolved gas analysis. In [22], a
deep belief network is developed for defect type

recognition. In [23, 24], a Bayesian approach is used to
interpret the DGA results. The Bayesian network
developed in [23] uses the values of gas ratios regulated by
the Dornenburg and Rogers methods, as well as the Duval
triangle. In [25], the gene expression programming
apparatus was used to interpret the DGA results. For the
same purpose, deep transmission networks were used in
[26] and fault interpretation matrices (FIM) were used in
[27]. In [28], the use of statistical machine learning
techniques and neural networks to generate a staircase
model is proposed. In [29], two scenarios with different
data transformation techniques are considered to improve
the accuracy of the neural pattern recognition (NPR)
method for predicting fault types and severity. In [30], a
method for diagnosing transformer faults based on Stacked
Contractive Auto-Encoder Net (SCAEN) is proposed. In
[31], a multiple classifiers based information fusion
(MCIF) method is proposed. In [32], a new method for
power transformer fault diagnosis based on DGA using
data transformation and six optimized machine learning
(OML) techniques is presented.

The analysis has shown that most of the above papers
recognised the defect using only one criterion, either the
gas ratios or the gas percentages, and as a rule, the norms
and criteria regulated in [1-10] were used. At the same time,
the dynamics of changes in these criteria during the
development of the defect were practically not investigated,
which is the reason for preparing this article.

Purpose of the article. The aim of the article is to
analyse the possibilities of early detection of spark
discharges in power transformers. In order to achieve this
goal, the dynamics of the criteria used for defect type
recognition based on DGA results in power transformers
during the development of spark discharges has been
analysed.

Research method. The theoretical basis of the
performed research is the use of technical genesis
procedure (“genesis" is an origin, occurrence), that is,
determination of technical condition of the object for the
past moment of time. Given the diversity of diagnostic
criteria for determining the condition of high-voltage oil-
filled equipment based on DGA results, in the course of the
research the dynamics of both gas concentration values and
gas percentage values and the value of gas ratios were
analysed.

At the first stage of research the values of gas
concentrations were analysed for compliance with different
levels characterising presence or absence of defect in oil-
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filled equipment, according to the normative document in
force in Ukraine [3]. The gas concentration levels are
shown in Table 1.

Table 1 — Condition levels of 110 kV power transformers and
shunt reactors according to dissolved gas concentrations in oil

Concentration Gases
levels H> CH: | CoHs | CoHs | CoH
Below the
analytical | o5 0.0015 0.0003
recognition
threshold
Level | <0.01 <0.005 |<0.0015 <0.00005
0.01- |0.005- 0.00005-
Level 1l 0.015 | 0012 0.0015-0.01 0.001
Level 111 >0.015 |>0.012 >0.01 >0.001

In contrast to the IEC 60599 methodology, the gas
concentrations given in Table 1 are called limit and have
three levels:

e Level 1 -no defect is suspected;

e when the lower limit of the gas concentration
range corresponding to Level 2 is exceeded, a gas build-up
rate is determined (a defect is considered "present" if this
rate exceeds 30 ml/day);

o  Level 3 (exceeding the upper limit of Level 2) —
a defect is predicted without regard to the gas build-up rate.

The hydrogen and hydrocarbon gas percentages were
then determined [33, 34]:

A
Agy, = 100 E 1

where Ajy, is the percentage content of a given gas;

A, is the concentration value of a given gas;

¥ is the sum of the concentrations of hydrogen and
hydrocarbon gases in the oil sample.

For equipment with a sufficiently large sample size,
the values of paired correlation coefficients between the
values of concentrations and percentages of gases and the
operation time as well as between the values of
concentrations and percentages of individual gases were
analysed. The value of the paired correlation coefficient
[35] was used for this purpose:

S Dici(xi —X) - i — ¥)
e VIR (g =22 X (v — §)?

where rgmp is the sample value of the paired correlation
coefficient;

xi and y; are the current values of the indicators;

X and y are the values of the sample mean of the
indicators;

n is the volume of sample values

To test the main hypothesis, the absolute value of the
sample paired correlation coefficient was compared with
the critical value. If the value of the sample paired
correlation coefficient does not exceed the critical value
with the number of degrees of freedom f = n-2 and a given
level of significance a (5% risk level was used), then the

O]

main hypothesis is not rejected, that is, the relationship is
considered to be not significant.

The gas pair ratios were then calculated. To reduce the
error, the calculation was only carried out if the gas
concentrations in the ratio exceeded the wvalues
corresponding to the "limit of gases in oil". These values
depend on both the sensitivity of the chromatograph and the
measuring technique and according to [3] are H»=50,
CH4=C;H=C3;H4=15 and C;H,=3 ul/1. The dynamics of the
defect was evaluated using the ratios of gases regulated by
the IEC 60599 standard and the ETRA square. The
character of the defect type change during the defect
development was also analysed using Duval triangle and
Nomogram method.

The proposed approach makes it possible not only to
assess the nature of changes in defect types during its
development, but also to analyse the possibilities of
different methods for interpreting DGA results.

Research results. As an example, the following
results show the dynamics of the gas content of high-
voltage transformer oils during the development of spark
discharges.

Example No. 1. A 330 MVA autotransformer was
damaged by a spark discharge [33]. Dependences of gas
concentrations and percentage of gases on the operation
time during the development of the defect in this
autotransformer are shown in Fig. 1.
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Figure 1 — Dependences of gas concentrations (a) and gas
percentage (b) on operating time in a 330 kV autotransformer
damaged by a spark discharge
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As can be seen from the figure, during the
development of the defect the gases with the maximum
content were ethylene, ethane and hydrogen. The first
excess of gas concentrations was recorded on 12.11.1997
for hydrogen. Then, a successive increase was observed in
the concentrations of almost all gases, except for acetylene.

Table 2 shows the results of the correlation analysis
between the values of concentrations and gas percentages
and the operation time, as well as between the values of
concentrations and percentages of individual gases.

Table 2 — Results of correlation analysis between values of
concentrations and gas percentages and operation time, as well
as between values of concentrations and percentages of
individual gases in a 330 kV autotransformer damaged by a
spark discharge

Gas Opgratlon H2 CHs | CoHs | CoHa | C2oH2
time
Gas concentrations
H: 0.952 1.000 | 0.917 | 0.906 | 0.847 |—0.083
CHq4 0.858 0.917 | 1.000 | 0.995 | 0.974 | -0.158
CoHs 0.854 0.906 | 0.995 | 1.000 | 0.969 | -0.160
CoH4 0.733 0.847 | 0.974 | 0.969 | 1.000 | —0.320
CoH2 0.148 —0.083 | -0.158 | -0.160 | -0.320 | 1.000
Gas percentages
H: 0.441 1.000 | -0.067 | -0.555 | —-0.719 | —0.429
CH4 0.812 —0.067 | 1.000 | 0.292 | -0.336 | 0.046
CoHe —0.160 —0.555| 0.292 | 1.000 | —0.156 | 0.943
CoH4 —0.543 —0.719 | -0.336 | -0.156 | 1.000 | —0.213
CoH2 —0.353 —0.429 | 0.046 | 0.943 |-0.213 | 1.000

Table 2 shows that the results of the correlation
analysis for the gas concentrations and percentage content
differ significantly. A significant positive correlation
between operation time and gas concentration values is
found for all gases except acetylene. At the same time, a
significant positive correlation between the gas percentage
and the operation time was found only for methane.
Hydrogen has the highest value of the paired correlation
coefficient between gas concentrations and operation time.
Methane has the highest value of the paired correlation
coefficient between the gas percentage and the operation
time. Despite increasing concentration values, the
percentage of ethane, ethylene and acetylene decreases as
the defect progresses. A significant correlation between the
individual gases was found between all gases except
acetylene. A significant correlation between the gas
percentage contents was found between acetylene and
ethane and between hydrogen and ethane as well as
hydrogen and ethylene. At the same time with increasing of
hydrogen percentage the ethane and ethylene percentage
decreases, which is proved by the negative values of pair
correlation coefficients. The results obtained are in good
agreement with the findings given in [36], according to
which the presence of a significant correlation between the
concentrations of gases dissolved in oil and the operation
time, as well as between individual gases, is one of the first
indications of the presence of a defect. The dynamics of the
defect type derived from the values of gas ratios
recommended by IEC 60599 [1] in the analysed
autotransformer is shown in Fig. 2.
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10 1 1
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CyH,/CoH,
10 '
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0.1
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0.001 C,H4/C,Hs
0.001 0.01 01 1 10 100

Figure 2 — Dynamics of the defect type in a 330 kV
autotransformer damaged by spark discharge according to the
values of the gas ratios recommended by IEC 60599

Figure 2 shows that during the development of the
defect, the point values showing the diagnosis of the
autotransformer shifted from one area to another. At the
same time, practically for none of the measurements the
diagnosis was established. According to the ETRA square
[9] (Fig. 3) the defect started as partial discharges, then
transformed into discharges with low energy density, after
which it turned into high-temperature overheating
accompanied by discharges.

However, during diagnostics of this autotransformer
using Duval triangle [8] (see Fig.4) the dynamics of defect
type changing was as follows: discharges with high energy
density (27.09.1997), discharges with low energy density
(17.10.1997), discharges with high energy density
(12.11.1997), overheating with temperature 300-700 °C
(from 14.05.1998 to 23.07.1998) and high-temperature
overheating (27.091998).
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Figure 3 — Dynamics of the defect type in a 330 kV
autotransformer damaged by spark discharge according to the
values of the gas ratios recommended by the ETRA square
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Figure 4 — Dynamics of defect type change in a 330 kV
autotransformer damaged by spark discharge during diagnosis
using Duval triangle

By analogy with [37, 38], analysis of the dynamics of
changes in defect nomograms was also carried out (Fig. 5).
Only 5 nomograms out of 8 shown in the figure were
regulated by the normative document, valid in Ukraine
(based on results of tests of 12.11.1997, 30.06.1998,
23.07.1998 and 23.07.1998). To determine the type of
defect based on the results of tests of 23.03.1997 and
27.09.1997 the results of studies given in papers [39-42]
were used. Nomogram based on the DGA results of
20.03.1997 corresponds to the combined defect — high-
temperature overheating and partial discharges [39].
Nomogram based on the DGA results of 27.09.1997
corresponds to the combined defect — overheating with
temperature 150-300 °C and discharges [40-42].
Nomograms made according to DGA results of 17.10.1997
and 12.11.1997 correspond to partial discharges [3, 39].
The nomogram based on the DGA results of 14.05.1998
corresponds to the combined defect of partial discharge and

high-temperature overheating [39]. The last three
nomograms correspond to spark discharges [3, 34, 39].
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Figure 5 — Dynamics of defect nomograms in a 330 kV
autotransformer damaged by spark discharge

Thus, the defect type changed several times during the
development of the spark discharges. But the damage to the
autotransformer could have been prevented as early as the
results of the DGA of 12.11.1997.

Example No. 2. Spark discharges were also detected
in the 220 kV autotransformer of Buran substation [37], but
this autotransformer was timely taken out for repair. Fig. 6
shows the dependences of gas concentrations and gas
percentage on the operation time during the defect
development. The first analysis of 04.05.1999 showed that
the concentration of acetylene exceeded nearly 40 times the
limit value regulated in [3], the concentration of ethylene
was 0.0084 % vol. that corresponded to Level 2 in
accordance with [3], but the concentration of other gases
did not exceed the detection limit of the chromatograph.
The next analysis, dated 19.12.1999, showed a decrease in
concentrations of acetylene and ethylene, but an increase in
concentrations of hydrogen and methane (Fig. 6). This
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trend was observed until the autotransformer was taken out
of service, but the ethane concentration never exceeded the
detection limit of the chromatograph.
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Figure 6 — Dependences of gas concentrations (a) and gas
percentage (b) on operation time in the 220 kV autotransformer
of Buran substation during spark discharge development

The results of the correlation analysis shown in Table
3 between the values of concentrations and percentages of
gases and the operation duration, as well as between the
values of concentrations and percentages of individual
gases in the 220 kV autotransformer of Buran substation,
differ from the similar results from Table 2. In particular, a
significant positive correlation between the operation
duration and the values of gas concentrations is found only
for hydrogen and methane, for ethylene and acetylene the
values of pair correlation coefficients are negative. A
significant  correlation is detected between the
concentrations of all four gases, with a positive correlation
(with increasing concentration of one gas, the concentration
of the other increases) detected between methane and
hydrogen as well as ethylene and acetylene, for all other gas
combinations the correlation is negative. Table 3 shows that
a significant positive correlation is found between the
percentage of hydrogen and operation time, the percentage
of acetylene decreases significantly as the defect
progresses, and the percentage of methane and ethylene
increases but not significantly. It is noteworthy that even
though the decrease in ethylene concentration decreases
during the defect development its percentage content
increases insignificantly. A significant positive correlation
was found between the percentage of hydrogen and
methane, and a significant negative correlation between the
percentage of acetylene and hydrogen as well as acetylene
and methane.

Table 3 — Results of correlation analysis between values of
concentrations and gas percentages and operation time, as well
as between values of concentrations and percentages of
individual gases in a 220 kV autotransformer of Buran substation

Operation H: CHs | CoHe | C2Ha | CoH2
Gas |,
time
Gas concentrations
H2 0.939 1.000 | 0.915 - |-0.923|-0.904
CH4 0.770 0.915 | 1.000 — |-0.995|-0.969
C2Hs - — - 1.000 - -
CoHs 0811 —0.923 | -0.995 - 1.000 | 0.989
CoH2 —0.836 —0.904 | -0.969 — 0.989 | 1.000
Gas percentages
H: 0.833 1.000 | 0.929 - 0.457 |-0.968
CH4 0.571 0.929 | 1.000 — 0.523 |-0.848
CzHs - — - 1.000 - -
CaoH4 0.240 0.457 | 0.523 - 1.000 | -0.228
CoH2 —0.883 —0.968 | -0.848 - |-0.228| 1.000

Since during the development of the defect the values
of ethane concentrations did not exceed the detection limit
of the chromatograph, it is not possible to determine the
values of C,H4/C;Hg ratio, which does not allow to analyse
the dynamics of the defect character change using gas ratios
regulated by IEC 60599 and the ETRA square. Dynamics
of change of defect nature in 220 kV autotransformer of
Buran substation using Duval triangle is shown in Fig. 7.
The figure shows that the use of Duval triangle for DGA
results of the analysed autotransformer, at different stages
of defect development, allowed to establish the diagnosis
of discharges with high energy density (D2).

@ 19.11.1998
@ 15.02.1999
@ 31.05.1999

« %C2 H2

Figure 7 — Dynamics of defect type change in 220 kV
autotransformer of Buran substation during diagnostics using
Duval triangle

Dynamics of changes of defect nomograms in 220 kV
autotransformer of Buran substation is shown in Fig. 8. The
nomogram plotted by the DGA results dated 04.05.1999 is
not regulated in [3]; however, according to [34, 38, 39],
such a nomogram corresponds to discharges with high
energy density. The last three nomograms are regulated in
[3] and correspond to spark discharges.
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Figure 8 — Dynamics of defect nomograms change in 220 kV
autotransformer of Buran substation during spark discharge
development

Analysis of the results shows that in the above
example, the content of saturated hydrocarbons and
hydrogen increased while the content of unsaturated
hydrocarbons decreased during the development of the
defect. In this case, the presence of the defect could be
judged from the test results of 04.05.1999.

Example No. 3. The 40 MVA 110/10/6 kV TDTN
(three-phase three-winding transformer with Oil Natural
Air Forced cooling and on-load tap-changer) transformer
was taken out of service due to "fire in the magnetic core"
caused by spark discharges. Of all 5 gases analysed, only
acetylene exceeded the concentration limit values and that
at the time of the last test. The dependences of gas
concentrations and percentage of gases on the operation
time in a 40 MVA TDTN transformer are shown in Fig. 9.
Table 4 shows the results of the correlation analysis
between the values of concentrations and percentages of
gases and the operation time, as well as between the values
of concentrations and percentages of individual gases.

Comparison of the results shown in Table 4 with the
similar results from Tables 2 and 3 shows that in the
development of defects of the same type, the dynamics of
changes in both gas concentrations and the percentage
content are significantly different. In a 40 MVA TDTN
transformer the values of the pair correlation coefficients
between operation time and gas concentrations are lower
than the values of the pair correlation coefficients between
operation time and gas percentage content. In contrast, the
situation in the 330 kV autotransformer (see Table 2) is
reversed. Table 4 shows that acetylene, ethylene and
hydrogen have the most significant correlation with
operation time. A significant correlation is found between
the concentrations of all gases, and a significant correlation
between the gases percentage is found for all gases except
methane.

The dynamics of changing the defect type in a
40 MVA TDTN transformer according to the gas ratios
recommended by IEC 60599 [1] is shown in Fig. 10.
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Figure 9 — Dependences of gas concentrations (a) and gas
percentage (b) on operation time in a 40 MVA 110/10/6 kV
TDTN transformer during spark discharge development

Table 4 — Results of correlation analysis between values of
concentrations and gas percentages and operation time, as well
as between values of concentrations and percentages of
individual gases in 40 MVA and 110/10/6 kV transformer
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Operation H> CHs | CoHs | CoHa | CoH2
Gas |,
time
Gas concentrations

H: 0.607 1.000 | 0.984 | 0.996 | 1.000 | 0.997

CHq4 0.598 0.984 | 1.000 | 0.992 | 0.980 | 0.994

C2Hs 0.559 0.996 | 0.992 | 1.000 | 0.994 | 0.996

CoH4 0.606 1.000 | 0.980 | 0.994 | 1.000 | 0.995

CoH2 0.631 0.997 | 0.994 | 0.996 | 0.995 | 1.000

Gas percentages

H> 0.891 1.000 |—0.626 | 0.863 |—0.940| 0.772

CH4 -0.248 —-0.626 | 1.000 |-0.211 | 0.326 |-0.018

CoHs 0.998 0.863 | -0.211| 1.000 | -0.939 | 0.856

CoH4|  -0.960 —0.940 | 0.326 [-0.939 | 1.000 |-0.938

CoH2 0.876 0.772 |-0.018 | 0.856 |-0.938 | 1.000
9
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Figure 10 — Dynamics of defect type change ina TDTN
40 MVA transformer during spark discharge development
according to the values of gas ratios recommended in IEC 60599

The figure shows that the values of gas ratios varied
over a fairly wide range during the development of the
defect, but it was not possible to establish a diagnosis for
any of the measurements.

Using the Duval triangle (Fig. 11), the presence of
high-temperature overheating was established for the DGA
results of 31.08.2020, 01.02.2021 and 25.08.2021.
However, for the test results of 04.09.2017, corresponded
to a combined defect (DT) passing into high energy density
discharges.

As the ethane content in the first three oil samples was
below the detection limit of the chromatograph during the
development of the defect, the use of the ETRA square did
not allow analysing the dynamics of the defect type in a
given diagnostic space. However, for the last test results of
04.09.2021, the diagnosis was high energy density
discharges (Fig. 12).
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Figure 11 — Dynamics of defect type change in a 40 MVA
TDTN transformer using Duval triangle diagnostics
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Figure 12 — Diagnostic results of the defect type in a 40 MVA
TDTN transformer according to the values of the gas ratios
recommended by the ETRA square

The dynamics of changes in nomograms in the
process of spark discharges development is shown in
Fig. 13. According to the figure the nomograms plotted by
DGA results of 31.08.2020 and 25.08.2021 correspond to
the presence of high-temperature overheating and spark
discharges [39], the nomogram of 01.02.2021 is typical for
high-temperature overheating and the nomogram of
04.09.2021 corresponds to spark discharges [3, 26, 34].

It is noteworthy that in the DGA results of this
transformer dated 31.08.2020 and 25.08.2021, the
hydrogen content exceeds the methane content, which is
not typical for non-sealed transformers. As shown in [43],
the hydrogen content is usually lower than the methane
content due to the diffusion of hydrogen into the
atmosphere due to its low solubility in oil in non-sealed
equipment. This circumstance (excess of hydrogen content
over methane content) can be used as an initial indication
of the presence of electrical discharges in non-sealed oil-
filled equipment.
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Figure 13 — Dynamics of defect nomograms in a 40 MVA TDTN
transformer during spark discharge development

Example No. 4. The DGA results of an
autotransformer 125 MVA 220/110 kV dated 17.03.2003
revealed spark discharges [44]. Since the authors have
available DGA results only for the last three tests, no
analysis of correlation relationships between values of
concentrations and percentages of gases and operation
time, as well as between values of concentrations and
percentages of individual gases was performed for this
autotransformer. The evolution of the type of defect in the
analysed autotransformer in the diagnostic space regulated
by the IEC 60599 standard is shown in Fig. 14. The figure
shows that the use of the gas ratios recommended by IEC
60599 allowed a diagnosis to be made in only one case out
of three. In particular, for the first analysis from
28.08.2002, the values of gas ratios corresponded to
overheating with a temperature above 700 °C, while the
value of ethylene concentration corresponded to Level 2,
which, according to [3], indicates the possible presence of
a defect. For measurements from 24.01.2003 and
17.03.2003 no diagnosis was established, because,
according to the figure, the points representing transformer
conditions do not fall into any of the diagnosis areas. In the
oil sample from 24.01.2003 the concentration of ethylene
exceeds the limit value of Level 2, and concentrations of
other gases correspond to Level 1. In the oil sample from
17.03.2003 the concentration values of hydrogen and
acetylene exceed the limit value of Level 2, concentrations
of ethylene and methane correspond to Level 2 and
concentrations of ethane correspond to Level 1.

The use of the ETRA square (Fig. 15) enabled a
diagnosis to be made on the results of all three tests. So for
the results of DGA of 28.08.2002 a diagnosis of
overheating with temperature above 700 °Cwas given, and
for the results of DGA of 24.01.2003 and 17.03.2003 a
combined defect was diagnosed — overheating with
temperature above 700 °Caccompanied by discharges.

The diagnosis of this autotransformer using Duval
triangle (Fig. 16) produced opposite diagnoses. Thus, the
DGA results of 28.08.2002 were interpreted as a combined
defect, while the DGA results of 24.01.2003 and

17.03.2003 were interpreted as overheating with a
temperature above 700 °C.

This example clearly illustrates that the use of
different methods and criteria for interpreting DGA results
for the same data can lead to different diagnoses.
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Figure 14 — Dynamics of change of defect type in a 125 MVA
220/110 kV autotransformer during spark discharge
development according to the values of gas ratios recommended
in IEC 60599
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Figure 15 — Dynamics of change in defect type in a 125 MVA
220/110 kV autotransformer according to the values of the gas
ratios recommended by the ETRA square
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Figure 16 — Dynamics of change in defect type in a 125 MVA
220/110 kV autotransformer using Duval triangle diagnosis

Dynamics of nomogram change in autotransformer
125 MVA 220/110 kV is shown on Fig. 17. Nomogram
based on DGA results from 28.08.2002 corresponds to
overheating with temperature above 700 °C [3]. The
nomogram based on DGA results from 24.01.2003
corresponds to overheating with temperature above 700 °C
accompanied by spark discharges [39], and the nomogram
based on DGA results from 17.03.2003 corresponds to
spark discharges [3, 34, 39].
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Figure 17 — Dynamics of defect nomograms in a 125 MVA
220/110 kV autotransformer during spark discharge
development

Example No. 5. In the 35 kV transformer the spark
discharge was detected by the DGA results of 31.05.1999,
at that out of 5 analysed gases the limit value was exceeded
only by acetylene concentration, ethylene concentration
corresponded to Level 2, and concentration of other gases -
to Level 1. It should be noted that in two previous oil
samples dated 19.11.1998 and 15.02.1999 the gas
concentration values corresponded to Level 1, that is, the
serviceable condition. Due to the small sample size of this
transformer, no correlation analysis was carried out
between the values of concentrations and percentages of
gases and the operation time as well as between the values
of concentrations and percentages of individual gases.

The results of diagnostics of this transformer using the
values of gas ratios recommended by IEC 60599 at
different stages of defect development are shown in Fig. 18.
The figure shows that of the three DGA results the use of
the IEC 60599 standard allowed to establish a diagnosis
only for the results of the first analysis of 19.11.1998 with
overheating with a temperature of 300-700 °C. For the
DGA results of 15.02.1999 and 31.05.1999 no diagnosis
was made, since the figure shows that the points
representing the condition of the transformer do not fall into
any of the diagnosis areas.

Using the ETRA square to diagnose this transformer
allowed a diagnosis to be made for all three test results
(Fig. 19).
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Figure 19 — Dynamics of the defect type in a 35 kV transformer,

transformer during spark discharge development according to the
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Figure 18 — Dynamics of change of defect type in a 35 kV
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Figure 20 — Dynamics of change in defect type in a 35 kV
transformer with Duval triangle diagnosis

According to the Nomogram method (Fig. 21) the
DGA result of 19.11.98 correspond to a high-temperature
overheating accompanied by discharges [3, 39].

The DGA result obtained on 15.02.99 also correspond
to a combined defect, namely, high-temperature
overheating accompanied by spark discharges [39]. The
result of 31.05.1999 correspond to spark discharges [3, 34,
39].
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Figure 21 — Dynamics of defect nomograms in 35 kV
autotransformer during spark discharge development

Conclusions. The analysis shows that in the five
transformers analysed the values of diagnostic criteria at
different stages of the defect development correspond to
defects of different types, which does not allow predicting
this defect based on the results of previous tests. At the
same time the examples illustrate that the defect
development takes place before the gas concentration
values exceed their limit values, which enables early
detection of spark discharges in high-voltage power
transformers based on the DGA results. It was found that
the standards and criteria regulated by IEC 60599, ETRA
square and Duval triangle do not allow spark discharges to
be detected as these methods do not have the areas
characteristic for this type of defect and the highest number
of correct diagnoses was made using the nomogram
method. For all five examples given, the change of the
defect type in the course of its development is observed,
and consequently, when assessing the possibility of further
operation of transformers, besides the degree of danger of
the defect and the speed of its development, the possibility
of transformation of the defect from less to more
"dangerous" and fast-developing one must be taken into
account. The obtained results demonstrate the possibility of
early detection of spark discharges, which allows
increasing the reliability of nondestructive diagnostics and
prolonging the service life of transformers.
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