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ANALYSIS OF THE DIAGNOSTIC CRITERIA USED TO DEFECT TYPE RECOGNITION BASED ON
THE RESULTS OF ANALYSIS OF GASES DISSOLVED IN OIL

Dissolved gas analysis is one of the most used and common diagnostic methods for high voltage oil-filled equipment. According to existing methods for
interpreting the results of dissolved oil gas analysis, defect types are recognised using different diagnostic criteria. Using different methods to recognize
the type of defect may result in different diagnoses. There are a sufficient number of publications on the comparative analysis of methods for the results
interpretation of dissolved gas analysis. Most of them do not cover more than 4 methods at a time, and only a small number of publications deal with
more methods. Some methods remain unreported, therefore an analysis of diagnostic criteria used in various standards and methods to identify types of
defects by the dissolved gas analysis is given. The national standards of Ukraine and the Russian Federation, international methods, as well as a number
of author's methods and standards are considered. All considered methods can be divided by the type of diagnosis, by the diagnostic criterion used and
by the number of recognizable defects. According to the type of diagnosis, the considered methods can be divided into two groups — analytical and
graphical methods. In the considered methods the following diagnostic criteria are used — values of gas concentrations or the gas pair ratios or gas
percentage content. Most of the analysed methods allow identification of 6-7 most characteristic types of defects. The highest number of recognizable
defects is 13-14, and the lowest only 3-4. Only a few methods make it possible to diagnose defect-free condition and/or damage of solid insulation as
well as to recognize combined defects. The results show significant differences in the criteria and norms used by different standards and author's methods
to determine the type of defect, which can lead to different diagnoses for the same data.

Keywords: defect, dissolved gas analysis (DGA), gas pair ratios, gas percentage, Doernenburg method, Rogers method, Duval methods, ETRA
method, Nomogram method.

0. C. KYJIHK

AHAJII3 JIATHOCTUYHMX KPUTEPIIB, IO BUKOPUCTOBYIOTHCS JIJISI PO3III3HABAHHSA
THUIIB JE®EKTIB 3A PE3YJIbTATAMHU AHAJII3Y PO3UMHEHUX Y MACJII T'A3IB

Amnai3z po34MHEHUX B Maci ra3iB € OJHUM 3 HAHOLIbII BUKOPHCTOBYBAHUX 1 HOIMPEHNX METOMIB {iarHOCTUKH BHCOKOBOJILTHOTO MACIOHAIIOBHEHOTO
obnagHaHHs. 3riZHO 3 ICHYIOYMMH METOJAMH 3 iHTeprperauii pe3yibTaTiB aHAIi3y PO3YMHEHMX B Macii rasiB po3mi3HaBaHHSA THIIB JeeKTiB
HPOBOJUTHCS 3 BUKOPHUCTAHHSIM PI3HHX AIarHOCTHYHUX KPUTEpiiB. BUKOPHCTaHHS Pi3HUX METO/IB IIPU pO3Mi3HABaHHI TUITY Ae()EKTy MOKE IIPUBECTH
10 IIOCTAHOBKH Pi3HHX JiarHo3iB. [TuTaHHIO NOPIBHIBHOTO aHAI3y METOMIB IHTepIIpeTaNii pe3y/IbTaTiB aHaIi3y PO3YMHEHNX B Macli ra3iB IPUCBSIYECHO
JIOCTAaTHIO KiJbKiCTh myOumikamiii. Y OLIBIIOCTI 3 HUX PO3IIISAaeThcs He Oinblie 4 METOAIB BiApa3y i Juile B HEBENHKiH KiIbKOCTI myOurikamiit
posrisiaeTbes OuTbIIa KUTBKICTH METOAIB. JlesKi MEeTOqu 3aJMLIAIOThCS HEOCBITIICHHMH, TOMY HABEJCHO aHali3 JNIarHOCTHYHUX KPUTEPIiB, IO
BUKOPHCTOBYIOTECSI B PI3HHX CTAQHIAPTaX 1 METOIMKax, UL PO3Ii3HaBaHHS THUIIB Ae(EKTiB 3a pe3ylbTaTaMH aHali3y PO3UMHEHHX B Macii rasis.
PosrisHyTo HauioHansHi cTangapTH YKpainu Ta Pociiicekoi Denepartii, MiXKHAPOIHI METOAMKH, a TAKOXK PsiJi aBTOPCHKUX METOJMK 1 cranaapTis. Bei
PO3IIISIHYTI METOAM MOXKHA PO3AUIMTH 332 THIIOM JiarHOCTYBaHHS, 32 BUKOPHCTOBYBAaHUM JIarHOCTHYHUM KPHUTEPIEM 1 3a KUIBKICTIO pO3ITi3HABaHHX
nedexTiB. 3a TUIIOM JIarHOCTYBaHHS PO3IJISIHYTI METOAN MOXHA PO3JUIMTH Ha ABI IPYNH — aHAITHYHI Ta TpadidHi METOIM. Y PO3IISIHYTHX METOAAX
BHKOPUCTOBYIOTBCS HACTYITHI JIIarHOCTUYHI KpUTEPil — a00 3HAUCHHS KOHIEHTpAliif ra3i, abo BiJHONIEHHS Map rasis, abo BiJICOTKOBUI BMICT ras3is.
BinbuIicTh 3 aHANI30BaHUX METOJIB JI03BOJISIE PO3Mi3HATH 6—7 HAHOIIBII XapakTepHUX THIIB nedekriB. Haiibinpiie yncno po3nisHaBaHUX Ae(EKTiB
cTaHOBUTH 13—14, a HaiimeHme Bcporo sume 3—4. Jlumie qeski MeTou JO3BOJSIFOTh IiarHOCTyBaTH Oe3nedekTHHMil cTaH 1/ab0 MOMIKOIKEHHS TBEPIOi
i30J1s11ii, @ TaKoX po3mi3HaBaTH KOMOiHOBaHI JeekTn. Pe3ynbraT cBig4aTh Mpo iCTOTHI BiIMIHHOCTI B KPUTEPIisAX i HOPMAaX, [0 BUKOPHCTOBYIOTHCS
PI3HMMH CTaHIapTaMH i aBTOPCHKHUMH METOMKAMH TSl BU3HAUCHHS TUIY AC(EKTY, 110 MOKE IPUBECTH O MIOCTAHOBKU PI3HUX [iarHO3iB CTOCOBHO
OJIHUX 1 THX XK€ JJaHHX.

KurouoBi ciioBa: nedexr, aHamni3 po3urHEeHHX B Macii ra3iB (API'), BinHOIEeHHs nap rasis, BiICOTKOBHI BMICT ra3iB, Metox JlopHeHOYypra, MeTo]
Pomxepca, metonuku droBais, meroq ETRA, meton HoMorpam.

A. C. KYJIHK

AHAJIM3 JTUATHOCTHYECKUX KPUTEPHUEB, HCIIOJIb3YEMBIX JIJIS1 PACIIO3HABAHUSA
THIIOB JE®EKTOB 11O PE3YJIbTATAM AHAJIN3A PACTBOPEHHBIX B MACJIE 'A30B

Amnanu3 pacTBOPEHHBIX B Maclle Fa30B ABIIETCS OJHUM U3 HaHOoJee HCHOIb3YEeMbIX H PACIIPOCTPAHEHHBIX METOIOB IUATHOCTUKH BBICOKOBOJIBTHOTO
MacJIOHATIOJHEHHOT0 000pynoBaHus. COINIACHO CYIIECTBYIOIIMM METOJAM IO MHTEPHPETAlMN Pe3y/IbTaToOB aHaIM3a PACTBOPEHHBIX B Maclie Ta30B
pAacrio3HaBaHHE TUIIOB JE(EKTOB MPOU3BOJMUTCS C MCIOJIb30BAHMEM DPasHBIX JAMATHOCTUYECKUX KpHTepHeB. VcIoib30BaHME pasHBIX METOJOB IPU
pacro3HaBaHuU TUIMA Je)eKTa MOXKET MPUBECTU K MOCTAHOBKE PAa3IMYHBIX JHArHO30B. BOIpocy CpaBHUTEIFHOTO aHAM3a METOLOB HHTEPIIPETaLiI
pe3yJIbTaTOB aHAIN3a PACTBOPSHHBIX B MACIIe Ta30B ITOCBSIIEHO JOCTATOYHOE KOJINYECTBO ITyOnuKauil. B OONBIIMHCTBE U3 HUX paccMaTpHBAeTCs He
Gosbre 4 METOOB Cpa3y M JIMIIb B HEOONBLIOM KOJIMYECTBE MyONUKAILMI paccMaTpuBaeTcst OOJIbLIee KOJHMYECTBO METOAOB. HekoTopbie MeTomsl
OCTAOTCsI HEOCBEILCHHBIMH, ITO3TOMY MPHBEICH aHAIN3 AHATHOCTHYECKUX KPUTEPUEB, MCIOJIB3YyEMBIX B PAa3IMYHBIX CTAHJAPTAX M METOJUKAX, IS
pacro3HaBaHusl THIOB Ne()eKTOB IO pe3ysibTaTaM aHalM3a PAacTBOPEHHBIX B Macle Ia3oB. PaccMOTpeHbI HallMOHAlbHBIE CTAaHAAPTHI YKPaWHBI U
Poccuniickoit @enepanny, MeXayHapOIHbIC METOIUKH, @ TAKXKE S aBTOPCKUX METOIVK M CTaHAApTOB. Bee paccMOTpEHHBIE METOIBI MOYKHO Pa3/IeiUTh
[0 THIy JUarHOCTHPOBAHMS, II0 HCIOJIB3yeMOMY AMArHOCTUYECKOMY KPHUTEPHIO M II0 KOJHYECTBY pacho3HaBaeMbix paedexroB. Ilo Tumy
JIMarHOCTHPOBAHUS PACCMOTPSHHBIE METOIBI MOXKHO Pa3ZIeNUTh Ha JIBE IPYIIBI — aHATUTHIECKUE U rpaduueckie MeTonbl. B paccMOTpeHHBIX MeToax
UCIOJIB3YIOTCS CIIEAYIOIIHE IHArHOCTHYECKUEe KPUTEPUH — WM 3HAUCHHUs KOHLEHTPAlMil Ta30B, WIM OTHOLICHMS Iap ra3oB, WIM IPOLEHTHOE
cozepkaHue ra3oB. BONBIIMHCTBO M3 aHAIM3UPYEMBIX METOJOB IT03BOJISET Paclo3HaTh 6—7 Hanbosiee XapaKTEpHBIX THIOB AedekroB. Hanbomburee
YHCIIO PACIO3HABAEMBbIX Ne(eKToB cocraBiusieT 13-14, a HanMeHslnee Bcero numb 3—4. JIMIIE HEKOTOPHIE METONBI MO3BOJIIOT JHATHOCTHPOBATH
6e31e(heKTHOS COCTOSIHHE ¥/WITH MTOBPEKICHIE TBEPAOH H30JISILIUH, a TAK)KE PAClio3HaBaTh KOMOMHUPOBaHHbBIE Ne(eKThl. Pe3yIbTaThl CBUACTEIBCTBYIOT
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0 CYIIECTBEHHBIX Pa3IMUUAX B KPUTEPHUSX M HOPMaX, HCIIOIb3yeMbIX Pa3HBIMU CTaHAAPTaMU M aBTOPCKUMHU METOJUKAMU IS ONpeJeleHUs TUIA
nedexTa, 9TO MOXKET PHBECTH K TOCTAaHOBKE PA3JIMYHBIX JUATHO30B IPUMEHUTEIILHO K OJJHUM H TEM K€ JIaHHBIM.

KiroueBble cjoBa: nedekT, aHauu3 pPacTBOPEHHBIX B Maciie razoB (API), oTHouieHus! map ra3os, MPOLEHTOE COIEPIKAHHE ra3oB, METO[
JopuenOypra, meron Pomkepca, meroauku droBans, meton ETRA, MeTox HoMorpamm.

Introduction. One of the most urgent scientific and
technical tasks of practical importance is the detection and
recognition of defects in high-voltage equipment,
especially at an early stage of their development. Dissolved
gas analysis (DGA) is one of the most used and widespread
diagnostic methods. It relies on the fact that the
development of a defect of thermal or electrical nature
causes destruction of insulation, which is accompanied by
emission of gases.

According to existing methods for interpreting DGA
results, defect type recognition is performed using different
diagnostic criteria. Obviously, the use of different methods
in defect type recognition can lead to different diagnoses.
Therefore, there is an objective need to analyse the existing
methods for interpreting DGA results.

Publications review. A fair number of publications
are devoted to the issue of comparative analysis of methods
for interpreting DGA results. However, most of them do not
consider more than 4 methods at a time. And only ina small
number of publications more methods are considered. In [1]
only graphical methods of defect type recognition are
analysed. In [2] the accuracy of transformer defect type
identification methods is analyzed. In [3 and 4] an analysis
of electrical defect recognition is presented. In [5 and 6] the
recognition of combined defects is considered. In [5]
recognition of low-temperature overheating with electric
discharges of different intensity is considered, and in [6]
recognition of combined defects in low- and medium-
temperature range is considered. In [7] the results of a
comparative analysis of the reliability of defect type
recognition based on the analysis of dissolved gases in oil
for more than 1500 high-voltage transformers with defects
of different types are presented. In spite of a considerable
number of publications, in which recognition methods are
discussed, some recognition methods remain unreported,
which is the reason for writing this article.

Research purpose. This article analyses the
diagnostic criteria used in various standards and methods to
recognise types of defects based on dissolved gas analysis.

The core material of the study. Consider the most
well known recognition methods.

SOU-N EE 46.501:2006 method (Ukraine) [8]. This
method is the official document governing the
implementation of the DGA in the Ukrainian electrical
power industry. It was officially registered in 2006 and was
developed by V. V. Sokolov, V. N. Berezhnyy and other
prominent experts in this field. This method recommends
the use of both gas ratios and graphical methods (method
of graphical images, also known as Nomogram method) to
identify the type of defect based on the DGA results. In
addition to these methods, the Duval triangle and ETRA
square are recommended for defect type recognition.

Each type of defect produces a characteristic gas
composition. The concentration ratios of the individual
pairs of these gases have definite values for the different
defect types, which makes it possible to use these ratios to
determine the type of major defect. All defect type

determination schemes for individual gas ratios can be
applied to all types of equipment. It is recommended that
diagnostic schemes that are based on gas ratios (tabular and
graphical) be used with acceptable validity if the
concentrations of the individual gases comprising the ratios
(or at least one of them in pl/l) exceed the following values:
H, =50, CHy;=15, CHs=15, CyHeg=15 CyH;=3,
CO =200, CO,=1000 (1 ul/1=0.0001 9% wvol.).
Identification of the defect type using the three main gas
ratios — CoH,/C;H4, CH4/H, and C;H4/CyHg — is tabulated
in Table 1.

Table 1 — Identification of the defect type using three basic gas

ratios

Defect C-H, CH4 CoHs

Defect type code | CHq H; C2He
. . Not a

Normal oil ageing defect NS 0.1-1 <0.2
Partial discharges PD NS <0.1 <0.2
Low energy|  py >1 | 0105 | »>1
discharge
High Energyl - po >1 0.1-1 >2
discharge
Discharges on the
surface and in the
insulation  layer <1 0.3-0.5 >5
(creeping
discharge)
Thermal  defect
with temperature| T1 NS >1 <1
150-300 °C
Thermal  defect
with temperature| T2 NS >1 1-4
300-700 °C
Thermal  defect
with temperature| T3 <0.2 >1 >4
over 700 °C
NS = non-significant ratio. Not considered for this type of defect.

ANSI/IEEE Std C57.104-2019 standard [9]. In this
method, the emphasis emphasis is on defect detection. For
this purpose, it is proposed to focus on 4 levels of dissolved
gas concentration limits, % vol. The method introduces a
new diagnostic parameter, total dissolved combustible
gases (TDCQ), that is, the sum of all gases other than CO..
It should be noted that this parameter plays a major role in
identifying the defective condition, while CO. gas is
practically not used in the analysis.

With regard to the nature of defects, this method
proposes to use the Rogers Ratio and Duval Triangle 1 to
identify the type of defect. In addition, an annex of this
standard provides additional identification methods, in
particular the Dornenburg and Key Gas methods, as well as
Duval Triangles 4 and 5 and Duval Pentagons 1 and 2. An
important part of the method is to take account of changes
in gas concentration over time.

Dornenburg Ratios method [10]. The Dornenburg
Ratios method uses the following gas ratios: CHa/H,,
Csz/C2H4, Csz/CH4 and CzHe/Csz. The technique
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makes it possible to identify three main defects in oil-filled
equipment: thermal decomposition, corona (low intensity
PD) and arcing (high intensity PD). The concentrations
obtained are compared with the limit values given in
Table 2. However, this method does not sufficiently
distinguish between defects, but allows the use of gases
from the gas relay.

Table 2 — Interpretation of DGA results using the Dornenburg
Ratios method

Suggested fault CHy CoHo CoH> CoHs
diagnosis H2 CoH4 CH4 CoH2

Thermal >1 <075 | <03 | >04
decomposition
Corona (low
intensity PD) <01 B <03 | >04
Arcing (high >0.1
intensity PD) <1 >075 1 >03 <04

CEGB/Rogers Ratios method [11]. In 1978, English
specialist R. Rogers (CEGB, England) proposed a
technique to determine the nature of the defect in a
transformer, which is known in the electricity industry as
the Rogers Ratios. This method is used by utilities in
England and Wales. It is based on the ratio of unsaturated
to saturated hydrocarbons in the oil to its temperature. The
increase in hydrogen content as a function of increasing
temperature is also taken into account. If the concentration
of gases exceeds the limit values, the presence of defects in
the transformer is suspected.

Four gas ratios are used to determine the type of defect
according to the Rogers Ratios method: CH4/H, CoHe/CHa,
C2H4/CoHg and C,oH,/CH4. The gases are arranged in
ascending order of insulation decomposition temperature.
Depending on the value of the gas ratios, they are assigned
a code number, which leads to a diagnosis. The diagnostic
output is based on a combination of codes, which are
assigned depending on the gas ratios and the value (or range
of values) of the respective gas concentration ratios. Table
3 shows the final result of adding the two Rogers tables.

MSS method [12]. The authors of this method are
R. Miiller, H. Schliesing and K. Soldner. It was published
in 1977. In this method three types of thermal defects are
considered:

1) defect with a temperature below 300 °C;

2)  defect in the temperature range 300-1000 °C;

3) defect with a temperature over 1000 °C
(introduced additionally).

In addition, a new defect called “thermal defect and
partial discharges” is introduced. The gas ratios analysed
differ considerably from those used in other techniques. For
instance, instead of CH./H; this method analyses H2/CHy,
instead of C,He/C2H; it analyses C,H,/C;Hs. In addition,
the C;H4/C3Hs gas ratio is additionally introduced. The
relationship between defect type and gas concentration
ratios is given in Table 4.

Table 3 — Interpretation of DGA results using the Rogers Ratios

method
CHy CoHe CoHy CoHp : .
H> CH4 C2Hs C2Hs Diagnosis
><0i1 <1 <1 < 0.5 [Normal Deterioration
<0.1 <1 <1 < 0.5 |[Partial Discharges
Slight Overheating,
=l <t ] <1 ] <05 Jheiow1s0°c
Slight Overheating,
>1 >1 <1 <05 150200 °C
>0.1 Slight Overheating,
<1 | =t | <t ] <05 Jo00-300°C
>0.1 >1 General Conductor
<1 <1 <3 <05 Overheating
>1 >1 Winding Circulating
<3 <1 <3 <05 Currents
-1 Core and Tank
= <1 >3 <0.5 |Circulating Currents,
<3 ..
overheated joints
>0.1 <1 <1 >0.5 |Flashover without
<1 <3 |Power Follow Through
>0.1 Arc with Power Follow
< <1 >1 >0.5 Through
>0.1 Continuous Sparking to
<1 <1 23 23 Floating Potential
<01 <1 <1 505 Partla! Discharge with
Tracking

Table 4 — Correlation of defects with gas concentration ratios

H CoHs | CoHz | CoH4 CO2
Defect type CHy4 CoHs | CoHs CsHs CO
>3
PD >10 <03 | <03 - <10
>3
D1 <10 >1 >3 >1 <3
>0.3
D2 <1 >1 >3 >1 <3
>0.3
T1 <1 <1 <03 <1 >10
Thermal
defect in the ~03
temperature <1 >1 <03 | " >10
<1
range 300-
1000 °C
Thermal
defect with a >0.3
temperature <1 z1 <3 21 210
over 1000 °C
Discharge
and thermal i é >1 2<0é3 2<0'13 >10
defect (DT)
Thermal
defect and | >10 >1 <0.3 203 >10
PD <1

Methods used in the Russian Federation [13, 14]. In
the Russian Federation, there are currently two official
standards governing diagnosis based on DGA results. They
are RD 153-34.0-46.302-00 [13] and
STO 34.01-23-003-2019 [14]. The last one is developed in
2019 instead of RD 153-34.0-46.302-00, but for equipment
of voltage classes from 35 kV to 220 kV inclusively.
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Y. M. Lvov, T. E. Kasatkina, E. I. Nesvizhsky and
E. M. Beda were at the origin of the development of
RD 153-34.0-46.302-00. The date of registration of the first
edition was 1989. The last version of this standard was
published in 2001.

The following gas ratios are used to determine the
defect type: CH2/CzHs, CH4/H, and C;He/CH4. The
relationship between defect type and gas concentration
ratios is given in Table 5.

Table 5 — Interpretation of DGA results using the
RD 153-34.0-46.302-00

Table 6 — Interpretation of DGA results according to IEC 60599

CoH> CH4 CoHs
Defect type C2H4 H> C2Hs
PD NS?@ <0.1 <0.2
D1 >1 0.1-0.5 >1
D2 0.6-2.5 0.1-1 >2
T1 NS? >1. but NS? <1
T2 <0.1 >1 1-4
T3 <0.2°b >1 >4

Note 1. In some countries, the ratio C,H,/C,Hg is used,

CoH? CH4 CoHs
Defect type C2H4 H: C2Hs
Normal oil ageing <0.1 0.1-1 <1
PD with low energy density <0.1 <0.1 <1
PD with high energy density 0.1-3 <0.1 <1
D1 >0.1 0.1-1 1-3
D2 0.1-3 0.1-1 >3
Low temperature thermal
defect (below 150 °C) <01 0.1-1 1-3
Thermal defect in the low
temperature  range  (150-| <0.1 >1 <1
300 °C)
T2 <0.1 >1 1-3
T3 <0.1 > >3

In STO 34.01-23-003-2019 the criteria used to
recognise the type of defect are the same as those regulated
in IEC 60599.

In addition to the values of gas ratios, both methods
recommend the use of graphical images (nomograms) of
defects to recognise the type of defects. In addition,
STO 34.01-23-003-2019 also suggests using the author's
method of defect type identification. It should be noted that
both standards also regulate the values of gas ratios for
combined defects (that is overheatings that turn into
discharges or discharges that are accompanied by heating
or simultaneous development of several defects in the same
transformer), which is not observed in other standards and
methods. For the detection of combined defects, the
following ratios are prescribed: CoHo/CHs > 0,1 and
CH4/H5 > 0,5 or CoHo/CoH, < 0,1 and CH4/H, < 0,5.

IEC 60599 standard [15]. This methodology is an
international standard developed by the IEC. The first
edition of the standard was published in 1978, the second
edition was finally formulated in 2007. The latest, third
edition of the standard was published in 2015.

The following gas ratios are used for defect type
recognition: CHa/Hp, CoH4/CoHs and  CyHo/CoHa.
Interpretation of the results is only carried out if the
concentration of the gases is above a certain level and the
sensitivity of the equipment for analysis is sufficient. As an
auxiliary criterion the CO,/CO gas ratio is used, which
indicates the presence of paper ageing. To make the
diagnosis more precise two additional gas ratios have been
introduced: C,HJ/H, (evaluating the influence of gas
penetration from the tap changer into the tank) and O2/N,
(indicating oil overheating). The identification of the defect
type using this standard is shown in Table 6.

rather than the ratio CH4/H,. Also in some countries,
slightly different ratio limits are used.

Note 2. CH./H, < 0.2 for partial discharges in
instrument transformers. CH4/H, < 0.07 for partial
discharges in bushings.

2 NS = Non-significant whatever the value.

b An increasing value of the amount of C,H, may
indicate that the hot spot temperature is higher than
1000 °C.

In the annex of this standard, Duval Triangle
technique and a graphical representation of gas ratios in two
projections (Fig. 1) and in three-dimensional form (Fig. 2)
are given. Typical gas concentrations [EC 60599
recommends determining from a database of a particular
user. It is calculated as the concentration on the integral
distribution curve, which corresponds to 90 % of the
analyses for transformers in good working order.

CoHp

CoHy
Cote D1 CaHa D1
25 25 -
D1/D2 D1/D2
1,0 1.0
06 D2 06 - D2
02 - 0.2 -
T3
01 0,1
T2
|
001 Teg] T 00" Teor] T
1 T T T
01 05 1 CHy 01 0|2 1 2 4 CoHy
Hz ’ CaHs

Figure 1 — Two projections of gas ratios based on IEC 60599
recommendations; darkened areas are areas of uncertainty

Duval triangles [16]. This is the first example of a
graphical rather than a computationally logical approach to
defect identification. The well-known Canadian specialist
M. Duval at Hydro-Quebec developed the Duval Triangle
in 1974. The method allows the concentrations of three
gases (CoHz, CyHas, CHa4) to plot a point on a graph
represented as a triangle (Fig. 3). The triangle area is
divided into seven zones. Each zone corresponds to a
particular type of defect in the transformer. Seven defect
states are considered: PD, D1, D2, DT, T1, T2 and T3. The
defect type is determined by the zone to which the point
belongs. Somewhat later, M. Duval proposed new versions
of the Duval Triangle for equipment filled with mineral oil,
for load tap changers of the oil type, equipment filled with
nonmineral oils, and for low-temperature faults. In total,
there are 7 triangles that are used for different cases.
However, Triangle 1 is the most commonly used, and
Triangles 4 and 5 are used to clarify the type of defect
established with Triangle 1.
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Hz
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Figure 2 — Dimensional representation of the relationship
between defects and gas ratios

~afi—— %C;H,

Figure 3 — Duval Triangle 1

In practical use of the Duval Triangle, find the
percentage of each gas, plot it on the appropriate side of the
triangle and from each point draw three lines parallel to the
trailing side, which will intersect at one point. The location
of this point will determine the area and the defect to be
diagnosed.

The technique under consideration not only clearly
shows the “location” of the defect, but also allows
observation of the trajectory of its development, when
several DGAs are done after a certain time and the resulting
points are sequentially plotted on a triangle. A disadvantage
of the Duval triangle is the incomplete use of the diagnostic
information obtained from the DGA.

Duval Pentagons [17]. Like the triangle, M. Duval
has also developed another additional graphical technique
to provide an interpretation of the DGA results in oil-filled
transformers — Duval Pentagons (Fig. 4). The relative
concentrations of the five dissolved gases (% Hz, % CHa,
% CzHs, % C2H4 and % C,Hy) are plotted on each axis in
these pentagons. The defect type is identified by calculating

the geometric centre of the polygon. Each type of Duval
Pentagon can identify seven potential defects.

The Duval Pentagon 1 (Fig. 4 a) identifies the 6
“basic” electrical and thermal faults (PD, D1, D2, T1, T2
and T3) considered by IEC 60599, IEEE and Duval
Triangle 1. There is also an additional S zone on the
pentagon for stray gases of mineral oil. The Duval
Pentagon 2 (Fig. 4 b) identifies 3 basic electrical defects
and 4 more precisely defined, or “advanced”, thermal
defects used in Duval Triangles 4 and 5.

PD,[
S D1
C.H, C.H,
T D2
T2 T3
CH, C:H,
a
H.
C:H, CH,
0
c T3-H
CH, C:H,
b

Figure 4 — Duval Pentagons:
a—type l; b —type Il

A combination of the two existing Duval Pentagons
was proposed in [18]. The purpose of this combination is to
facilitate automatic damage identification by computer
software and, at the same time, to apply all the features of
both original pentagons reduced to a single geometry. The
result of this combination is shown in Fig. 5.

GATRON method [19]. This method was developed
at GATRON GmbH in Germany. It is based on the analysis
of seven gases dissolved in transformer oil. Here, in
addition to the usual hydrogen, methane, acetylene,
ethylene and ethane, propylene (CsHs) and propane (CsHsg)
are considered. This approach is used in power transformer
monitoring systems in several European countries. As with
the Duval Triangle, the interpretation of the
chromatographic results is done by geometrically plotting
a point on the plane of an equilateral triangle, called a fault
gas triangle in this method (Fig. 6).
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CH, C;H,

Figure 5 — Combined Duval Pentagon

| OLTC Leakage
3 : 3 Y kY
80 60 40 20
CzHz [ %]

Figure 6 -GATRON Triangle:
« — examples of diagnostic points

Diagnosing only three gases in the Duval technique,
as already noted, can in some cases lead to errors in
determining the type of defect, since hydrogen and other
gases are not considered in the analysis. In the GATRON
method the set of gases is very representative, but since it
is a question of the sides of a triangle, the following
approach is proposed:

e one side of the triangle is assigned to Hy;

*  second —to CoHy;

e third - to the sum of the gases, which is denoted
as CHy+.

CHy+ refers to the weighted sum of hydrocarbon
gases CHs, CyH4, CyHs, CsHg, and CsHs. It may be
measured directly by the sensor during monitoring or it may
be obtained by summing the results of a complete
chromatographic analysis.

By analogy with the Duval triangle, the sum of H,
CoHz and CHat is taken as 100 %. Based on the DGA
results, the fractions (in percent) of each of the three values
are determined and then plotted on the respective sides of
the triangle. Lines are then drawn parallel to the side of the
triangle, which is lagging (if moving clockwise). All lines,
as in the Duval triangle, will intersect at one point. This
technique identifies the following types of defects: PD, D1,
D2, T1, T2, T3, and, in addition, a previously unexamined
defect called “OLTC Leakage”.

ETRA method [20]. This methodology was
developed by the Electric Technology Research
Association and is set out in the Japanese national standard.

A 3-level classification system is proposed to identify the
presence and extent of internal defects in the transformer
under analysis using this method.

*  Warning Level 1: While the results of gas-in-oil
analysis do not indicate any abnormalities, values are
beyond normal levels, and it is judged that some kind of
internal change of state has occurred.

¢ Warning Level 2: The results of gas-in-oil
analysis show that signs of abnormality have already
appeared in the transformer.

e Trouble Level: The results of gas-in-oil analysis
show a progression from Warning Level 2 to a clear
internal abnormality in the transformer.

This classification system in the method is presented
in the form of a table.

This standard also regulates the use of graphical
methods of defect type recognition. The ratios of the three
gases CyH,, CyHi, CyHg are analysed to determine the
nature of the defect. In contrast to previous techniques, in
this case a rectangle is constructed with irregular scales on
its two sides. In the area of the square, the zones
corresponding to this or that type of defect are identified.
This method proposes the use of 2 similar rectangles —
diagnostic chart A and B. They differ in the gas ratios used
and the number of defects detected. Chart A is useful for
discriminating between overheating and discharge
phenomena. Diagnostic chart B is the newly adopted
diagnosis method by the ETRA. Discharge domains in
chart A are separated into three parts, that is, arc discharge
(high energy), discharge (middle energy) and partial
discharge (low energy). Fig. 7 shows the diagnostic chart
B, better known in Ukraine as the “ETRA square”, which
is the most convenient way of identifying the type of defect.

If the concentration of C;H: is less than the detection
limit, the gas is considered missing. The ratio C;H2/C2He in
this case is not calculated, but is conventionally taken as
0.005. In this case, only thermal defects can be diagnosed
in the equipment.

C:H2/C:Hs
1000

100 - D2

04 -=-=-=-==-=-=--- :
lf-=====5===l====-=--=
0.1 - PD

0.01 F == -==-5-;p===-=--~-

0.001 T —— T
0.01 0.1 1 10 100

Figure 7 — ETRA square

Key Gas method [9]. The Key Gas method was
developed at Doble Laboratories in 1973. The technique is
based on determining the percentage of key gas for a given
type of defect in high wvoltage oil-filled -electrical
equipment. Interpretation of the gaseous decomposition

C2H4/C2Hs
1000
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product results is made by simply looking at the facts. For
example, a PD in oil is characterised by the release of large
quantities of hydrogen and small quantities of other
hydrocarbon gases. Thus, for this type of defect the main
gas is Hy, and the defect can be identified by a certain
percentage of this gas. The main disadvantage of this
technique is the limited number of defects that can be
identified (Fig. 8).

Overheated ol Overheated cellulose
. 100 o 100 492
= 90 = 90
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E 2 63 £ 70
T T 60
g 50 E S0
B 40 £ 40
2 30 16 19 £ 30
u 20 2 20
Z 10 2 £ 10
E 0+ 2 9
2 €O HI CH4 CZHGCIZH4CZHD & CO H2 CH4 CZH6CZH4 C2H2
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O H2 CH4 CIHGCIH4 CIH2
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Figure 8 — Defects that are recognised using the Key Gas method

Nomogram method (graphic images of defects) [20,
21]. This technique was proposed by Japanese scientists
and has been actively used in Japan since the 1980s under
the name of gas pattern. In Ukraine, it is better known as
the nomogram method or graphic images of defects. These
images are plotted against the concentrations of five gases:
Hy, CH4, C2He, C2H4, CoHo. The technique was developed
based on practical experience comparing actually detected
defects with the concentrations of gases derived from DGA.
It should be noted that these images are constructed for
equipment in which concentrations of some or at least one
gas exceed the limit values.

The reference defect images are regulated in [8, 13
and 14]. Fig. 9 shows several nomograms based on DGA
results for different defect types. In addition to the
regulated images in [22] the results of analysis of graphic
images for a wider range of defects are given.

1.0 1.0 9

0,9 0,9 1

0.8 0.8 1

0,7 0,7 4

0,6 0,6 3

0.5 0.5 4

04 0.4 4

0.3 0.3 4

0,2 0,2 4

0.1 0.1 4

0,0 + T y T ] 0.0 T T T 1

H2 CH4 CIH6 CIH4 C2H2 H2 CH4 CIH6 CIH4 CIH2
a b

Figure 9 — Reference images of defects:
a — arcing; b — high temperature overheating

In [23], defect diagrams obtained by digitising the
nomograms recommended by the International Energy
Commission are given. In addition to hydrocarbon gases
and hydrogen, carbon monoxide and carbon dioxide are
used. These gases are used to detect damage to the main
insulation of transformers.

A comparative analysis of the reliability of defect type
recognition performed in [24] showed that one of the
significant drawbacks of the method of graphic images is a
limited number of reference images, which makes it
difficult to recognize many types of defects. The analysis
of graphical images constructed based on the results of in-
service control of oil gas content in transformers with
different types of defects [22] showed that even with the
same defect, for equipment of the same type, graphical
images can differ significantly both from each other and
from the reference images. For this reason, to account for
drift in the coordinate values of the graphical images, [25]
proposed to use reference areas rather than reference
images.

Logarithmic Nomogram method [26]. J. O. Church
of the U.S. Bureau of Reclamation developed the
Logarithmic Nomograph method. This method is the
combination the fault gas ratio concept and the Key Gas
threshold value. It was intended to provide both a graphic
presentation of fault-gas data and the means to interpret its
significance. The Nomograph consists of a series of vertical
logarithmic scales representing the concentrations of the
individual gases (Fig. 10). Straight lines will be drawn
between adjacent scales to connect the points representing
the values of the individual concentration. The slopes of
these lines are the diagnostic criteria for determining the
type of fault. The key at the bottom of the chart between the
two axes indicates the fault type for the two axes.
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Figure 10 — Logarithmic nomogram

A visual comparison of the slopes of the line segments
with the keys given at the bottom of the Nomograph is all
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that are needed to identify the type of fault (overheating,
arcing or partial discharges). Each vertical scale is assigned
a threshold value by an arrow. This technique can be
applied if at least one of the values exceeds the threshold
value. The disadvantage of this technique is the poverty of
the diagnostic conclusion, as only three main defects can be
identified.

Radar charts method [27]. Serious work on the
interpretation of the DGA was carried out by a team of
specialists from the Ural Federal University under the
leadership of I. V. Davydenko.

At the stage of defect detection they propose to use
two levels of values of concentrations of dissolved gases in
oil: permissible and the maximum permissible. A study of
the factors influencing the concentrations of dissolved
gases in oil has led to the following conclusions about the
advisability of differentiating permissible and maximum
permissible values in the following way:

e how the transformer oil is protected (sealed and
unsealed);

e by oil grade;

»  byservice life (up to 3, 3-15, 15-27, 27-37, over
37 years);

» by voltage class (35, 110, 220-500 kV);

*  Dbytype of OLTC.

The whole dataset of DGA results was divided into
samples according to the influence factors found. An
integral distribution function was constructed for each
sample to find the permissible and maximum permissible
values of gas concentrations.

In order to determine the nature of the defect, it is
proposed to display the object condition on the basis of
DGA results in the form of an eight-blade diagram, where
the seven axes show the gas concentrations and the eighth
axis shows their sum, calculated according to a certain
formula.

An image is preformed on the radar chart, which
corresponds to the permissible (maximum permissible)
value. The permissible values are selected depending on the
design and service life of the equipment mentioned above.
All gases received from the DGA are then displayed on the
corresponding axises of the diagram. The resulting image
of the defective state of the equipment has to be compared
with some set of reference images. In order to obtain them,
numerous cases of DGA results and subsequent
disassembly facts of 35-500 kV transformers were
analysed. After examining the collected material, 14 types
of reference diagrams reflecting defects of electrical and
thermal nature of different manifestation strengths were
compiled. Fig. 11 shows a couple of the radar charts for the
different types of defects based on the DGA results.

The technique develops a special procedure for
comparing the resulting defect image with reference
images, which involves scaling the resulting image,
calculating measures of proximity and relatedness, and
determining the danger coefficient and other
characteristics. A special computer software is proposed for
this purpose.

i
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Figure 11 — Radar charts for different defect types based on
DGA results:

a —low energy PD, ageing;
b — high-temperature heating, ageing of insulating materials

Heptagon graph [28]. Egyptian researchers proposed
the graphical method of the heptagon. The method is based
on seven gases produced by the decomposition of oil in
defective transformers. In addition to H,, CH4, C2Hs, C2Ha4
and C,H,, this method takes into account CO and CO;
concentrations to assess cellulose insulation degradation. It
should be noted that defect type detection in this method is
only performed if the concentrations of some or at least one
gas exceed the IEEE limit values.

Defect identification is modelled as a graphical
representation, which is performed around a visualisation
of the gas breakdown zone in the Heptagon coordinate
system (Fig. 12). Each zone corresponds to a specific type
of transformer defect. Besides the usual defects of electrical
(PD, D1, D2) and thermal type (T1, T2, T3) as well as
combined defects, this method considers the degree of
concentration of cellulose degradation (HCCD is a high;
MCCD is a medium; LCCD is a low concentration of
cellulose degradation). Each side of the heptagon
represents the relative proportions of the concentration of
seven gases, which are defined as the percentage of each
individual gas to the total concentration of these gases of
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power transformer, which gives 100 percent (%) of the
seven key gases generated from 0% to 100 % in the
clockwise direction for each gas.

C2H2

Figure 12 — Boundaries of the Heptagon, which is expressed
from 0 to 100 in the clockwise direction

Equilibrium  between combustible and non-
combustible gases is determine to differentiate between
electrical faults and thermal faults for the heptagon
coordinates and their relative % are calculated using the
certain formulas. The steps to determine the position of
DGA points in the heptagon can be summarised as follows.

Step 1: is extracting the gas concentrations.

Step 2: is to cheek the gas concentrations limits (Ha,
CHg, CoH», CoH4, CoHg, CO and COz) in ppm, it must be in
the IEEE normal state before the problem is confirmed.

Step 3: the transformer is considered faulty if at least
one of the gas concentrations exceeds the value limits.

Step 4: the relative % of each gas is determined by the
formulas.

Step 5: plot the percentage of each gas on the
heptagon graph to arrive at the diagnosis; the centre of mass
of the percentage concentrations determines the
corresponding point for a certain faulty case.

Results review. The above description of DGA
interpretation methods, allows classifying the known
methods according to the following main attributes:

1. Diagnosis type.

All methods considered, according to the type of
diagnosis, can be divided into two groups — analytical and
graphical methods. The first group includes all methods, in
which defect identification is performed by analytical
calculations of the required values and their comparison
with the values regulated in the standards and methods
under consideration. The second group includes methods in
which the type of defect is determined graphically rather
than by calculation and logic. In addition, methods in this
group can be classified according to the method of
diagnosed object [1].

2. Diagnostic criteria to be used.

Gas concentrations. The use of immediate values of
gas concentrations as a diagnostic criterion for
interpretation of DGA results occurs only in Radar charts
and in the Logarithmic Nomogram method.

Gas pair ratios. The most used diagnostic criterion.
Used in all analytical methods. The main disadvantage of
methods in which this criterion is used is the possible
incomplete use of diagnostic information. In particular, the
ETRA technique uses ratios of only two gas pairs, while the
minimum number of ratios recommended in [8] is three.

Gas percentage. Used in almost all graphical methods
of interpreting DGA results (with the exception of the
graphical representation of gas ratios in IEC 60599 and
Logarithmic Nomogram method). This criterion can be
considered the most practical as it reflects the ratio between
the concentrations of all gases in a given sample.

3. Number of recognisable defects.

Most of the analysed methods allow recognition of 6-
7 most characteristic defect types. The greatest number of
defects are recognised by the graphic images method (13
defects) and the petal diagrams (14 defects). At the same
time, the least number of defects are recognized by the Key
Gas (4 defects), Dornenburg (3 defects) and Logarithmic
Nomogram (3 defects) methods. It is noteworthy that only
a few methods (SOU-N EE 46.501:2006, RD
153-34.0-46.302-00, Rogers Ratios method, Radar charts)
can diagnose a defect-free condition. In addition, only a few
methods can diagnose damage to the equipment's solid
insulation, that is, cellulose degradation. These methods
include the Heptagon graph, the Key Gas method, and
Duval Triangles and Pentagons. Also, not all methods and
standards implement the recognition of combined defects.
This includes only half of the ones considered. Among the
analytical methods, the recognition of combined defects is
implemented only in the standards used in the Russian
Federation and the MSS methodology. Among graphical
methods, recognition of such defects is possible using
Duval Triangle, ETRA methos, method of graphic areas,
Radar charts and Heptagon graph.

Conclusions. Based on an analysis of known methods
for interpreting DGA results, it is found that all methods
considered can be divided into:

1. By diagnosis type. All methods considered,
according to the type of diagnosis, can be divided into two
groups. The first group includes all methods, in which
defect identification is performed by analytical calculations
of the required values and their comparison with the values
regulated in the standards and methods under
consideration. The second group includes methods in
which the type of defect is determined graphically rather
than by calculation and logic.

2. According to the diagnostic criterion used, all the
methods considered can be divided into methods that use
values of either gas concentrations, gas pair ratios or gas
percentages.

3. By the number of recognisable defects. Most of the
analysed methods allow recognition of 6-7 most
characteristic defect types. The graphical images method
and the Radar charts can recognise the greatest number of
defects. The Key Gas, Dornenburg and logarithmic
nomogram methods recognise the smallest number of
defects. Furthermore, only a few methods allow for the
diagnosis of defect-free condition and/or solid insulation
damage as well as the detection of combined defects.
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The results show significant differences in the criteria

and norms used by different standards and author's methods

to

determine the type of defect based on DGA results.

Obviously, these differences can lead to different diagnoses
for the same data. Thus, it is of practical interest to improve
methods for interpreting DGA results.
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