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ANALYSIS OF FACTORS INFLUENCING THE INTENSITY OF TRANSFORMER OIL AGEING IN
LONG-TERM OPERATION

The results of the analysis of influence of operational factors and peculiarities of transformer design on intensity of oxidative reactions of transformer
oils in the tanks of 110 kV high-voltage power transformers are presented. As a result of two-way analysis of variance it was found that with increasing
operating time there is a statistically significant increase in the value of the organic acid content in the oil. At the same time the rate of increase in the
organic acids content in the transformer oil, operated under different conditions, significantly differs, which indicates a significant influence of operating
conditions on the intensity of oxidative reactions. The results of two-way analysis of variance also show that the effects of changes in factor levels are
not additive, that is, the effect of a change in the level of influence of one factor leads to a change in the effect of the level of influence of another. In
other words, the process of oil oxidation is cumulative and a certain level of organic acids in the oil can be achieved either over a longer period of
operation, but with relatively 'light' operating conditions, or over a shorter period of time, but with more 'heavy' operating conditions. In order to determine
the factors most affecting the intensity of oxidative reactions, an analysis of the quality of filled oil, operating time, the influence of the region, the
influence of the type and nominal characteristics of transformers on 6 data sets with identical rates of oxidative reactions was carried out. The results of
the analysis show that the intensity of oxidation reactions is strongly influenced by the operating time, the transformer loading factors, the consumer
composition (region of Ukraine) as well as the type and quality of oils. At the same time, factors such as rated capacity, type of transformer, number of
windings, and the value of rated voltage on the medium and low voltage windings do not influence the intensity of oxidation of oils. The results obtained
allow the correction of the maximum permissible values of oil acidity, taking into account the factors affecting the intensity of oxidation of oils.

Keywords: high-voltage transformers, transformer oil, ageing intensity, acidity, two-way analysis of variance, operating time, transformer
loading, oil quality, Ukraine region, rated capacity, transformer type, number of windings.

C.I'. IIOHOMAPEHKO

AHAJII3 ®AKTOPIB, II1O BINIMBAIOTh HA IHTEHCHUBHICTb CTAPIHHSA
TPAHC®OPMATOPHUX MACEJ B YMOBAX TPUBAJIOI EKCILTYATAIIIT

HaBeneHo pe3ysbTaTi aHawi3y BIUIMBY eKCIUTyaTaliitHuX (HakTopiB i 0COOIMBOCTEH KOHCTPYKTHBHOIO BUKOHAHHS TPAaHC()OPMATOPIB HA IHTCHCUBHICTH
OKHCITIOBAIBHUX peakiiii TpaHchopMaTopHUX Macen y 0akaX BHCOKOBOJIBTHHX CHIIOBHX TpaHcdopmaropiB Hampyrowoo 110 kB. 3a pesymsraTamu
J1BO)aKTOPHOTO AMCIEPCIHOTO aHalli3y BCTAHOBIIEHO, IO 3 POCTOM TPUBAJIOCTI KCITyaTallii Ma€ MiCIle CTATHCTHYHO 3HAYYIIE 3POCTAHHS 3HAYCHHS
BMICTY B MacJli OpraHiuHUX KUCJIOT. IIpy 1bOMy IIBUJKICTB 301IBIICHHS BMICTY OPraHi4HHX KUCJIOT B Macil TpaHC(OPMATOPIB, 110 EKCILTYaTyIOThCS B
PI3HUX yMOBaX, iICTOTHO BigPIi3HAETHCS, UIO CBIAYUTH PO 3HAYHUIT BIUIMB YMOB €KCILTyaTallii Ha IHTEHCHBHICTh OKHCITIOBAJIBbHUX peakiiil. Takox 3a
pe3ynbTaTaMH JBO(GAKTOPHOIO AUCIIEPCIIfHOTrO aHaii3y BCTAHOBIICHO, IO e(eKTH 3MiHH PiBHIB ()akTOpiB HE € aAUTUBHUMHY, TOOTO €eKT Bix 3MiHH
piBHSI BIUIMBY OAHOro (hakTopa NMPHBOAUTH A0 3MiHM e€(eKTy Bif piBHS BIUIMBY iHIIOrO. [HIIMMM CIIOBaMH, IPOLEC OKUCICHHS Macel HOCHTb
KYMYJISITUBHHH XapakTep NMpH LbOMY IE€BHHH PiBeHb BMICTYy B Maclli OPraHi4YHUX KUCIOT MOXe OYTH JOCATHYTHH a0o 3a OinbII TPUBAJIUHA mepioxn
eKCIUTyaTarlii, ane 3 BiJJHOCHO «JIETKUMI» YyMOBAMHU €KCILTyararlii, abo 3a OimbIl KOpPOTKHH MPOMIKOK Hacy, aie 3 OifbIle «BaKKMMH» YMOBaMH
ekcrutyarartii. J{yns BusHaueHHs (akTopiB, sKi HAWO1IbIIE BILUIMBAIOTH HA IHTEHCUBHICTh OKHMCIIIOBAJIbHUX peaKLiii OyB BUKOHAHUI aHai3 IKOCTI Maca,
110 3AJTHBAETHCS, TPHBAJIOCTI EKCILTyaTallii, BIUTMBY PETiOHy Ta BIUTHBY THUILY | HOMiHAIBHUX XapaKTEPUCTHK TPAaHC(HOPMATOPIB MO 6 MACHBAM JaHHX 3
IIEHTHYHOI0 IIBHIKICTIO OKHCIIOBAIBHUX pEakKIii. 3a pe3ylbTaTaMH aHali3y BCTAaHOBJIEHO, IO Ha IHTEHCHBHICTh OKHCIIOBAJIBHHUX pEaKIliit
HaOUIBIINI BIUTMB MAOTh TPUBATICTh €KCILTyaTallii, 3Ha4eHHs Koe(illieHTiB 3aBaHTa)KeHHs TpaHC(opMaTOpiB, CKIIaJ] COXKMBaYiB (perion Ykpainu),
a TaKOX COPT i AKICTh Maced. Y TOH ke yac Taki (akTopH SK-OT HOMiHaJIbHA MOTY)KHICTh, TUN TpaHc(opmaTopa, KUIBKICTh 0OMOTOK 1 3HaYeHHs
HOMIiHaJIbHOI HANpyrH Ha OOMOTKaxX cepemHbol i HM3BKOI HANpyrH He BIUIMBAIOTh Ha IHTEHCHBHICTH OKHCIEHHS Macen. OTpHMaHi pe3yibTaTH
JI03BOJISIIOTh BUKOHATH KOPHI'YBaHHS I'PAHUYHO-OMYCTUMUX 3HAYCHb KHCIOTHOCTI Macel 3 ypaxyBaHHSIM (DakTopiB, I10 BIUIMBAIOTh HA IHTCHCHUBHICTH
OKHCJICHHS Macell.

Ki04oBi cj10Ba: BHCOKOBOJIBTHI TpaHC(OPMATOPH, TpaHC(OPMATOPHE MACIO, IHTEHCHBHICTH CTapiHHS, KHUCIOTHE YHCIO, NBO(AKTOPHUH
JICTIEPCIfHUI aHAI3, TPUBATICTh EKCIUTyaTallii, 3aBaHTAXCHHs TPaHC(HOPMATOPIB, SKICTh Macia, PerioH YKpaiHH, HOMiHAIbHA MOTYXHICTb, THII
TpaHchopMaTopa, KibKiCTh OOMOTOK.

C.I'. IOHOMAPEHKO

AHAJIN3 ®AKTOPOB BJIUAIOIUX HA UHTEHCUBHOCTb CTAPEHUA
TPAHC®OPMATOPHBIX MACEJ B YCJIOBUAX JUIATEJBHOM SKCILUIYATAIIAA

INpuBeneHs! pe3ynbTaThl aHAIN3a BIMSHUS JKCILTYyaTaMOHHBIX (DAKTOPOB M OCOOEHHOCTEH KOHCTPYKTHBHOTO HCIOIHEHHUS TpaHC()OPMATOPOB Ha
HMHTEHCHBHOCTD OKHCIIMTEIBHBIX PeakIMil TpaHC(OPMATOPHBIX Maceld B 0akax BBEICOKOBOJIBTHBIX CHIIOBBIX TpaHc(opMaTopoB HampspkenueM 110 kB.
ITo pesympTaTaM IBYX(paKTOPHOIO AUCHEPCHOHHOTO AHAIN3a YCTAHOBIEHO, YTO C POCTOM IIPOAODKUTENBHOCTU OKCIUIyaTallHd HMEET MeCTO
CTaTHCTUYECKH 3HAYMMBIA POCT 3HAYEHUS COACPHKAHUS B MaciIe OPraHUIECKUX KHUCIOT. [IpH 3TOM CKOpPOCTh yBEIHYEHHS COICPIKAHUS OpPraHUIEeCKHX
KHCIIOT B Macje TPaHc(opMaTopoB, SKCILTYaTHPYIOIIUXCS B PA3INYHBIX YCIOBHUSX, CYIIECTBEHHO OTIMYAETCS, YTO CBUICTEIBCTBYET O 3HAUMMOM
BJIMSIHUM YCJIOBUH DKCIUTyaTallud Ha HHTEHCHBHOCTb OKHCIIHTEIbHBIX peaknuid. Taioke Mo pesynbTaTaM ABYX(aKTOPHOTO JHCIIEPCHOHHOTO aHAIH3a
YCTaHOBIICHO, YTO 3((eKTH H3MEHEHHs ypoBHEll (aKTOpPOB He ABISIOTCS aAAUTHBHBIMHE, TO €CTh 3(P(HEKT OT U3MEHEHHUsI yPOBHS BO3JEHCTBHS OIXHOTO
(haxTopa IPHUBOAUT K M3MEHEHHIO d((eKTa OT YPOBHS BO3ACHCTBHUS Apyroro. MHBIMHU clI0BaMH, NPOIECC OKHCICHUS Macel HOCHT KyMYJISITHBHBIN
XapakTep IPH 3TOM OIPEIeICHHBII YPOBEHb COAEPKAHMSI B MaclIe OPraHUIECKUX KHCJIOT MOXKET ObITh JOCTUTHYT JIHOO 3a Ooliee IPOAOIKUTENbHBIN
MePHOJ HKCIUIyaTal[HU, HO ¢ OTHOCHTEIBHO «JIETKUMI» YCIOBUSIMH KCIUIyaTallly, THO0 3a Oonee KOPOTKHI MPOMEXYTOK BpeMeHH, HO ¢ OonbInee
«TSDKEJBIMHMY» YCIIOBUSIMH 9KCIUTyaTauuu. J[ns ompezneneHus (akTopoB, Haubolee BIMAIONMX HA WHTCHCUBHOCTH OKHCIUTENBHBIX PEaKIMil ObUT
BBITIOJIHEH aHAJIN3 KAauecTBa 3aJHBAEMOr0O Macia, JIHTENbHOCTH AKCIUIyaTallld, BIUSHHE PETHOHA, BIMSHUE THIA U HOMUHAIBHBIX XapaKTEPHCTHK
TpaHchOpPMATOPOB MO 6 MACCHBAM JAaHHBIX C UACHTHYHOH CKOPOCTBIO OKHUCIMTENbHBIX peaknuil. Ilo pesynpTraraM aHanmu3a YCTaHOBIICHO, YTO Ha
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MHTEHCHBHOCTb OKHCIINTEIBHBIX PEaKINii HanOobIIee BIMAHUE OKa3bIBAIOT MPOIOJDKUTENBHOCTD SKCILTyaTalllH, 3HaYeHHE KO3 PULIHEHTOB 3arpy3KH
TpaHc(hOpPMATOPOB, COCTaB MOTpeduTeneil (perHoH YKpauHBI), a TaKXKe COpPT M KauecTBO Macel. B Toxe BpeMs Takue (akTOpbl KaK HOMHHAIbHAsS
MOIIHOCTb, THIT TpaHC(OPMATOpa, KOIMYECTBO OOMOTOK M 3HAUYCHHS HOMUHAJIBHOTO HAIPSDKEHHUs Ha 0OMOTKAX CPEIHEro M HU3KOIO HANpSIKEHUs HE
BJIUSIOT HA HHTEHCUBHOCTBH OKHCJIEHUs Macell. IlomydeHHble pe3yabTaThl II03BOJIAIOT BBIIOIHUT KOPPEKTHPOBKY MpPeeIbHO-I0IyCTUMbIX 3HAUEHUH
KHCIIOTHOCTH Macel ¢ y4eToM (haKTOPOB, BIUSIOMNX HA HHTEHCHBHOCTh OKUCIICHUS Macell.

KuroueBbie ciioBa:

BBICOKOBOJIbTHBIE TPaHC(OPMATOPbI, TPAHC(OPMATOPHOE MACIO, HHTCHCHBHOCTb CTAPEHHs, KHCIOTHOE YMCIIO,

JBYX(DaKTOPHBIA JUCIIEPCHOHHBIA aHAIIM3, HPOJOIDKUTEIBHOCTh JKCIUTyaTalluu, 3arpy3ka TpaHc(opMaTopoB, KaueCTBO MAacia, PErHOH YKpPauHbI,

HOMHWHaAJIbHAsA MOITHOCTB, THIT TpaHC(bopMaTopa, KOJIMYECTBO OOMOTOK.

Introduction. The operational reliability of high-
voltage power transformers, as one of the most critical and
costly elements of electrical networks, is determined by the
reliability of its individual components: windings,
magnetic core, high-voltage bushings, on-load tap
changers, cooling system, etc. Transformer oil is one of the
most important elements in the insulation of high-voltage
transformers, which largely ensures their uninterrupted
operation. The ageing of transformer oils during operation
leads to deterioration of their insulating properties due to
changes in their chemical structure. It is obvious that the
intensity of oil ageing in different transformers will be
different and is determined by the influence of a number of
different factors, starting from operating modes of
electrical networks and ending with the design of
transformers. Improvement of diagnostic methods of
transformer oils is fundamentally impossible without
taking into account the regularities of transformer oil
ageing in terms of long-term operation and analysis of the
influence of operational factors on the speed of oil ageing.
In this regard, the study of transformer oil ageing processes
under conditions of real operating conditions during long-
term operation is an urgent and important task. In this paper
the results of analysis of factors influencing the intensity of
oil ageing under conditions of long-term operation are
given.

Publication analysis. At present, the kinetics of oil
ageing is sufficiently well studied and described in the
literature. In [1-3] it was found that the oxidation of
transformer oils occurs by a chain mechanism. The main
ageing factor is the interaction of free air oxygen with
hydrocarbons contained in the oils. Operating oil
temperature, electric field strength, moisture, as well as
some structural materials are factors that accelerate the
aging process. It should be noted that research into the
ageing process of oils is continuing now. For example, in
[4] an experimental study was carried out to assess the
correlation between water content and insulating
characteristics of oils, in particular breakdown voltage,
resistivity and dielectric dissipation factor. An
experimental study of new and reclaimed in-service
transformer oil was carried out in [5]. A comparative study
found that the reclaimed transformer oil in service is
unstable and more susceptible to thermal aging processes
than the new one. It has been demonstrated in [6] that
annual oil sampling may not be sufficient to monitor
moisture content, which can lead to misdiagnosis. A liquid
quality index (LQI), which is determined by moisture
content analysis, has been proposed to assess the condition
of transformer oils. In [7] statistical data on the effect of oil-
impregnated paper wear on transformer oil is presented.
The correlation between the indicators of interfacial tension
(IFT), acidity and colour with the conditions of ageing of

transformer paper was revealed. In [8] the results of an
analysis of the influence of transformer load-dependent
operating temperature on the intensity of oil ageing are
given. It was found that an increase in transformer load
from 10 to 50% leads to a 3.5 times increase in organic
acids after 25 years of operation. In [9] a linear regression
method is applied to analyse the characteristics of
transformer oils with an operating time of up to 30 years
and a loading rate of 9-80%. It is shown that the oil in
transformers with a higher load factor wears out faster,
especially the increase in acidity and colour change.
Regression and classification models based on machine
learning are used in [10] to test the correlation between
transformer oil IFT values and other oil test results, namely
breakdown voltage, acidity, colour, dissipation factor and
moisture content. Experimental results show that both
acidity and colour have the highest correlation with IFT. In
[11], a multiple linear regression model was proposed to
estimate the degree of oil ageing from a set of diagnostic
indicators. In [12] the trajectory method was used to assess
the condition of transformer oils. However, despite a
sufficient amount of research, the influence of operating
conditions and design features of transformers are not
sufficiently covered, which is the reason for this paper.

Research purpose. In this article, the influence of
operating factors on the intensity of transformer oil ageing
is evaluated by analysing the results of in-service
inspection.

Problem solving method. The results of periodic
tests of transformer oils condition for 249 transformers of
110 kV from 6 regions of Ukraine were used as the initial
data for the analysis. Both the results of control of physical
and chemical parameters of oils and the results of
chromatographic analysis of gases dissolved in oil were
analysed. Totally, the results of tests on 20 indicators
characterizing change of insulating properties of oils at an
interval up to 50 years of operation were analysed. These
results were entered into the database of information and
analytical system "SIRENA" [13], in the medium of which
this analysis was performed. For convenience of analysis,
groups of indicators with the same drift rate were formed
according to the statistical processing procedure proposed
in [14, 15]. Such groups (M-1...M-6) are graphically
illustrated in Fig. 1, which shows the dependences of the
acidity of transformer oils on the duration of operation.

The first stage of the study tested how the rates of acid
number drift differed between the 6 groups. Since it is
assumed that the values of the indicators change not only
over time, but also between groups, a mathematical model
of cross-sectional two-way analysis of variance (ANOVA)
[16] was used to test for differences in the ageing rate. In
this case, the factor of operating time was placed on the
rows and the factor of the group on the columns. Given the
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non-linear nature of oil indicators dependence on the
operating time [17], the data were divided by rows, taking
into account the induction and acceleration period, which
are different for the analysed arrays. It is assumed that the
number of observations in each cell is the same and equal
to m.
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0.32 1 ®
®e o®
0.28 1 + HH— KK
+ T ® $oo .&.
20 0.24 ® ® M-1
=
S 021 P = AM-2
o M-3
g 0.16 1
= B M-4
§ 0.12 A X M-5
< 0.08 +M-6
0.04
0 1 t, years

10 15 20 25 30 35 40 45 50
Figure 1 — Dependence of the acidity on operating time for 6
groups of transformers with the same ageing rate

If the effects of changes in factor levels are additive,
that is, the difference in mathematical expectations between
any two levels of one factor is the same for any levels of
the other, then a variance-components model can be
represented as a linear equation [16]:

Yip = Ut DtV t € @

where y;,. is the value of the oil quality indicator;

w is the overall mean;

p; is the average deviation relative to u for the i-th
level of the first factor;

y; is the average deviation relative to u for the j- th
level of the second factor;

&;jr is a residual random variable,

i is the level of the first factor;

j is the level of the second factor; the order of
occurrence of one of the m; observations for the
combination of the i-th level of the first factor with the j-th
level of the second factor.

If the effects are non-additive, it is necessary to
introduce a component into the model (1) that characterises
the interaction between the factors. Then equation (1) will
take the form:

@

where (py);; is the component describing the interaction
between the factors.
The expression for the total squariance for model (2)

iii@fw=kwi@—ﬁ+

i=1j=1r=1

Yijr =1+ pi+v; +(0V)ij

is:
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Whence total squariance is:
Qrotal = Qa + Qp + Qup + 0, (4)

where Q4 = k-m- X, (¥, — y)z is the sum of squared
deviations, describing the scatter of the mean across rows
relative to the overall mean;

Q=n-m-Xr, (¥, - y)z is the squariance
between columns, characterising the scatter of the mean
across columns;

Qup = m‘Z?:lZ?:l (yij _yi _yj +y) the
sum of squared deviations characterising the mutual
influence effect;

Q=Y TE I (3, —Y)? is the sum  of
squared deviations within a series, describing the scatter of
individual observations in the series relative to the series
mean, due to the influence of random variables alone.

The hypothesis of the significance of the influence of
factors and their interactions was tested using Fisher's test.
To do this, first the mean square estimates were found —
total (5), interlinear (6), between-column (7), interactions
(8) and residual (9).

2 -
Is

2 Qtotal

Stotal =m=0§+%2+0§+0§3: ®)
Sj=nQ_A1=a§+k-m-aj+m-ajg; (6)
S§=%=a§+n-m-a§+m-ajg; (7)
S2y —%=a§+m-@ﬁ;; (8)

e = ©)

The F-criterion values were calculated as the ratio of
the corresponding mean squares to the residual mean
square:

F —UAZ
', = .
o2’

F _03
B = ;
o2’

2
04

FAB = _0_2 . (10)

&

The hypothesis of no influence of a factor or
interaction effect was not rejected if the calculated
F-criterion was less than the table value, with
corresponding freedom degrees values and significance
level a = 0.05.
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Two-way ANOVA was performed using the "DDA"
software [18] integrated in the information and analytical
system "SIRENA". The values of the variance
decomposition totals as well as the calculated and critical

e  TDTNG isthe lightning proof three-phase three-
winding transformer with ONAF cooling and OLTC;

Table 2 — Characteristics of groups of transformers with the
same acidity drift rate

F-criterion  values obtained from the variance
decomposition for the groups of acidity are shown in Array Data array
Table 1. characteristics [ M-1 | M-2 | M-3 | M-4 [ M-5 [ M-6
Table 1 — Two-way ANOVA results Indicator value at time of oil filling, mg KOH/g
Maximum 0.049]0.043|0.027|0.009|0.028|0.049
F-criterions Average 0.020]0.019(0.018|0.004|0.017|0.040
K Variance decomposition totals (calt_:qlated/ Minimum 0.010/0.003(0.010/0.001|0.010(0.030
critical) Average time for
Qtotal QA QB QAB Qres. F. Fs F.s the indicator to
o5 10.8311022310435] 0.14 10,033 1193 | 2905 [187.4] |reach the limit| >41(30-78) = | — | 733|449
' ' ' ' ' 2.23 | 2.39 |1.59 value, years
Distribution of transformers by service life, %

For all the oil quality indicators analysed, the up to 10 years 0 0 15 | 6 0 0
calculated F-criterion values are significantly higher than 10 to 20 years 21 | 35 | 52 | 63 | 25 | 0O
the table values. This means that the drift rates of the 20 t0 30 years 31 | 35 | 30 | 31 | 50 0
indicators differ significantly between the groups. 30 to 40 years 35 | 27 3 0 0 33

From this, the following conclusions can be drawn: over 40 years 13 3 0 0 o | 67

1. Significant exceeding of the calculated Fa Distribution of transformers by region, %
criterion limit values indicates that there is a drift in the Donetsk 3 1 16 3 6 ‘25 3
values of the oil indicators over time, which means that oil Crimea 0 5 9 19 0 0
ageing processes are taking place.

2. Significant exceeding of the calculated Fg Lugansk 49 | 24 3 a4 | 75 | 67
criterion limit values indicates that the drift rates of the ol |[Poltava > | 8 10161010
values differ between the groups, which means that the sumy 8 > 0 |20 0
transformers in the different groups have been operated Khark_lv _ 15 | 42 | 8 0 0 0
under different conditions; Distribution of transformers by rated capacity, %

3. Significant exceeding of the calculated Fas |10 MBA 0 | 0 0] 6 |00
criterion limit values indicates that he effects of changes in 16 MBA 2 8 3 |13, 0 0
factor levels are non-additive, meaning that the effect of a 20 MBA 6 8 0 0 0 0
change in the exposure level of one factor leads to a change 25 MBA 33 | 22 | 58 | 31 0 0
in the effect of the exposure level of another. 32 MBA 33 | 16 6 25 | 25 0

Results analysis. The different oil ageing rate 40 MBA 22 | 46 | 33 | 19 | 25 | 67
between the groups of indicators is primarily due to 63 MBA 4 0 0 6 50 | 33
different transformer loads [8, 9]. However, it is of interest Distribution of transformers by type, %
to analyse the influence of other factors as well. Therefore, TDN 6 2 3 6 0 0
the quality of the filled oil, the operating time, the influence TMN 0 0 0 6 0 0
of the region, the influence of transformer type and rated TDNG 22 6 3 6 50 0
characteristics on the oil ageing rate were analysed. Table TRDN 24 | 39 | 27 | 25 | 0 | 33
2 shows the main characteristics of transformers, which are TDTN 24 | 39 | 61 | 44 | 50 | 33
included in the groups M-1 to M-6 for the acidity of TDTNG 2 10 6 13 0 34
transformer oils. The analysis of the data in Table 2 allows Foreign-made 0 4 0 0 0 0
drawing a number of conclusions about the significance of Distribution of transformers by rated voltage, %
the influence of the following factors on the oil ageing rate. 110/6 kv 57 1 29 | 21 | 38 0 . 33
_ The following types of transformers are abbreviated 110/10 KV 3 50 | 12 5 0 0
Inthe Table 2: o [110/10/6 KV 4 |4 21| 0 0o

e TDN is the three-phase transformer with Oil 110/35/6 KV 23 21 1 20 | 25 | 75 | 3a
Natural Air Forced (ONAF) cooling and on-load tap-
changer (OLTC); 110/35/10 kV 18 6 6 31 | 25 | 33

e TMN is the three-phase transformer with Oil
Natural Air Natural (ONAN) cooling and (OLTC);

e TDNG is the lightning proof three-phase
transformer with ONAF cooling and OLTC;

e TRDN is the three-phase
transformer with ONAF cooling and OLTC;

e TDTN is the three-phase
transformer with ONAF cooling and OLTC;

split-winding

three-winding

Influence of the quality of the filled oil. As can be
seen from Table 2, the values of the acidity at the time of
filling the transformer tank fluctuate within a fairly wide
range. The lowest values of the acidity are found in the M-4
group. This group also has the lowest oxidation rate
(Fig. 1). The maximum values of the acidity were observed
in group M-6 (maximum oxidation rate). For the other
groups of transformers the acidity at the time of filling has
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intermediate values. The influence of oil quality on the
ageing rate can be explained by the increase in the number
of free radicals in the oil with the worst quality (in this case
with an increased value of the acidity), which leads to an
increased intensity of oxidation reactions.

Influence of the operating time. The acidity groups
with the highest oxidation rates (M-1, M-5 and M-6)
mainly consist of transformers with more than 30 years of
operating time, while the groups with the lowest oxidation
rates (M-3 and M-4) contain the highest percentage of
transformers with up to 20 years of operating time. On the
one hand, this shows the influence of transformer load on
the oxidation intensity (because oil temperature will largely
depend on load losses and transformer load before 1990
was much higher than after 1990). On the other hand,
operating time is also an important factor, as insulation
ageing also occurs at low temperatures, but with less
intensity (the effects of changing factor levels are not
additive).

Influence of the region. When analysing the
distribution of transformers from different regions of
Ukraine into groups, one cannot but notice that the groups
with the highest ageing intensity (M-1, M-5 and M-6)
consist mainly of transformers in operation in Donetsk and
Luhansk regions. This is most likely due to the
predominance of industrial consumers in the load of these
transformers, and hence the harsher temperature conditions
of their operation.

Influence of the rated capacity. As would be
expected, the rated capacity of transformers has no
influence on the oil ageing intensity. The relevant factor is
not the rated capacity of the transformers, but how many
percent of the rated capacity the transformer in question has
been loaded over the entire service interval. This fact is
clearly illustrated in Fig. 2, which shows the dependence of
the acidity on the operating time for transformers with a
rated capacity of 25 MVA (curve 1) and 40 MVA (curve 2)
of the same rated voltage, installed in different substations
in the Kharkiv region.
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Figure 2 — Dependence of the acidity on the operating time for 2
transformers of different rated capacity and the same rated
voltage, installed in different substations in the Kharkiv region

As can be seen from the figure, the oil ageing rate of
the transformer indicated by curve 1 is higher than that of
the transformer indicated by curve 2, despite the fact that
the latter has a higher rated capacity. This is due to the fact

that the average load of the first transformer was 35.2 %
and that of the second transformer was 16.2 %.

Influence of transformer types and rated voltages.
By analysing the data in Table 2. it is easy to see that neither
the transformer type, nor the voltages of the medium and
low voltage windings have a significant influence on the oil
ageing rate. As in the case of transformer rated capacity, a
decisive factor in the intensity of oil ageing is the
transformer load. Transformers of the same type, with the
same voltage on the medium and low voltage sides, have
different ageing rates at different loading factors (Fig. 3).
Thus, two transformers of the same type, with 40 MVA and
110/35/6 KV, installed in the neighbourhood of the same
substation, have an average load of 39 % and 11 %, which
results in different oxidation rates at the same types and
rated voltages of these transformers. At the same time, the
oil ageing rate for transformers of different types, but with
the same load, is almost identical (Fig. 4). The loads of 2
transformers of different types, installed in the
neighbourhood of the same substation, are approximately
the same — 52 % and 54 % respectively, which results in
approximately the same ageing rate for the different types
of transformers.
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Figure 4 — Dependence of the acidity on the operating time for 2
transformers of different types installed in the neighbourhood of
the same substation

Conclusions. Under long-term operating conditions
the ageing of transformer oils in the tanks of power high-
voltage transformers proceeds with different speeds. As a
result the drift rate of quality indicators of transformer oils
significantly differs. The main factors influencing the
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intensity of oil ageing are transformer loading, operating
time and oil quality. The rated power, type and rated
voltages on medium and low voltage transformer windings
have been found to have no significant influence on the
intensity of oxidation reactions. The results obtained allow
the correction of the maximum permissible values of oil
acidity, taking into account the factors affecting the
intensity of oxidation of oils.
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