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Abstract — This paper presents the overview of methods for
prediction of remaining service life of power transformers and
the analysis of possibility to apply these methods to transformers
in power system in Latvia. Particular attention is paid to the
methodology for the analysis of transformer components since
due to statistical data of faults this issue is topical for
transformers in Latvia. Calculations, performed for 4 power
transformers, are presented as a case study.
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1. INTRODUCTION

Lifetime data analysis of power transformer is important for
a cost efficient and risk minimized maintenance process.
Common maintenance strategies of electrical equipment can
be subdivided into two basic approaches:

- Unplanned maintenance that relies on no-failure
operation of electrical equipment throughout its rated
service life;

- Planned maintenance that requires performing diagnostic
tests to gather data for assessment of technical condition.

Since power transformers are major equipment of
substations, and their reliability affects the reliability of power
system maintenance electric energy availability of the supplied
area their maintenance is planned, often using several
techniques in combination [1].

Condition based maintenance (CBM) uses diagnostics to
monitor and to evaluate condition of power transformer
continuously or intermittently during operation. As its name
implies, CBM is triggered by actual electrical equipment
condition rather than a predetermined interval of time as in
time based maintenance (TBM).

A critical part of developing and implementing effective
diagnostic and prognostic technologies such as risk centered
maintenance (RCM) and prognostic and health management
(PHM) is based on the ability to detect faults in early enough
stages to have time for doing something useful with the
information.

Prediction of a fault and remaining service life (the
operating time between fault detection and an unacceptable
level of degradation) is the most important information for
maintenance engineering group to avoid system outages.

Remaining service life of the transformer is determined
through at least one of the factors mentioned below:

- Degree of polymerization of paper insulation decreases to

200 - 250;
- Irreversible faults in construction;

- Use of transformer with inadequate technical and
economic characteristics [2].

The related literature describes various different methods
that allow estimating remaining service life of the transformer.
However it has to be noted that development of such
prediction for power transformer requires direct cooperation
with diagnostics, which provides information on faults.

Therefore, the main objective of this paper is to analyze
methods for determining remaining lifetime, considering the
aspect whether information provided by diagnostic tests used
for power transformers in Latvia is sufficient.

II. AN OVERVIEW AND PRACTICAL APPLICATION OF
APPROACHES OF REMAINING SERVICE LIFE PREDICTION

A. Direct Evaluation of Degree of Polymerization of Paper
Insulation

Remaining resource of the transformer can be evaluated
basing on the changes in the degree of polymerization (DP) of
paper insulation, since DP correlates with mechanical strength
and other physical properties.
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Fig. 1. Coefficient K as a function of temperature and oxidation of paper
insulation.

The remaining resource L, of the transformer can be
determined by formula (1):
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where K is empirical coefficient of ageing that depends on
temperature and condition of paper insulation (Fig. 1); DP, -
value of DP of the transformer that has worked for ¢ hours;
DP;, - value of DP at the end of the transformer's life time [2].

This method was applied to estimate the remaining lifetime
of the transformer TCG 200000/330 that has been put into
operation in 1966. Measured value of DP; is 908 for this
transformer. Yet the value of coefficient K has to be read off
the chart from. Reading is performed at normal operational
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temperature (80°C), but at different conditions of paper
insulation. If the condition of insulation is stated as
“dry” K=1.5-10", and K =2-10"% for “oxidized” paper
insulation. Consequently the values of L,.,, are not equal:

1 1
(7 —
reml = Lg(;g = 2596694 ~ 30years, (2
1.5-10°
o
rem2 = 2201 9808 =194751h = 22 years. 3

Another significant deficiency of evaluating the remaining
resource through degree of polymerization is necessity to open
transformer tank in order to measure DP in the hottest areas of
solid insulation.

B. Indirect Evaluation of Degree of Polymerization of
Paper Insulation Based on Furfural Analysis

Furan compounds appear in oil during degradation process
of solid insulation, and can be measured by taking oil sample
(does not require opening a transformer). Various methods
have been developed to express by a formula the relation
between furans and DP. Four of them are analyzed in this
paper:

- Chendong method,

- Stebbins method,

- De Pablo method,

- Pahlavanpour method.

The Chendong method proposes formula (4) that was
developed for transformers without thermally—upgraded paper

_log,[2-F4L,, ]-1.51
B —0.0035 '

DpP

“)

But modified equation (5), called Stebbins method, was
designated for thermally upgraded paper [3]:

_log,(2-FAL,, -0.88)-4.51

bp —0.0035 2
The De Pablo method proposes empirical equation (6):
_ 7100
s8+-FaL,, | ©

Formula (7) of the Pahlavanpour method is based on an
assumption that 20% of winding paper and their inner paper
layer degrade twice as fast as rest of the paper [4]

800 )
(0.186- 2~ FaL,,, ) +1°

After determining the DP value it is possible to determine
the remaining lifetime of the transformer by formula (8):

124

[log,o(DP) —2.903]
-0.006021

%LifeUsed = (S)

The performance time of the transformer can be estimated
by following formula (9) [5]:

1100
} ©)

Elapsed life (in years) =20.5-In| —— | .
psed life (in years) {DP

All four methods were applied on transformer T1
(OLF 25000/110, in operation since 2000) and transformer T2
(TCG 200000/330, in operation since 1966) with following
furan values:

- T1: 2-FAL,, = 0.30;
- T2: 2-FAL,,, = 0.16.
TABLE
THE RESULTS OF PRACTICAL IMPLEMENTATION
by Chendong by Stebbins by De Pablo | by Pahlavanpour
T1 T2 T1 T2 T1 T2 T1 T2

DP 581 659 597 675 780 792 758 777

(8) 23 14 21 12 2 1 4 2

9) 13 11 13 10 7 7 8 7

Value of %LifeUsed that is calculated by formula (8)
approximately corresponds to actual service life for the
transformer T1. However, after analyzing the results of the
transformer T2, such conclusion can not be drawn. Acquired
results indicate that the transformer T2 is in good technical
condition and has not used up its resource. Yet in practice the
transformer T2 is planned to be replaced since diagnostic tests
show inadmissible level of vibrations and partial discharges.

C. Hot Spot Temperature

Arrhenius method is based on the concept that temperature
is the only ageing parameter. According to this model,
transformer ageing is dictated by the ageing of the most
thermally stressed location i.e. hot spot. This model is given
by formula (10):

L0L=100-At~10{A+®+273}’ (10)

where LoL - loss of life, %; 4 and B - constants which based
on testing and reaction conditions; ® - hot spot
temperature, °C; and At - transformer operating time (in
hours), with hot spot temperature of © [6].

The disadvantage of this method lies on the fact that such
relevant ageing factors as humidity and oxidation are not
considered; furthermore precise measuring of hot spot
temperature is difficult.

D. Analysis of Maintenance Data of a Transformer

Insulation is significant component in power transformer,
since the insulation practically determines remaining service
life. However, if the identified fault affects another relevant
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component, then the prediction of remaining service life also
must reflect this diagnosis.

Fig. 2 shows distribution of the faults depending on location
that is obtained by applying Nordel classification method of
faults [7] to statistical data on faults of power transformers in
Latvian transmission network. The diagram allows to
conclude that highest percentage of faults is related to tap
changer (53.6%), followed by bushings (14%) and cooling
system, including integrated automatics for cooling (8%).
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Fig. 2. Classification of faults (by Nordel method).

The Weibull distribution accurately describes the
distribution of data on service life of electrical equipment and
is particularly effective in prediction. It can provide
reasonably accurate analyse and prediction of failures with
few data points, and therefore facilitates cost-effective and
efficient component testing. Application of Weibull
distribution has proven to be successful also for power
transformers [8].

The three-parameter Weibull cumulative distribution
function, F(f), that predicts the cumulative probability of
failure up to a specific time, ¢, is mathematically expressed by
(11). The probability density function, f{(zf) which is a
derivative of the cumulative distribution function, is expressed
by formula (12 ):

F(t)=1- R (11)

=y \p
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where 7 — scale factor or characteristic life; f — shape
parameter or slope of Weibull plot; and ¢y — location parameter
or guarenteed life (¢, = 0 in a two-parameter Weibull) [9].

One way how to estimate parameters is a graphical method
(probability plotting). Probability plotting provides a visual
goodness—of—fit test. Before a probability plot can be
constructed, an estimate for the cumulative distribution
function F(f) is needed. The most common estimate is the
median rank. The median rank is a non-parametric estimate of

the cumulative distribution function based on ordered failures.
The expression for rank is (13)

i-03

_— 13
n+04 (13)

Median rank(t,) =

where i is the failure order and » is the total number of data
points, both edited and unedited.

Statistical data of two transformers from substations of
power transmission grid in Latvia were analyzed using the
Weibull calculations method.

The transformer T3 and the transformer T4 is in operation
since 1977 and 1971 accordingly. Since 2002 the majority of
the faults have been registered for the tap changer for these
transformers. Therefore two-parameter Weibull distribution
was used in order to determine service life of the tap changer.
Probability plotting in Fig. 3 was constructed by using median
rank method, the results of analysis are provided in Table II.
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Fig. 3 Weibull cumulative distribution functions for the tap changers of a)
transformer T3 and b) transformer T4.

TABLE II
RESULTS OF WEIBULL METHOD FOR THE TAP CHANGER
Transformer T3 | Transformer T4
p 6.5 6.5
n 31 34
Mean service life 30 33

The method allows evaluating the technical condition of the
component and its mean service life. The obtained results
show that risk of failure is high due to technical condition of
tap changer for both transformers.

III. RESULTS AND CONCLUSIONS

Methods of remaining service life prediction of power
transformers are not always suitable for practical use due to
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measuring dlfﬁculties Of SpeCIﬁc parameter or due to lack Of [4] T. K. Saha, “Review of Modern Diagnostic Techniques for Assessing

necessary information (as shown in Table IH) Insulation Condition in Aged Transformers”, IEEE Transactions on
y . Dielectrics and Electrical Insulation, Vol.10, No. 5; October 2003

TABLE III [5] H. A.Rosli. M. A. Talib, “Condition and life assessment of transformers
with specific application to power station transformers”, UNITEN ICEE,
MAIN DISADVANTAGES OF METHODS OF REMAINING LIFE PREDICTION 2006
4 - Requires opening transformer tank for determining [6] N. Sidwell Mtetwa, “Accuracy of furan analysis in estimating the degree
. ) value of DP; of polymerization in power transformers”, University of the
Direct evaluation | _ Involves the use of the empirical coefficient; Wl.twate.rsrand, Johannesburg, South Africa, 2009 o
of DP  Fails to analyze a single component of a transformer [7] Grid Disturbance Group (STORST), “Nordel’s Guidelines for the
- y. g p' . Classification of Grid Disturbances”, Nordel’s Operations Committee,
B - Discrepancy in formulas relating furans and DP; July 2008. [Online]. Available: www.entsoe.eu
Indirect - Fails to analyze a single component of a transformer. [8] R.Jongen, E.Gulski, P.Morshuis, J.Smit, Statistical Analysis of Power
evaluation of DP Transformer Component Life Time Data. The 8" International Power
- Relevant ageing factors are not considered; Engineering Conferenc;, Sin_gapore, 2007, pp. 1273_—1277_
C - Tnvolves the use of the empirical coefficients: [9] Wego W. Reverse Engineering. Technology of Reinvention. CRC Press
Hot spot ST P ’ Taylor & Francis Group. New York, 2011, pp. 227-234, 342 p
- Measuring is difficult;
temperature ; .
- Fails to analyze a single component of a transformer. Julija Badune received Bachelor’s degree
D - Requires statistical data from the beginning of the aqd Master’s degreg in e.lect.rical engineering at
Analysis of transformer operation that can not be obtained later on, Riga Tpchnlcal University m 2008 and 2010,
maintenance data | if not recorded in time. respectively. Currently she is a PhD student.
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The research based on statistical data about faults of power
transformers allows concluding that for power transformers in
Latvia the technical condition of the individual components
determines overall remaining service life at a large extent. Tap
changer, cooling system, and bushings are components with
the highest contribution of faults and in coming years such
faults can be expected repeatedly.

The research of scientific papers and practical case studies
of transformers T1, T2, T3, and T4 allows concluding that the
Weibull analysis method is the most suitable in such situation.
The necessary maintenance data of the transformer can be
obtained by using CBM strategy; also this method does not
require additional and complex diagnostic tests.
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Julija Badune, Sandra Vitolina, Vjaceslav Maskalonok. Lieljaudas transformatora un ta konstrukcijas elementu darbmiiZa prognozésanas metodes.
Transformatora defektu un atlikusa darbmuiza prognozesana ir butiska informacija transformatoru ekspluatacijas procesa, kas palidz izvairities no atslégumiem.
Saja raksta ir apskatitas Cetras atikirigas prognoze$anas metodes, kuras Jauj novértét transformatora atlikuso darbmiizu. Tomér jaatzimé, ka prognozesanas
metozu pielietoSana un to precizitate ir tiesi saistita ar transformatora diagnostiku, kura sniedz informaciju par transformatora defektiem.

Sa darba galvenais mérkis ir atlikusa darbmiiza prognozesanas metozu analize, pielietojot pieejamo informaciju no Latvijas elektroparvades tikla transformatoru
diagnostikas rezultatiem. Sis pétijums lauj secinat, ka Latvijas transformatoru atlikusais darbmiizs liela méra ir atkarigs no ta sastavdalu tehniska stavokla. SRI,
dzesgSanas sist€ma un ievadi ir tie transformatora konstrukcijas elementi, kuriem raksturigs augsts defektu Tpatsvars un paredzams, ka tuvakajos gados defektu
skaits tikai pieaugs. Tade] Veibula sadalijuma izmantoSana, kas lauj analiz&t vienu konkrétu elementu, ne tikai visu transformatoru kopuma, ir Ipasi piemerota
Latvijas situacijai.

HOaus Bagyne, Canapa Buroabins, Bsayeciap MackasieHoK. MeTo/bl IPOTHO3MPOBAHHUS 0CTATOYHOI'0 CPOKA CJ1y:k0bI TPaHcopmaTopa U ero
KOMIIOHEHTOB.

[IporHo3upoBaHue HEHCIIPABHOCTEH M OCTATOYHOTO CPOKa CIyKObI TpaHCchHOpMATOpa SIBISETCS OJHOU U3 BaXKHOH HHMOpMALHEH 1UIsl HEYKEHEPHOI IPYIITBI st
obcimyxuBaHus, 4TOObI N30eXKaTh MPOCTOEB CUCTEMBI. B CTaThe pacCMOTPEHBI YETHIPE PA3IMYHBIX METOJA IPOrHO3MPOBAHMS, KOTOPHIC MO3BOJSIOT OLICHHUTH
OCTATOYHBII CPOK CIykObI TpaHchopMmaTopa. OJHAKO ClIeAyeT OTMETUTh, YTO Pa3BUTHE MPOTHO3HPOBAHUS TPeOyeT MPsSMOro COTPYJHHUYECTBA C JHATHOCTHKOU
TpaHcdopMaTopa, KOTopast PEeROCTaBIsIeT HHHOPMAIHIO O HEUCIIPABHOCTSIX.

OCHOBHOI 1IEJIbIO JTaHHO PabOTHI SBISETCS aHAIN3 METOAOB ONpPE/IEICHHs OCTATOYHOTO Pecypca, YUUThIBas HOCTYIHYIO0 HH(POPMALNIO, KOTOpast HOIy4YeHa 110
pe3yIbTaTaM JHarHOCTHKH TpaHchopmaTopoB JlaTBum. Takoe mcciieqoBaHHEe MO3BOJIET CAENATh BBIBOJ, YTO JJIS JIATBHHCKUX TPAaHC(OPMATOPOB OCTATOUHBIH
CpPOK CITy>kOBI B 3HAUNTEIILHOMN CTEIIEHN 3aBHCHUT OT TEXHHYECKOIO COCTOSHHS OTACNIBHBIX KoMIIOHEeHTOB. PITH, cucTeMa OXJa)IeHHs U BTYJIKH 9TO KOMIIOHEHTEI
C BBICOKHM KOJHMYECTBOM HEUCIPABHOCTEH M B OUIMDKailIMe Toibl HEHUCIPABHOCTEW CIeAyeT OXHIaTh Ooisblre. [103TOMy HCIOJIBb30BaHHE PACTIpeIeICHHs
Beiibyia 0co00 MoaXOJUT IS TATBUICKON CUTYaLlUH.
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