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TOPICALITY OF THE DOCTORAL THESIS

Reliable and economical operation of high-voltag@sformers is the key factor in
ensuring consumers with good quality power suplplynany developed economies
the problem of transformers approaching the endheir normative lifetime has
become crucial. Continued operation of such equippwéihout taking up additional
safety measures may have adverse effect upon tidigygand continuity of power
supply. Therefore, permanent upgrade and refreshofetransformer equipment
should be ensured in power system.

In market economy, equipment refreshment and upgnaasures should be
selected on the basis of technical and economauledions to ensure efficient use
of financial resources.

Today, Latvian Power Company hasn't adequate angroppate evaluation
methods, which would help to make estimates andoshothe appropriate
transformer equipment upgrade and reconstructioasores during the operating
life of the transformers.

Considering the above mentioned, development ofhoadst for evaluation and
selection of technical measures meant for incrgadie power transformers base
reliability through the whole working lifetime wahosen as a focal point of this
Doctoral Thesis research.

GOAL AND OBJECTIVES OF THE THESIS

The goal of this Thesis is developing uniform mehdo be used by power

companies for selection of technical measures, lwhiculd also be applied to

substantiate specific technical measures and eealih® economic efficiency of
applying new equipment and renovation and upgrédeecexisting.

To achieve the goals the following objectives hiagen identified and solved:

e analyse the existing condition of the Latvian 33@XkV power transformer
base and probable causes of transformers' brealsj@snwell as make some
forecasts related to the aging of the transfornaseh

e create technical methods for selection of the measwf renovation and
upgrade of transformers base, which include aralgbithe current technical
condition of the transformers and feasibility stuadfy the afore mentioned
measures;

e develop technical and economic models to efficiemtvaluate the technical
renovation and upgrade measures and objectiveifuneh the basis of modern
feasibility study methods applied for project deyehent;

e carry out practical calculations to ensure the ahbje target function
approbation for specific technical measures andsasheir effectiveness;

e develop recommendations that could be used by powammpanies to select
appropriate technical measures for rising relighdf their transformers base.



SCIENTIFIC NOVELTY

Scientific novelty of this thesis is achieved thaud the following aspects:
status analysis with 330-110 kV power transforngngin Latvia and forecast
for the situation with transformer base in LatvRower Company for the year
2016 have been made.

uniform complex methods has been developed forctete of technical
measures aimed at rise of operational reliabilitytransformers including
technical and economic analysis of each measure;

a generalized model for feasibility assessment haf measures has been
invented and applied to create models for certadasures and corresponding
objective functions with specified technical andmemic indicators;

the substantiated choice of the measure to beeapjsibased on the optimum
total discounted annual costs (net present valubeotosts) through the whole
life cycle of the equipment, taking into accountcylérities of specific
measures, temporal changes of indicators, varigalization terms, etc.;

an economically feasible approach for selectiom ofew transformer supplier
by tendering procedure was established, makingsbfasi a rational use of
investments in equipment renewal;

the developed methods of feasibility assessmetiteomeasures are applicable
for different types of electrical equipment;

a general quantitative analysis of a package ofsarea and the economic
effectiveness assessment thereof have been dedelage well as
recommendations for energy companies, helping tosh the transformer base
refreshment and upgrade manners principles haverbade.

RESEARCH TOOLS AND METHODS

The results are obtained using the following redeand development

methods:

mathematical modelling of the research object amel dobjective function

implementation;

modern methods of technical and economic analysisedb on the total

discounted annual costs (net present value of alstsmethod for the entire
life cycle of the equipment;

determination of the optimum of objective functiop making a comparison of
a number of different options for the measuresetayplied;

calculations of the options are made using a specilculation software

developed in Microsoft Office Excel environment;

for approximation of the objective function coeifiots Mathcad software has
been used.

PRACTICAL APPLICABILITY OF THE RESULTS

The results of this research can be used for eti@luand choice of measures

for transformer base operational safety improvemantatvenergo Joint-Stock
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Company and other energy systems. The developeldodwbgy for selection of
technical measures contributes to the effectivelempntation of technical policy
within the field of renovation and upgrade of tfammer base. The range of use of
the discounted total annual costs method for smiutif technical problems has been
extended in theoretical perspective. The reviewegative functions for specific
measures make it possible to carry out the anabysis wide range of technical
measures by changing concrete technical and ecenmdicators. The uniform
approach to constructing technical and economicetsoaffers a possibility to make
a well-founded selection of technical measures dasethe minimum of the total
discounted annual costs criteria (not taking irtooaint equal incomes from product
sales for different options), and on the maximuntasts (including incomes from
product sales for the options), taking into accdasses from undelivered energy.

The results of the research are partly represented

A Contract made by Joint-Stock Company LatvenergolM310 (Nr.010000/08-
16) ,Riga High-Voltage Circuit Diagram for the Padli Until 2020” (adviser - prof.
J.Rozenkrons), 2008 (collaboration).

APROBATION OF THE THESIS

The results of the research have been tegboand discussed during 12
international conferences as follows:

1. 6-th International Conference on Electrical and t@mnTechnologies, ECT-
2011, 5-6 May, 2011, Kaunas, Lithuania (Paper).

2. The International Energy Forum 2010, 23-26 Jund,02(/arna, Bulgaria (2
papers).

3. Xl International Scientific Conference ,Problems ofPresent-day
ElectrotechnicsPPE2010", 1- 3 June, 2010, Kiev, Ukraine (2 papers).

4. 5-th International Conference on Electrical and @anTechnologies, ECT-
2010, 6-7 May, 2010, Kaunas, Lithuania (paper).

5. 50-th International Scientific Conference ,Powed dtlectrical Engineering”,
14-16 October, 2009, RTU, Riga , Latvia (paper).

6. 49-th International Scientific Conference ,Poweddtlectrical Engineering”,
section ,Enegétika”, 13-15 October, 2008, RTU, Riga, Latvia (pgpe

7. VI Mexnynaponustii  ®opym ,Onexrporexnuka-2008”, IlerepOyprexuit
SHEPreTHYECKUH HHCTUTYT NOBBIIEeHUS KBamupukamuu ,[IOUITK”, 15-19
centsiopst, 2008,Cankr-IlerepOypr, Poccus (paper).

8. X Mexaynaponnas HayuHas koHpepeHuus ,[IpoGieMsl COBpeMEHHOM
anekrporexuuku - 2008”, HAH Vxkpaunsl, THCTUTYT (PU3HUKO-TEXHUYECKHX
npobiem sHepretuku, 5-9utons, 2008,Kues, Ykpauna (paper).

9. 48-th International Scientific Conference ,Poweddtlectrical Engineering”,
section ,Enegéetika”, 13-15 October , 2007, Riga, RTU, Latviajpsg).

10. 4-th International Scientific Symposium, Elektreyetika EE, 19-21
September, 2007, High Tatry-Stara Lesna, SlovaluBl@p(paper).

11. XIII International Scientific Conference ,Presatday Problems of Power
Engineering, APE’07”, 13-15 June, 2007, Gdanskratiy Poland (paper).



12. 47-th International Scientific Conference ,Poweddtectrical Engineering”,
section ,Enegétika”, 12-14 October, 2006,18a, RTU, Latvia (paper).

16 articles have been issued in international pabbns:

1. N. Breners, S.Guseva, N.Skdbea, O.Borscevskis. Directions to increase
reliability of the maintained transformer equipnisritinctioning // Proceedings
of 6-th International Conference on Electrical @&@whtrol Technologies, ECT-
2011, 5-6 May, 2011, Kaunas, Lithuania. -175-178 p.
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2010, Kyiv, Ukraine, 6 p. (digital format on CD).

5. S.Guseva, O.Borscevskis, N.Skidha, N. Breners. The system approach to
placement of transformer substations in the poweply system of the city //
Proceedings of 5-th International Conference onctital and Control
TechnologiesECT-2010 6-7 May, 2010, Kaunas, Lithuania. -211-214 p.

6. S.Guseva, N.Skoleva, N. Breners, O.Borscevskis. Determination afise
areas of urban transformer substations and disiwibuusing geometrical
templates // Latvian Journal of Physics and TedirsciencesNe 6 (Vol. 46),

- Riga: FEI, 2009, Latvia. -16.-26. p.

7. S.Guseva, N.Breners, N.Skdbea, H.Vindbergs. Economic criteria in
competitions for deliveries of power transformér&dtvian Journal of Physics
and Technical Sciences, N.5 (Vol. 46), Riga: B09, Latvia. — 35.-42. p.

8. S.Guseva, N.Breners, N.Skdbea. Hlas rgenefcijas nerktiecba sgka
transformatoru  kalpoSanas ilguma pagitimam // Enegétika un
elektrotehnika, 4.&ija, 24. §jums. — Rga: RTU, 2009, Latvija. -32.-39. Ipp.

9. Breners N., Guseva S., Skddea N. The analysis of measures on modernization
of the transformer equipment // Epetika un elektrotehnika, Power and
Electrical Engineering, 4.&gja, 23. §jums. — Rga: RTU, 2008, Latvija. -74.-
81. Ipp.

10. Nikolajs Breners, Svetlana GusevAxann3 MEpONpHATHH 110 MOICPHH3ALUH
tpancdopmaroprnoro obopynosanusi // Elektroenergetika Journal, Technical
University of KoSice Vol.1, No 2 (2008), Slovak Republic. - 9-12 p.

11. I'yceBa C.A., bpenepc H.3., Maxuutko A.E., Cxob6eneBa H.H.. Onenka
MEpPOIPUATUN 10 MOAEPHHU3ALMU YCTPOMCTB PETYIMPOBAHMS HANPSIKEHUs MOJ
Harpys3koit // Marepuanst X MexIyHApOAHON Hay4HOH KOH(epeHInH

9



12.

13.

14.

15.

16.

»IIpo6aemsr coBpemenHoit anekrporexuukn-2008”", HAH VYkpaunsl, Uactutyt
¢bu3uKo-TexHUUeCKUX mpobiem sHepreTrky, 5-9 urons, 2008,Kues, Ykpanna,
c. 51-54.

I'ycea C.A., Bpenep H.3., CxoGeneBa H.H. Texnuko-skoHOMHuUECKass MOJENb
OLICHKH MEPOIPHUATHS 110 3aMEHE CUJIOBBIX BHICOKOBOJIBTHBIX TPAaHC(HOPMATOPOB
/I CoopHUK Hay4yHBIX TPYAOB ,METO/bI U TEXHUYECKUE CPEICTBA MOBBILICHUS
3 EeKTUBHOCTH TNPUMEHEHUS JJIEKTPOIHEPTUH B CEIBCKOM XO3sHCTBE”. -
CraBpomnoins: Arpye, 2007,Poccus, c¢. 209-215.

Svetlana Guseva, Anatoly Mahnitko, Nikolajs Brendtgaluation of measures
on reliability rise of power transformers by meafiggeneralized mathematical
model // Proceedings of IV International ScientificSymposium
sElektroenergetika 2007”, 19-21 September, 2007aréstLesna, Slovak
Republic, 7 p. (digital format on CD).

Svetlana Guseva, Anatoly Mahnitko, Nikolajs Brenerelmuts Vindbergs.
Mathematical model of estimation of measures onenadation of high-voltage
inputs of transformers // Proceedings of XIIl mmational Scientific Conference
“Present-day Problems of Power Engineering, ARE'®ol. 3, 13-15 June,
2007, Gdansk- Jurata, Poland. - 65-73 p.

Guseva S., Breners N., Vindbergs H. Economic esitimaof updating the
bushing of high-voltage transformers // Ex&ika un elektrotehnika, Power and
Electrical Engineering, 4zgja, 20. $jums. —Rga: RTU, 2007, Latvija. -66.-74.
Ipp.

Breners N., Guseva S., KiakN. VienkarSots tehniski ekonomiskais modelis
augstsprieguma transformatoru nomaa noertgjumam // Enegetika un
elektrotehnika, Power and Electrical Engineeringssfija, 19. §jums. —Rga:
RTU, 2006, Latvija. -79.-84. Ipp.

STRUCTURE AND CONTENTS OF THE THESIS

The Doctoral Thesis includes an introduction, a @asion, and 5 chapters.

The thesis contains 115 bibliographical referenb8sfigures, 26 tables, 1 appendix
and consists of 126 pages in total.

10



1. ANALYSIS OF THE SITUATION WITH HIGH-VOLTAGE
TRANSFORMERS' CONDITION IN LATVIA AND
EQUIPMENT UPGRADE TENDENCIES

Production of power in the Latvian Power System

Latvian power system includes power plants, suilostst transmission
networks, heat supply networks and electricity comers, which produce, transmit
and distribute electrical and thermal energy toscomers.

The total installed capacity of the Latvenergo powenerators in 2009 was
approximately 2080 MW, including hydroelectric povptants of Daugava cascade
(DHPP) — 1334.5 MW, thermal power plants in RigecCFEand TEC-2 — 744 MW,
Aiviekste HPP— 0.8 MW, Ainazi Wind Power Plant .2 MW. Electricity is also
produced at some minor private HPP (there are 14 in Latvia), cogeneration
and wind power plants, but the amount of energgipeced there is small [24,25].

In 2008, in Latvia 6555 GWh of electricity was sdtl consumers, of which the
Latvian power plants generated 4467 GWh, 637 GWhewgurchased from
independent power generators, and 2841 GWh ofrelégthave been purchased
from Estonia, Lithuania and Russia.

Generating capacity deficit in the Latvian powesteyn was 35% in 2006, 39.5% in
2007, in 2008 the deficit increased to 43%, an2i0@9 it was 47%.

Latvenergo has been closely watching the elegtrid@mand in order to meet the
growing needs of consumers and reduce the depemdsntatvia on imported
electricity, as the Latvian power system is defiti@day.

Transmission system

The total length of the 330-110 kV lines comprisirdvenergo transmission
system was 5270 km at the end of 2009, includirg81&m of 330 kV lines, 4012
km of 110 kV lines, of which 60 km were 110 kV callihes, and 134 substations
[1,24].

330-110 kV network throughput capacity is aroundlB2TWh/year, which is twice

as large as the current demand — 6-7 TWh/year.sim@msion network throughput
capacity can cover electricity demand with a larggeerve of capacity in normal
regimes. High-voltage network connections with hbiguring countries have
enough capacity to ensure power import and exjoit. planned to use for power
transmission the existing 330 kV and 110 kV volagehich allows for the

projected power flow through the next ten yearse ©hthe power supply problems
in Latvia is power supply reliability in Western rpaf the country — so far the
power supply of this region is ensured by one 380itke. The power transmission
network will be strengthened in Kurzeme in the gealnead by implementing the
Kurzeme Circle Project.

All the 330 kV substations, except for "Rigas TEC-1Imanta" and "Daugavpils",

are double-ended. Most of the 110 kV substation® liwo transformers and are
double ended, but there are 25 one-transformetagidoss.
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Evaluation of the transformer base condition

Latvian power transmission networks include 330 &t kV substations.
According to the data from 201@5 substations with 330 kV highest voltage and
119 substations with 110 kV voltages were operat€taracteristics of the
substations depending on their service life arevehia Figure 1.1 [11].

128 128 129 129 130 130 131

Quantity

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007
Years
Bl 30 years old are more B Less for 30 years

Emm Redesign I 1 New
—a— _ Sum total

Fig. 1.1. Characteristics of 330-110 kV substation®007 based on their service life

The number of transformers at substations and thstialled capacity are shown in
Table 1.1, in parentheses — the number of trangfanwhich are not in use (not
connected to voltage). There are 159 transformétstatal capacity 3165 MVA in
operation and 86 transformers with total capacif#ll MVA in backup. It is
obvious that the number of transformers is quitgddor this relatively small power
system. The total installed capacity of the trarmmfrs within the power system
exceeds approximately five times the consumersaaigp and is sufficient for
Latvian needs.

Table 1.1.
Characteristics of 330 and 110 kV substations
Voltage Number of Number of Installed capacity of the
Substations Transformers transformers, MVA
330 kv 1t 21 320(
110 kv 11¢ 245 (7 4805.¢
Total 134 266 (7 8005.¢

Although the transformers installed power is sugfit, there still is a problem — the
equipment of power plants and substations is tab bIntil the early nineties,

mainly, new substations were constructed, butelitttas done to upgrade old
equipment. Recently, much attention is paid toaegmnent of old equipment and,
where possible, installation of modern, future cbam, systems. Distribution of

330-110 kV transformers by their operational livesrting with 1995, is shown in
Figure 1.7. Further 110 kV transformers conditiobéing analysed only.
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Fig.1.1. Distribution of the transformers by grolgased on their service life

110 kV transformers are divided into four major ywe depending to their age in
2009 (see Figure 1.8):

first — transformers, which have not reached theimative service life (25 years) —
35% of total number;

second - transformers aged from 25 to 30 years%; 22

third - transformers aged from 30 to 40 years — 32fh

fourth, "historical", part — transformers aged o%#@ryears — 11%.

" Latvenergo " intends to purchase every year 4ne\s transformers, but there still
remain a very large number of transformers that resgious decisions to be taken.
30 — 40 years of operation for a 110 kV transforifaar well as other high-voltage
transformers) is considered to be a rather critigal.

Since the Latvian power system is based on theahlesii10 kV transformers (with

expired normative service life), it is difficult tmaintain safety of the power system
under these circumstances.

>40 years
11%

<25 years
35%

25 - 30 years
229%
30 - 40 years

Fig.1.2.Distribution of transformers by their age in 2009

Making projections for the situation with transf@mbase in 2016 and assuming
that the progress of transformers renovation at-pasis period remains nearly the
same, we can depict this situation as shown inrEi@B:

the first group — transformers, which haeé reached the end of their nominal

service life — 23% of the total number;

the second group — transformers aged frono 30 years — 13%;

the third group — transformers aged fromi@90 years — 40%;

the fourth group — transformers older th@ryears — 24%.
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>40 years <25 years
24%

30 - 40 years 25 - 30 years
40% 13%

Fig.1.3. Distribution of transformers by their pietdd age in 2016

To increase the power system reliability, ensurentarrupted power supply of

consumers and reduce operating costs, "Latvendrge“elaborated a concept of
development and reconstruction of transmissionsliaed substations for the time
period until 2020, which is a part of "Latvenergbdvelopment programme. This
program provides for reconstruction of the oldest the most worn out substations,
replacement of all of the primary and secondarymgant, upgrade of transformers,
as well as replacement of the damaged elementsan$mission lines. For this

approach to network development choosing a sourategly for selection of

technical measures is crucial [2].

Possible changes of operational tasks in power sgats

Transformer equipment that is used for electrigigneration, distribution and

consumption, is one of the most expensive and resiple types of equipment. In
recent years a number of new problems have appeanedaging of the operated
equipment is the main. There are two directions dotving the problem of
equipment aging: replacement of old equipment wigv, modern equipment, or
extension of equipment physical resources beyoachtiimative service term. Due
to the current economic situation energy compac@éescount on most of all on the
transformer life prolongation and upgrade of ergtequipment.
Thanks to changes in power system operation tasksvaoperating policy should be
developed: the going from preventive repairs of tremsformers to the repairs
depending on their actual condition with wide usifgdiagnostic and monitoring
systems [2,4].

2. ANALYSIS OF CAUSES OF TRANSFORMER BREAKDOWNS
AND WAYS OF IMPROVEMENT OF EQUIPMENT

Possible causes of high-power transformer breakdoven

Power transformer is one of the key elements th&grthine electricity supply
reliability in a power system. Its ability to optzaunder a certain load depends on
the condition of individual units and whether thefetts that can result in
transformer damages are eliminated in a timely reanHigh-power transformer
failures can lead to emergency situations in a posystem with wide-ranging
consequences. Transformer failures are closelyeckli® the transformers' lifetime.
Fault correlation with transformer's age is showfigure 2.1.
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The transformers' failures can be divided intoehgeoups:

- early failures, through approximately 3-5 yeareraiftstallation;

- accidental failures until the end of the normatifeat the 25th - 30th year;
- aging failure, starting with 25th-30th year of life

=4
“Zn
&

Accidental failures

Number of failures (r.u.)
Early failures

Transformer service life
Fig.2.1. att. Transformer failure dynamics

During operations the power transformers are exptsstrong external factors and

abnormal modes caused by the power system, such as:

- voltage surges and lightning discharges caused egthmutations which can
result in insulation winding damages;

- operating voltage increases due to the uncompehsetpacitive power
generated by high-voltage lines at the minimum lgadditions (which rises
magnetising current in the transformers and cansesased core heating);

- short-circuit current, which creates a mechanibatg in windings;

- faults in temperature regime that cause agingaflation and damages of sealed
high-voltage bushings[4,23].

Transformer technical condition diagnostics

According to the power transformer operating regmients the following operating

parameters shall be monitored: currents, voltages their compliance with the

permissible values. Deviations from these valuestarbe continuously monitored
by the relay protection, including gas relays. Moring of size and duration of

power surges and over currents and, depending errdémsformer requirements,
surveys are carried out. Temperature measurementso made at various points
of the transformer, the oil level is taken in thenservator and inspections are
performed on a regular basis to detect defectsdamage by external features.
None of these types of monitoring allow qualitatexaluation of the transformer
condition.
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Fig. 2.2. Development of possible defects of thesformers

To perform high-level evaluation of condition dae achieved through the
transformer diagnostics. Full diagnostics is cdrrieit to a disconnected from the
circuit transformer at the first stage and to fla@sformer under operating voltage at
the second stage. The methods of diagnostics wseétect the above-mentioned
defects are displayed in Figure 2.3.

Modern defect detection methods

A 4
Insulator Transfer
temperature Temperature Monitoring of function
monitoring monitoring, partial discharge monitoring,
with thermal chromatography level vibro-
imagers diagnostics

Fig. 2.3. Possible defect detection methods

When disconnected, the transformer is availableafoin-depth inspection. In some
cases it could be fully or partly disassembled.n$farmer is surveyed during the

overhaul, according to the schedule, or when thargd time of operations exceeds
the prescripted limits.

In the case that maintenance is performed deperatintpe technical condition of

the equipment, the transformer is inspection dumpgration using periodic or

continuous monitoring methods. Inspection is cdrrialso after emergency

shutdowns of transformers. The inspection resulékemit possible to carry out
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repairs in a timely manner in order to avoid acetdeemergencies. The transformer
inspection might also be carried out to find ou¢ thossibilities to upgrade the

transformer for the purpose of reducing lossesgeaming workload, etc. It might be

necessary to increase a transformer's workloadubecthe mains transformers are
often underloaded and are able of more intensécserv

Estimation of the transformer condition on the badithe acquired data analysis is
a very complex task that requires deep knowledgbeprocesses that are going on
in transformers, experience in the diagnosis, amth esome intuitive understanding

during analysis of the measurement data. This stdigdiagnostics is one of the

hardest challenges. Even in relatively simple cagesating expertise sometimes
appears to be insufficient to detect the equipneamdition. In such cases, the

rapidly developing equipment condition evaluatiopert systems can be useful.
The expert system's construction is shown in Figude

Expert knowledge I| . | |||

Fig. 2.4. Key principle of expert system's congiarc

The principle of analogy based on similarity ofereihce parameters in development
of similar defects. Expert knowledge formalisatipninciple applies diagnosis
algorithms developed by expert diagnosticians. Rhysmodelling principle is
based on making of a machine model of the procegsag on in the equipment and
calculation of its basic reference parameters. Mokenced systems make use of all
three principles at the same time [1,4,23].

Key directions for improvement of the technical leel and quality of a
transformer

Transformer development and production takes piadbe countries with
highly developed electrical industry including tbeuntries that produce materials
for the manufacture of transformers. Integrationtteé world's countries today
makes it possible to use the greatest achievenrebtith material development and
manufacturing sector. Today, transformer manufacturin these countries are
developing new types of transformers that appeathenworld's markets and are
being recognized as the best quality products.

The directions of power transformers development ratated to improvement of
their performance standards. The directions detengithe performance standards
and quality improvement are the following:

- improvement of performance characteristics;

- power loss reductions;

- safety improvement;

- reduction of installation and operational costs.
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3. BASIC PROVISIONS OF METHODS FOR SELECTION OF
TECHNICAL MEASURES

Possible manipulations with transformers within thebase

Analysis of time of operation of substations arahsformers performed in
Chapter 1.3 highlights some serious problems aaatiwith massive aging of
power transformer in Latvia. 66% of the transforenare at the end of the normative
period (currently it is 25 years). Radical solutfon refreshment of the transformer
base could be replacing the outdate equipmentsibuiltaneous replacement of a
large number of transformers would require a huagstal investment. As the energy
companies experience currently funding shortagediverse economic situation it is
necessary find the right balance between the wamsfr base refreshment and
extending the transformers' physical resources ybe normative lifetime for a
part of the transformers. However, the pace of mgent renovation shall not be
slower than the rate of aging. In addition, thensfarmer base upgrade measures
should ensure maintained or risen capacity of thasformers at substations, in
order to guarantee reliability of the power supplgonsumers.

Along with the development of power system ther gualitative and quantitative
changes taking place within transformer base[£%3%,12]. Within the Latvian
power transformer base the following activitieshnihe power transformers could
be undertaken (see Figure 3.1):
e purchasing of new transformers;
e repair and upgrade of the existing transformers;
e installation of new transformers at new substations
e replacement of old transformers with new or renedand upgraded ones
at existing substations;
e installing additional new or repaired and upgradeansformers at
substations during substations reconstruction;
e storage of the transformers temporarily withdravemt exploitation in the
reserve base;
e sale of transformers at a liquid price or theipdisal.

Due to constant development of the energy systentitanges in the transformer
base must continue. To ensure rational utilisatddnfunds targeted to all the
transformer capacity-building technical measuresconstruction and upgrade
thereof, the mentioned measures must be techniedfigient and economically
justified. Within this thesis a methods aimed aeating a theoretical and
mathematical basis for the selection of technicghsures by energy companies was
developed.
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Fig.3.1. Possible manipulations with transformeithiw the base
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General decision making procedure

As carrying out analysis of the technical conditioh one or several
transformers at one or more sites a number of teahmeasures providing for
equipment upgrade or replacement could be sethoottder to select the optimum
solution. Decision-making procedure can generadlydpresented as follows.
Decision making is a choice of one solution opti§nfrom a variety of possible
optionsE,, i.e.,E, € E,. Each solution optiok, uniquely has some outcoreg
which is a quantitative assessment, £g.&=~ ep.

According to the classical decision-making theoryttee choice of an optimum
alternativeE, to increase the reliability of the transformer ipguent functionality
can be ensured by such procedure:

E=|E, E €E A€, =0pte,| . 31
i.e., the set of optimum alternatives of solutiamsists of the optiong,,,, which
belong to the set of all varianks, and their estimation,, is optimum (minimum or
maximum) among all estimatioag
The quantitative assessmafit may take into account different conditions of the
task, level of the available information, factor rigk, influence of the accepted

solution upon different aspects of the activity.ete., € € { en} . According to
the requirements of task it is necessary to séhecappropriate objective function

e, = operfe}. (32)
j

which will be the most correct to mirror acceptetlton in concrete conditions of
development, reconstruction and upgrade of transfobase[7].

Structure of the technical measures selection methe

Developed methodology is divided into three mairdmies each meant for a
relevant solution. The main tasks of each modwdgpaesented in Figure 3.2.
Module 1 — analysis of the condition of the transformer biasdities. Based on the
data analysis of the energy company engineeringcgsr and having regard to the
short-, medium- and long-term development plans/estment amounts and
available own funding, the amount of work and dieedl for the integration of new
facilities and reconstruction of existing ones \withthe whole power system or
separate energy companies are developed. Integiatti new power transformer or
substation reconstruction makes a large part ofmbik scope within transmission
or distribution network development plans. Withimetfirst module the set of
technical measurds,is formed.

Module 2 — in-depth technical analysis of the measures tdalen at specific
objects. Analysis of equipment technical conditisncarried out based on the
inspections, scheduled maintenance, diagnostics taptnical expert survey.
Detailed description of the diagnostic methodséspnted in Chapter 2.3.
According to the results of the analysis, dependingthe extent to which the
technical requirements to the existing facility goéng to be met, and, based on the
workload level, the following alternative measuoesild be undertaken: building a
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new substation, replacement of the existing transfos with new ones or extension
of the existing transformers' life. Within the sadomodule the set of technical
measuresk,, is formed. The set of possible technical measlgsaimed at
increasing operational reliability of a transfornm®represented in Figure 3.3.
Module 3 — economic evaluation of the possible technicasunees.

In the third module, a set of technical measuredoisned from the separate
prospective technical measures in order to cartyttweir economic evaluation (see
Figure 3.2). For the evaluation modern economidyaisamethods will be applied.
As a result of the evaluation selection of the mécdl activities to be implemented
and recommendations for the energy companies wille b
made.

/Module 1 \
CTmnsfm‘mer condition nnnlysis)
Engineering services data analysis
of the
Formation of upgrade and
reconstruction work scope for the
period of development
N\
¥ ' ¥
Module 2 Module 3
Gechnical analysis of the measurea Geasibility analysis of the measur@
C i of the i with Development of a generalised
operational requirements technical and economic model
+ (VTEM)
Forming of a set of technical #
measures Specification of the technical and
economic model for the current
I measure

v ¥

o))
N

Replacement of Extension of the existing Quantitative analysis of the model
transformers transformers resource ‘
C Analysis of the study results )
Develop of r dations for selection of
technical measures

Fig. 3.2. Structure of the technical measures Sefemethods
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Fig.3.3. Technical measures aimed at increasirgnaformer operational reliability

Technical analysis of the specific measures meatidn Figure 3.3 is performed in
Chapter 4 and 5.

Methods of economic analysis of technical measuresincrease transformer
operational reliability

Unit 3 in Figure 3.2 displays the main phases efdbonomic analysis of the
possible technical measures. For realization of these phésestechnical and
economic method should be chosen.

Cash flow value changes in time and the value wfesamount of money may vary
in different time periods. Inflation and market diion are the factors that mainly
affect the money value through time. Therefore néeessary economic calculations
should be made using the net present value metheaning that all costs should be
reduced to the beginning of the calculation period.

Project study methods differ from one country tataer. In Latvia, to evaluate
feasibility of technical measures capitalized costthod and the total discounted
annual cost method are commonly used. In this $hés¢ method of total
discounted annual costs is applied.
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Generalised technical and economic model of estimah of measures

To ensure normal and safe operation of power toamsrs the following

measures might be taken:
« replacement of out-of-date transformers with nevdenn ones;
« prolongation of actual physical resources of thandformers based upon

diagnostic tests, defect prevention, upgrade apaire
In market economy all the technical measures takéhin an energy system
including increase of a transformer's operatiomdibbility should be based on a
thoroughly made feasibility calculations to ensuational use of funding. Such
calculations can be most effectively carried ouhwhe help of mathematical and
technical and economic models, using appropridteace.
Technical and economic models (TEM) (see Figure) &Bned at ensuring
qualitative assessment of feasibility of the measwnd quantitative assessment of
an appropriate objective function have been dewslopvithin this Thesis.
Appropriate objective functions are based on thé Rtesent ValueNPV) of the
transformer user's total discounted annual costaitfh the entire estimated period
(the equipment life cycle) [15,17,21,22].
When choosing the appropriate technical measuteéseabquipment lifecycle costs
should be taken into account, because operatingnags are often close to equal to
the measure implementation costs, or even excesdl. th
For all the technical and economic models singler@gch is used, which makes it
possible to create uniform generalized technicatl @atonomic model. For
quantitative evaluation of the technical measunésnided to achieve the purposes
displayed in Unit 3 at Figure 3.2 the following etfive function has been
developed on the basis §PV,:

NPV - ¥ C 1 ¢ ivco.q 38

= —_— = + .

n 2o nT,t (1+id)t no to1 nT,t "t

where c - real total annual costs of the transformer'srusf t-th year
nT,t

(incomes and costs) for realization of measure o’ costs of measure at the
n

initial moment of estimated peridd d, — discounting factor (factor for reduction of
costs of different years to the initial momerg):- discount rate.

Total annual costs of the operator of the transéwrg of the t-th year for
nT,t

realization of measunein expression (3.8) include several components:

- (3.9)
Gort =Skt Cropct Fonopy t FOR

in addition:
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Cnk,t "100 K t? (3.10)
C _ pna+ Kei pnr . .
nop.c,t 100 nTz,t’
_ ) 2. N 2. .
CnOpv,tka“ (Apnnl Td +'HT APrlsc 0B +(Apnnl +ﬂT APrlsc) A
CnR:CnR'An:CnR"Yn'An,max
where c - capital costs (deductions on capital investmesftameasure
nK,t
K ), including the market interest ratqweighted average rate of return on
nTx,t
capital);~ - constant operating costs on amortization, maartee and
nOp.c,t
repair, including corresponding percent@dggandpy; ¢ - variable costs for
nO

compensation of losses of the electric power intthesformerAP,, ,, 4P, sc— no-
load and short-circuit losses of the transformigr;- the utilization time of the
transformer per year; - the utilization time of maximum losses per yeardiof the
maximal losseg — expected loading factor of the transformgr;- the cost of 1

kWh losses of the electric powgr;- the cost of 1 kW capacity during the maximal
load of power supply systeg; - loss related to the electricity undelivered te th
nR

consumers ¢ R probable losses for a consumer because of pehvagtage; A -
n n
quantity of undelivered power per ye)@rr;}- probable duration of emergency

switching-off of the transformer per yea; - maximum transferable power
,max

through the transformer per year.

Weighted average rate of return on capital

, (3.11)

: o Ky
Sl iy
Kp + Ky, Kp + Ky
wherei, — power company own capital rate of retuig,— rate of return on
borrowed capitall, — own capital, Ky, — borrowed capital.
Regarding the above mentioned and the total annasi of components, the
generalized objective function shall be as follows:

i .
— K )
i (100 "Tz'”}r (3.12)
L = 1
NPVn:CnO+Z " +(Bd(pna+knmpnr)’KnTE‘Ij] . 1 T

h (APnnI'Td+ﬂ$'APnsc.T).ﬂ/-":
= +(APnnI +ﬂ'2r’APnsc)'ﬁ”

+KeK e Cr

npt’
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wherej — current investment in realization of a measmereover j=1, ....,
m; k.t - factor describing a transformer's operating esps increase during
operation;kg; - factor, which describes the energy loss valugeiaseunder the
period of operation.
Factorkg, is a time functionkg; (t)= ke o (1t+bt), where factorb factor is got by
approximation of statistical data and taking intcaunt the energy loss value
increase in recent yeaed b=0,03; kgo— initial costs of the energy loss of the
calculated period.
Factork,, is a time function too. It is got by approximatiofistatistical data and
taking into account the transformer operating espsrincrease due to aging and the
growing risk of failure during operation (accorditythe functional dependency in
Figure 2.1). Factok,, is determined for two time intervalfor the first interval,
0...25 years of operation, ks (t)= 1+bt, whereb= 0,02 for the second interval,
25...40 years of operation kq: ¢ (H)=at?+bt+c, wherea=0.01, b=0,02, c=1,3.
Minimum total discounted annual costs (3.1®)ir( NPV,) under the calculated
period Min NPV;) are the optimum measure selection criterion edigrding of the
income from sales of production (electricity), iase that these are identical in all
options. In this event, the costs are assumedtiti+" sign.
The TEM (3.12) does not take into consideration ith@ome from the sale of
electricity and power supply services, considerihgt they are the same for all
options. Expected income can be calculated usiadatmula:

In:ZIﬂE~PT-ﬂT.Tm+IBR.F>T.a_ﬂr)].ka.kp ; (3.13)

wherel — total annual income from the sale of electrieityd power supply services;
P — transformer active rated capacity;— the utilization time of the power system
per year; S —transmission tariff for 1kwh of electricityfz — cost of reserve
capacity in power systerk, - income ratio showing the proportion of the ime
after all tax payments.

When income is introduced the event selectionriiteis changing for the objective
function. Now, the maximum total discounted anncasts (maxNPV;) for the
calculated period is the criterion for selectiontteé optimum measure. In addition,
assessment of the measures based on the paybauk grgerion taking income into
account is available. The calculation results digpd in a chart or tabular form, the
year for whichNPV, value is positive, is the year of payback of thgested
funding.

The maximum total discounted costs (3.14) underctieulated periodnfaxNPV;)
are the optimum measure selection criterion, stilife¢che income from sales of
production (electricity). In this case, expenditiage assumed with thé' 'sign, and
income with the "+" sign.

Combining the costs and income in one formula waiob
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—

—KeKirCrr

nrt

The algorithm for evaluation of the technical measifeasibility is shown in Figure
3.4. The algorithm is implemented by a calculapoogram in Excel environment.
The economic analysis of the specific measurearised out in Chapter 4 and 5.

Initial data input

Initial costs definition

Number of actions

Calculation period

Cycle of investment

Calculation of repair factor
Calculation electricity price factor
Calculation of annual costs
Calculation of annual income
Calculation of discount rate

Calculation of discount profit

Investment number check

Calculation cycle check

Calculation of the NPV for measure n

Number of actions check

Fig. 3.4. Algorithm of technical measures feadipiéivaluation
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4. PURCHASING AND REPLACEMENT OF TRANSFORMERS

Comparison of technical data of the modern transfamers installed in Latvia

As the power system develops constantly, the measwimed at
maintenance of operational reliability and improesmof technical condition of
transformer base shall be planned. Some of thessures are related to purchasing
of new transformers.

When purchasing a new transformer it should be redsthat the transformer has
improved performance data. Leading transformer faamurers make use of similar
technological processes, therefore technical cteniatics of the transformers do
not differ much. The most important data should thken into account when
selecting a new transformer are no-load lossest stirwuit (load) losses, short-
circuit voltage, idle current, noise level, weigbi, volume and others.

There are different companies operating in Lathia are transformer equipment
manufacturers' representatives. Further a comparidfothe technical data and
parameters of the equipment supplied by the abcmtioned companies is given.
No-load and load losses determine the aggregasedasf power in the transformer.
These are calculated as follows:

2
AP, = AP, +[STJ AP, =AP, + f?-AP,’ (4.1)

om
whereS;, S,,m— demand and rated load of the transformier; transformer loading
factor; AP, , AP, — transformer no-load and short-circuit losses.
The aggregates power losses at different loadtetransformers offered by the
major Latvian suppliers are shown in Figure 4.3- 4.

25 MVA transformatoru summarie jaudas zudumi
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Fig.4.1. Aggregate power loss of the 25 MVA transfers
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40 MVA transformatoru summarie jaudas zudumi
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Fig.4.2. Aggregate power loss of the 40 MVA transfers

63 MVA transformatoru sumimie jaudas zudumi
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Fig. 4.3. Aggregate power loss of the 63 MVA tramsfers

Practical calculations for evaluation of the measuw involving purchasing of a
new transformer

Technical analysis of the measure

Transformer base renewal in Latvia (see statistletd in 3.1) is carried out
by replacing the old transformers by the new andeno ones, which has to be done
also in the future. Purchasing of transformers riesv and existing facilities is
performed through a tendering procedure [13,150182. Before the start of the
bidding, the site owner identifies engineering liegments for the equipment.
Usually technical requirements include preferrediigapent specifications and
dimensions. It should be noted that nowadays toam&frs are manufactured on a
by-order basis. At the last stage of the tendepitegedure the customer has to make
a decision: which bidder and which offer are thetb&election of the optimum
option for purchasing of a power transformer iseiiewed as tender award to one
of the different transformer supplier or manufaetucompanies. Firstly, all the
applicants should meet the technical requiremegitswst by the customer. However,
if the technical data of different transformer vens are compared only, it would be
difficult to give priority to some applicant becaube technical data are different for
each supplier. Selection of the transformer suppl&o depends on:
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e social and political relationship with the suppbecountry, factory or
business reputation etc.;

e product data — quality of manufacture, number dfifas, service life,
opportunities to renovate or replace separate ,uo@pacity and power
losses and other data;

e economic data — current price of the equipmentresperts, expected
operating expenses, etc.

During technical analysis of the bidders' offers (®@ted in Fig. 3.2, Unit 2), some
options may be eliminated. The remaining optionkjctv meet all the technical
requirements, are to be subject to economic arsafgisinoted in Fig. 3.2 Unit 3).

Economic analysis of the measure

The technical and economic model (TEM1) of a meagswolving purchase
of a transformem = 1, can be obtained from a generalized economigeinVTEM
and appropriate objective function (3.14) by speed the individual components
and indicators. The corresponding objective fumchi®®V; for this measure is based
on the total discounted annual costs of the purcbéthe transformer and its further
operation throughout the lifetime.

Total discounted annual costV; of the measure involving buying a transformer,
n =1, considering certain cost components, carepeesented as follows:

[P B BTyt Pt (A ) Bk — (4.2)

< i 1
NPV, :7C10 +Z 7[EOK1E,| +Ed(p1a+kn plr)'Ksz,t :b -

t=1
k. - (API n\'Td+ﬂ$'Aplsc'T)'ﬂ/+
- +(AP1n| +ﬂ$'AP1 sc)'ﬂ//_ks,['klr,t'cm

where Cyy — costs of the measure involving purchase of a ttamsformer at the
beginning of the calculated periogkO, which are equal to the total capital
investmentKzy, i.e.,Cyo= Kyzs; Kiry ¢ — total capitals investment in the measure
n=1 under the calculated year p.a, pir - percentage deductions for depreciation,
repair and maintenancet P, ,, 4 P; s« — no-load and short-circuit losses of the
transformerC .~ eventual loss related to the electricity undetde to the

consumers for measune1[21].
Total capital investmenK,;» in the purchase of a transformer include several
components, e.g.: cost of the transforidgr shipment costs from the manufacturer
to the installation sitéG,; new transformer installation cost§ spare parts cosf§;,
(to ensure operation during a 5-year period upamhasing); custom fees for the
manufacturer's products.s; overhead expensds,iq (e.g. acceptance test costs,
etc.), i.e.,

KlTZ = KT + Ktr + Ki + Ksp+ ch +Kadd . (43)
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The maximum total discounted annual costaXNPV;) to be covered by the power
transformer operator through the whole operatingecef the transformer is the
main criterion for the tender award and the optinasution of the set problem.
Using the optimality criteriorNPV, = max for the objective function (4.2) an
assessment for the purchase of 110 kV 63, 40, 321& MVA transformers from
various manufacturers and suppliers has been made.

An example of practical calculation for objectiven€tionNPV; for the purchase of
new 110 kV, 63 MVA transformers is shown in Figdr@. Calculations are made
according to (4.2) for the measunel taking into account the expected income.
There were four suppliers who participated in tbeder.NPV; calculations were
made for each option offered by the applicantsrasdlts were compared in a chart.
The winner was the first bidder's offer withiP\V,=max.

2000

1500

1000

500

NPV (thous. EUR)

500

Time (years)
[—=—1L.applicant = 2.applicant —=— 3.applicant —— 4.applicant|

Fig.4.2. Practical implementation of calculationseasure=1

Having analysed the results we conclude:

- the highesNPV; through the whole period of calculation is in finst option;
- the lowestNPV; is in the second option;

- the shortest payback period, which is six years the first option;

- the winner is the supplier who offered the fwption.

Technical measure involving replacement of out-of-ate transformers

There can be several reasons for the need to eephec existing power
transformers by new ones having improved technileah (lower idle and short-
circuit losses, lower steel weight, etc.). Theseladde the need to change the
physically worn or outdated equipment, breakdowne tb emergencies with no
possibility to restore availability of the trangfoer, inadequacy to consumer
demand, etc. The replacement measure encompass#¥s camponents as
purchasing, delivery and installation of a new $fammer, dismantling and sale of
the old transformer. By comparing the technicalapzeters only it is difficult to
choose which manufacturer shall be selected, fertéthnical data varies from
manufacturer to manufacturer quite significantlyti®ium total discounted annual
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costsNPV; for the purchase of the transformer make up agfahe overall measure
activities.

Unlike the previously considered measurel, additional income is introduced in
the formula (4.2) — the liquid value of the oldrtsformerK;, and dismantling costs
Kg. Assuming the liquid value equivalent to the alansformer dismantling costs
the function does not differ fundamentally from flaaction (4.2) for the purchase
of a transformer. The maximum total annual discedrttosts rhiax NPY) through
the calculated period are the optimum solutiorhefdet problem [20].

5. REPAIR AND UPGRADE OF THE TRANSFORMERS

Extension of a transformer's service life beyond th normative term

The peak of high-voltage transformer building adaog to historical
development has fallen in the 50th-60th and 80thrs/eof the past century.
Therefore a large number of the transformers haaenbworking beyond their
normative service life already. The simultaneouplasement of such a large
number of transformers requires massive investmant$ is difficult from the
technical and economic point of view. This problanght be solved by extending
the service life of the existing transformers uplogir diagnostic tests, carrying out
defect prevention, upgrades and repairs. A sigmifiproportion of the transformers’
failures is related with their accessory equipment.

Further the following transformer life extensionanares are reviewed: replacement
and upgrade of voltage regulation devices and hatage bushings, recovery or
replacement of transformer oil, applying of diagimand monitoring systems. For
economic evaluation of these measures technicakaodomic models (TEM) and
appropriate objective functions created for thecEjgemeasures on the basis of the
generalized objective function (3.12) or (3.14) ased.

If the measures are intended to extend the udédudfitransformers, the appropriate
objective function calculated period begins frone tand of the transformer's
normative termt,,, and this year is accepted tat'=0. The calculated period for
the beyond-normative time (the prolongation perisd)p.g= Tynom= 15 — 20 years
(see Figure 5.1).

L

L
ot tnemy th t, years

it=0

Fig. 5.1. Assumption of calculated period for diffiet measures

Further technical analysis and economic evaluatiénthe measure involving
extension of a transformer's service life is ddije [
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Objective function components and coefficients pecific technical measures are
shown in Table 5.1

Table 5.1.

Objective function components and coefficientssipecific technical measures
Cost components Components calculation formula

C:10: KITZ = KT + Klr + Ki + Ksp + ch + Kadd
i Com Kn =Kiz —K +K,

Initial costsC
Cm Kz = Kp + K, +K
Cwlir Ky K=K, +K

Capital costsC ., | C,c, =i A00K . N=1.7
X CnOp.c,t:1/100'(pna+knr,tpnr)'KnTZ'
Constant  operating ) ) PO
costsC, ope . Ky =1+btk, =1+Dbt Kk, .k, =at""+bt'+c
p3a"'p7a:0

(AP n nI'Tn, m +ﬂ‘lz"APnsc'T)'ﬂn /+

kE,t'
+(Apnn| +ﬂ‘f"APnsc)'ﬂ n”
Ke=1+bt'

Costs related to the
electricity non-
delivery to the Cr=C: A =¢C, X ndam” Phmax s N=1.7

consumersC,_.

Variable  operating C
costsC

nOpwv, t =

nOp.v, t

Technical analysis and economic evaluation of theeasure involving
transformer overhaul repair

Power transformer is one of the key elements ofoaep system that
determines reliability of power supply. A failuré lmase and large transformer can
lead to accidents with large-scale consequencéseirppower system. To maintain
the power supply reliability it is necessary to wmes proper operation of the
transformer. It is also important to eliminate thefects that can result in the
transformer failures in a timely manner. Speakifighe work scope maintenance
and overhaul repair is distinguished. Maintenanggair of a substation's main
power transformers are carried out once a yearriaué repairs are scheduled as
necessary, taking into account the results of tiagrbstics and inspection. As
regards the volume of work current (operational)d aoverhaul repair are
distinguished. Overhaul repair may include replasenof winding without repair of
the core and replacement of winding with partiafudf repair of magnetic system.
Any repair related to the oil tank opening is tocbhesidered as an overhaul.
Transformer overhaul requires relatively large faindh order to evaluate the
measure on the basis on the VTEM a feasibility rhddeM3 and appropriate
objective functionNPV; were obtained. For thidP\; objective function individual
component were specified in (3.14). For extensibthe transformer life time has
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been introduced into the function, moreover, theett starts at the end the
transformer's normative life and varies betweerD to t= t,,, The objective

function NP\ for evaluation of the measune3 involving transformer overhaul is
as follows:

(P By Be T+ B - A=) e K, e~ (5.1)

t .
pag i
NPV, =—C,,+ _[Ed
=
(AP3 - Tat+B7-AP, sc'T)'ﬂ/
Et’
+(AP3nI +f%- AP, sc)'ﬁ”

whereCyq is equal to total capital investmekif; s in the transformer overhaul;
ks =at Z4+bt"+c, un a=0,01, b=0,02, c=1,3kg =1+bt" un b=0,02. In case that the
requirement[\”3\/33[\”3\/2 is met, the measur@=3 involving overhaul repair

1
Kame +Bd(p3a+k31p3r)'K3TZ‘(':|_ '(1+id)[,

+
’ka'k 3mC3R

should be considered as feasible. The measurevingahe overhaul of 110 kV 32
MVA transformer was supplied with the calculatiar three repair cost options:
80%, 65%, 50% of the cost of new transformer and riplacement of the
transformer at the year 15 of the transformer'sraded life. The calculations were
made based on thBPV; formula (5.1). For one repair option with the price
amounting to 65% of the cost of new transformer dakeulation according to the
formula (5.1) was made for the whole calculatedgoefromt’=0to T" and without
replacement of the transformer. For comparison abivie function NPV, for
replacement of out-of-date transformer at the b@gmof the calculated peridd=0
and its further operation until the end of the aldtion termT” was evaluated. The
results are compared in Figure 5.2.

1000.00

NPV3(thous. EUR)

|

; |

7 | ) |
e Ll [
I [

2 | [l [

IR A RN =

2.3 5 7 it 1‘1 12 13 145 16 17 18 19 20 21 22 23 24 25 26-27 28

[ | [ [ [ [

e rerimans rremmr= S Replacement ——Waaroverzsinyea

Fig. 5.2. Comparison of th¢P\; options for the overhaul repair of 110 kV
32 MVA transformer

Overhaul repair during the normative life of theugnent is not effective in the

long-term prospective in comparison with total edtr replacement of out-of-date

transformer at the beginning of the calculatedquiri=0 and its further operation.
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Technical analysis and economic evaluation of theeasure involving
replacement of voltage regulation devices

Voltage in powerful power transformers is regulabgcchanging the number
of turns of the primary winding. To this end, swible winding taps are made. For
powerful 110 kV transformers voltage regulatingideywhich makes it possible to
switch the winding taps in the operation mode,secu A voltage regulation device
is one of the most unreliable elements of a povarsformer. Approximately 40%
of transformer accidents are associated with réignladevices[14]. Transformer
breakdown, which is related to a voltage regulatimvice, may lead to serious
consequences requiring repair of the transformethatfactory. For this reason,
special attention must be paid to the voltage @i facilities.

To assess the measures, which include voltage atbgulequipment replacement
and upgrade, technical and economic model TEM4 \sitpropriate objective
function NPV, has been developed on the basis of VTEM. ForNR¥®, objective
function individual component were specified in1@. Implementation of the
measure did not require any bank loan — the fundimg provided from the
company's own resources. The objective functioref@luation of the measune4
involving replacement and upgrade of the voltaggulaion device of the
transformer is as follows:

[P e e Tt Prs 05 Pl K -2
thag 1
NPV4=_C40+; _|:EO k4'1’p4r'K4Ti,l’:|_ '(l+id)"+NPV2 )

(AP4 w Tt B7-AP, sc")'ﬂ/
e
' +(AP4 nl +ﬂ$'AP4 sc)’ﬂl(

+
_ksx'kAr,f'CAR

For the objective functioNPV, calculations are made for replacement and upgrade
of 110 kV 32 MVA transformer's voltage regulatioavite. There are three options
discussed for measure=4, which include replacement and upgrade of théagel
regulation devices upon reaching the end of thenative life of the transformer
(t=tomor t'=0) and subsequent replacement of the transforrtkrammew one at the
year 5, 10, or 15 of the transformer's extended lif all the three options no bank
loan was necessary for purchasing a new transfoffugrding is provided from the
savings made during the extended period of operatib the equipment. For
comparison, replacement of an old transformer witew one at the beginning of
the calculated period=0 was evaluated. Calculations were masiag the formula
(5.2). Replacement of the voltage regulation devig#l take place at the end of the
transformer's normative life. The chart also shdvesmeasur&lPV; to facilitate the
comparison of the options. Comparison of the regslshown in Figure 5.2.
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Fig. 5.3. Comparison of tHéPV, options involving upgrade of 110 kV 32 MVA
transformer's voltage regulation devices

Having analysed the results we can conclude:

- replacement of a transformer upon reaching theadrttie normative service
life (t=t,omort'=0)is feasible due to higher reliability of the neartsformer;

- replacement of voltage regulation devices has gkeamr economic effect at the
beginning of the extended life of the transformantil it is replaced by a new
one;

- replacement of a transformer with a new one shbaldarried out in the early
years of its extended service life, even if thetagd regulation devices have
been replaced, because later the transformer wigeing to increase due to
inflation.

Technical analysis and economic evaluation of theeasure involving upgrade
of a transformer's high-voltage bushings

High-voltage bushings are considered to be the rmosi&fe units of a
transformer.
Faults in high-voltage bushings may bring aboueseeffects: explosions, fires, oil
leakage from the transformer, damage of the tramsfp windings. Most bushings
operated in Latvia are manufactured at the Mos@mtofy 'Mosizolator." There are
constructive modifications in the new, upgradeéBTIGGTD, GMTB type bushings
and gas-filled bushings, which increases the ojoerait reliability. The upgraded
GBMT type bushings have a new type of insulation amddtihin these bushings
serves only for cooling therefore no monitoringetéctrical parameters is needed.
Gas-filled bushings have a number of advantagdsatieaassociated with the nature
of the insulative gas used in them: fire and explosafety, ecological purity and no
need to change it throughout the lifetime. New lng$ can be installed in place of
the old-type bushings because the termination ghimensions and the bottom part
length have been preserved the same [13,18].
In order to evaluate the measure on the basis erVifEM a feasibility model
TEMS5 and appropriate objective functibdP\; were obtained. For the prospective
measure involving replacement and upgrade of bgshiwo options are available:
replacement of bushings before and upon the enteofransformer's service life.
Implementation of the measure did not require aagkbloan — the funding was
provided from the company's own resources.
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Option two has been reviewed as a complex measomprising two simple
measures: replacement of bushings in the yet&=0 in order to extend the
transformer's service life and replacement of tldet@mnsformer with a new one in
the year 5, 10 or 15 of the extended transfornlié&'sThe objective function for the
complex measure=5 is as follows:

[PnoﬁﬁT'ﬂE' Trn+ l?wm' a-*ﬂr) ﬁJ K: kE.F (5 ’ 3)

‘.pag 1
NP\, =— — —(Patks, Ps)-K - - - +NPV,
\ C50+; |:100(p5a s¢ Psr) srz,l} (1+id)' +NP\,

. (APS nl'Td+ﬁ$'AP55c'T)'ﬂ/
S APy, +p2AP,)-B"

+
7kE,l 'ka,r' Car

For the objective functiorNP\; the calculation for three options were done:
replacement and upgrade of high-voltage bushingamitbf-date 32 MVA capacity
transformer at the end of the transformer's nonradtie (t=t,,mort’=0) and further
replacement of the transformer in the year 5, 1@ 85 of the extended life. For
none of the three options for the purchase of mansformer a bank loan is needed.
Funding is provided from the savings made duriregektended period of operation
of the equipment. For comparison objective funcfimnreplacement of out-of-date
transformer at the beginning of the calculatedqueti=0 and its further operation
until the end of the calculation tefim” was evaluated. The calculations were made
using the formula (5.3).

= YT — p10+repl === Bush rep 15+repl —7—Tr repiacement]

Fig. 5.4. Comparison of tHéP\s options forreplacement of 110 kV 32 MVA

transformer's high-voltage bushings

Having analysed the results we can conclude:

- replacement of a transformer at the end of the ative service life tEt o 0r
t'=0) is feasible due to higher reliability of the neartsformer;

- replacement of high-voltage bushings has short-teconomic effect at the
beginning of the extended life of the transformattil it is replaced by a new
one;

- replacement of a transformer with a new one shbaldarried out in the early
years of its extended service life, even if thehhigltage bushings have been
replaced, because later the transformer price iaggto increase due to
inflation.
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Technical analysis and economic evaluation of theeasure involving
transformer oil recovery or replacement

Relatively large number of defects occurs not ahlg to deterioration of
windings and magnetic core system or accumulatiodido and moisture on the
solid insulation, but also due to accumulation of @h oil owing to aging. Key
events and factors that significantly affect themagional capacity of the transformer
are dampening and aging of the insulation, whialgdly determine the whole
transformer's life span. Water content in insutatiopacts seriously electrical
insulation strength and durability. Moisture conm@® the oil from the ambient air
and then diffuses into the solid insulation. As thimding and oil temperature
changes, moisture exchange occurs between thendil paper insulation. Oil
contamination and dampening causes electrical gitrestecrease. Contamination is
ingress of different particles, foreign bodies ammhtaminants into the oil. As the
transformer's operation time increases the oil .agése oil is exposed to
temperature, electric field, atmospheric oxygen #wa transformer's construction
materials. If oil contact with atmospheric air warevented, a significant reduction
in acid formation process in the operating tramsfn's oil would be achieved. Oil
recovery and, especially oil replacement, signifibareduces the moisture content
in solid insulation [10].

In order to evaluate the measure on the basis@NVTEM a feasibility model
TEM6 and appropriate objective functidiPV; were obtained For thé&lP\g
objective function individual component were spiecifin (3.14). Implementation of
the measure did not require any bank loan — thdifignwas provided from the
company's Own resources.

The objective functionNPV; for evaluation of the measune=6 involving oil
recovery or replacement is as follows:

5.4
[Prowi Br- Be T+ Promi A=) Bel- K, -Ke,— 4)
(;7319 1 l
NPV6:7C60+21 7|:Bd(p6a+kﬁlpEr)'KGT}:‘l’:|7 .(1+i )erNPVz
= d

(Ape n\'Td+ﬁ$'APesc'T)'ﬁ/
® |:+(Apen| +ﬁ$'APe sc)'ﬁu
For the objective functiohNlPV; calculation for three options were done: recowery
replacement of the oil of out-of-date 32 MVA cappdiansformer at the end of the
transformer's normative lifet<t,,m or t'=0) and further replacement of the
transformer in the year 5, 10 and 15 of the extdriife. For none of the three
options for the purchase of new transformer a blaak is needed. Funding is
provided from the savings made during the extengedod of operation of the
equipment. For comparison objective function foplaeement of out-of-date
transformer at the beginning of the calculated qaieri=0 was evaluated. The
calculations were made using the formula (5.4). ganson of the results is shown
in Figure 5.5.

+
7kE‘l'k6r‘('C6R
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Fig. 5.5. Comparison of tHéPVj; options for110 kV 32 MVA transformer's oil replacement

Having analysed the results we can conclude:

- replacement of a transformer upon reaching theddrttie normative service
life (t=t,omort'=0)is feasible;

- replacement or recovery of transformer oil has tstesm economic effect at
the beginning of the extended life of the transfernuntil it is replaced by a
new one;

- replacement of a transformer with a new one shbaldarried out in the early
years of its extended service life, even if thedfarmer oil has been replaced
or recovered because later the transformer priagoisg to increase due to
inflation.

Technical analysis and economic evaluation of the anitoring system use

Most effective for transformer accident preventimuld be an uninterrupted
monitoring system with a set of sensors respondiinthe maximum number of
eventual defects.

Parameter measurement results in such systemsaasdarmed into user-friendly
form and stored for analysis and trend detectiqrarAfrom the data obtained from
direct measurements the data of the previous apgrabonditions are entered.
Uninterrupted monitoring data forming an onlineatstse are used as a basis for
diagnosis. Previous measurements of the paramatersnformation on operation
modes allow better evaluation of the transformerdition and predictions making
regarding development of processes [4].

The common goal for all the uninterrupted monitgrisystems is detection of
transformer faults at the early stage. All of tlystems ensure parameters and other
data processing, analysis and conversion in a hatyfacilitates usage of the data by
the maintenance personnel. Something that is diffethere are the sensors
responding to various faults, as well as methodsiéection of unsafe condition of
a transformer. If monitoring systems are used fidssible to shift from preventive
equipment repairs to repairs depending on the bctuadition of the equipment.
This measure enables the transformer operatodtaescosts.

In order to evaluate the measure involving instialfeof a monitoring system an
appropriate objective functidiP\; was obtained:
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The optimum of function i8IPV, =min for the whole period of calculation, because

income from sale of production which is similar &t the options is not taken into

account.

For the objective functiotNP\; calculation for three options for procurement of

new 110 kV 63 MVA transformer: transformer withoat monitoring system,

transformer with a monitoring systems, the pricea/loich make up 5% and 7% of

the new transformer's price. The income from préidac(electricity) sale is not

taken into account as it is similar for all theiops. ConditionlNPV; = min is taken

as an optimum option. Calculations are made usiaddrmula (5.5). Comparison of

the results is shown in Figure 5.6.

Having analysed the results we can conclude:

- increasing the number of parameters to be monitavedsen slightly the
economic efficiency.

- usage of monitoring system makes it possible toigedperating costs and is
more cost-effective than the operating of a tramséy without a monitoring

system.
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Fig. 5.6. Comparison of théP\; options formpurchasing of 110 kV 32 MVA
with a monitoring system

Comparison of results for different technical meastes

Comparison of the calculation results for differeathnical measures for 110 kV 32
MVA transformer is shown in Figure 5.7. For the qarison calculations of the
following objective functions were usettPV; — purchase of a new transformer,
NPV; - transformer overhauNPV, — upgrade of the voltage regulation equipment,
NPV; — replacement of high-voltage bushin#V; — recovery or replacement of
insulation oil [2,8].
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NPV for different technical measures.
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Fig. 5.7. Comparison of different technical measdoe 110 kV 32 MVA transformer

Comparison of different technical measurd®ws thattechnical measures for
prolongation of transformer service life have sHertn economic effect at the
beginning of the extended life of the transformaentil it is replaced by a new one
because later the transformer price is going tceeme due to inflation.

GENERAL CONCLUSIONS

1. Analysis of the 110 kV transformer base conditiansLatvia and other
countries reveals that there is a clear transfoegaipment aging problem.

2. Due to economic situation in Latvia and in the wotthe energy companies
have to focus both on the replacement of out-oédeansformers by new,
modern ones and extension of the service life @k&tkisting transformers.

3. Due to the changed operational tasks in the engygiems it is desirable to
develop a new operating policy: a transition frdme transformer preventive
repairs to the repairs depending on the actualitondhould be made.

4. A comprehensive methodology for selection of theasonees aimed at
improvement of the transformer base operationabiity was developed. The
methodology includes technical and economic aralyseach measure.

5. The developed generalized technical and matherhaticalel and specific
models for particular technical measures provideneans for qualitative
assessment of measures and the corresponding iobjéghction makes it
possible to quantitatively evaluatdPV and efficiency of the respective
measure.
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10.

11.

12.

For evaluation of the technical measures totaladisated annual costs through
the whole life cycle of the equipment criterion shlib be used for
implementation of the method with the optimiRV value.

A method of tender award for procurement of tramefrs based on the
maximumNPV; value (maximum profit) and the minimum paybackiqekr
Overhaul repairs during the lifetime of transfornmegenot effective in the long-
term prospective because of deterioration of tahomic indicators.

Usage of a monitoring system for a transformeedéhically and economically
effective, for it allows diminishing of the openadj costs thanks to transition to
the transformers’ maintenance procedure which isedaon their actual
condition.

Replacement of separate transformer units for sidenof the transformer's
service life beyond the normative term is effectivderms of saving invested
funds only, but it does not solve the transfornggng problem in its essence.
The developed methodology is applicable for evadmabf replacement and
upgrade of various electrical equipment.

The offered methodology provide a means for a matienal and effective use
of the investments in the energy companies.
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