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Abstract— In the paper the generalized mathematical model
for estimation of the efficiency of measures on the increasing of
reliability of the transformer equipment’s functioning is
developed. The particular mathematical models for economic
estimation of measures on purchase and modernization of
transformer equipment are given also on the base of generalized
model. This task is solved under the conditions of deficit of the
investments in the Latvian Power Company. The search for the
optimum solution for the considered task is made among the set
of modernization alternatives of the transformer base and
prolongation of transformer lifetime. The total annual discounted
costs for transformer whole life cycle are offered as the objective
function for estimation of measures on modernization.
total

Keywords: transformer, annual

discounted costs.

objective function,

I. INTRODUCTION

The peak of high-voltage transformer building according to
historical development took place at the end of the past
century. Naturally today the largest part of those transformers
is in the operation more than 25 years, i.e. the normative
resource of transformers (z,,,,) already is developed and this
equipment requires replacement. The problem of the lifetime
increasing of the transformers is very important and topical in
many power companies. It is necessary to take into account
that the condition of transformer base in the time of slow rates
of upgrading and replacement of out-of-date transformer
equipment can become a source of threat for power safety of
the state.

The further reliable functionality of the transformer
equipment is possible to be provided with such measures:

1) replacement of out-of-date transformers at the existing
objects;

2) lifetime prolongation for the already
transformers after diagnostic and preventive measures.

The simultaneous replacement of such plenty of
transformers, which have worked out a normative resource,
requires large investments. The impossibility to provide it with
necessary amount results in some changes of the purposes and
tasks of maintenance of the transformer equipment. One of the
tasks becomes a prolongation of real resource of transformers
over normative terms (till 35-40 years) through diagnostics,
modernization, repair and other measures. Other direction
consists in refusal of carrying out periodic scheduled
preventive works due to the control of the transformers
condition by monitoring systems.

However, it is necessary to note that prolongation lifetime
of transformers is a provisional measure only removing the
replacement term.
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In the work the methods is developed for an economic
estimation of any measures to increase the reliability
functioning of the transformer equipment. This estimation is
based on comparison of the total annual discounted costs for a
user of power transformer at the realization of various
measures [1-3].

II. DECISION-MAKING PROCEDURE

The search of optimum solution for the considered task is
spent among the set of modernization alternatives of the
transformer base and prolongation of transformer lifetime
(Fig.1.). The decision-making on the selection of an optimum
alternative E, to increase the reliability of the transformer
equipment functionality can be represented by such procedure:

E0: {EioEioe Em A ( eioaRio ): Opt eij:()p{opereifj}’ (1)
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where E;, is the set of optimum alternatives of solution; E,,
is the set of all alternatives; e, is optimum (minimum or
maximum) estimations; e; is the estimations, accounting
different conditions j of the task; oper e; is the appropriate
objective function; R, is the justified risk.

As the set of alternatives E,, possible measures on the
increasing of reliability of functioning of the transformer
equipment and as e;, (oper e ;) - value of measures’ objective
function (the total annual discounted costs NPV;) are used.

Measures
1 1 1

Purchase of new Replacement of Prolongation of
transformer installed transformers transformer
]J Overhaul repair of

transformer
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-
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Modernization of
voltage regulation device
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high-voltage bushings
Replacement or
regeneration of oil

Fig.1. Measures on increase of reliability’s functioning of transformers
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Then, E, = opt [oper e ,j] = min(max)NPV, @)
J
III. THE GENERALIZED MODEL FOR ESTIMATION OF MEASURES

In the paper the generalized mathematical model for
estimation of the efficiency of measures on the increasing of
reliability of the transformer equipment’s functioning is
developed. Selecting the measure it is necessary to consider
both present and the future costs for operation of the
equipment because these costs per calculated period are
commensurable or even surpass initial expenses on realization
of this measure.

The developed generalized objective function for an
economic estimation of technical measures (n=i) is created on
the basis of the total annual discounted costs NPV, (Net
Present Value) for a user by the transformer for all calculation
period (life cycle of the equipment) [1-3]:
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where C,7, are actual costs for a user of power transformer in
t year of calculated period; 7 is the calculated period; d, is a
discounting factor; i, is a discount rate; C,, are actual costs for
a user of power transformer at the initial moment of calculated
period; n is number of measures.

The minimum of the total annual discounted costs ( NPV, =
min) for the calculation period is a criterion for the selection
of an optimum variant without taking into account identical to
all variants of incomes on realization of production (sale of the
electric power). At the account of incomes on realization of
production the variant providing the maximal income is
accepted for optimum (NPV, = max).

The total annual costs can be represented as:
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where C,c, are capital expenses (deductions from total capital
investments in measure K7y, in view of the market interest
rate i); C,opc are constant operating costs on amortization,
maintenance repair and service; C,o,.,,, are variable operating
costs for compensation of losses of the electric power in the
transformer; C,z is probable damage to the consumer because
of interruptions of power supply.

The total annual discounted costs for a user of power

transformer with allowance for separate components of costs
look like:
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where K,ry, are total capital investments on measure in
calculated year ¢ with allowance for j investments; i — is the

market interest rate; p,., p. are corresponding percentage
deductions on amortization, maintenance repair and service;
AP, AP, are the no-load and short-circuit losses of new
transformer; 7, is the utilization time of the transformer per
year; t is the utilization time of maximum losses per year; 3,’
is the cost of 1 kWh of electric losses; f3,” is the cost of 1 kW
of power at power system maximum; S is an expected loading
factor of the transformer.

It is necessary to note also, that major overhaul, as well as
other measure on modernization of the equipment, can be
made without attraction of bank credits, i.e. from own
accumulation of the enterprise. At attraction of own means of
the customer the interest rate i. considerably below the bank
credit interest rate.

The probable damage to the consumers because of
interruptions of power supply C,r can be represented as

CnR =Cpr- An =Cr Xndam " An,max > (6)

where Cy isa cost of 1 kWh of not delivered electric power
to consumers; 4, is a quantity of not delivered electric power;
X,.4am 18 @ probable duration of emergency switching-off of the
transformer per year; A, n. 1S @ maximum quantity of the
power transferred through the transformer per year.

The economic expediency on prolongation of transformer
actual resource can be detected comparing the costs of
considered variant with variant on replacement of installed
transformers after finishing of normative term by a new one.
In the given models the calculated period # ! (instead T) is the
term of prolongation of operation of the transformer after the
ending of normative service life also varies.

Thus it is necessary to take into account that the resource
prolongation results in the increasing of costs for maintenance
and repair of transformers, heightening of electric losses (as
contrasted to by new samples) and probable increasing of the
parameter of a stream of refusals. It is accepted that in the
variants the increase of costs for maintenance and repair of
transformers submits to the linear law k, =1+ b-¢' where
factor b approximately is equal b = 0.1 - 0.2 [2].

IV. PARTICULAR MATHEMATICAL MODEL

Detailing of different components of objective function per
the years of the calculated period leads to the concretization of
the generalized mathematical model and to creation of
particular mathematical models for an estimation of various
technical measures. In work the particular mathematical
models on the basis of the generalized model to estimate some
measures in Fig.1 are created and approved.

The description on measures is resulted below and different
components of all particular mathematical models are
displayed in Tab. 1.
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TABLE 1

COMPONENTS COSTS AND EXPRESSIONS OF COMPONENTS FOR ALL PARTICULAR MATHEMATICAL MODELS

Costs components

Expressions of components

Initial costs C 0

Cryp=Kyx =Kz — K, +K,
Cy=Ksrx = Ky +K, + K,
Ca0-Cr0= Kyry Koy = Kip - + Ky

Capital costs C nC.t

CnC,t :l/IOO'Kn TE’ n=1.7

Constant operating costs C nOp.c,t

CnOp.c,t =l/100 (pna+kn,tpnr)'Kn T »
k Lt: l;k 2,t: l;k 3,!"k 7,t:1+bt';p3a"'p7a :0

Variable operating costs C 1 Opv,t

(APn nt Tom + 5 %'APnsc'T)'ﬂn '+

+ap,, +p3aP, )R,
k ],t: l;k 2,[: l;k 3,["k 7’t:1+btl

Cn Op.v,t =k nt

Damage from interruptions of supply C AR

CnR =Cp 'An =Cp 'Zn,dam 'An,max s n=1.7

1. An estimation of competitive offers of the equipment The given measure is considered as a complex measure
suppliers at purchase of new transformers for new objects  selecting the supplier of power transformers through tenders

(NPV)).

among the firms - suppliers or manufacturers, the dismantling

The choice of an optimum variant of purchases and of the maintained transformer, the installation new and the
deliveries of new power transformers is considered as a task of ~ further operation of the new transformer during normative
a choice of the supplier of the equipment on a competitive  service life.
basis (through tenders) among of some firms-suppliers or The task of search of the optimum decision in this case
manufacturers. It is necessary to note that the economic  egsentially does not differ from the first considered task.

estimation of offers of equipment’s suppliers is made only for
those variants which satisfy all the technical requirements for

the equipment.

Total capital investments K,y components in the initial
moment of the calculated period for the given measure can
include the following components: cost of transformers K
and its transportation a manufacturer up to an installation site

K

tr>

the customs duties on production of the state-supplier

However, the total capital investment K,y should consider
additional components, such as expenses for dismantling K ;,
liquid cost K; of the installed transformer (approximately 10
% from its initial cost), and installation of the new
transformer K, .

Another components of NPV, are given in Tab.1.

3. Prolongation of service life of transformers after
carrying out of major overhaul (NPV5).

K, , cost of spare parts (for maintenance of operation within Major overhaul of transformers allows removing the

5 years after purchase) K sp » Possible cost of installation K,

and additional expenses K ,;; (on carrying out of reception

tests, etc.).

Another components of NPV are given in Tab.1.

revealed defects fully and qualitatively. At major overhaul
probably restoration or even replacement of isolation of
windings. Cost of major overhaul depends on the volume of
the completed works and is within the limits of (40-70) %

2. Replacement of maintained transformers which have from the cost of the new transformer. The amount of works at
worked out normative resource, for new modern major overhaul is installed by the customer after detailed

transformers (NPV),).

Necessity of replacement of the
transformers for new with the improved characteristics

inspection of the transformer and corrected after the survey of

installed power

internal units. The big influence on initial expenses is rendered

(smaller loading and losses of idling, smaller weight of steel, ~ With the works spent with magnetic system and windings
etc.) can be caused physical or an obsolescence of the (repair or replacement). Total capital investments K55 for

equipment, an emergency exit out of operation and
impossibility of restoration of a working
discrepancy of rated power to loadings of consumers, etc.
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transformer K, , cost of it transportation a manufacturer and
back up to an installation site K,. as major overhaul is

usually made at a factory.

Another components of NPV; are given in Tab.1.

4. Prolongation of service life of transformers after
modernization or replacements of voltage regulation
devices under loading (NPV,).

Malfunctions of devices of regulation of a voltage under
loading (RVUL) are the reason approximately 30 % of
emergency switching-off of transformers. Thus, damage of
switching devices is fixed as a rule, on transformers with for
operating time more than 20 years. Half from these switching-
off is connected with refusals of drives of devices RVUL.
Other switching-off is connected with malfunctions of directly
switches of steps. Among the reasons of such infringements of
working capacity, basically, are noted: oxidation of contacts in
a zone of seldom included branches, burning contacts,
infringement of tightness of the built in switches.

Replacement or modernization of a drive of the switch is
technically simple measure and can be realized with small
expenses, unlike full replacement of unit of the switch of
adjusting windings.

Another components of NPV, are given in Tab.1.

5. Prolongation of service life of the transformer after
modernization or replacements of high-voltage bushings
(NPVs), replacement or regenerations of oil (NPVg),
installation of system of monitoring (NPV-).

Practically the third part of failures of power transformers
are caused by damages of high-voltage bushings. These
failures can lead to heavy consequences: to damages of
transformers, explosions, fires, technical and functional
refusals of the equipment. New bushings can be installed on
earlier released types of transformers as they correspond to the
not tight bushings taken off from manufacture on the
connecting sizes and length of the bottom part. For this
measure the estimation on particular model (NPVs) with
replacement or modernization of high-voltage bushings was
spent.

For transformers with service life more than 15 years are
characteristic of a deposit which conducts to deterioration of
internal isolation of the transformer. To prevent this process
probably spending replacement of oil or its regeneration. It is
necessary to note that full replacement of oil gives more
palpable results, than the regeneration of old oil. For this
measure the estimation on particular model (NPVy) with
replacement of oil was spent.

The condition of some transformers demands the
continuous control. The decision of this task will be helped by
installation of systems of continuous monitoring. On this
measure the estimation on particular model (NPV;) for two
various systems of monitoring with different quantity of
controllable parameters was spent.

For specified above measures on particular mathematical
models the estimated calculations are led. The offered

methods take place approbation in the Latvian Power
Company (Latvenergo).
Components of NPVs, NPV, and NPV are given in Tab.1.

V.CONCLUSION

1. In the work the developed mathematical models, both the
generalized model, and a number of particular models for
estimation of measures to increase the reliability of the
transformer equipment functionality are given.

2. The minimum of total annual discounted costs for the user
of power transformer are offered as a basic criterion of
economic expedience of measures.

3. Replacement of the transformer at earlier stages, after the
ending of service life, is economically more favourable. It
is connected with the increasing of the price of the
transformer and deductions.
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Nikolajs Breners, Natalja Skobeleva. Matematiskie modeli spéka transformatoru funkcionéSanas droSuma paaugstinasanas pasakumu izvélei

P&dgjos gados daudzu attistitu valstu energétikas kompanijas ir spiestas risinat transformatoru aprikojuma masveida noveco$anas problému. 1 situacija iespaido
elektroenergijas patérétaju elektroapgades droSumu. Tas risinajums acimredzot ir morali un fiziski novecoju$a aprikojuma aizsta$ana ar jaunu, misdienigu,
tehniskajiem raksturojumiem atbilstogu. Sads risindjums uzlabos transformatoru parka kopgjo tehnisko stavokli, bet prasa lielas investicijas realizacijai.

Finansu lidzeklu deficita apstaklos daudzas energosistémas mekl€ panémienus transformatoru reala kalposanas laika pagarinasanai virs normativiem.

Lai to veiktu, sakuma ir nepiecieSamas relativi nelielas investicijas, kas laus turpinat transformatoru ekspluataciju un uz kadu laiku atlikt jautagjumu par
aprikojuma aizstaSanu.

Transformatoru dzives ilguma pagarinasana iesp&jama tapec, ka speku augstsprieguma transformatori ir viens no energétiska aprikojuma pasiem uzticamakajiem
un ekonomiskakajiem veidiem. Transformatoru ekspluatacijas ilgtermina pieredze attistitu valstu energotiklos apstiprina, ka reals dzives ilgums 30 % - 60%
ekspluatgjamiem transformatoriem parsniedz normativu. Bez tam ekspluatacijas termina laika speku transformatori parasti strada ar realam slodzém zem
nominalajam, kas lauj saglabat labus aprikojuma tehniskos parametrus. Tomér 1émums par transformatoru ekspluatacijas pagarinaSanu virs normativaja termina
var tikt pienemts tikai p&c to diagnostikas veikSanas. Atkariba no izp&tes rezultatiem nepiecieSamibas gadijuma tiek veikta atsevisku transformatora elementu
modernizacija.

Tehniski ekonomisko pasakumu analizi transformatoru modernizacijai un funkcion&$anas droSuma paaugstinasanai ir iesp&jams veikt piedavata apkopota
matematiskd modela bazé. Meérku funkcijai ir pienemtas summaras diskontétas izmaksas lietotdjiem pasakuma realizacijai un transformatora ekspluatacijai
nakamaja perioda péc pasakuma realizacijas. Tas lauj novertet konkrétu pasakumu efektivitati transformatoru aprikojuma funkcion€Sanas droSuma
paaugstinasanai.

Huxkoanaii Bpenep, Hataabs CkobesneBa. MaTemMaTHuyecKHe MOJeJH VISl BLIOOPa MepPONPUSATHI 1O NMOBBILIEHUIO HAJEKHOCTH (YHKUHOHMPOBAHHUS
CHJIOBBIX TPaHC(HOPMATOPOB.

MHorue >HepreTHyeckre KOMIAHMM PasBUTHIX CTPaH B IIOCIEAHUE TOABI BBIHYXJICHBI pelaTh HPoOJEMy MAacCOBOIO CTapeHHs TpaHC(OPMAaTOPHOTO
000pyioBaHMA. DTa CUTYyalus BIUSET HA HA/ICKHOCTh 3JIEKTPOCHAOKEHHUS moTpeduTeneit aiekTposHeprui. OueBUIAHBIM PELIEHHEM 3TOi NpOOJIeMbl SBISETCS
3aMeHa MOPAJIbHO M (PU3MUYECKH YCTapeBIIEro 00OpYAOBAaHUS HOBEIM C COBPEMEHHBIMH TEXHHYECKUMHU XapaKTePHCTUKAMH. DTOT IIyTh PaJUKAIBHO YIIydlIaeT
obIiee TEXHHYECKOE COCTOSIHIE TPAaHC(GOPMATOPHOTo TTapKa, HO TpeOyeT Il CBOSH peall3aliii KPyITHEIX HHBECTULINH.

B ycnoBusx pedunuTa (UHAHCOBBIX CPEIACTB BO MHOIMX DHEPrOCHCTeMax BEAETCS IOMCK BAPHAHTOB U INPOIJICHHS PEaIbHOIO CPOKa CIy:KOBI
TpaHC(HOPMATOPOB CBEPX HOPMATUBHOTO.

OT0T MyTh TpeOyeT OTHOCHUTENHHO HEOOJBIINX WHBECTHIMH B HAYAIBHBII MOMEHT BPEMEHH, IO3BOJISIET NPOJOJDKHTH IKCIUIyaTallHIo TPaHC(HOPMATOPOB U
OTOZIBUHYTh Ha HEKOTOPOE BPeMsl pellieHHe BOIIPOca 0 3aMeHe 000py10BaHuUsL.

B03MOXKHOCTh IPOAIEHUS CPOKA JKU3HH TPaHCHOPMATOPOB OCHOBBIBACTCSI HA TOM 4YTO, CHJIOBBIE TPaHC(OPMATOPHI BHICOKOTO HANPSDKEHMS - ONUH U3 CaMBIX
HaJIe)KHBIX ¥ SKOHOMUYHBIX THIIOB YHEPreTHYECKOro 000pymoBaHUs. J0JIrOCpOUHBIH ONBIT IKCINTyaTalluH TPAaHC(HOPMATOPOB B YHEPrOCETSIX PA3BUTBHIX CTPaH
MOATBEPXKIALT, YTO peaibHbIid cpok xu3Hu 30 % - 60% sKcIuTyaTHpyeMbIX TpaHC(HOPMATOPOB IMPEBBIIACT HOPMATUBHBIN. Kpome TOoro, B TeueHHe cpoka
9KCIUTyaTalldd CHJIOBBIE TpaHC(OPMATOpHl paboTaroT, KaK IPaBHIIO, C PealbHBIMH HArpy3KaMH HIDKE HOMHHATBHBIX, YTO MO3BOJIIET COXPAaHUTH XOPOILIHE
TeXHUYECKUe MapaMeTpbl obopynoBaHus. TeM He MeHee, pelleHHe OTHOCHTEIbHO NPOJUICHHS JKCILTyaTallid TPaHC(HOPMATOPOB CBEPX HOPMATHBHOIO CPOKa
MOXKET OBITh IPHHATO TOJIBKO IOCIE HPOBEIEHHs MX AuarHocTukd. Ilo pesyinbraram oOclIemoBaHWs, NPU HEOOXOJUMOCTH, HMPOBOAUTCS MOJCPHU3ALMS
OTZENIbHBIX JIEMEHTOB TpaHC()OpPMaTOPOB.

TexHHKO-ODKOHOMUYECKUH aHAIM3 MEPONPUATHH MO MOJACPHH3AIUH U IOBHINICHUIO HAJEKHOCTH (PyHKIMOHHPOBAHUS TPaHC(HOPMATOPHOTO 0OOpPYHOBAHUS,
BO3MOXKHO, BBINOJHUTh Ha 0a3e NpeIIoKeHHOW O00OOLIEHHOH MareMaTHdeckodl Mojenun. B KkadectBe IeneBOd (DYHKIMH HPHHATHL CyMMapHbIE
JIMCKOHTHPOBAHHBIC 3aTPAThl IOJIb30BATENIA HA PEATM3ALMIO MEPONPHATHS M IHOCIEAYIOUMI IEepHOA SKCIUIyaTalln TpaHcopmaTopa HOCHIe peau3aiin
MEpONpPUATHHA. DTO MO3BOJIIET OLEHUTh 3(P(EKTHBHOCTh KOHKPETHBIX MEPONPHUATHH 110 MOBBILECHHIO HAaIEXKHOCTH ()YHKIHOHHPOBAHHS TPaHC(HOPMATOPHOTO
000py/IOBaHHS.
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