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U radu se razmatra problematika starenja jedinica prijenosne mreze i utjecaja
starenja na pouzdanost elektroenergetskog sustava, te su postavljeni kriteriji i
metodologija za izradu liste prioriteta za revitalizaciju vodova i transformatora u
prijenosnim elektroenergetskim mrezama. Kriteriji za revitalizaciju temelje se na
stvarnom stanju jedinice, te ulozi i vaznosti jedinice unutar elektroenergetskog
sustava. Probabilistickim simulacijama rada sustava i mult-iscenarijskom anali-
zom izracunavaju se ocekivani godisnji operativni troskovi rada sustava, a na
temelju razlike tih troskova pri razlicitim razinama neraspolozivosti promatranih
jedinica kvantificiraju se pojedini kriteriji ovisni o ulozi i vaznosti jedinica, te se
izracunava indeks vaznosti kandidata za revitalizaciju. Na temelju tog indeksa, te
indeksa stanja pojedinacnih kandidata za revitalizaciju, izraduje se jedinstvena lista
prioriteta vodova i transformatora za revitalizaciju.

The work examines the problem of the aging of transmission network units and
the impact of it on the reliability of the electric power system (EPS). The criteria
and methodology are defined for compiling a priority list for the revitalization
of lines and transformers in transmission networks. The criteria are based on
the real condition of a unit and the role and relevancy of the unit within the EPS.
Through a probabilistic simulation and a multi-scenario analysis the expected
annual operating costs of the system are calculated. Based on the difference of
these costs at different unavailability levels of the observed units, the individual
criteria, which are dependent on the role and relevance of the observed unit,
are quantified and the significance index of the revitalization candidates is cal-
culated. Based on that index, and the condition index of individual revitalization
candidates, a single priority list of lines and transformers for revitalization is
compiled.

Kljucne rijeci: lista prioriteta; pouzdanost elektroenergetskog sustava;
revitalizacija; starenje jedinica prijenosne mreze
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Oprema i uredaji u elektroenergetskoj mrezi trose
se i stare za vrijeme svoje Zivotne dobi. Svaki dio
opreme ima svoje vlastito Zivotno vrijeme unutar
kojega se oCekuje da ¢e raditi u skladu s deklari-
ranim karakteristikama bez veceg broja zastoja i
kvarova. Funkcija neraspoloZivosti ili broja kvarova
jedinica (elemenata, uredaja) prijenosne mreze
ima nepravilan oblik i ne moZe se matematicki
izraziti. U stvarnosti ona ima oblik tzv. kade, Sto
znali da je karakterizira povecani broj kvarova
(time i neraspoloZivost) u pocetku koristenja je-
dinice nakon njenog pustanja u pogon, zatim du-
gacko razdoblje normalnog koristenja gdje je broj
kvarova mali i priblizno konstantan, te na kraju
razdoblja koriStenja naglo povecani broj kvarova
koji se dogadaju radi starosti promatrane jedini-
ce.

U sustavu s vecim brojem starih i dotrajalih jedi-
nica Cija je neraspoloZivost poveéana dolazi do na-
rusavanja pouzdanosti, time i do smanjene sigur-
nosti opskrbe potroSaca elektricnom energijom,
odnosno povecéanih troskova rada elektroenerget-
skog sustava u cjelini.

U ovom radu opisana je originalna metodologija
i kriteriji na temelju kojih se mogu odrediti liste
prioriteta za revitalizaciju vodova i transformato-
ra u prijenosnim elektroenergetskim mrezama, s
ciliem odrzavanja zadovoljavajuce sigurnosti po-
gona Citavog elektroenergetskog sustava (EES) i
smanjenja operativnih trosSkova rada sustava.

0CEKIVANA ZIVOTNA DOB
JEDINICA MREZE

Ocekivanu Zivotnu dob pojedinih jedinica mreZe
nije moguce unaprijed odrediti pa se stoga odre-
duju ocekivane veli¢ine na temelju Sto veéeg broja
uzoraka istovrsnih jedinica. lako se priblizavanje
Zivotnoj dobi moZe relativno sigurno predvidjeti na
temelju pogonskih podataka i razlicitih terenskih
I laboratorijskih ispitivanja opreme, uglavnom se
promatraju grupe istovrsnih jedinica mreze te se
definiraju priblizne veli¢ine ocekivane Zivotne dobi
dalekovoda (elektri¢ki i gradevinski dijelovi), kabe-
la, transformatora, polja, ostale opreme u tran-
sformatorskim stanicama, sustava zastite, teleko-
munikacija | sustava upravljanja te drugog.

Ukoliko se promatraju kvarovi elektri¢ne opreme
(uredaja, jedinica mreze) mogu se razlikovati dvi-
je osnovne vrste kvarova prema njihovom uzroku:
slucajni kvarovi - uzrokovani uglavnom vanjskim
uzrocima, te kvarovi zbog starosti - uzrokovani
promjenom karakteristika opreme tijekom njenog

dugotrajnog koristenja. Osim te dvije vrste kvarova

INTRODUCTION

Equipment and devices in an electric power
network are deteriorating and aging during their
lifetime. Each equipment part has its own lifetime
withinwhich itis expected to operate inaccordance
with its declared characteristics without a greater
number of outages and failures. The unavailabili-
ty function or the number of failures on the units
(elements, devices) of the transmission network
is irregularly shaped and cannot be mathemati-
cally expressed. In reality it is bathtub-shaped,
meaning that it is characterized by an increased
number of failures (and thereby unavailability) in
the initial period of using a unit after its commi-
ssioning, followed by a long span of normal use
with a small and approximately constant number
of failures, and, finally, a period of rapidly increa-
sing number of failures occurring because of the
age of the observed unit.

In a system having a greater number of old and
deteriorated units with a higher level of unavai-
lability, disrupted reliability begins to prevail and
thereby reduced electricity supply security resul-
ting in an increase in the operating costs of the
EPS as a whole.

This work describes an original methodology and
criteria on the basis of which priority lists for the
revitalization of lines and transformers in tran-
smission networks can be defined with an aim to
keep a satisfactory level of operational security of
the whole EPS and to reduce its operating costs.

LIFE EXPECTANCY OF NET-
WORK UNITS

The life expectancy of individual network units ca-
nnot be defined beforehand, so expected values
are defined on the basis of the greatest possible
number of units of the same type. While the appro-
aching end of the lifetime can be predicted with
relative certainty, based on operation data and vi-
sual inspection and laboratory tests on conducted
on equipment, mostly observed are the groups of
network units of the same type so as to define the
approximate life expectancy values of transmissi-
on lines (electrical and construction parts), cables,
transformers, fields, other equipment in substa-
tions, protection systems, telecommunications,
control systems and other.

Amongst the observed failures on electrical equi-
pment (devices, network units) two basic types of
failures by their cause can be distinguished: ran-
dom failures - mostly caused by external influen-
ces and age-related failures - caused by changed
equipment characteristics after a long use. In ad-
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postoje jos i kvarovi uzrokovani manjkavom izved-
bom opreme koji uglavnom dolaze do izrazaja u
pocetnoj fazi koristenja opreme. Nadalje, kvarovi
elektricne opreme mogu se podijeliti na temelju
mjesta nastanka uzroka kvara na vanjske i unu-
tarnje kvarove, te na temelju mogucnosti saniranja
kvara na popravljive i nepopravljive kvarove. Stare-
njem opreme u mrezi dolazi do povecanog broja
kvarova, time i do poveéanog broja ispada, zastoja
i neraspoloZivosti jedinica mreze. Kako se oprema
priblizava kraju svoje oCekivane Zivotne dobi aktiv-
nosti i financijska sredstva koje je potrebno uloZiti
u njeno odrZavanje znacajno se povecavaju.

Funkcija broja kvarova, neraspolozivosti ili inten-
ziteta kvarova za elektricnu opremu ima poznati
oblik kade (slika 1), te je nije moguce matematicki
formulirati za svaki pojedinacni slucaj.

0

Razdoblje po¢etnog
koristenja / Period

of initial use ,

Razdoblje normalnog koristenja /
Period of normal use

dition to these two types of failures there are fai-
lures caused by poor construction, coming to the
fore largely in the initial stage of equipment use.
Furthermore, failures on electrical equipment can
be divided by the place of their cause into external
and internal ones, and, by their reparability, into
reparable and unreparable ones. With the aging
of equipment there is an increasing number of
defects and thereby an increasing number of ou-
tages, failures and unavailability of network units.
With the approaching end of the life expectancy of
equipment, the funds to be spent on its mainte-
nance tend to rise significantly.

The function of the number of failures, the una-
vailability or intensity of failures on electrical equ-
ipment is bathtub-shaped (Figure 1) and cannot
be mathematically formulated for each particular
case.

Razdoblje dotrajalosti /
Period of deteriorated
condition /

dA()/dt<0

1

dA(1)/d=0

2

tﬂ tl

Godine / Years

Slika 1 — Funkcija intenziteta kvara

Figure 1

Unutar funkcije intenziteta kvarova razlikuju se tri
podrucja vremena koristenja elektricne opreme:

— podru¢je 1 izmedu ¢ i ¢, - predstavlja raz-
doblje pocetnog koristenja, gdje nakon pu-
Stanja u pogon opreme dolazi do nastanka
odredenog broja kvarova. Kvarovi su uglav-

nom uzrokovani konstrukcijskim i dizaj-
nerskim pogreskama pri izradi opreme.
Funkcija intenziteta kvarova je padajuca

(dA(8)/dr)<0, jer sve kvarove otklanja proizvodac
opreme radi garancije koja se traZi,

— podrucje 2 izmedu ¢ i ¢,- predstavlja razdoblje
normalnog koristenja gdje je intenzitet kva-
rova priblizno stalan, a kvarovi su uglavnom
uzrokovani vanjskim utjecajem i slucajnog su
karaktera. Funkcija intenziteta kvarova je pri-
blizno konstantna dA(¢#)/dt = 0,

Defect intensity function

Within the failure intensity function three areas of
the use of electrical equipment can be distingu-
ished:

— area | between ¢ and ¢, - represents the period
of initial use, where after commissioning a cer-
tainnumberof failures occur. Thesefailuresare
largely caused by structural and design errors
during equipment manufacture. The failure
intensity function is descending (dA(z)/d#)<0,
because all defects are corrected under the
manufacturer’s warranty,

— area 2 between ¢,and ¢, - represents the peri-
od of normal use, where the failure intensity
is approximately constant and failures are lar-
gely caused by external influences and are of
random nature. The failure intensity function
is approximately constant dA(f)/d¢= 0,
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— podrucje 3 nakon tocke ¢, - predstavlja raz-
doblje dotrajalosti, gdje intenzitet kvarova na-
glo raste dok ne dostigne tocku kada pogon
vise nije moguc¢. Funkcija intenziteta kvarova
je rastuca dA(#)/ds > 0. U tom su podruéju do-
minantni kvarovi uzrokovani staros¢u opreme
i znacajno nadmasuju kvarove Ciji su uzroci
slucajnog karaktera.

Tocka ¢, na slici 3 predstavlja vrijeme normalnog
koristenja pojedine elektricne opreme, odnosno
priblizno se moZe nazvati ocekivanom Zivotnom
dobi. Nakon te tocke razdoblje koristenja opreme
moguce je produljivati uz smanjenu pouzdanost,
odnosno raspoloZivost jedinica, te povecana ula-
ganja u odrzavanije i popravke. Tocku u vremenu,
odnosno ograni¢eno vremensko razdoblje kada
razdoblje normalnog koriStenja prelazi u razdo-
blje dotrajalosti razlikuje se za svaku pojedinacnu
opremu u mreZi, te ovisi 0 nizu ostalih unutarnjih
i vanjskih faktora, a nemoguce ju je sa sigurno-
S¢u predvidjeti. Idealno bi bilo revitalizaciju opre-
me, odnosno svake pojedinacne jedinice mreze
provesti u trenutku ¢, ili neposredno nakon njega,
¢ime bi se optimizirala financijska sredstva i raz-
doblje koristenja jedinice mreze.

Vrijeme prelaska iz razdoblja normalnog koriste-
nja u razdoblje dotrajalosti za svaku pojedinacnu
opremu/jedinicu u mrezi ovisi o vise faktora, kao
Sto su: pogonskih uvjeta (opterecenja, naponi,
kratki spojevi, broj sklopnih operacija i dr.), vanj-
skih utjecaja (klima, okolis, izloZzenost atmosfer-
skom oneciscenju itd.), izloZenosti mehani¢kom
stresu, te izloZenosti termi¢kom stresu.

Postoji vise indikatora da se promatrana oprema
nalazi na kraju razdoblja normalnog koristenja,
odnosno ocekivane Zivotne dobi, kao Sto su: po-
vecana neraspolozivost, povecani broj kvarova,
povecani troskovi odrzavanja ili kraj razdoblja ko-
riStenja istovrsne opreme u mrezi. Izuzev kraja zi-
votne dobi pojedinih jedinica mreZe radi starosti,
trajni izlazak iz pogona i zamjena pojedinih jedini-
ca takoder mozZe biti uzrokovana drugim razlozi-
ma strateske, ekonomske ili tehnicke naravi.

Procjene ocekivane Zivotne dobi elektrickih kom-
ponenata nadzemnih vodova u dostupnoj litera-
turi krecu se izmedu 40 i 60 godina. Pri tom se
pojedine komponente (izolatorski ¢lanci, dijelovi
ovjesne i spojne opreme, pojedine dionice vodi-
Ca i zastitne uzadi) parcijalno zamjenjuju tijekom
eksploatacije dalekovoda. U [1] definirana je pro-
sje¢na vrijednost ocekivane Zivotne dobi Al/C vo-
di¢a od 54 godine, s odstupanjem od +14 godina,
te Celicno-resetkastih stupova od 63 godine + 21
godinu. Pravi se razlika izmedu vodova koji se na-
laze unutar normalnog okruzenja, te vodova koji
se nalaze unutarizrazito zagadenog podrucja, Cija
oCekivana zivotna dob elektrickih komponenata

— area 3 after point ¢, - represents the period of
deteriorated condition, where the failure inten-
sity rapidly grows until reaching a point where
operation is no longer possible. The failure in-
tensity function is ascending dA(z)/dz > 0. In that
area the dominant failures are caused by the
age of equipment and significantly exceed the
failures caused by random factors.

Point ¢, in Figure 3 represents the time of normal
use of an electrical equipment, and can be approxi-
mately attributed to life expectancy. After that po-
int the period of equipment use can be prolonged
with reduced reliability/availability of units and in-
creased spending on maintenance and repair. The
point in time, or the limited period of time when
the period of normal use passes into the period of
deteriorated condition, differs from equipment to
equipment in the network, depending on a variety
of other internal and external factors, and cannot
be predicted with any fair amount of certainty.
The revitalization of equipment or each particular
network unit would be ideal to carry out in moment
t, or immediately thereafter, whereby the finances
and the period of using the network unit would be
optimized.

The time of transition from the period of normal
use to the period of deteriorated condition for
each particular equipment/network unit depends
on a number of factors, such as operation condi-
tions (loads, voltages, short-circuits, number of
switching operations, etc.), external influences
(weather, environment, exposure to atmospheric
pollution, etc.), exposure to mechanical stress and
thermal stress.

There is a number of indications that the obser-
ved equipment has reached the end of normal use
or life expectancy, such as: greater unavailability,
increased number of failures, higher maintenance
costs or the end of using the same type of equi-
pment in network. Apart from the end of the lifeti-
me of certain network units as a result of age, per-
manently discontinued operation and replacement
of individual units can also be caused by other rea-
sons of strategic, economic or technical nature.

The assessments of the life expectancy of the elec-
trical components of overhead lines in accessible
literature vary between 40 and 60 years. Some
transmission line components (insulators, parts
of suspension and couplings, some conductor
sections and protective wire) are partially replaced
during the exploitation of the transmission line.
Literature [1] estimates the average value of an
ACSR conductor at 54 years with a deviation of 14
years, and of steel towers at 63 years + 21 years. A
distinction is made between the lines in a normal
environment and those in an excessively polluted
environment where the life expectancy of electrical
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iznosi 46 godina + 15 godina. Prema [2] oéekivana
Zivotna dob za stupove dalekovoda iznosi izmedu
50 godina i 70 godina, a 35 godina do 50 godina za
vodice, izolaciju, te nosnu i spojnu opremu.

Prema dosadasnjim iskustvima u pogonu visoko-
naponskih kabela i raspolozivih tehnickih poda-
taka oCekivana Zivotna dob za uljne kabele iznosi
oko 50 godina [2]. Za odredivanje povoljnog tre-
nutka zamjene ovu vrijednost moguce je korigira-
ti ovisno o opterecenju kabela (sadasnjem i oCe-
kivanom), zabiljeZenim pogonskim dogadajima

i uvjetima u kojima je kabel polozen. Ocekivana
Zivotna dob ostalih vrsta procjenjuje se u suradnji
s proizvodacima. Prema [1] oCekivana Zivotna dob
za uljne kabele iznosi 52 godine, s odstupanjem

od +20 godina.

Na pravo stanje energetskih transformatora toc-
nu informaciju, na temelju koje se moZe donijeti
odluka o revitalizaciji, moze dati jedino potpuna
analiza pogonskih dogadaja, te dijagnosticiranje
njihovog stanja. Zbog visokih investicijskih tros-
kova velikih energetskih transformatora njiho-
va je zamjena odredena staroS¢u, odnosno oni
ostaju u pogonu sve dok je to tehnicki moguce.
Ekonomski razlozi za zamjenu poput smanjenja
gubitaka unutar transformatora gotovo nikad
nisu motiv za zamjenu. Vedi popravci ostarjelih
transformatora takoder se gotovo nikad ne prak-
ticiraju buduéi da su troskovi popravaka visoki.
Vazni faktori koji utjeCu na karakteristike tran-
sformatora su vlaga i kisik. Pove¢anjem sadrzaja
vlage u ulju smanjuje se njegova probojna ¢vrsto-
¢a. Vlaga takoder moZe oStetiti Cvrstu (papirnatu)
izolaciju namotaja transformatora, kao i kisik i
toplina [3] i [4]. Generalno se moZe zakljuditi da
na starenje transformatora glavni utjecaj imaju
vlaga, toplina i kisik, najviSe ovisni o pogonskim
uvjetima kojima je transformator izloZen u vre-
menu njegova koristenja. Ocekivana se Zivotna
dob velikih energetskih transformatora prema
dostupnim procjenama krece izmedu 42 godine
[1]1 50 godina [5], uz pretpostavku njihovog redo-
vitog odrZavanja i nepostojanja vecih kvarova koji
bi ga trajno osStetili.

PROCJENA BUDUCE
NERASPOLOZIVOSTI JEDI-
NICA MREZE

Promatrane jedinice prijenosne mreze

Prijenosnu mrezu sacinjava Citav niz razlicitih
objekata i uredaja, odnosno jedinica, komponenta
i elemenata. Najvazniji su: nadzemni vodovi, ka-
belski vodovi, transformatorske stanice zajedno s
transformatorima i poljima te ostalom opremom,
zastitni uredaji, mjerni uredaji, telekomunikacij-

components is 46 years + 15 years. According to
[2], life expectancy varies between 50 and 70 years
for transmission line towers, and between 35 years
and 50 years for conductors, insulators, suspensi-
on and couplings.

According to experiences gained so far in the ope-
ration of high-voltage cables and available technical
data, the life expectancy of oil cables is around 50
years [2]. For assessing the favorable replacement
timing, this value can be corrected in dependence
on the cable load (present and expected), recorded
operation events and conditions under which the
cable is laid. The life expectancy of other types is
assessed in conjunction with the manufacturers.
According to [1], life expectancy of oil cables is 52
years with a deviation of +20 years.

It is only a comprehensive analysis of operation
events and their diagnosis that can provide accu-
rate information about the real condition of power
transformers, based on which a decision on revi-
talization can be made. Due to the high cost of in-
vestment in large power transformers, their repla-
cement is determined by age, in other words, they
remain in operation as long as technically possible.
The economic reasons for their replacement, such
as reduction of losses within the transformers, are
virtually never a motivation strong enough to un-
dertake replacement. Major repair works on old
transformers are, due to high costs of such repairs,
virtually never practiced either. Important factors
influencing the characteristics of transformers are
humidity and oxygen. Increased humidity content
in oil reduces their breakdown strength. Humidi-
ty can also impair the solid (paper) insulation of
transformer windings, as can oxygen and heat, [3]
and [4]. Generally, the main influence on the aging
of transformers is exerted by humidity, heat and
oxygen, which depends above all on operation con-
ditions to which a transformer has been exposed
during its use. The life expectancy of a large power
transformers, judging by available estimates, va-
ries between 42 [1] and 50 years [5], provided that
it is regularly serviced and spared from major de-
fects that would leave a permanent damage.

ASSESSING THE FUTURE
UNAVAILABILITY OF NETWORK
UNITS

Observed transmission network units

A transmission network consists of a series of va-
rious facilities and devices, or units, components
and elements, the most important among them
being: overhead lines, cables, substations together
with transformers and fields and other equipment,
protective devices, measuring devices, telecom-
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ska mreza i telekomunikacijska oprema, sustavi
vodenja idr.

Ovaj rad odnosi se na kapitalne jedinice prijeno-
sne mreze, odnosno vodove i transformatore. Pro-
matranje ne ide dublje u podjelu na komponente
i pojedine dijelove, ve¢ se isti promatraju unutar
cjeline, odnosno jedinice mreze.

Zastoji u prijenosnoj mrezi

NajceSce koristeni pokazatelj pouzdanosti pri-
jenosne mreze je njena raspoloZivost, odnosno
neraspolozivost. Neraspolozivost se definira kao
vremenski period unutar promatranog vremen-
skog razdoblja (najcesce godina dana) unutar
kojega mreza, odnosno neka njena jedinica, nije
u funkciji.

Poremecaj se definira kao spontano zbivanje u pro-
matranoj mrezi u kojem je doSlo do prisilnog isklo-
pa barem jednog prekidaca, odnosno do prisilnog
zastoja barem jedne jedinice prijenosne mreze.
Poremecaj zapocinje kvarom, odnosno dogadajem
kojim neka jedinica prelazi iz ispravnog u neisprav-
no stanje. Otkaz ili ispad definira se kao dogadaj
kojim neka jedinica prisilno prelazi iz pogonskog
u izvan pogonsko stanje. Prisilni zastoj je izvan
pogonsko stanje promatrane jedinice ostvareno
ispadom ili prisilnim isklopom, a neplaniranim ili
pogonskim isklopom [6]. S obzirom na uzroke pri-
silnih zastoja razlikuju se dvije grupe zastoja:

— prisilni zastoj radi unutarnjeg razloga - zastoj
radi vlastite neispravnosti,

— prisilni zastoj radi vanjskog razloga - zastoj
radi djelovanja zastite ili isklopom.

Ukoliko je promatrana jedinica u prisilnom zasto-
ju radi vlastite neispravnosti, razlikuje se prisilni
zasto] radi unutarnjeg razloga. Ispravna jedinica
moze biti u prisilnom zastoju ukoliko je izvan pogo-
na radi djelovanja zastite ili isklopom pa se govori
o prisilnom zastoju s vanjskim razlogom. Prisilni
zastoj moZe biti trajan, privremen ili prolazan.

Trajan prisilni zastoj je onaj zastoj koji nastaje
radi kvara komponente ili elementa jedinice, na-
kon cega jedinica nastavlja pogon po otklanjanju
kvara. Privremen prisilni zastoj je onaj zastoj kod
kojega jedinica nastavlja pogon nakon njenog
isklopa bez popravka ili zamjene neke od njezinih
komponenata, dok je prolazan prisilni zasto] onaj
zastoj kada jedinica nastavlja pogon nakon njenog
isklapanja i uspjeSnog djelovanja APU (automat-
skog ponovnog uklapanja). OCito je da e starost
jedinice imati utjecaj jedino na veli¢inu trajnih
prisilnih zastoja, dok ce se privremeni i prolazni
prisilni zastoji dogadati neovisno o starosti proma-
trane jedinice.

munication network and equipment, control sy-
stems, etc.

This work deals with the capital units of a transmi-
ssion network, i.e., lines and transformers. They
are not examined in depth in terms of division into
components and parts, they are examined instead
within a whole, as network units.

Outages in the transmission network

The most frequently used indicator of the reliabili-
ty of a transmission network is its availability and
unavailability respectively. Unavailability is defined
as a time interval within the observed period of
time (mostly one year) when a network or one of
its units is out of operation.

Disruption is defined as a spontaneous event
within the observed network when a forced dis-
connection occurs on at least one circuit breaker,
or a forced outage of at least one unit of the tran-
smission line. A disruption starts with a failure, an
event where a unit passes from a correct into a
faulty state. An outage is defined as an event whe-
re a unit forcibly passes from an operable into an
inoperable state. A forced outage is the out-of-
operation condition of the observed unit resulting
from sudden outage or forced disconnection, not
planned or done intentional [6]. In terms of the ca-
uses there are two groups of forced outages:

— forced outage caused by internal reason - ou-
tage due to own faultiness,

— forced outage caused by external reason - ou-
tage due to a protective action or disconnecti-
on.

If the observed unit is in the state of forced outage
due to its own faultiness, it is a case of an internal
reason. A functional unit may be in the state of for-
ced outage if out of operation due to a protective
action or disconnection, so this is a case of a for-
ced outage for an external reason. A forced outage
can be permanent, temporary or transient.

A permanent forced outage is one caused by a
defective component or element of the unit, after
which the unit resumes operation once the defect
has been corrected. A temporary forced outage
is one where the unit resumes operation after its
disconnection without repair or replacement of
one of its components. A transient forced outage
is one where the unit resumes operation after its
disconnection and successful automatic re-closu-
re. It is obvious that the age of the unit will influ-
ence only the extent of permanent forced outages,
whereas the temporary and transient forced outa-
ges will occur aside from the age of the observed
unit.
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Planirani zastoj je izvan pogonsko stanje proma-
trane jedinice ostvareno smisljeno, planiranim
isklopom, a ne ispadom, radi provodenja neke pla-
nirane namjere poput provodenja plana odrZava-
nja, otklanjanja nedostataka, preventivne dijagno-
stike i sli¢nog [6]. S obzirom na uzroke planiranih
zastoja takoder se razlikuju dvije grupe zastoja:

— planirani zastoj radi unutarnjeg razloga - za-
stoj radi zahvata na promatranoj jedinici,
— planirani zastoj radi vanjskog razloga - za-

stoj radi zahvata izvan promatrane jedinice.

Planirani zastoj radi unutarnjeg razloga nastaje
ukoliko dolazi do zahvata na promatranoj jedini-
ci, dok planirani zastoj radi vanjskog razloga na-
staje ukoliko dolazi do zahvata izvan promatrane
jedinice, ali je promatranu jedinicu zbog tog za-
hvata nuzno iskljuciti.

Starost pojedine jedinice prijenosne mreze utje-
Ce i na prisilne i na planirane zastoje, no samo
na one s unutarnjim razlogom. Vanjski razlozi za
prisilne i planirane zastoje jedinica prijenosne
mreze dogadaju se neovisno o njihovoj starosti,
odnosno pogadaju jednakom vjerojatnoscu i sta-
rije i novije jedinice mreZe. Radi starosti jedinice
moze se oCekivati povecani broj prisilnih zastoja
radi vlastite neispravnosti jedinice, ali i povecani
broj planiranih zastoja s unutarnjim razlogom
radi povecanih aktivnosti na odrzavanju jedinice,
otklanjanju nedostataka, dijagnostici i drugom.

Ukoliko se ukupnu neraspoloZivost neke jedini-
ce prijenosne mreze oznaci sa ¢ vrijedi sljedeca
relacija:

q:qpr+qpl y

gdje su:

9, - neraspolozivost radi prisilnih zastoja, a
qy - neraspoloZivost radi planiranih zastoja.

Nadalje vrijedi sljedece:

A planned outage is an out-of-operation state of the
observed unit brought about deliberately through pla-
nned disconnection, not a breakdown, in order to carry
out some planned works, such as implementation of
a maintenance schedule, rectification of deficiencies,
preventive diagnostics, and similar [4]. In terms of
their causes there are two groups of forced outages:

— planned outage caused by internal reason - re-
medial action on the observed unit,

— planned outage caused by external reason - re-
medial action outside of the observed unit.

A planned outage caused by internal reason is in-
tended to take a remedial action on the observed
unit, whereas a planned outage caused by external
reason is undertaken if a remedial action is to take
place outside of the observed unit which must be
disconnected for that purpose.

The age of a transmission network unit also influ-
ences both the forced and the planned outages, but
only those with an internal reason. External rea-
sons for forced and planned outages of transmissi-
on network units occur aside from their age, and
they affect both older and newer network units with
equal probability. As a result of the age of a unit an
increased number of forced outages can be expec-
ted because of the unit's own faultiness, but also
an increased number of planned outages for an in-
ternal reason, those caused by intensified activities
involving maintenance, rectification of deficiencies,
diagnostics and other works on the unit.

If the total unavailability of a transmission network
unit is marked ¢, the following relation applies:

where:

q, - unavailability due to forced outages, and
q, - unavailability due to planned outages.

Furthermore, the following applies:

or =prun T Dpr va 2)
Dpr un = Dpr un-ue ¥ Dpr unpr , €)
ot =4piun Tyl va (4)
9= un T va T o1 un Y Dot va, (5)
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gdje su:

— neraspolozivost radi prisilnih zastoja s
~unutarnjim razlogom,

9o neraspoloZivost radi trajnih prisilnih
) zastoja s unutarnjim razlogom,
q, u“_p—neraspoloiivost radi privremenih i pro-

laznih prisilnih zastoja s unutarnjim razl-
ogom,

4, .,~ neraspoloZivost radi prisilnih zastoja s
vanjskim razlogom,

4, ,,~ neraspolozivost radi planiranih zastoja s
unutarnjim razlogom.

Mogucejegeneralnoutvrditidastarostpromatrane
Jedinice prijenosne mreze utjecenavelicineq i
4, ,, Buducida se u prisilne zastoje radi unutar-
njeg razloga ubrajaju i oni zastoji koji nastaju radi
pogonskih prilika i preoptereéenja pojedinih je-
dinica mreZe (koja ne ovise o njihovoj starosti), te
da se u planirane zastoje radi unutarnjeg razloga
ubrajaju i oni zastoji radi redovitog odrzavanja ili
preventivne dijagnostike koji ne trebaju nuzno
biti povezani sa staros¢u jedinice u zastoju, teSko
je naci to¢nu funkcionalnu ovisnost ove dvije ve-
licine o starosti promatrane jedinice.

Gornja podjela prisilnih i planiranih zastoja koji
¢ine ukupnu neraspoloZivost jedinica izvréena je
s ciljem procjene buduce neraspoloZivosti sta-
rijih jedinica mreze, a detaljnom statistickom
obradom pogonskih dogadaja moguce je kvan-
tificirati sve veliCine prisilnih i planiranih zasto-
ja te ih razvrstati prema unutarnjim i vanjskim
razlozima. Nakon registracije dogadaja, odno-
sno ispada neke jedinice ili njenog namjernog
iskljucenja, te identifikacije uzroka tog ispada
ili iskljucenja, mogucde je odrediti da li se radi o
prisilnom ili planiranom zastoju, je li uzrok za-
stoju unutarniji ili vanjski, te u slucaju unutarnjeg
razloga da li se radi o trajnom ili prolaznom ili
privrcemenom kvaru jedne ili vise komponenti.

Funkcije razdiobe i vjerojatnost zastoja

Zastoji jedinica prijenosne mreZe mogu se sma-
trati slu¢ajnim dogadajima kojima se pridruzuje
odredena vjerojatnost. Promatraju se jedinice
prijenosne mreze i njihova obiljezja vezana za

prisilne i planirane zastoje te njihove uzroke.

Svakom od tih obiljezja moze se pridruziti odre-
dena vjerojatnost P(x) te pretpostaviti njihove
kontinuirane razdiobe na temelju nekih teoret-
skih distribucija.

Tablica 1 prikazuje jedinice promatranja (jedinice
prijenosne mreze), njihova promatrana obiljez-
ja (neraspoloZivosti radi razlicitih vrsta zastoja),
slucajne varijable te pridruzene funkcije vjero-

where:

— unavailability due to forced outages caused

by internal reason,

- unavailability due to permanent forced
outages caused byinternal reason,

—unavailability due to temporary and transient
forced outages caused by internal reason,

- unavailability due to forced outages caused
by external reason,

4, ,,~ unavailability due to planned outrages

caused by internal reason.

qpriun—tr

qprfun»p

q

pl_va

It can be generally ascertained that the age of an
observed transmission network unit influences the
values ¢, and g, . Considering the fact that as
forced outages due to an internal reason are also
counted the outages caused by operation conditi-
ons and overload of some network units (not linked
to their age) and that as planned outages for an in-
ternal reason are also counted the outages caused
by regular maintenance or preventive diagnostics
which may not be necessarily linked to the age of
the disabled unit, it is hard to find the exact functi-
onal dependence of these two values on the age of
the observed unit.

The above distribution of the forced and planned
outages constituting the overall unavailability of
units has been made with a view to assessing the
future unavailability of older network units. By de-
tailed statistical processing it is possible to quan-
tify all the values of forced and planned outages
and classify them by internal and external causes.
Once an event of outage or intentional switching-off
of a unit is taken note of and its cause identified, it
is possible to determine whether it is a forced or
planned outage, whether the cause is internal or
external and, if internal, whether it is a case of a
permanent or temporary or transient failure on one
or more components.

Distribution functions and the probability
of an outage

The outages of transmission network units can be
viewed as contingent events accompanied by a cer-
tain amount of probability. The units of a transmi-
ssion network are observed and so are their featu-
res associated with forced and planned outages and
their causes.

To each of these features a certain probability P(x)
is attributable, and, based on some theoretical dis-
tributions, their continuous distributions can be
presumed.

Table 1 shows the units of observation (transmissi-
on network units), their observed features (unavai-
labilities due to various outages), random variables,
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jatnosti i razdiobe slucajne varijable. Na temelju
statistike pogonskih dogadaja moguce je odredi-
ti osnovne parametre funkcija razdiobe slucajnih
varijabli, i to:

— aritmeti¢ku sredinu ¥,
— standardnu devijaciju o,

te na temelju tih dviju veli¢ina i ostale parametre
traZenih funkcija.

associated probability functions and random varia-
ble distributions. Based on the statistics of operation
events, it is possible to define the basic parameters
of the random variable distribution functions, viz.:

— arithmetic mean %,
— standard deviation g,

and, based on these two values, define the other
parameters of the related functions.

Tablica 1 - Zastoji jedinica prijenosne mreze, funkcije vjerojatnosti i funkcije razdiobe
Table 1 - Outages of transmission network units, probability functions and distribution functions

Jedinica
promatranja /
Observed unit

ObiljeZje jedinice / Unit feature

NeraspoloZivost radi trajnih
prisilnih zastoja s unutarnjim
razlogom / Unavailability due to
permanent forced outages caused
by internal reason

NeraspoloZivost radi privremenih

i prolaznih prisilnih zastoja

s unutarnjim razlogom /
Nadzemnivod / Unavailabil ty due to temporary
Overhead line  gnc

ansient forced ou

caused by internal reason
Neraspolozivost radi prisilnih
zastoja s vanjskim razlogom
/Um]‘/znhmulv due to forced
butages caused by external

reason

Kabel / Cable

NeraspoloZivost radi planiranih
zastoja s unutarnjim razlogom
/ Unavailability due to planned
outages caused by internal
reason

Transformator
/ Transformer

NeraspolozZivost radi planiranih
zastoja s vanjskim razlogom /
Unavailability due to planned
outages caused by external
reason

U teoriji pouzdanosti mreza najcesce koriStene
teoretske funkcije vierojatnosti i funkcije razdiobe
slucajne varijable su normalna razdioba i Weibu-
llova razdioba [7]. Normalna razdioba odredena je
aritmetickom sredinom i standardnom devijaci-
jom (6), dok je Weibullova razdioba (7) odredena
parametrima oblika i mjere (ki 4) koje je takoder
moguce odrediti na temelju poznate aritmeticke
sredine i standardne devijacije [8]:

Slu&ajna varijabla /

Funkcija razdiobe
slucajne varijable
/ Random variable

Funkcija
vjerojatnosti /

REIEINEIE I Probability function distribution
function
qpriun-tr P(qpriun»(r) F(qpriun-tr)
qprfun—pr P(qpriun—pr) F(qpriun-pr)
qpr_va P(qpr_va) F(qpr_va)
qpl_un P(qpl_un) F(qpl_un)
qpliva P(qpliva) F(qpliva)

In the theory of network reliability the most often
used theoretical probability functions and random
variable distribution functions are the normal
distribution and the Weibull distribution [7]. The
normal distribution is defined by the arithmetic
mean and the standard deviation (6), whereas the
Weibull distribution (7) is defined by the shape and
scale (kand 1) parameters which can also be defi-
ned on the basis of a known arithmetic mean and
standard deviation [8]:

|
F(x)=——=—¢ %
o2 1 , (6)
k-1 Xk
k(x -
Fl,k, ) )=—|=| e * 7
( ) 7\ (7)
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Metoda za procjenu neraspolozivosti jedi-
nica mreZe u kratkorocnom razdoblju

Kako je prethodno objasnjeno nije moguce uni-
verzalno i jednoznacéno naci funkcionalnu ovisnost
neraspoloZivosti jedinica prijenosne mreze i njiho-
ve starosti. U razdoblju normalnog koristenja jedi-
nice njena neraspolozivost je priblizno konstantna,
odnosno ne ovisi o starosti promatrane jedinice.
Unutar razdoblja dotrajalosti funkcionalna ovi-
snost moZe biti snazna bududi da se neraspolozi-
vost jedinice znacajno povecava s njenom starosti,

aliju je i dalje nemoguce jednoznacno odrediti.

Definirana metoda za procjenu buduce neraspo-
loZivosti jedinica prijenosne mreze temelji se na
podacima o zastojima jedinica i njihovim uzrocima
iz statistike pogonskih dogadaja, te odredivanju
vjerojatnosti zastoja u promatranom buducem
kratkorocnom razdoblju pretpostavljaju¢i da se
odredene vrste zastoja (funkcionalno ovisne o sta-
rosti promatrane jedinice) distribuiraju na teme-
lju poznatih teoretskih funkcija razdiobe slucajne
varijable (normalna razdioba i Weibull-ova razdi-
oba).

Procjena kratkorocne neraspoloZivosti promatra-
nih jedinica prijenosne mreze (vodova i transfor-
matora) vrsi se na sljededi nacin:

— za vodove i transformatore mlade od 40 godi-
na (ili neke druge postavljene granice) pret-
postavlja se konstantna neraspoloZivost radi
prisilnih i planiranih zastoja, te konstantna
ukupna neraspoloZivost, jednaka odgovaraju-
¢im prosjecima (aritmetickim sredinama) za
razdoblje obuhvaceno statistikom pogonskih
dogadaja:

1 N
qpr = N qur,n N

n=l1
1 N
qpl = N ;qw,n N

gdje je:

N - ukupan broj godina obuhvadenih statistikom
pogonskih dogadaja,

Dop ~ neraspolozivost radi prisilnih zastoja u n-toj
godini promatranja, a

q,, —nheraspoloZivostradiplaniranihzastojaun-toj
godini promatranja.

Za ovu grupu promatranih jedinica prijenosne

mreZze ne razlikuju se prisilni i planirani zastoji
radi unutarnjih i vanjskih razloga, tako ni prisilni

Method of estimating the unavailability of
network units in a short-term period

As explained above, there is no universal and cle-
ar-cut way of finding the functional dependence
of the unavailability of transmission network units
and their age. In a period of normal use the una-
vailability of a unit is approximately constant in
that it does not depend on the age of the observed
unit. Within a period of deteriorated condition the
functional dependence may be strong because the
unavailability of a unit is significantly increasing
with its age, but it continues to defy a clear-cut
definition.

The defined method of estimating the future una-
vailability of transmission network units is based
on data concerning the outages of the units and
their causes taken from the statistics on operation
events and on the definition of outage probability
in the observed future short-term period, provided
that certain types of outages (functionally depen-
dent on the age of the observed unit) are distribu-
ted in conformity with the known theoretical ran-
dom variable distribution functions (the normal
distribution and the Weibull distribution).

The short-term unavailability of observed tran-
smission network units (lines and transformers)
is assessed as follows:

— for lines and transformers younger than 40
years (or some other set limit) a constant
unavailability is assumed due to forced and
planned outages, as well as constant overall
unavailability, equal to the corresponding ave-
rages (arithmetic means) for a period covered
by the statistics of operation events:

where:

N —total number of years covered by the statis-
tics of operation events,

D - unavailability due to forced outages in the
n-th observation year, and

q,, —unavailability due to planned outages in the
n-th observation year.

For this group of observed transmission network
units there is no difference between the forced and
the planned outages due to internal and external
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zastoji radi unutarnjih razloga prema istrajnosti
(trajni, prolazni, privremeni), buduci da se pret-
postavlja kako se isti nalaze u razdoblju normal-
nog koristenja kada nije vidljiva funkcionalna
veza izmedu odredenih vrsti zastoja i starosti
jedinice mreZze.

— za kandidate starije od 40 godina u proma-
tranom trenutku pretpostavlja se sljedece:

e urazmatranom kratkoro¢nom razdoblju
nece docido trajnog iskljucenja niti jedne
promatrane jedinice mreze (nije trajan
kvar, odnosno unistenje),

e starost jedinice ima posljedice samo na
prisilne i planirane zastoje radi unutar-
njih razloga, a unutar prisilnih zastoja
radi unutarnjih razloga samo na trajne
prisilne zastoje,

e prisilni i planirani zastoji radi vanjskih
razloga, te prolazni i privremeni prisilni
zastoji radi unutarnjih razloga, ne ovise o
starosti promatrane jedinice,

e neraspoloZivosti jedinice zbog trajnih pri-
silnih i planiranih zastoja radi unutarnjih
razloga opisuju se svaka svojom funkci-
jom razdiobe (normalne ili Weibullove),

e srednje vrijednosti i standardne devi-
jacije uzorka neraspolozivosti jedinica
zbog trajnih prisilnih i planiranih zasto-
ja s unutarnjim razlogom u razdoblju
obuhvacenom statistikom pogonskih
dogadaja definiraju funkciju normalne
razdiobe ili funkciju Weibullove razdiobe
na temelju koje se procjenjuje kratkoroc-
na neraspoloZivost jedinica zbog trajnih
prisilnih zastoja radi unutarnjih razloga i
neraspoloZivost jedinica zbog planiranih
zastoja radi unutarnjih razloga,

e postavlja se vjerojatnost od 0,95 da ce
procijenjene vrijednosti neraspoloZivosti
radi trajnih prisilnih i planiranih zastoja s
unutarnjim razlogom poprimiti vrijedno-
sti uintervalu od 0 do procijenjene vrijed-
nosti neraspoloZivosti, a iz razloga sigur-
nosti za procijenjenu vrijednost neraspo-
loZivosti radi trajnih prisilnih i planiranih
zastoja s unutarnjim razlogom uzimamo
gornju granicu intervala,

e procijenjene buduce neraspoloZivosti
radi prolaznih i privcemenih prisilnih za-
stoja s unutarnjim razlogom, te prisilnih
i planiranih zastoja s vanjskim razlogom,
jednake su srednjoj vrijednosti uzorka
istovrsnih neraspoloZivosti iz statistike
pogonskih dogadaja.

NeraspoloZivosti radi priviemenih i prolaznih
prisilnih zastoja s unutarnjim razlogom (qpr mip),
neraspolozivosti radi prisilnih zastoja s vanjskim
razlogom (qp i neraspoloZivosti radi planiranih

rﬁva)

reasons, nor the forced outages for internal reasons
according to the degree of persistence (permanent,
transient, temporary), since it is assumed that they
take place in the periods of normal use when the
functional link between certain types of outages
and the age of a network unit is not obvious.

— For candidates older than 40 years at an obser-
ved juncture the following is presumed:

e over the observed short-term period there
will be no permanent disconnection of any
observed network unit (it is not a permanent
defect or a destruction),

e the age of the unit concerned has affects
only the forced and planned outages caused
by internal reasons, and within the forced
outages caused by internal reasons only the
permanent forced outages,

e the forced and planned outages caused by
external reasons, and the transient and
temporary forced outages caused by inter-
nal reasons, are independent of the age of
the observed unit,

e the unavailabilities of a unit due to perma-
nent forced and planned outages caused by
internal reasons are each described with its
distribution function (normal or Weibull),

e the mean values and standard deviations of
an unavailability sample of units due to per-
manent forced and planned outages caused
by internal reason in the period covered by
the statistics of operation events define the
normal distribution function or the Weibull
distribution function, on the basis of which
the short-term unavailability of units due to
permanent forced outages caused by inter-
nal reasons and the unavailability of units
due to planned outages caused by internal
reasons are assessed,

e aprobability of 0.95 is set that the assessed
unavailability values due to permanent for-
ced and planned outages caused by inter-
nal reason will assume values in an interval
from 0 to the assessed unavailability value,
whereas, to be on the safe side, for the
assessed unavailability value due to perma-
nent forced and planned outages caused by
internal reason the upper limit of the inter-
val is taken

e the assessed future unavailabilities due to
transient and temporary forced outages
caused by internal reason, and forced and
planned outages caused by external reason,
equal the mean value of the sample of una-
vailabilities of the same type taken from the
statistics of operation events.

The unavailabilities due to temporary and transient
forced outages caused by internal reason (g, ).
the unavailabilities due to forced outages caused by
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zastoja s vanjskim razlogom (¢, ) ne ovise o
. o : pl_va:
starosti voda pa se racunaju kao:

1 n=N

qpr un-pr — A7 z qpr un—pr,n
B N n=1 B ’

n=N

1
N : qpriva,n

Qpriva =

n=

=

n=

1
Qpliva = ﬁ : qpliva,n

n=

gdje je:
9y s~ NEraspolozivost radi privremenih i
prolaznih prisilnih zastoja s unutar-
njim razlogom u godini n,
Do van ~ neraspolozivost radi prisilnih zastoja s
vanjskim razlogom u godini n,
Dot van  ~ neraspoloZivost radi planiranih zasto-

ja s vanjskim razlogom u godini n, te
ostaju konstantne za promatrano bu-
duce razdoblje.

Srednje vrijednosti neraspolozivosti radi trajnih
prisilnih i planiranih zastoja radi unutarnjih ra-
zloga iznose:

gdje je:
Qe o~ NETASPoLOZivost radi trajnih prisilnih
B zastoja s unutarnjim razlogom u godini
n,
Dyumn ~ neraspolozivost radi planiranih zastoja

s unutarnjim razlogom u godini n.

Standardne devijacije neraspoloZivosti radi pri-
silnih i planiranih zastoja s unutarnjim razlogom
iznose:

external reason (g, ) and the unavailabilities due
to planned outages caused by external reason (qpl )
are independent of the age of the line, so they are

calculated as:

(10)

)

s

(12)

where:
Do onpen ~ unavailability due to temporary and tran-
B sient forced outages caused by internal
reason in year n,
Do van unavailability due to forced outages cau-

sed by external reason in year n,

- unavailability due to planned outages cau-
sed by external reason in year n, remaining
constant for the observed future period.

qpliva,n

The mean values of unavailability due to permanent
forced and planned outages caused by internal re-
asons amount to:

where:

A unavailability due to permanent forced ou-
- tages caused byinternal reason in year n,

4y, - Unavailability due to planned outages cau-

sed byinternal reason in year n.

Standard deviations of unavailability due to forced
and planned outages caused by internal reason
amount to:
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n=N

n

(qpriun —trn
=1

2
qpriun —tr ) (1 5)

prun—tr

w-1)

n=1

n=N
( )2
pl_un,n qpl un
b

(16)

O-pliun -

w-1)

gdje je N veli¢ina uzorka (broj godina obuhvace-
nih statistikom pogonskih dogadaja).

Funkcija normalne razdiobe definirana je izra-
zom (6), dok je vjerojatnost da varijabla x popri-
mi neku vrijednost iz intervala [x,, x,] definirana
sljedec¢im izrazom:

P(x, <x<x2)=]g F(x)-dx

Rl

Kod Weibullove razdiobe funkcija razdiobe defi-
nirana je izrazom (7), a vjerojatnost da varijabla
x poprimi vrijednost iz intervala [x,, x,] raCuna se
preko sljedeceq izraza:

where N is the sample size (number of years cove-
red by the statistics of operation events).

The normal distribution function is defined by the
expression (6), whereas the probability of variable x
to assume some value from the interval [x, x,] is
defined by the following expression:

—(x-x)?

262

B
:;[1 me dx -

With the Weibull distribution the distribution fun-
ction is defined by the expression (7), whereas the
probability of variable x to assume some value from
the interval [x,, x,] is calculated by the following
expression:

P(xl<x,.sz):TP(xl.)~dx:F(xz)—F(xl). (18)
Ako se oznadi sljedece: If the following is denoted:

X =G pe—Un-trn (19a)
ili or

91 un,n (19b)
u buduéem razdoblju in the future period

_ 1 n=N

5= Gy =3 D (202)

n=l1
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ili

n=N
qpliun =

=z |~

n=1

lterativnim putem moguce je nadi vrijednost x za
koju je vjerojatnost prema funkciji normalne raz-
diobe jednaka zadanoj vrijednosti, npr. P(x)=0,95.
Tada je vrijednost x jednaka predvidenoj neraspo-
loZivosti razmatrane jedinice mreZe radi trajnih
prisilnih, odnosno planiranih zastoja s unutarnjim
razlogom u buduéoj razmatranoj godini.

Ukoliko se koristi Weibullova razdioba iz ari-
tmeticke sredine uzorka i standardne devi-
jacije izraCunavaju se parametri razdiobe k
i A, te se pomocu inverzne Weibullove funk-
cije izraCunava vrijednost x koja odgova-
ra zadanoj vjerojatnosti, na pr. P(x) = 0,95.
Tada je, kao i u prethodnom slucaju, vrijednost x
jednaka predvidenoj neraspoloZivosti razmatrane
jedinice mreZe radi trajnih prisilnih, odnosno pla-
niranih zastoja s unutarnjim razlogom u buducoj
razmatranoj godini.

Ukupna procijenjena neraspolozivost razmatra-
nih jedinica jednaka je sumi procijenjenih neras-
poloZivosti radi prisilnih i planiranih zastoja zbog
unutarnjih i vanjskih razloga.

Nakon Sto se izraCunaju iznosi neraspolozivo-
sti radi prisilnih i planiranih zastoja s unutarnjim
razlozima u prvoj bududoj godini ta se vrijednost
pridruzi osnovnom skupu (uzorku), opet se racuna
srednja vrijednost skupa i standardna devijacija iz
Cega se dobije procjena odgovarajuce neraspolo-
Zivosti za idu¢u godinu promatranja. Postupak se
ponavlja sve dok nije obuhvadeno citavo buduée
razdoblje promatranja. Primjer odredivanja neras-
poloZivosti na opisani nacin prikazan je slikom 2.

[%]
10

9
8 Ostvareno / Realized

: qpliun, n .

or

(20b)

then it is iteratively possible to find the value x
for which the probability according to the normal
distribution function equals the given value, e.qg.,
P(x)=0,95. Then the value x equals the anticipated
unavailability of the observed network unit due to
permanent or planned outages caused by internal
reason in the future observed year.

If the Weibull distribution is used, the distribution
parameters kand A are obtained from the arithme-
tic mean of the sample and the standard deviation,
and by means of the inverse Weibull function the
value x is calculated which corresponds to the gi-
venvalue, e.g., P(x)=0,95. Then, like in the previous
case, the value x equals the anticipated unavailabi-
lity of the observed network unit due to permanent
forced or planned outages caused by internal rea-
son in the future observed year.

The total assessed unavailability of studied units
equals the sum of assessed unavailabilities due to
forced and planned outages caused by internal and
external reasons.

Once the amounts of unavailability due to forced
and planned outages in the first future year have
been calculated, that value is attached to the basic
set (sample), the mean value of the basic set, the
mean value of the set and the standard deviation
are again calculated, from which an assessment of
the corresponding unavailability for the next obser-
vation year is obtained. The procedure is repeated
until the whole future observation period is cove-
red. Figure 2 below gives an example of how una-
vailability is defined in the described way.

Prognoza / Forecast

7

Neraspolozivost / Unavailability

Weibullova razdioba /
Weibull distribution

Normalna razdioba /
Normal distribution

t9 t\o tH i, tl} t|4 t\s t!()

Godine / Years

Slika 2 — Procjena buduce neraspoloZivosti voda starijeg od 40 godina (Weibullova)
Figure 2 — Assessment of the future unavailability of a line older than 40 years (Weibull distribution)
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PROBABILISTICKE SIMU-
LACIJE RADA EES-a

KoriStena probabilisticka simulacija (Monte-Car-
lo) zasniva se na stohasti¢ki modeliranim ulaznim
podacima, velikom broju proracuna istosmjernih
optimalnih tokova snaga i odgovarajuc¢im optimi-
zacijskim algoritmom za odredivanje minimalne
redukcije opterecenja elemenata mreze (vodova
i transformatora).

U pripremi podataka za proracun prikupljaju se
osnovni parametri jedinica prijenosne mreze,
statisticki se obraduju podaci o njihovoj raspo-
loZivosti iz statistike pogonskih dogadaja, vrsi se
procjena njihove neraspolozivosti u promatranom
buduc¢em razdoblju, zatim se odreduje ocekivana
vrijednost vrénog optereéenja sustava i pripadna
standardna devijacija, oblik godisnje krivulje tra-
janja opterecenja te struktura i parametri sadas-
njih i buducih proizvodnih postrojenja.

Prijenosna mreZa je definirana topologijom, od-
nosno popisom ¢voriSta i grana. Svaka grana je
odredena svojom uzduzZnom impedancijom (r, x),
neraspolozivos¢u (¢g) i maksimalno dozvoljenim
strujom u normalnim (/_ ) i izvanrednim uvjetima
()

Optereéenje i potrosnja po svakom cvoristu de-
finirana je vrsnim optereéenjem (snagom) i obli-
kom godisnje krivulje trajanja opterecenja koja se
opisuje nizom koeficijenata. Zbog pojednostavlje-
nja, a da se ne gubi fizikalni smisao, u daljnjim
analizama pretpostavlja se da je oblik krivulje
jednak za sva Cvorista u mrezi. Ocekivana vrijed-
nost vrénog opterecenja rezultat je posebnih stu-
dija u kojima se promatra niz faktora koji utjecu
na potrosnju elektri¢ne energije (bruto drustveni
proizvod, udio pojedinih gospodarskih sektora u
stvaranju domaceg proizvoda, utjecaj energetski
intenzivne industrije, struktura i karakteristike
trosila i drugo). Standardnom devijacijom uzimaju
se u obzir nesigurnosti u predvidanju, utjecaj kli-
matskih faktora te nesigurnosti u prikljucku novih
potrosaca na mrezu. GodiSnja krivulja trajanja op-
terecenja dijeli se na odredeni broj dijelova kon-
stantnog opterecenja (P) i vremena trajanja (¢).

Svaka proizvodna termo jedinica modelira se
maksimalnom snagom, raspoloZivoScu i prosjec-
nim pogonskim troskovima. Hidroelektrane se
dijele na dvije kategorije: protocne (njihova proi-
zvodnja ovisna je o pretpostavljenoj hidrologiji), te
akumulacijske (njihov angaZzman je promjenljiv, a
ovisi o hidrologiji i nacinu upravljanja akumula-
cijama).

Za prvuvrstu hidroelektrana zadaje se angazirana
snaga koja tijekom proracuna ostaje konstantna,

PROBABILISTIC SIMULA-
TIONS OF THE EPS OPERATION

The used probabilistic simulation (Monte-Carlo) is
based on stochastically modeled input data, a gre-
at number of DC optimal power flow calculations
and appropriate optimization algorithms for defi-
ning the minimum load reduction for the network
elements (lines and transformers).

In preparing data for calculation, the basic para-
meters of the transmission network units are co-
llected, data on their availability, taken from the
statistics of operation events, are processed and
their unavailability over the future observed peri-
od is assessed, which is followed by the definition
of the expected peak load value of the system and
the pertaining standard deviation, the shape of the
annual load duration curve and the structure and
parameters of the present and future generation
facilities.

The transmission network is defined by the topolo-
gy or the list of nodes and branches. Each branch is
determined by its impedance (r, x), unavailability (g)
and the maximum permitted electric current un-
der normal (/_ ) and emergency conditions (/).
The load and demand per each node is defined by
the peak load (power) and shape of the annual load
duration curve described by a series of coefficients.
For the sake of simplicity, but without losing the
physical meaning of it, in the succeeding analyses
it is assumed that the shape of the curve is equ-
al for all nodes in the network. The expected peak
load value is a result of special studies in which a
series of factors are investigated, those influencing
electricity consumption (gross social product, the
share of specialindustrial sectors in the creation of
domestic product, the impact of energy-intensive
industry, the structure of energy users, etc.). With
the standard deviation the uncertainties in foreca-
sting, the impact of climatic factors and the uncer-
tainties involved in the connection of new consu-
mers to the network are taken into account. The
annual load duration curve is divided into a certain
number of parts of the constant load (P) and dura-
tion times (#).

Each thermal generation unit is modeled by maxi-
mum power, availability and average operating
costs. Hydro power plants are divided into two ca-
tegories: the run-of-river (output dependent on the
assumed hydrology) and the storage power plants
(with changeable engagement, depending on the
local hydrology and storage management).

For the former type of hydro power plants enga-
ged power is given which remains constant during
the calculation, whereas given for the latter type
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dok se za drugi tip hidroelektrana zadaje maksi-
malna snaga i poCetno angazirana snaga koja se
odreduje na osnovi nacina upravljanja akumula-
cijama i za koju su troSkovi proizvodnje jednaki
nuli. Radi dodatnog angaziranja akumulacijskih
hidroelektrana s ciljem otklanjanja mogucih pore-
mecaja u mrezi pri pojedinim uklopnim stanjima
definira se trosak dodatne hidro proizvodnje, koji u
principu odreduje nacin praznjenja akumulacija.

Nakon odredivanja stanja izgradenosti proizvodnih
postrojenja i troSkova njihove proizvodnje (uzimaju
se u obzir samo varijabilni troskovi) vrsi se prora-
¢un istosmjernih optimalnih tokova snaga, odno-
sno rjeSava se optimizacijski problem:

are maximum power and initially engaged power
which is defined on the basis of the way in whi-
ch storages are run and for which the generation
cost equals zero. For additional engagement of
storage hydro plants with a view to eliminating
possible network congestions in some operation
conditions, the cost of additional hydro generation
is defined, which in principle determines the met-
hod of storages management.

After ascertaining the constructed status of gene-
ration facilities and the costs of their power output
(only the variable costs are taken into account), the
DC optimal power flows are calculated. i.e., the
optimization problem is being resolved:

Min {Z C(Py)+uY H, + Zc,.Pg,} ’ (21)

PGimin SPGi SI:)Gimax ,
0<H <H

0<P.<P,,

gdje su:

C,(P)- funkcija troSkova proizvodnje generatora
(ponuda generatora na trzistu)

P,  -djelatna snaga generatora u ¢voru i
P,, - iznos tereta (opterecenja) u Cvoru i
P, -iznos reduciranog opterecenja u ¢voru i
P, —minimalna snaga generatora u ¢voru
1 mIxX . o .
P, . —maksimalna snaga generatora u ¢voru i
7 max

6,0, - kutovi napona u ¢vorovima i i j

S, - dodatna varijabla u granicama 0-2P;""

13/?“4‘" - maksimalno dozvoljena djelatna snaga
’ vodom izmedu ¢vorova i, j

H, - dodatna hidro proizvodnja u ¢voristu i,

H, - maksimalna hidro proizvodnja u ¢voristu ,

u - jedini¢ni troskovi dodatne hidro proizvod-

nje,

(22)

], (24)

(25)

(26)

where:
C,(P,)-cost function of generator
(generator’s bids on the market)

output

P, -generator’s active power in node i

P, —amount of load in node i

P, -amount of reduced load in node i

P, . —generator's minimum power in node i
1 mIX | . . .

P, .. —generator's maximum power in node i
1 max

0,6, —voltage angles in nodes i and j

S, - additional variable within margins 0-25,"*

E]f“ax - maximum permissible active power by
line between nodes i, j

H - additional hydro generation in node i,

i

H,_~ -maximum hydro generation in node i,
U - unit costs of additional hydro generation,
c, - unit price of undelivered electricity in

node i.
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c, - jedini¢ni trosak neisporucene elektricne
energije u ¢voru i.

Topoloska se nesigurnost (uklopno stanje gene-
ratora, vodova i transformatora) uzima u obzir
koristenjem generatora pseudoslucajnih broje-
va uniformne razdiobe koji se koriste za svaku
jedinicu mreze (ukoliko je pseudoslucajni broj u
intervalu [0, Pl vod/transformator je u pogonu,
ukoliko je pseudoslucajni broj u intervalu (p, , 1]
vod/transformator je izvan pogona, pri ¢emu je p;
raspoloZivost promatranog elementa (p,= 1 — q,);
analogan je postupak za generatore). Prema tome,
u svakoj simulaciji potrebno je generirati matricu
susceptancija Cvorova B sa slucajno odredenim
elementima ovisno o uklopnom stanju grana mre-
Ze.

Za svaki aproksimirani dio godisnje krivulje traja-
nja opterecenja izvodi se velik broj proracuna isto-
smjernih optimalnih tokova snaga, te se izracuna-
vaju sljedece prosjecne vrijednosti:

— matematicko ocekivanje godisnje neisporuce-
ne elektri¢ne energije i

— troSkovi neisporuke elektri¢ne energije,

— ukupni troskovi proizvodnje elektrana u susta-
vu,

— ukupni operativni troskovi rada sustava,

— procjena ocekivanog marginalnog smanjenja
godiSnje neisporucene elektricne energije pri
povecanju kapaciteta svake grane u mrezi za 1
MW,

Dobivene rezultate moguce je razvrstati prema
uzroku nastanka:

— troskovi uzrokovani nedostatkom proizvodnih
postrojenja, te
— troSkovi uzrokovani ogranic¢enjima u mrezi.

Od interesa za ovaj rad samo su ona ogranicenja
uzrokovana slabostima mreze. Najvaznije veli¢ine
na temelju kojih se u kasnije opisanoj metodologiji
odreduje lista prioriteta za zamjene i rekonstruk-
cije ukupni su godisnji ocekivani troSkovi neispo-
ruCene elektri¢ne energije uzrokovani slabostima
mreze, te ukupni godisnji ocekivani troskovi pre-
raspodjele angazmana elektrana (u odnosu na
minimalne troskove proizvodnje do kojih bi doslo
ukoliko u mrezi ne bi bilo ogranicenja niti u jednom
ispitanom pogonskom stanju) uzrokovani slabosti-
ma mreze.

Da bi se izbjeglo stohasticko modeliranje veéeg
broja ulaznih veli¢ina moguce je primijeniti multi-
scenarijsku analizu kod koje se definira vise mo-
gudih i realnih scenarija s obzirom na neku ulaznu
veliinu, a zatim se vrse probabilisticke simulacije
za svaki scenarij i izraCunavaju prosjecne izlazne
vrijednosti varijabli od interesa. Ukoliko su pozna-

The topological uncertainty (the switching status
of generators, lines and transformers) is taken
into consideration by using generators of pseu-
do-random numbers of uniform distribution whi-
ch are used for each network unit (if a pseudo-
random number is in the interval [0=P,~j] the line/
transformer is in operation, if a pseudo-random
numberisin the interval (p,, 1] line/transformer is
out of operation, where p; Is the availability of the
observed element (pl_/_= 1- qij). The procedure is
analogous for the generators). Therefore, in each
simulation it is necessary to generate a suscep-
tance matrix of nodes B with randomly defined
elements in dependence on the switching status
of network branches.

For each approximated part of the annual load
duration curve a great number of DC optimal
power flows calculations is performed, and the
following average values are being computed:

— mathematically expected annual undelivered
electricity,

— costs of undelivered electricity,

— total generation costs of power plants in the
system,

— total operating costs of the system’s operati-
on,

— estimated expected marginal decrease in
annually undelivered electricity with a capaci-
ty increase of every branch in the network by
1 MW.

The obtained results can be classified as follows:

— costs caused by the lack of generation faciliti-
es, and
— costs caused by network constraints.

Of interest for the present work are only the con-
straints caused by the network's weaknesses.
The most important values based on which a pri-
ority list of replacements and reconstructions is
compiled by means of the below described met-
hodology are the total annual expected costs of
undelivered electricity caused by the network’s
weaknesses and the total annual expected costs
of power plants re-dispatch (relative to the mini-
mum generation costs incurred if there were no
constraints in the network in any tested operation
state) caused by the network’s weaknesses.

In order to avoid the stochastic modeling of a
greater number of input values, it is possible to
apply the multi-scenario analysis where a num-
ber of possible and real scenarios are defined
relative to some input value and then probabili-
stic simulations are made for each scenario, and
average output values of interest are computed.
If the onset probabilities of particular scenarios
(Pj,j=1, 2 .., P]M where M is the total number
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te vjerojatnosti nastanka pojedinacnih scenarija
(P.j=12 .P,M,qgdje je M ukupni broj scenarija),
traZena srednja vrijednost varijable x izraCunava se
kao suma umnoZzaka izracunatih vrijednosti x u sva-

kom scenariju i vjerojatnosti nastanka tog scenarija:

p— MS
X= Z Pix; .
I=

KRITERIJI ZA REVITALIZAC-
|JU VODOVA | TRANSFORMA-
TORA

Metoda za ocjenu uloge i vaznosti jedi-
nica u prijenosnoj mrezi

Uloga pojedinih vodova i transformatora u pri-
jenosnoj mreZi (elektroenergetskom sustavu)
odreduje se multi-scenarijskom analizom |
probabilistickim simulacijama rada sustava.
Unutar probabilistickih simulacija stohasticki se
modelira samo neraspolozivost pojedinih grana
i generatora, odnosno promatra se samo topo-
loska nesigurnost, bududi da je ona od najveceg
interesa za odredivanje liste prioriteta za revitali-
zaciju vodova i transformatora. Ostale vrste nesi-
gurnosti (poput plana izgradnje novih elektrana,
hidroloSkih okolnosti i dr) modeliraju se kroz
multi-scenarijsku analizu. Na osnovi izracuna
operativnih troskova rada elektroenergetskog
sustava tijekom cjelokupne godisnje krivulje
trajanja opterecenja unutar promatranog krat-
koroCnog razdoblja odreduje se utjecaj razlici-
tih razina neraspoloZivosti promatranih vodova
i transformatora na troskove rada sustava. Pri
ocjeni uloge jedinica prijenosne mreZe proma-
traju se svi definirani scenariji koji mogu biti
ovisni o vremenskom presjeku, izgradnji novih
elektrana, ponudama proizvodaca, hidroloskim
prilikama, bilanci sustava i drugim nesigurnosti-
ma unutar promatranog vremenskog razdoblja.
U svim analiziranim scenarijima pogona susta-
va za svaki se vod i transformator - kandidat za
zamjene i rekonstrukcije, promatra pet razina
njegove buduce neraspoloZivosti, te se za sva-
ku izraCunava povecanje ocekivanih godisnjih
operativnih troskova rada EES-a radi slabosti u
mrezi:

— prosjecna (vodovi i transformatori mladi od
40 godina) ili procijenjena neraspoloZivost
vodova i transformatora (stariji od 40 godina),
odredene metodom opisanom u poglavlju 3,

of scenarios) are known, the sought mean value
of variable x is calculated as a sum of the pro-
ducts of the calculated values x in each scenario
and the onset probabilities of that scenario:

CRITERIA FOR THE REVITAL-
IZATION OF LINES AND TRANS-
FORMERS

The method of estimating the role and im-
portance of units in the transmission network

The role of individual lines and transformers in a
transmission network (EPS) is defined by the mul-
ti-scenario analysis and probabilistic simulations
of the system’s operation. Within the probabilistic
simulations only the unavailability of individual
branches and generators is stochastically mode-
led, i.e., only the topological uncertainty is obser-
ved, because it is of the greatest interest for com-
piling the priority list for the revitalization of lines
and transformers. Other types of uncertainty (like
a plan for the construction of new power plants,
the factor of hydrological conditions, etc.) are mo-
deled by using the multi-scenario analysis. Based
on the calculated operating costs of the EPS du-
ring the entire annual load duration curve within
an observed short-term period, the impact of dif-
ferent availability levels of the observed lines and
transformers on the system’s operating costs is
determined. In assessing the role of the transmi-
ssion network units, all the scenarios are observed
that may depend on the time cross-section, the
construction of new power plants, the generators’
bids, the hydrological conditions, the system's ba-
lance and other uncertainties within the observed
period of time.

In all the analyzed system operation scenarios, for
each line and transformer - revitalization candida-
te, five levels of its future unavailability are obser-
ved and for each an increase in the expected annual
operating costs of the EPS, due to weaknesses in
the network, is calculated:

— the average (lines and transformers younger
than 40 years) or estimated unavailability of
lines and transformers (older than 40 years),
defined by the method described in Section
3,
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— prosjecna neraspolozivost svih vodova i tran-
sformatora (pa i onih starijih od 40 godina),
na temelju statistike pogonskih dogadaja,

— reducirana neraspoloZivost vodova i transfor-
matora starijih od 40 godina nakon izvodenja
revitalizacije, pri ¢emu se neraspoloZivost
pojedinacnih kandidata odreduje uz pretpo-
stavku idealnog smanjenja na nulu trajnih
prisilnih i planiranih zastoja s unutarnjim
razlogom,

— trajna neraspolozivost voda ili transformato-
ra (neraspolozivost 100 %),

— potpuna raspolozivost voda ili transformato-
ra (neraspolozivost 0 %).

Uloga pojedinog voda ili transformatora ocjenju-
je se na temelju razlika troskova rada sustava
uzrokovanih slabostima u mrezi za pojedine ispi-
tivane razine raspoloZivosti promatranih vodova i
transformatora. Za ocjenu uloge pojedinih vodo-
va i transformatora uvode se sljedece oznake:

MC,,(j): marginalna dobit od povecanja kapaci-
teta voda ili transformatora k (smanje-
nje operativnih troskova rada EES-a pri
povecanju prijenosne moci voda ili pri-
vidne snage transformatora k za 1 MW)
u i-toj godini, zaj-ti analizirani scenarij,
uz procijenjenu neraspoloZivost vodova
i transformatora u mrezi.

OC,(j): godisnji operativni troskovi rada susta-
va uzrokovani slabostima u mreZi u i-toj
godini za j-ti analizirani scenarij ovisan
o modeliranim nesigurnostima, uz pro-
cijenjenu neraspoloZivost vodova i tran-
sformatora u mrezi.

OC, (): godisnji operativni troskovi rada susta-
va uzrokovani slabostima u mrezi u i-
toj godini za j-ti analizirani scenarij uz
neraspoloZivost voda ili transformatora
k jednaku prosjecnoj vrijednosti u pro-
teklom razdoblju obuhvacenim statisti-
kom pogonskih dogadaja.

OC', (/):godisnji operativni troskovi rada susta-
va uzrokovani slabostima u mrezi u i-
toj godini za j-ti analizirani scenarij uz
neraspolozivost voda ili transformatora
k jednaku prosjecnoj vrijednosti u pro-
teklom razdoblju obuhvacenom stati-
stikom pogonskih dogadaja umanjenoj
za trajne prisilne i planirane zastoje s
unutarnjim razlogom.

OC, ,(j): godisnji operativni troskovi rada susta-
va uzrokovani slabostima u mreZi u i-toj
godini zaj-ti analizirani scenarij uz pot-
punu neraspoloZzivost voda ili transfor-
matora k.

— the average unavailability of all lines and tran-
sformers (including those older than 40 years),
based on the statistics of operation events,

— reduced unavailability of lines and transformers
older than 40 years after performed revitalizati-
on, where the unavailability of particular candi-
dates is defined under the assumption of ideal
reduction to zero permanent forced and planned
outages caused by internal reason,

— permanent unavailability of a line or transfor-
mer (unavailability 100 %),

— full availability of a line or transformer (unavai-
lability 0 %).

The role of a line or transformer is assessed on the
basis of differences in the system’s operating costs
caused by weaknesses in the network for particular
tested availability levels of the observed lines and
transformers. For an assessment of the role of in-
dividual lines and transformers the following varia-
bles are introduced:

MC,, (j): marginal gain from the increased capacity
of a line or transformer k (decrease in the
EPS’s operating costs at an increase in the
transmission capability of the line or the
apparent power of transformer k by 1 MW)
in the i-th year, for the j-th analyzed sce-
nario, given the estimated unavailability of
lines and transformers in the network.

OC,()): the system’s annual operating costs re-
sulting from weaknesses in the network in
the i-th year for the j-th analyzed scena-
rio dependent on modeled uncertainties,
given the estimated unavailability of lines
and transformers in the network.

OC, (j):the system’s annual operating costs re-
sulting from weaknesses in the network
in the i-th year for the j-th analyzed sce-
nario given the unavailability of the line or
transformer k equal to the average value
in the past period covered by the statistics
of operation events.

OC', \(j):the system’s annual operating costs re-
sulting from weaknesses in the network
in the i-th year for the j-th analyzed sce-
nario given the unavailability of the line or
transformer k equal to the average value
in the past period covered by the statistics
of operation events, reduced by the per-
manent forced and planned outages for an
internal reason.

OC, (/): the system's annual operating costs re-
sulting from weaknesses in the network in
the i-th year for the j-th analyzed scenario
given total unavailability of the line or tran-
sformer k.
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OC, ,(/): godisnji operativni troskovi rada susta-
va uzrokovani slabostima u mreZi u i-toj
godini zaj-ti analizirani scenarij uz pot-
punu raspolozivost voda ili transforma-
tora k.

Kriteriji ovisni o stvarnom stanju jed-
inice

Stvarno stanje jedinica prijenosne mreze mo-
guce je ocijeniti analizom i obradom razli¢itih
podataka vezanih za starost jedinice, pogonske
uvjete kojima je bila izloZena, povijest odrzava-
nja, vizualne inspekcije, dijagnosticke rezultate
i dr. Cilj ocjenjivanja stvarnog stanja jedinica je
prvenstveno odredivanje kandidata za revitaliza-
ciju, te odredivanje visine ulaganja financijskih
sredstava i aktivnosti koje je potrebno izvrsiti nad
promatranom jedinicom.

Starost jedinice

Starenje jedinica prijenosne mreze kontinuirani
je proces tijekom kojega se narusava funkcional-
nost istih. Za sve grupe istovrsnih jedinica pri-
jenosne mreze (u ovom se radu promatra Cetiri
grupe: 1) nadzemni vodovi, 2) kabelski vodovi, 3)
kombinirani nadzemno-kabelski vodovi, 4) tran-
sformatori) definira se ocekivana Zivotna dob tih
jedinica na temelju statisticke analize podataka
iz proSlosti (koji su ograniCeni zbog relativno
kratkog razdoblja funkcioniranja modernih iz-
mjenicnih sustava elektri¢ne energije).

Starost jedinice, u odnosu na ocekivanu Zivotnu
dob grupe istovrsnih jedinica, odredeni je poka-
zatelj njenog moguceg stanja. Sve jedinice sta-
rije od ocekivane Zivotne dobi grupe istovrsnih
jedinica potencijalni su kandidati za revitalizaci-
ju, iako u konacnici mozda nece biti nuzno izvo-
diti bilo kakve aktivnosti na revitalizaciji ukoliko
su ostali pokazatelji stanja promatrane jedinice
povoljni. Prema tome, kandidat za revitalizaciju
svaka je jedinica prijenosne mreze za koju je za-
dovoljeno:

T.>T

s

gdje je T, starost promatrane jedinice k, a T oceki-
vana Zivotna dob grupe istovrsnih jedinica prijeno-
sne mreze (radi pojednostavljenja moze se uzeti
T'=40 godina za promatrane grupe jedinica, 1. za
vodove i transformatore).

Neraspolozivost jedinice
Za starije jedinice prijenosne mreze oCekuje se
porast njihove neraspolozivosti. Kao kandidate za
revitalizaciju potrebno je izdvojiti sve jedinice Cija

OC, (/):: the system’s annual operating costs re-
sulting from weaknesses in the network in
the i-th year for the j-th analyzed scenario
given full availability of the line or transfor-
mer k.

Criteria dependent on the real condition of
a unit

The real condition of transmission network units
can be assessed by analyzing and processing vari-
ous data relating to the age of a unit, the operation
conditions to which it was exposed, the history of
maintenance, visual inspections, diagnostic results,
etc. The purpose of assessing the real condition of
the units is first of all to get a list of revitalization
candidates and to appraise the amount of required
finances, as well as activities to be carried out on
the observed unit.

The age of a unit

The aging of transmission network units is an on-
going process in the course of which their functio-
nality is being impaired. For all the groups compri-
sing transmission network units of the same type
(in the present work four groups are examined: 1)
overhead lines, 2) cables, 3) combined overhead-
cable lines, 4) transformers) life expectancy of the-
se units is defined based on a statistical analysis
of these past data (which are limited due to a rela-
tively short operation period of modern AC power
systems).

The age of a unit in relation to the life expectancy of
a group of units of the same type is an indicator of
its likely condition. All the units older than the life
expectancy of the group of units of the same type
are potential revitalization candidates, although
eventually it may not be necessary to undertake any
revitalization if the other indicators of the conditi-
on of the observed unit are favorable. Therefore, a
revitalization candidate is any of the transmission
network units for which the following requirement
is met:

(28)

where T, is the age of the observed unitk, and T
is the life expectancy of the group of transmissi-
on network units of the same type (for the sake of
simplicity we can take 7'=40 years for the obser-
ved groups of units, i.e., lines and transformers).

Unavailability of units
For older transmission network units an increase
in their unavailability is expected. As revitalization
candidates all those units should be singled out
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je prosjecna neraspoloZivost u proteklom petogo-
disnjem razdoblju obuhvaéenom statistikom po-
gonskih dogadaja veca od prosjecne neraspolozi-
vosti u istom razdoblju cjelokupne grupe istovrsnih
jedinica, odnosno one jedinice kod kojih je:

gdje su:

q, - prosjecna neraspolozivost promatrane jedi-

- nice k u zadnjem petogodisnjem razdoblju,

dnv - prosjecna neraspoloZivost svih nadzemnih
vodova u promatranoj mrezi u zadnjem pe-

_ togodisnjem razdoblju,

dx - prosjecna neraspoloZivost svih kabelskih
vodova u promatranoj mrezi u zadnjem pe-

- togodisnjem razdoblju,

dnk - prosjecnaneraspoloZivost svih kombiniranih
nadzemno-kabelskih vodova u promatranoj

_ mrezi u zadnjem petogodisnjem razdoblju,

dr - prosjecna neraspoloZivost svih transforma-
tora u promatranoj mrezi u zadnjem peto-
godiSnjem razdoblju.

Rezultati pregleda i dijagnostike jedinice
Stanje promatrane jedinice prijenosne mreze mo-
guce je ocijeniti vizualnim pregledom ili podvrga-
vanjem odredenim dijagnosti¢kim postupcima.
Kompanija u Cijem su vlasnistvu jedinice prijeno-
sne mreze, odnosno posebni odjeli zaduzeni za
upravljanje imovinom, redovito provodi vizualnu
inspekciju opreme, a po potrebi podvrgavaju odre-
denu opremu i dijagnostickim ispitivanjima. Kao
kandidati za revitalizaciju uvrStavaju se sve one je-
dinice Ciji vizualni pregledi ili rezultati dijagnostike
ukazuju na njihovu smanjenu funkcionalnost i op-
¢enito ugroZenost.

Troskovi odrzavanja jedinice
Svaka jedinica tijekom svog Zivotnog vijeka redovi-
to se odrZava kako bi se oCuvala njena funkcional-
nost. U odrzavanje se ulazu odredena financijska
sredstva koja su na razini pojedinih vremenskih
razdoblja priblizno konstantna. Starije jedini-
ce mreZe generalno zahtijevaju veca financijska
sredstva potrebna za odrzavanje. Broj unutarnjih
kvarova sve je veci pa raste i potreba za aktiv-
nostima na njihovom otklanjanju. Istodobno ra-
ste i potreba preventivnog odrzavanja, odnosno
planiranih zastoja, kako bi se otklanjali pojedini
nedostaci i omogucilo normalno funkcioniranje
jedinice. Kao kandidati za revitalizaciju izdvojene

the average unavailability of which over the past
five-year period covered by the operation statisti-
cs exceeds the average unavailability in the same
period of the whole group of units of the same
type, or those units with which:

(29)

where:

q, - average unavailability of the observed unit

- k in the last five-year period,

dxv - average unavailability of all overhead lines
in the observed network in the last five-ye-

_ ar period,

dx - average unavailability of all cables in the
observed network in the last five-year pe-

- riod,

dxk - average unavailability of all combined
overhead-cable lines in the observed

_ network in the last five-year period,

dr - average unavailability of all transformers
in the observed network in the last five-ye-
ar period.

Inspection and diagnostic results

The state of an observed transmission network
unit can be assessed through visual inspection
or by subjecting it to certain diagnostic procedu-
res. The company which owns the transmission
network units, i.e., its specialized departments in
charge of assets management, conducts regu-
lar visual inspections of the equipment and, as
required, subject certain equipment to diagnostic
tests. As revitalization candidates qualify all those
units the visual inspections of which or diagno-
stic results suggest diminished functionality or,
generally, vulnerability.

Maintenance costs
Each unit is regularly maintained throughout
its lifetime in order to preserve its functiona-
lity. Certain funds are spent on maintenance
which are approximately constant at the level
of particular periods of time. Older network
units generally require more maintenance
funds. Internal failures are steadily rising in
number, and so is a need for activities aimed
to correct them. At the same time, a need is
rising for preventive maintenance, and thereby
for planned outages, so as to eliminate certain
irregularities and enable the unit concerned to
function normally. Singled out as revitalization
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su one jedinice Ciji su troskovi odrzavanja, pro-
matrano u odredenom vremenskom razdoblju
(na primjer u godini dana), znatno vedi od tros-
kova preventivnog odrzavanja, odnosno trosko-
va odrzavanja istovrsnih novijih jedinica mreze.
Prema tome, kandidat za zamjene i rekonstruk-
cije svaka je jedinica prijenosne mreze za koju
je zadovoljeno:

C,(k)>>cC,. k),

gdje su:

C (k) - aktualni godisnji troSkovi odrZavanja
promatrane jedinice k, a

C,,()- godisnji troskovi preventivnog odrzavanja
novije jedinice istovjetne jedinici k.

Tehnicko stanje jedinica i ostali pokaza-
telji stanja
Pod kriterijima za ocjenu tehnickog stanja jedi-
nica prijenosne mreze svrstavaju se: tehnicka
neispravnost jedinice ili komponente, tehnicka
greSka jedinice ili komponente mreze takva
da je ekonomski neisplativo tu gresku otklo-
niti, nezadovoljavajuce karakteristike jedinice
ili komponente mreZe s obzirom na ocekivane
pogonske uvjete u planskom razdoblju (optere-
¢enja, kratki spoj), nezadovoljavanje postojecih
i bududih tehnickih propisa koje jedinica mreze
mora zadovoljavati. Pod tehnicki neispravnom
jedinicom ili komponentom mreze podrazumi-
jeva se ona jedinica ili komponenta mreZe koja
je trajno u stanju zastoja radi kvara, te ona jedi-
nica ili komponenta mreZe koja je u pogonu, ali
predstavlja opasnost ili rizik za ljude ili imovinu
i ispravno funkcioniranje ostalih jedinica i kom-
ponenti mreze. Pod tehni¢kom greskom jedini-
ce ili komponente prijenosne mreze podrazu-
mijeva se posljedica dogadaja koji promatranu
Jjedinicu postavlja u stanje privremene ili trajne
neispravnosti. Kao kandidate za revitalizaciju
izdvajaju se sve jedinice koje ne zadovoljavaju
neki od nabrojenih tehnickih kriterija. Osim na-
vedenog, na stanje jedinica prijenosne mreze
i potrebe revitalizacije znacajan utjecaj mogu
imati i odredene okolnostiizvan promatranih je-
dinica, kao Sto su nedostatak osoblja obuéenog
za odrzavanje pojedinih tipova komponenata
mreze, nedostatak rezervnih dijelova nuznih za
normalan pogon jedinice ili komponente mreze,
nezadovoljenje razliCitih propisa vezanih za za-
Stitu okolisa, nezadovoljenje razlicitih zahtjeva
regulatorne agencije, te ugrozenost osoblja za-
duzenog za odrZzavanje i okolne opreme.

candidates are those units the maintenance co-
sts of which, viewed over a certain period of time
(e.g., a year’s time), by far exceed the preventive
maintenance costs, or the maintenance costs of
new network units of the same type. Therefore,
a candidate for revitalization is any of the tran-
smission network units for which the following
requirement is met:

(30)

where:

C (k) -annual actual maintenance costs of the
observed unitk, and

C,.(K) - annual preventive maintenance costs of a
new unit identical to unit k.

Technical condition of units and other status
indices
Classified under the criteria for an assessment
of the technical condition of the transmission
network units are: the technical faultiness of a unit
or component, the technical error of a network unit
or component, such as making the rectification of
the error commercially unfeasible, unsatisfactory
characteristics of a network unit or component in
respect of the expected operation conditions in the
planning period (loads, short-circuits), non-com-
pliance with the existing and future technical re-
gulations that a network unit must comply with.
By a technically faulty network unit or component
is meant one which is permanently in a state of ou-
tage caused by a failure, as well as one which is in
operation but poses a risk to persons and proper-
ty and to the proper functioning of other network
units and components. By a technical error of a
transmission network unit or component is me-
ant the consequence of an event that places the
observed unitin a state of temporary or permanent
faultiness. Singled out as revitalization candidates
are those units which do not meet one of the spe-
cified technical criteria. Apart from the aforemen-
tioned, the state of the transmission network units
and the need for revitalization can also be signifi-
cantly influenced by some circumstances outside
the observed units, such as the shortage of staff
trained for the maintenance of specific types of the
network components, the shortage of spare parts
needed for normal operation of a network unit or
component, non-compliance with various regula-
tions relating to environmental protection, non-
compliance with various regulations passed by the
regulatory agency, risk exposure of personnel do-
ing maintenance on nearby equipment.
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Kriteriji ovisni o ulozi i vaznosti jedinice
unutar EES-a

Kriterij povecanja ocekivanih operativnih tros-

kova rada elektroenergetskog sustava (starosni kri-
terij)
Unutar razmatranog kriterija izracunavaju se oCe-
kivani godisnji operativni troskovi rada elektroener-
getskog sustava pri procijenjenoj neraspolozivosti
voda ili transformatora k kandidata za revitalizaciju
(OC, (), za sve analizirane vremenske presjeke i i
scenarije pogona j, te oCekivani godisnji operativni
troskovi rada elektroenergetskog sustava pri pro-
sje€noj neraspolozivosti promatranog voda ili tran-
sformatora k u razdoblju obuhvac¢enom statistikom
pogonskih dogadaja (OC,, (j). Za sve promatrane
vremenske presjeke i, i scenarije pogona j, izracu-
navaju se prosjecne vrijednosti te razlike:

N

loc.(h-oc,. ()},

22

Criteria dependent on the role and im-
portance of a unit within the EPS

Criterion of an increase in the EPS's expec-
ted operating costs (age criterion)
Calculated within the reviewed criterion are the
EPS's expected annual operating costs at the
estimated unavailability of a line or a transfor-
mer k, the revitalization candidates (OC, (7)), for
all analyzed time cross-sections i and operati-
on scenarios j, and the EPS’s expected annual
operating costs at the average unavailability of
an observed line or transformer k in the peri-
od covered by the statistics of operation events
(OC,, (7). For all the observed time cross-secti-
ons i, and operation scenarios j the average va-
lues of that difference are calculated:

OC,())=0C,, (j)="—"

gdje je:

P, - vjerojatnost nastanka scenarija j unutar pro-
matrane godine i,

N, - ukupni broj godina unutar promatranog vre-
menskog razdoblja,

N, - ukupni broj scenarija.

Parcijalna lista prioriteta za revitalizaciju s obzi-
rom na promatrani kriterij odreduje se na temelju
maksimalne prosjecne razlike izmedu ocekivanih
godisnjih operativnih troskova rada sustava pri pro-
cijenjenoj neraspoloZivosti voda ili transformatora
k, kandidata za revitalizaciju, te ocekivanih godisnjih
operativnih troskova rada elektroenergetskog su-
stava pri prosjecnoj neraspoloZivosti promatranog
voda ili transformatora k u razdoblju obuhva¢enom
statistikom pogonskih dogadaja:

Max {OC,- ()—-0C, (j)} :

Prema tome, za sve analizirane vremenske pre-
sjeke i, te scenarije pogona j, traZi se maksimalna
prosjecCna razlika izmedu povecanja operativnih
troskova rada sustava uzrokovanih slabostima u
mreZi pri procijenjenoj neraspoloZivosti vodova ili
transformatora i povecanja operativnih troskova
rada sustava pri raspolozivosti pojedinacnih vodova
ili transformatora odredenoj na temelju prosjeka
u razdoblju obuhvaéenom statistikom pogonskih

N,

1

where:

P. - probability of the occurrence of scenario j
within the observed year i,

N, -total number of years within the observed
period of time,

N - total number of scenarios.

A partial priority list for revitalization in respect
of the observed criterion is compiled on the basis
of a maximum average difference between the
system’s expected annual operating costs at the
estimated unavailability of a line or transformer
k, the revitalization candidates, and the EPS's
expected annual operating costs at the average
unavailability of the observed line or transformer
kin the period covered by the statistics of opera-
tion events:

(32)

Therefore, for all the analyzed time cross-secti-
ons i and operation scenarios j a maximum ave-
rage difference is sought between the increase
in the system’s operating costs caused by wea-
knesses in the network at the estimated unavai-
lability of lines or transformers and the increase
in the system’s operating costs at the availability
of individual lines or transformers defined on the
basis of the average in the period covered by the
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dogadaja. Vod ili transformator s najveéom razli-

kom izmedu te dvije veli¢ine najvazniji je kandi-

dat za revitalizaciju u promatranoj kategoriji.

Za razmatranje ovog kriterija osnovna je pret-
postavka da ¢e se za vodove i transformatore
starije od 40 godina neraspoloZivost povecavati
u svakoj promatranoj godini u kratkoro¢nom
razdoblju, Sto ¢e rezultirati povecanjem troSko-
va rada EES-a za pojedine vodove i transforma-
tore. Razlika izmedu tako odredenih troskova
rada sustava i troSkova rada sustava ukoliko bi
se neraspolozivosti pojedinacnih vodova ili tran-
sformatora odrZavale na postignutom prosjeku
u proteklom razdoblju, ujedno prikazuje i djelo-
micnu procjenu ekonomske opravdanosti ulaga-
nja u odrzavanije ili revitalizaciju pojedinih vodova
i transformatora,kojim bi se izbjeglo povedanje

njihove neraspolozivosti.

Kriterij smanjenja ocekivanih operativnih
troskova rada EES-a nakon revitalizacije (eko-
nomski kriterij)
Unutarrazmatranogkriterijapromatrase najveéa
prosjecna razlika ocCekivanih godisnjih operativ-
nih troskova rada elektroenergetskog sustava pri
procijenjenojneraspoloZivosti pojedinacnih vodo-
va i transformatora k, kandidata za revitalizaciju
(OC, ,, (). te neraspolozivosti tih vodova jedna-
koj prosjecnoj vrijednosti u proteklom razdoblju
obuhvacenom statistikom pogonskih dogadaja
umanjenoj za trajne prisilne i planirane zastoje
s unutarnjim razlogom (OC, (j)). Za sve proma-
trane vremenske presjeke i, i scenarije pogona j,
izraCunavaju se prosjecne vrijednosti te razlike:

N,

2

Jj=

=

i

OC,(j)-O0C'ix(j)=-

loc.ch-oc .l p,

statistics of operation events. The line or transfor-
mer with the greatest difference between these two
values is the most important revitalization candida-
te in the observed category.

In examining this criterion the basic assumption is
that for the lines and transformers older than 40
years unavailability will rise in every observed year
in a short-term period, which will result in higher
operating costs of the EPS for particular lines and
transformers. The difference between the thus
determined operating costs of the system and the
operating costs of the system if the unavailabilities
of individual lines or transformers were kept at the
average rate attained in the previous period also
partially illustrates the economic justification of
investment in the maintenance or revitalization of
some lines and transformers with a view to avoiding
an increase in their unavailability.

Criterion of reduction in the expected opera-

ting costs of the EPS after revitalization (economic
criterion)
Within the examined criterion the greatest average
difference is observed between the expected annual
operating costs of the EPS at the estimated unava-
ilability of particular lines and transformers k, the
revitalization candidates (OC, ,; (7)), and the unava-
ilability of these lines equal to the average value
in the previous period covered by the statistics of
operation events reduced by permanent forced and
planned outages occurred for an internal reason
(OC, (j)). For all the observed time cross-sections i
and operation scenarios j the average values of that
difference are calculated:

Parcijalna lista prioriteta s obzirom na promatrani
kriterij odreduje se na temelju maksimalne pro-
sjecne razlike izmedu ocekivanih godisnjih opera-
tivnih troSkova rada sustava za promatrane razine
neraspolozivosti kandidata za revitalizaciju k:

N,

1

The partial priority list against the observed crite-
rion is defined on the basis of a maximum average
difference between the expected annual operating
costs of the system for the observed unavailability
levels of the revitalization candidates k:

Max {oq (j)—O0C'ix( j)} : (34)

Pretpostavka je da ¢e se za vodove i transforma-
tore starije od 40 godina neraspoloZivost poveca-
vati u svakoj promatranoj godini u kratkorocnom
razdoblju, Sto e rezultirati u povecanju trosSkova
rada EES-a. Razlika izmedu tako odredenih tros-

It is assumed that for lines and transformers ol-
der than 40 years unavailability will rise in every
observed year in a short-term period, which will
result in increased operating costs of the EPS. The
difference between the thus determined operating
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kova rada sustava i troSkova rada sustava ukoli-
ko bi svaki pojedinacni vod i transformator imao
manju neraspolozivost kao rezultat odredenih
aktivnosti na revitalizaciji, prikazuje procjenu
ekonomske opravdanosti ulaganja u revitaliza-
ciju pojedinih vodova i transformatora kojim bi
se povecala njihova raspoloZivost, u idealnom
slucaju do vrijednosti odredene samo pod utje-
cajem zastoja s vanjskim razlozima, te privre-
menih i prolaznih prisilnih zastoja s unutarnjim
razlogom. U stvarnim okolnostima neée se moci
postic¢i nulta neraspoloZivost radi trajnih prisilnih
i planiranih zastoja s unutarnjim razlogom niti
jednog voda i transformatora na kojem su prove-
dene aktivnosti na revitalizaciji, pa promatramo
idealnu ekonomsku dobit od revitalizacije.

Kriterij opasnosti od trajnog otkaza

Za razmatrani kriterij promatra se najveca ra-
zlika izmedu prosjec¢nih oCekivanih godisnjih
operativnih troskova rada EES-a pri trajnoj ne-
raspolozivosti (OC, ,, (/) I procijenjenoj neraspo-
loZivosti pojedinacnih vodova i transformatora k
(OC, (j)). kandidata za revitalizaciju. IzraCunavaju
se oCekivani godisnji operativni troskovi rada su-
stava uzrokovani slabostima u mrezZi pri trajno
iskljucenoj pojedinacnoj grani (vodu ili transfor-
matoru) tijekom Citavog promatranog razdoblja
za sve analizirane scenarije pogona, te se na-
dalje izracunava razlika izmedu tako odredenih
troSkova i troskova u baznom stanju definiranim
procijenjenom neraspoloZivosti vodova i tran-
sformatora. Na temelju razmatranog kriterija, a
ovisno o stvarnom stanju vodova, moZe se defini-
rati operativna lista prioriteta za revitalizaciju vo-
dova s ciljem izbjegavanja porasta troSkova rada
sustava kod trajne obustave pogona nekog voda
(npr. radi loseg stanja stupova, pucanja vodica,
ugrozavanja sigurnosnih propisa i sl.) ili tran-
sformatora (npr. radi curenja ulja, korozije kotla
i dr). Za sve promatrane vremenske presjeke i,
i scenarije pogona j, izracunavaju se prosjecne
vrijednosti razlike oCekivanih operativnih tros-
kova rada sustava pri trajnoj neraspoloZivosti i
procijenjenoj neraspolozivosti kandidata:

Z [Oci,kl ()-0¢, (])] P,

J=1

M=

costs of the system and the operating costs of the
system if each particular line and transformer were
less unavailable as a result of certain revitalization
activities illustrates the assessed economic justifi-
cation of investment in the revitalization of certain
lines and transformers with a view to increasing
their availability, in an ideal case up to the value
defined only under the influence of an outages
occurred for external reasons, and temporary and
transient forced outages for an internal reason. In
real circumstances the zero unavailability, due to
permanent forced and planned outages caused by
internal reason, will not be attainable with any line
and transformer on which revitalization has been
carried out, so we are focused on an ideal economic
gain from revitalization.

Criterion of a risk of permanent failure
Examined for the criterion in question is the gre-
atest difference between the average expected
annual operating costs of the EPS at a permanent
unavailability (OC, , () and the estimated unavaila-
bility of particular lines and transformers k (OC, (j)).
the revitalization candidates. The expected annual
operating costs of the system caused by weakne-
sses in the network at a permanently switched-off
particular branch (line or transformer) throughout
the observed period for all the analyzed operation
scenarios are calculated. Further calculated is the
difference between the thus defined costs and the
base state costs defined by the estimated unavaila-
bility of lines and transformers. Based on the exa-
mined criterion and depending on the real condition
of the lines, it is possible to define the operating pri-
ority list for the revitalization of the lines with a view
to avoiding an increase in the operating costs of the
system in the event of permanently discontinued
operation of a line (e.g., due to poor condition of the
towers, wire breakage, infringement of safety regu-
lations and the like) or a transformer (e.g., due to
oil leakage, boiler corrosion, etc.). For all the obser-
ved time cross-sections i and operation scenarios j
the average differences are calculated between the
expected operating costs of the system at perma-
nent unavailability and the estimated unavailability
of candidates:

J

(39)

OCi,kI(j)_OCi(j) =-

Parcijalna lista prioriteta prema razmatranom
kriteriju odreduje se na temelju maksimalne
prosjecne razlike izmedu ocekivanih godiSnjih
operativnih troSkova rada sustava za promatrane
razine neraspolozivosti kandidata k:

N,

1

The partial priority list against the observed crite-
rion is defined on the basis of a maximum average
difference between the expected annual operating
costs of the system for the observed unavailability
levels of the candidates k:
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Max {0C,,, (/) - OC,(j)} 0

Za sve analizirane vremenske presjeke i, i scena- For all the analyzed time cross-sections i and ope-
rije pogona j, trazi se maksimalna razlika izme- ration scenarios j a maximum average difference is
du povecanja operativnih troskova rada sustava sought between the increase in the system’s opera-
pri trajnoj neraspoloZivosti pojedinog voda ili ting costs at permanent unavailability of a line or a
transformatora i povecanja operativnih troskova transformer and the increase in the system'’s ope-
rada sustava pri procijenjenoj neraspoloZivosti rating costs at the availability of the lines and tran-
vodova i transformatora. Vod ili transformator s sformers. The line or transformer with the greatest
najvecom razlikom izmedu te dvije veliine naj- difference between these two values is the most
vazniji je kandidat za revitalizaciju u promatranoj important revitalization candidate in the observed
kategoriji. category.

Kriterij vaznosti jedinice u EES-u Criterion of the importance of a unit in the

Unutar razmatranog kriterija izraCunavaju se EPS
oCekivani godisnji operativni troskovi rada EES-a Calculated within the criterion in question are the

pri trajnoj neraspoloZivosti voda ili transforma- expected annual operating costs of the EPS at per-
tora k, kandidata za revitalizaciju (OC, , (), za manent unavailability of a line or transformerk, the
sve analizirane vremenske presjeke i i scenarije revitalization candidates (OC, ,, (7). for all the analy-
pogonay, te oekivani godidnji operativni troskovi zed time cross-sections i and operation scenarios j
rada EES-a pri punoj raspolozivosti promatra- and the expected annual operating costs of the EPS

nog voda ili transformatora k (OC, ,, (7). Za sve at full availability of the observed line or transfor-
promatrane vremenske presjeke i, i scenarije mer k (OC, ; (/). For all the reviewed time cross-
pogona j, izracunavaju se prosjecne vrijednosti sections i and operation scenarios j the average

te razlike: values of that difference are calculated:

. N

N
ZZ [OCi,m(j)_OCi,ko(j)]Pj @7)
; . =1 j=I
OCi,kl (- OCi,kO ()= —
N,
Parcijalna lista prioriteta s obzirom na proma- The partial priority list against the observed crite-
trani kriterij odreduje se na temelju maksimalne rion is defined on the basis of a maximum average

prosjene razlike izmedu ocekivanih godisnjih difference between the expected annual operating
operativnih troskova rada sustava pri trajnoj costs of the system at permanent unavailability of a

neraspolozivosti voda ili transformatora k, kan- line or transformer k, the revitalization candidates,

didata za revitalizaciju, te oCekivanih godisnjih and the expected annual operating costs of the EPS

operativnih troskova rada EES-a pri punoj raspo- at full availability of the observed line or transfor-
loZivosti promatranog voda ili transformatora k: mer k:
(- Y

Max \OC, 4, (/) = OC, (J) ()

Vod ili transformator s najvecom razlikom iz- The line or transformer with the greatest difference

medu te dvije veli¢ine najvazniji je kandidat za between these two values is the most important re-

revitalizaciju u promatranoj kategoriji. Razlika vitalization candidate in the observed category. The

izmedu prosjecnih ocekivanih godisnjih opera- difference between the average expected annual

tivnih troskova rada sustava pri trajnoj neraspo- operating costs of the system at permanent unavai-

loZivosti i punoj raspoloZivosti kandidata ukazuje lability and full availability of a candidate points to the
na vaznost tog kandidata u EES-u. Kandidat s importance of that candidate in the EPS. The candi-
maksimalnom razlikom promatranih troskova date with a maximum difference of observed costs is
najznacajnija je grana unutar sustava. the most important branch within the system.
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Kriterij maksimalne marginalne dobiti
Unutar razmatranog kriterija promatra se naj-
veca marginalna dobit neke grane (voda ili tran-
sformatora) za sve analizirane vremenske pre-
sjeke i i scenarije pogona;. Na taj nacin definira-
mo listu prioriteta onih vodova i transformatora
kojima kroz revitalizaciju eventualno treba po-
vecati prijenosnu moc ili prividnu snagu, ugrad-
njom vodica veceg presjeka, vodic¢a s ve¢im do-
zvoljenim termickim opterecenjem ili zamjenom
transformatora jedinicom vece prividne snage.
Prije donoSenja odluke o takvoj zamjeni vodica
ili transformatora potrebno je detaljno sagledati
ekonomsku dobit koja iz te zamjene slijedi.

Za sve promatrane vremenske presjeke i, i sce-
narije pogona j, izraCunavaju se prosjecne mar-
ginalne dobiti grana:

=

i J

Criterion of maximum marginal gain
Reviewed within the criterion in question is the hi-
ghest marginal gain of a branch (line or transfor-
mer) for all the analyzed time cross-sections i and
operation scenarios j. In this way we define the pri-
ority list of those lines and transformers transmi-
ssion capacity or rated power of which may have to
be enhanced through revitalization by installing a
larger- cross-section conductor, a conductor with a
higher permissible thermal load, or by replacing the
transformer with a unit of higher apparent power.
Before deciding on such a replacement of the con-
ductor or transformer it is necessary to consider
in detail the economic gains that the replacement
may bring.

For all the reviewed time cross-sections i and ope-
ration scenariosj the average marginal gains of the
branches are calculated:

Z Wci,k (J)] P,

Il
—_

(39)

MC,, (j)="

gdje su:

MC, (j)- marginalne dobiti grane k u godini i i
scenariju pogona j,

P, - vjerojatnost nastanka scenarija j unutar
promatrane godine i, a
N, - broj godina unutar promatranog vre-

menskog razdoblja.

Lista prioriteta prema razmatranom kriteriju
odreduje se na temelju maksimalne prosjecne
marginalne dobiti:

Max {MCLk (j)} :

Za sve analizirane vremenske presjeke | scenari-
je pogona trazi se maksimalna marginalna dobit
pojedinog voda ili transformatora. Vod ili transfor-
mator s najvecom marginalnom dobiti najvazniji je
kandidat za revitalizaciju u promatranoj kategoriji.

METODOLOGIJA IZRADE
LISTE PRIORITETA ZA REVI-
TALIZACIJU

Bududi da su u prethodnom poglaviju definirani
pojedinacni kriteriji za revitalizaciju potrebno je

N,

where:

MC,, (j)- marginal gains of branch k in year i and
operation scenario j,

P, - probability of the occurrence of scenarioj
within the observed year i, and

N, - number of years within the observed pe-
riod of time.

The priority list against the criterion in question is
defined on the basis of maximum average margi-
nal gain:

For all the analyzed time cross-sections and opera-
tion scenarios the maximum marginal gain of a line
or transformer is sought. The line or transformer
with the highest marginal gain is the most important
revitalization candidate in the observed category.

METHODOLOGY OF COM-
PILING A PRIORITY LIST FOR
REVITALIZATION

In the preceding section the particular revitalizati-
on criteria are defined, so it is necessary to com-
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ujediniti sve kriterije te izraditi zajednicku listu
prioriteta. Radi toga su definirane dvije veliCine:
indeks stanja kandidata, te indeks vaZnosti u
EES-u kandidata za revitalizaciju.

Obje veliCine izracunavaju se uklju¢ivanjem od-
govarajudih kriterija u jedinstvenu funkciju pri
¢emu se vaznost pojedinih kriterija definira od-
govarajudim tezinskim faktorima (oznaka w). Te-
Zinski faktori se odreduju subjektivno, na temelju
procjene operatora prijenosnog sustava i vazno-
sti koju on daje pojedinim kriterijima. Ovisnost
liste prioriteta za revitalizaciju o tezZinskim fak-
torima moguce je naknadno ispitivati analizom
osjetljivosti, varirajuci ih u odredenom rasponu.

Indeks stanja kandidata za revitalizaciju

Indeks stanja kandidata za revitalizaciju (oznaka
ZiR,_ ) izraCunava se na temelju promatranih kri-
terija ovisnih o stvarnom stanju promatrane jedi-
nice, na nacin da su za pojedine kriterije (starost,
neraspoloZivost, troSkovi odrzavanja) promatra-
ne veli¢ine normalizirane (izraZzene kao omjer iz-
medu promatrane velicine za neki kandidat i naj-
vece promatrane velicine u toj kategoriji uzima-
juéi u obzir sve kandidate), a zatim pomnoZene s
odredenim tezinskim faktorima te zbrojene. Za
pojedine kriterije nisu kvantificirane veli€ine ko-
jima bi ih jednoznaéno mogli definirati (rezultati
pregleda i dijagnostike jedinice, tehnicko stanje
jedinica i ostali pokazatelji), pa se postupa na na-
Cin da operator prijenosnog sustava subjektivno
pridruzuje vrijednosti izmedu 0 i 1 promatranim
kriterijima, pri ¢emu se vrijednost 1 pridruzuje
onim kandidatima kod kojih je stanje utvrdeno
vizualnim pregledom ili dijagnostikom potpuno
nezadovoljavajuce, ili tehnicko stanje ili ostali
pokazatelji stanja potpuno su nezadovoljavajudi,
dok se vrijednost O pridruzuje onim kandidatima
kod kojih je stanje utvrdeno vizualnim pregle-
dom ili dijagnostikom potpuno zadovoljavajuce,
i tehnicko stanje ili ostali pokazatelji stanja su
potpuno zadovoljavajuci. Matematicki indeks
stanja kandidata k za revitalizaciju formulira se
na sljededi nacin:

'ﬂ

9k
q,

ZiR, =

5

f—/;_‘\ﬂ
N~
H_J

pri Cemu je:

ZiR,_ - indeks stanja kandidata za revitalizaciju k,
w, - teZinski faktor pridruZen kriteriju starosti
kandidata (0 <w,, 20,2),
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q, C,,,,, (k)

bine all the criteria and compile a common priority
list. For that reason two values are defined: the con-
dition index of candidates and the index of the EPS
significance of revitalization candidates.

Both values are calculated by including appropriate
criteria in a single function, where the importance
of individual criteria is defined by related weighting
factors (sign w). The weighting factors are defined
subjectively, by personal judgment of the transmi-
ssion system operator and based on the importan-
ce the operator attaches to particular criteria. The
dependence of the revitalization priority list on the
weighting factors can be subsequently examined by
a sensitivity analysis, varying them within a certain
range.

Condition index of revitalization candidates

The condition index of revitalization candidates
(denoted ZiR, ) is computed on the basis of the
observed criteria dependent on the real condition of
the observed unit, in such a way that for particu-
lar criteria (age, unavailability, maintenance costs)
the observed values are normalized (expressed as
a ratio between the observed value for a candidate
and the greatest observed value in that category,
with all the candidates taken into consideration)
and then multiplied with appropriate weighting fac-
tors and summed up. For certain criteria values are
not quantified by which they could be clearly defi-
ned (inspection and diagnostic results, the techni-
cal condition of units and other indicators), so the
transmission system operator subjectively assigns
values between 0 and 1 to the observed criteria,
with value 1 being assigned to those candidates
where by visual inspection or diagnostics the sta-
tus has been found as entirely unsatisfactory, or the
technical status or other status indices are entirely
unsatisfactory, and value 0 being assigned to those
candidates where by visual inspection or diagnosti-
cs the status has been found as entirely satisfac-
tory, and the technical status or other status indices
have been found as entirely satisfactory as well. The
mathematical condition index of revitalization can-
didates k is formulated as follows:

C (k)
C,n

——+w_ - VID+w_ - TS

where:
ZiR,_ - condition index of revitalization candidates
s

w, - weighting factor assigned to the criterion of
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w, - tezinski faktor pridruZen kriteriju neras-
poloZivosti kandidata (0 < w,, >0,2),

w, - tezinskifaktor pridruzen kriteriju troskova
odrzavanja kandidata (0 < w,; >0,2),
w, - teZinski faktor pridruzen kriteriju rezul-

tata vizualne inspekcije i dijagnostickih
pregleda (0<w,, 20,2),

w, —teZinski faktor pridruzen kriteriju teh-
nickog stanja i ostalih pokazatelja stanja
(0<w;20,2),

VID - subjektivno odredena ocjena vizual-
ne inspekcije i dijagnostickih pregleda
(0<VID 21),

TS - subjektivnoodredenaocjenatehni¢kogsta-
nja i ostalih pokazatelja stanja (0 < TS > ).

Svi razlomci u gornjem izrazu poprimaju vrijedno-
stiizmedu 011, kao i subjektivno odredene velici-
ne VID i TS, a da bi se omogucila usporedba i jed-
nako tretiranje indeksa stanja i indeksa vaznostiu
EES-u kandidata za revitalizaciju, svi pojedinacni
tezinski faktori moraju biti odredeni u rasponu od
0 do 0,2. Uz tako odredene tezinske faktore mak-
simalan mogudi indeks stanja iznosi 1.

Indeks vaznosti u EES-u kandidata za
revitalizaciju

Indeks vaznosti u EES-u kandidata za revitali-
zaciju (oznaka ZiR,_, ) izratunava se na temelju
pet promatranih kriterija ovisnih o ulozi i vaznosti
jedinice unutar sustava, na nacin da su razlike
troskova za pojedine kriterije normalizirane (izra-
zene kao omjer izmedu razlike troSkova pojedi-
nog kandidata i maksimalne razlike troSkova u
promatranoj kategoriji za sve kandidate), a zatim
pomnozene s odredenim tezinskim faktorima te
zbrojene. Kandidati su poredani prema padajuc¢im
vrijednostima tako zbrojenih veli¢ina. Matematic-
ki se to moze izraziti na sljedeci nacin:

OC,(j)-0C,, (j
ZZR =w l(]) l,k(.])

the candidate’s age (0<w,, >0,2),

w, - weighting factor assigned to the criterion of
the candidate’s unavailability (0 < w,, > 0,2),
w, —weighting factor assigned to the criteri-

on of the candidate's maintenance costs
0=<w;20.2),

w, —weighting factor assigned to the criterion of
the results of visual inspection and diagno-
stic examinations (0 <w,, >0,2),

w, - weighting factor assigned to the criterion of
the technical status and other status indi-
ces (0<w,2>0,2),

VID - subjective evaluation of visual inspection
and diagnostic examinations (0 <VID > 1),

TS - subjective evaluation of the technical status
and other status indices (0 < TS > 1).

All fractions in the above expression assume values
between 0 and 1, and so do the subjectively asse-
ssed values VID and T8. In order to ensure the com-
parison and equal treatment of condition index and
significance index of the revitalization candidates
in the EPS, all individual weighting factors must be
defined within a range of 0 to 0,2. With the weighting
factors thus defined, the maximum possible condi-
tion index amounts to 1.

EPS significance index of the revitalization
candidates

The EPS significance index of the revitalization can-
didates (denoted ZiR, , ) is computed on the basis
of five observed criteria dependent on the role and
importance of the observed unit, in such a way
that for particular criteria the observed values are
normalized (expressed as a ratio between the cost
difference for a candidate and the maximum cost
difference in the observed category for all candida-
tes) and then multiplied with appropriate weighting
factors and summed up. The candidates are arran-
ged in the descending order of the thus summed
up values. Mathematically it can be expressed as
follows:

OC,(j)—OCix())

L T adoC ()-0C, () MadoC ()~ 0C ()}

OCi,kl (J) - OCi,k (])

Oci,kl (J) - OCi,kO (J)

WZ : . . +WZ : . . +
* Ma{OC,,,(j)-0C, (j)}  “* MadOC,,,(j)-O0C,,())}

Y MCO)
* ManMC,, )y
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pri cemu je:

ZiR, , - indeks znaCaja u EES-u kandidata k,

w, - tezinskifaktor pridruzen starosnom krite-
riju(0<w, 20,2),

w, -teZinski faktor pridruzen ekonomskom
kriteriju 0<w,, 20,2),

w, - tezinskifaktor pridruzen kriteriju opasno-
sti od trajnog otkaza (0 <w,; >0,2),

w, -tezinski faktor pridruzen kriteriju vaz-
nosti u elektroenergetskom  sustavu

0<w,>02),
- tezinski faktor pridruzen kriteriju maksi-
malne marginalne dobiti (0 <w,; >0,2).

Svi razlomci u gornjem izrazu poprimaju vrijed-
nostiizmedu 0i 1, a da bi se omogucilo uspored-
bu i jednako tretiranje indeksa stanja i indeksa
znacaja u EES-u kandidata za revitalizaciju, svi
pojedinacni tezinski faktori moraju biti odredeni
u rasponu od 0 do 0,2. Uz tako odredene tezin-
ske faktore maksimalan moguci indeks vaznosti
u EES-uiznosi 1.

Indeksi vaZznosti u EES-u kandidata za revitali-
zaciju ovisni su o iznosima neraspoloZivosti svih
grana u mrezi, tako da promjena neraspoloZivo-
sti bilo koje grane dovodi do drugadijih rezultata
i u konacnici utjece na listu prioriteta za revita-
lizaciju ostalih kandidata u mrezi. Da bi se dobili
to¢niji rezultati bilo bi nuzno iterativno ponavljati
Citav proces prethodno opisan, s novim vrijed-
nostima neraspoloZivosti grana nakon njihove
revitalizacije. Tako bi, na primjer, trebalo nakon
revitalizacije prvog kandidata s liste prioriteta
procijeniti njegovu novu neraspoloZivost, ponoviti
sve proracune i odrediti novu listu prioriteta, Sto
najcesce nece biti moguée napraviti zbog velikog
broja proracuna. Iskustveno se moze reci da su
najvise meduovisni elektricki bliski vodovi, po-
gotovo oni koji napajaju isto ¢voriste mreze. Pro-
mjena neraspoloZivosti jednog takvog voda utjece
na indeks vaZnosti u EES-u ostalih kandidata za
revitalizaciju, a time i na mjesto na listi prioriteta
za drugi elektricki bliski kandidat, ali ne mijenja
iznose indeksa vaznosti u EES-u za ostale kandi-
date, pogotovo za one elektricki udaljene od svih
kandidata prethodnih na listi.

Jedinstvena lista prioriteta za revital-
izaciju
Konacna i jedinstvena lista prioriteta odreduje se
na temelju maksimalnog zbroja indeksa stanja i
indeksa vaznosti kandidata za revitalizaciju.

ZiR, = Max{ZiR, , + ZiR

where:

ZiR_, - EPS significance index of candidates k,

w, - weighting factor assigned to the age crite-
rion (0 <w, 2 0,2)'

w, - weighting factor assigned to the economic
criterion (0<w,, 20,2),

w, - weighting factor assigned to the criterion of
the risk of permanent failure (0 < w,; > 0,2),

w, - weighting factor assigned to the criterion of
EPS relevancy (0<w,, 20,2),

w - weighting factor assigned to the criterion of

maximum marginal gain (0 <w,s >0,2).

All fractions in the above expression assume valu-
es between 0 and 1. In order to ensure the compa-
rison and equal treatment of condition index and
significance index of the revitalization candidates
in the EPS, all individual weighting factors must
be defined within a range of 0 to 0,2. With the wei-
ghting factors thus defined, the maximum possible
significance index amounts to 1.

The EPS significance index of the revitalization can-
didates depend on the unavailability of all branches
in the network, so that a change in unavailability
of any branch leads to different results and in the
end affecting the revitalization priority list of other
candidates in the network. In order to obtain more
accurate results, it would be necessary to iterate
the whole above described process, with new una-
vailability values of the branches following their re-
vitalization. Thus, for example, after the revitaliza-
tion of the first candidate on the priority list it would
be necessary to assess the candidate’s new priority
list, which will be virtually impossible to do becau-
se of numerous calculations. Experience tells us
that electrically close lines are most interdepen-
dent, especially those feeding the same network
node. A change in the unavailability of such a line
affects the EPS significance index of other revitali-
zation candidates and thereby also the place on the
priority list of the other electrically close candidate,
but it does not change the EPS significance index
amounts for other candidates, especially those
electrically remote from all the candidates higher
on the list.

An integrated revitalization priority list
The final and integrated priority list is compiled on
the basis of the maximum sum of condition index
and significance index of the revitalization candi-
dates.

: (43)

k_zn,

Bajs, D., Majstrovic, M., Kriteriji i metoda odredivanja prioriteta ..., Energija, god. 57(2008), br. 5., str. 522-559



Maksimalan iznos koji moze poprimiti veli¢ina
ZiR je 2, pri Cemu se kandidati za revitalizaciju
popisuju prema padaju¢im vrijednostima veli-
Cine ZiR . Najvazniji kandidat za revitalizaciju je
onaj s maksimalnim iznosom ZiR,.

PRIMJER

Opisana metodologija za odredivanje liste pri-
oriteta za revitalizaciju vodova i transformatora
U prijenosnim mrezama provjerena je na test
modelu EES-a. Test model EES-a prikazan je
slikom 3. Prijenosna se mreza sastoji od 400
kV (crveno), 220 kV (zeleno) i 110 kV (crno) na-
ponskih razina. U mreZi ima ukupno 19 vodova,
12 transformatora, 7 potrosaca i 10 generatora.
Od ukupno 31 grane, 10 vodova i transformatora
starije je od 40 godina.

Maximum amount that the value ZiR, can assume
is 2, with the revitalization candidates being listed in
the descending order of values ZiR, . The most rele-
vant revitalization candidate is one with a maximum
amount of ZiR, .

EXAMPLE

The described methodology for compiling a revi-
talization priority list of lines and transformers in
transmission networks has been checked on the
EPS Test Model. The EPS Test Model is shown in
Figure 3. The transmission network consists of 400
kV (red), 220 kV (green) and 110 kV (black) voltage
levels. In the network there are altogether 19 lines,
12 transformers, 7 consumers and 10 generators.
Out of 31 branches, 10 lines and transformers are
older than 40 years.
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Slika 3 — Test model EES-a
Figure 3 — EPS Test Model

U ¢voristima 1 i 8 prikljuceni su interkonektivni
400 kV vodovi prema susjednim EES-ima za koje
se pretpostavlja da omogucavaju uvoz odredene
snage po definiranoj cijeni tijekom Citave godine.
Susjedni EES-i u proracunima su ekvivalentira-
ni nadomjesnim generatorima (elektranama).
Pretpostavlja se da je svakim od interkonektiv-
nih vodova prema susjednim sustavima mo-
guce tijekom citave godine uvoziti maksimalno
1000 MW u interventnim situacijama po cijeni od
5,5 EURc/kWh.

In nodes 1 and 8 interconnection 400 kV lines are
connected towards the neighboring EPS’'s pre-
sumed to allow the import of a certain power at a
defined price throughout the year. The neighboring
EPS’s are in the calculations replaced with equiva-
lent generators (power plants). It is presumed that
with each of the interconnection lines towards the
neighboring systems it is possible throughout the
year to import a maximum of 1 000 MW in emer-
gencies at a price of 5,5 EURc/kWh.
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MreZa se sastoji od pet 400 kV vodova, deset 220 kV
i Cetiri 110 kV voda. Vodovi su odredeni svojim uz-
duznim impedancijama (radnim otporom (R) i re-
aktancijom (X)], maksimalno dozvoljenom trajnom
strujom u normalnom pogonu (Z, ), te svojom ne-
raspolozivoséu (g). NeraspoloZivost radi prisilnih
i planiranih zastoja odgovara aritmeti¢koj sredini
ostvarenih vrijednosti u promatranom desetogo-
diSnjem razdoblju. Za vodove starije od 40 godina
izvrSena je procjena neraspoloZivosti u buducem
trogodisnjem razdoblju postupkom opisanim u

poglaviju 3.

U mrezi postoji ukupno Cetiri transformatora
400/220 kV snage 400 MVA, dva transformatora
400/110 kV snage 300 MVA, te Sest transformatora
220/110 kV snage 150 MVA svaki. Transformatori
su odredeni svojim radnim otporom (R), reaktan-
cijom (X), prividnom snagom (S), te svojom ne-
raspoloZivoséu (g). NeraspoloZivost radi prisilnih
i planiranih zastoja odgovara aritmeti¢koj sredini
ostvarenih vrijednosti u promatranom desetogo-
diSnjem razdoblju. Za transformatore starije od
40 godina izvréena je procjena neraspoloZivosti u
buduéem trogodisnjem razdoblju postupkom opi-
sanim u poglavlju 3.

Ukupno vrsno optereéenje za razmatrane vre-
menske presjeke (razdoblje ¢, —¢) iznosi redom:

P__(1)=2094 MW,
P (1)=2125 MW,

P (1)=215TMW.

Raspodjela vrsnog opterecenja po pojedinim ¢vo-
ristima takoder je zadana. Zadane su i godiSnje
krivulje trajanja opterecenja u godini ¢, ¢,i ¢,. Kri-
vulje su podijeljene na pet dijelova i aproksimira-
ne pravcima. Svaki od pojedinih dijelova godiSnje
krivulje trajanja opterecenja odreden je srednjom
vrijednoséu opterecenja u megavatima i njegovim
trajanjem u satima. Pojedinim dijelovima krivulja
trajanja opterecenja pridruZzene su razliite ne-
raspolozivosti grana. NeraspoloZzivost radi prisil-
nih zastoja pridruzena je dijelovima krivulje ka-
rakteristicnim po vrsnom opterecenju, te visokim
i niskim zimskim opterecenjima, dok je ukupna
neraspoloZivost pridruzena dijelovima krivulje ka-
rakteristicnim po visokim i niskim ljetnim optere-
cenjima.

Na modelu elektroenergetskog sustava nalazi se
Sest elektrana od kojih su dvije nuklearne (NE,
Cvorista 2 i 8), dvije su plinske kombi termoelek-
trane (KTE, CvoriSte 7 i Cvoriste 8), jedna termo-
elektrana-toplana (TE-TO, cvoriste 3), te jedna
akumulacijska hidroelektrana u Cvoristu 5. Elek-
tranama su poznate maksimalne snage na pra-
gu, troSkovi proizvodnje (goriva), te raspoloZivost
generatora koju odreduju planirani i neplanirani
zastoji. Akumulacijskoj hidroelektrani poznata je

The network consists of five 400 kV lines, ten 220 kV
and four 110 kV lines. The lines are defined by
their impedances (resistance (R) and reactance
(X)), maximum permissible permanent current in
normal operation (7 ), and their unavailability (g).
Unavailability due to forced and planned outages
corresponds to the arithmetic mean of realized
values in the observed 10-year period. For the li-
nes older than 40 years an assessment of unavai-
lability in the future 3-year period has been made
by applying the procedure described in section 3.

In the network there are altogether four 400/220
kV transformers of 400 MVA, two 400/110 kV tran-
sformers of 300 MVA, and six 220/110 kV transfor-
mers of 150 MVA power level each. The transfor-
mers are defined by their resistance (R), reactance
(X), rated power (S) as well as their unavailability
(¢)- Unavailability due to forced and planned ou-
tages corresponds to the arithmetic mean of re-
alized values in the observed 10-year period. For
transformers older than 40 years an assessment
of unavailability in the future 3-year period has
been made by applying the procedure described
in section 3.

The total peak load for the examined time cross-
sections (period #,— ¢,) amounts in the ascending
order:

P__(1)=2094 MW,
P, ()=2125 MW,

P (t)=215TMW.

The peak load distribution by nodes is also given,
and so are the annual load duration curves in year
t, t,and t,. The curves are divided into five parts
and straight line approximated. Each of the parts
of the annual load duration curve is defined by the
mean value of load in megawatts and its duration
in hours. To the particular parts of the load du-
ration curves various branch unavailabilities are
attached. Unavailability due to forced outages is
attached to the parts of the curve characterized by
their by peak load and high and low winter loads,
whereas the total unavailability is attached to the
parts of the curve characterized by high and low
summer loads.

On the EPS model there are six power plants of
which two are nuclear (NPP, nodes 2 and 8), two
are combined-cycle power plants (CCGT, node 7
and node 8), one is a combined heat and electricity
production power plant (CHP, node 3), and one is
a storage hydro plant in node 5. Known about the
power plants are installed powers, costs of gene-
ration (fuel) and the generator availability defined
by planned and unplanned outages. Known about
the storage hydro plant are installed power and
engagement corresponding to zero generation
costs.
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instalirana snaga i angazmanom koji odgovara nul-
tim troskovima proizvodnje.

Polazni angazman akumulacijske hidroelektrane
(HE) u ¢&voristu 5 odreden je na osnovi prosjecnih
mjesecnih dotoka u promatranom razdoblju. Tako
odredena angazirana snaga hidroelektrane pred-
stavlja gornju granicu proizvodnje uz troSkove jed-
nake nuli, pa ¢e svaki dodatni angazman akumula-
cijske hidroelektrane (u slucaju preraspodjele proi-
zvodnje na modelu radi izbjegavanja preoptereéenja
pojedinih grana prijenosne mreze) znaciti povecanje
troSkova dodatne hidro proizvodnje i ukupnih tros-
kova rada sustava. Neplanirano praznjenje aku-
mulacije u tom slucaju donosi dodatni trosak koji
je procijenjen na 5 EURc/kWh, Sto znaci da ce se
eventualno preopterecenje pojedine grane mreze
pokusati izbjeci preraspodjelom termo proizvodnje
u sustavu, a tek onda dodatnim praZznjenjem aku-
mulacije hidroelektrane u ¢voristu 5.

Vjerojatnosti nastanka pojedinih hidroloskih stanja
iznose:

— normalna hidrologija: ¢, = 0,5,
— suha hidrologija: g, = 0,2,
— vlazna hidrologija: ¢, = 0,3.

U slucaju nemogucnosti otklanjanja preopterecenja
u mrezi, algoritam racuna minimalno potrebnu re-
dukciju optereéenja kako bi sve grane mreZe ostale
opterec¢ene unutar dozvoljenih granica. Redukcija
opterecenja izaziva odredeni troSak, a kao jedinicni
trosak neisporucene elektricne energije definirana
je vrijednost od 3 EUR/KWh.

Kandidati za zamjene i rekonstrukcije su (jedinice
starije od 40 godina):

- 220 kV vod izmedu cvorista 31 4,

V374<1)

V, o —220kV vod izmedu Cvorista 3 8,
V477(2)— 220 kV vod izmedu Cvorista 4.1 7,
Voo 220 kV vod izmedu Cvorista 6 7,

V, s~ 110KV vod izmedu Cvorista 41 6,
V6—7<1)7 110 kV vod izmedu ¢vorista 61 7,

T,, - 220/110 kV transformator u ¢voristu 4,

T,, -220/110 kV transformator u ¢voristu 4 (pa-
ralelan prethodnom),

T, - 220/110 kV transformator u ¢voristu 6,

T - 220/110 kV transformator u ¢voristu 7.

7

Za svaki promatrani vremenski presjek formirana
su tri scenarija ovisna o hidrologiji (normalna, suha
i vlazna hidrologija). Ukupno je analizirano 9 scena-
rija unutar promatrana tri vremenska razdoblja te
su izvrSene probabilisticke simulacije rada sustava
za razlicite visine neraspolozivosti pojedinih grana

kandidata za revitalizaciju.

The starting engagement of the storage hydro
plant (HPP) in node 5 is defined on the basis of
average monthly inflows over the observed pe-
riod. The engaged power of a hydro plant thus
defined represents the upper limit of generati-
on at zero cost, so each additional engagement
of a storage hydro plant (in case of generation
redistribution on the model in order to avoid
overloads of particular transmission network
branches) will entail an increase in the cost of
additional hydro generation and the overall sy-
stem operation costs. Unplanned discharging of
the storage in that case brings with it an additio-
nal cost estimated at 5 EURc/kWh, meaning that
an attempt will be made to avoid overloading a
branch through redistribution of thermo gene-
ration in the system and only then by additional
discharging of the hydro plant storage in node 5.

The probabilities of the occurrence of particular
hydrological conditions are:

— normal hydrology: ¢, =0,5,
— dry hydrology: ¢,=0,2,
— wet hydrology: ¢, = 0,3.

If it is impossible to eliminate overloads in the
network, the algorithm computes minimum
required load reduction so that all branches may
stay loaded within permissible margins. Load
reduction involves a certain cost. The value of
3 EUR/kWh is defined as the unit cost of undeli-
vered electricity.

Replacement and reconstruction candidates are
(units older than 40 years):

Vi~ 220 kV line between nodes 3 and 4,
V, o —220kV line between nodes 3 and 8,
\Y - 220 kV line between nodes 4 and 7,
L
L

4-72)
VGJ(Z)— 220 kV line between nodes 6 and 7,
\% - 110 kV line between nodes 4 and 6,

A\ - 110 kV line between nodes 6 and 7,

T - 220/110 kV transformer in node 4,

T,, -220/110 kV transformer in node 4 (pa-
rallel to the previous one),

T - 220/110 kV transformer in node 6,

T, - 220/110 kV transformer in node 7.

For each observed time cross-section three sce-
narios are defined, depending on the hydrologi-
cal conditions (normal, dry and wet hydrology).
A total of 9 scenarios have been analyzed with
the observed three-year period of time and the
probabilistic system operation simulations have
been carried out for different unavailability levels
of the particular branches of the revitalization
candidates.
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Tablica 2 - Prosjecno povecanje ocekivanih godisnjih operativnih troskova rada EES-a radi slabosti mreZe uz razli¢ite

iznose neraspoloZivosti kandidata za revitalizaciju (EUR)

Table 2 - Average increase in the expected annual operating costs of the EPS due to the weaknesses of the network, at
different levels of unavailability of the revitalization candidates (EUR)

Kandidati za ZiR

e 06006, () 0€()-0C, () 0CLG-0CEH) 0Cw()-0CuLD)  M.D)
Vi 0 0 2949 2949 0
v, , 4 4 7 984 7988 0
Vo 0 0 5686 5 704 7
YV, 0 0 23 23 0
Vi 0 0 122 092 122092 0
Vo 0 119 86276 88 045 0
T, 537 537 1541123 1541 044 205
T,, 25 25 1422 160 1422 245 0
T, 497 497 1961 804 1962301 0
T, 1859 1859 1452 287 1454 145 0
Max 1859 1859 1961 804 1962301 205

Tablica 2 prikazuje prosjecna povecanja oCekiva-
nih godisnjih operativnih troSkova rada EES-a radi
slabosti mreze za sve ispitane scenarije ovisne o
razmatranom vremenskom presjeku i hidrolos-
kom stanju uz razliCite iznose neraspoloZivosti
kandidata za revitalizaciju, uvazavajudi pri tom vje-
rojatnosti nastanka pojedinih hidroloskih stanja. U
zadnjem retku tablice prikazane su maksimalne
vrijednosti u pojedinim razmatranim kategorija-
ma.

Jedinstvena lista prioriteta za zamjene i rekon-
strukcije izraduje se na temelju izraza (43). Svi te-
Zinski faktori postavljeni su na iznos od 0,2. Listu
prioriteta prikazuje tablica 3. Najvazniji kandidat
za revitalizaciju prema kriterijima i metodologiji
razvijenoj u ovom radu je 220/110 kV transforma-
tor 3 u CvoriStu 4. Zbroj pripadnih indeksa stanja
i vaznosti u EES-u za ovaj transformator iznosi
1,137 od ukupno moguceg najveéeg zbroja od 2.
Slijedi ga 220/110 kV transformator u ¢voristu 7 sa
zbrojem indeksa stanja i vaznosti od 1,131. Zadnji
na listi prioriteta je 220 kV vod izmedu ¢vorista é
i7.

Table 2 shows the average increases in the expec-
ted annual operating costs of the EPS due to the
weaknesses of the network for all tested scenari-
os dependent on the reviewed time cross-section
and the hydrological conditions at different levels
of the unavailability of the revitalization candida-
tes, with the probabilities of the occurrence of
particular hydrological conditions being taken into
consideration. In the last row of the above table
the maximum values by studied categories are
shown.

The integrated revitalization priority list is compi-
led on the basis of expression (43). All weighting
factors are set on the amount of 0,2. The priority
list is shown in Table 3. The most important revi-
talization candidate according to the criteria and
methodology developed in this work is the 220/110
kV transformer 3 in node 4. The sum of the re-
lated condition and the EPS significance indices
for that transformer amounts to 1,137 out of the
highest possible sum of 2. It is followed by the
220/110 kV transformer in node 7 with the sum of
the condition and significance indices amounting
to 1,131. The last on the priority list is the 220 kV
line between nodes 6 and 7.
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Tablica 3 - Konacna lista prioriteta za revitalizaciju (test model EES)

Table 3 - Final revitalization priority list (EPS Test Model)

Kandidati za ZiR /

Candidates for revitalization ZiR,
My 1,137
T, 1,131
T, , 0,909
Ve 0,831
L/, 0,740
4 0,605
Vo 0,401
LA 0,358
Yo 0,287
A% 0,243

|
=

ZAKLJUCAK

Pristup odredivanju liste prioriteta za revitaliza-
ciju vodova i transformatora u prijenosnoj mrezi,
predloZen ovim istrazivanjem, razlicit je od pri-
stupa drugih istraZivaca objavljenih u dostupnoj
literaturi. Osnovna karakteristika predloZenog
postupka i njegova prednost u odnosu na ostale
metode je Sto nastoji integrirati rezultate dija-
gnostike i ispitivanja stvarnog stanja jedinica pri-
jenosne mreze i njihove uloge u toj mrezi, odre-
dene na temelju probabilistickih simulacija rada
EES-a i ocekivanih troskova njegova rada pri ra-
zli¢itim razinama neraspoloZivosti promatranih
jedinica, u jedinstveni skup te na osnovi postav-
ljenih kriterija i metodologije istraZivanja odrediti
jedinstvenu listu prioriteta za revitalizaciju.

Na taj se nacin na temelju troSkovnih principa,
tehnickih karakteristika, stohasticke prirode
EES-a i statistickih podataka odreduje optima-
lan plan revitalizacije kapitalne opreme u prije-
nosnoj mrezi, kao Sto su vodovi i transformatori,
te doprinosi povecanju pouzdanosti rada EES-a,
kao i sigurnosti opskrbe potrosaca elektri¢cnom
energijom.

Predlozenom metodom takoder se unaprjeduje
postupak planiranja razvoja prijenosnih elek-
troenergetskih mreza, bududi da u dosadasnjim
metodama nije u obzir uziman aspekt starosti
opreme u prijenosnoj mrezi. Takoder se omo-
gucava sagledavanje eventualnih potreba za
izmjenom karakteristika pojedine opreme kroz
aktivnosti na revitalizaciji, a ovisno o buduc¢im
potrebama EES-a. Na taj se nacin pridonosi
boljem iskoriStenju postojecih koridora i ubla-

Poredak / Order

CONCLUSION

The approach to the priority list to be defined for the
revitalization of lines and transformers in a tran-
smission network proposed in the present rese-
arch differs from the approach advocated by other
researchers in the accessible literature. The basic
feature of the proposed procedure and its advanta-
ge in relation to other methods is that it tries to in-
tegrate the results of the diagnostics and testing of
the real condition of the transmission network units
and their role in the network, defined on the basis
of probabilistic simulations of the EPS’s operation
and the expected costs of its operation at different
unavailability levels of the observed units, into a
common group and, based on the set criteria and
investigation methodology, to define a single revita-
lization priority list.

In this way, based on cost principles, technical cha-
racteristics, the stochastic nature of the EPS and
statistics, an optimum plan for the revitalization
of capital equipment in the transmission network,
such as the lines and transformers, is defined, and
a contribution made to an increased operating reli-
ability of the EPS, as well as to the security of suppl-
ying consumers with electricity.

The proposed method also improves the procedure
of planning the development of electric power tran-
smission networks, because the existing methods
do not make allowance for the age aspect of tran-
smission network equipment. What is also made
possible is identifying likely needs for modification
of the characteristics of some equipment through
revitalization activities and in dependence on the
EPS’s future needs. In this way it is contributed to
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Zavanju prostornih ogranicenja koji zbog porasle
ekoloske svijesti predstavljaju sve vedi problem u
razvoju EES-a.

Metodologija i kriteriji definirani u ovom radu
predstavljaju doprinos rjeSavanju problema izrade
jedinstvene liste prioriteta zamjene i izgradnje je-
dinica mreze u uvjetima neizvjesnosti koji postoje
unutar otvorenih trZista elektricnom energijom.

better utilization of the existing corridors aimed
to mitigate the effect of spatial constraints which,
due to raised environmental awareness, pose an
increasing problem to the EPS development.

The methodology and the criteria defined in the
present work are meant to be a useful tool in ad-
dressing the problem of compiling an integrated
priority list of replacement and construction of
network units under the conditions of uncertainty
existing on open electricity markets.
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