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U radu se izlaZu rezultati teorijsko-metodoloske razrade modela kojim se proi;
jedinice, na ciji rad, odnosno pogonske osobine, a time i raspoloZivost i pouzdanos
stanje okoline, najcesce nepovoljne atmosferske prilike, ukljucuju u modele za
pouzdanosti i raspolozivosti elektroenergetskog sustava pri operativnim plan
njegova rada. Model proizvodne jedinice s ukljucenim uvjetima okoline pokraj ov
vremenu u izracun pokazatelja pouzdanosti i raspolozivosti elektroenergetskog
uvodi i ovisnost o uvjetima okoline u kojima se jedinica nalazi tijekom vremena izl
tim uy
This work presents the results of the theoretical-methodological elaboratior.
model by virtue of which the generating units are included in the models for calcu.
of reliability and availability of the electric power system in the operative plans ¢
operation. The operation, that is, the operative features of these generating un
and therewith also their reliability and availability, are influenced by the state of the
environment, mostly by adverse weather conditions. The generating units model with
environmental conditions included also introduces into the calculation of indicators of
the electric power system reliability and availability, along with the time dependence, the
dependence on the environmental conditions which the unit is exposed to during duration
of the period of such conditions.
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Op¢i problem prikupljanja podataka, statisticke
obrade i izraCuna parametara i pokazatelja za
uspostavu modela proizvodnih jedinica pri ope-
rativnim planiranjima pogona, te nacina pristu-
pa i rjesenja problema ukljucivanja proizvodnih
jedinica u model pouzdanosti i raspoloZivosti
elektroenergetskog sustava, do sada su detalj-
nije obradeni i izloZeni u viSe radova [1] do [14].
Ovaj rad uvodi uvjete, odnosno stanje okoline
kao parametra koji kada prijede odredenu razi-
nu nepovoljnog utjecaja, ili zbog odredenih teh-
nicko-tehnoloskih rjesenja proizvodnih jedinica,
utjeCe na stanje raspoloZivosti i pouzdanosti
proizvodne jedinice, a time i raspoloZivosti i po-
uzdanosti elektroenergetskog sustava u cjelini.
Uvjeti okoline mogu imati utjecaja na samo jed-
no proizvodno postrojenje, ali i vise njih ako se
radi o nepovoljnim atmosferskim prilikama koje
zahvacaju ili djeluju na velikom podrudju. Ipak,
pretpostavlja se da je iznimno niska vjerojatnost
da nepovoljne atmosferske prilike istodobno za-
hvate i nepovoljno utjecu na veliki broj ili pak sve
proizvodne objekte elektroenergetskog sustava.

Pod uvjetima okoline kod elektroenergetskih
postrojenja naj¢esce se podrazumijevaju atmos-
ferske prilike koje ih okruzuju. Velik dio opreme,
odnosno postrojenja elektroenergetskog susta-
va, zasticen je, tj. izoliran od nepovoljnih utje-
caja okoline, pogotovo atmosferskih prilika, pa
za njih s velikom tocnoScu vrijedi pretpostavka
o konstantnosti ucestalosti prijelaza iz stanja u
stanje, bez obzira na stanje okoline. Pogotovo to
vrijedi za proizvodna i ostala postrojenja smje-
Stena u zgradama, podzemnim prostorijama i
sl. Medutim, kako su postrojenja pokraj svih za-
Stita, a osobito kada tih zastita nema, za vrijeme
olujnog vremena, grmljavine, padalina s jakim
vjetrom, i sl., vrlo Cesto izlozena nepovoljnim
utjecajima, pretpostavka o konstantnoj ucesta-
losti kvara nije viSe odrziva kada ti nepovoljni

utjecaji prijedu odredenu razinu.

MODEL JEDNE JEDINICE
S UKLJUCENIM UVJETIMA
OKOLINE

Jednostavni model proizvodne jedinice
- model bazne jedinice

Model jedinice s dva stanja (slika 1) detaljno je
obraden i izlozen u [2], [10] i [12]. To je ujedno i
najcesce koristeni model bududi da pokraj jed-
nostavnosti i potrebnog malog broja podataka
najbolje aproksimira neprekidan rad jedinice
koja pokriva bazni dio dijagrama opterecenja.

INTRODUCTION

So far, the general problem of data collection, stati-
stical analyses and calculations of parameters and
indicators for the establishment of the generating
unit models in operational planning, and the ma-
nner of approaching and solving problems of inclusi-
on of generating units into the electric power system
reliability and availability model have been analyzed
in more detail and presented in several works [1] to
[14]. This work introduces conditions, that is, state
of the environment as the parameter which, when
it passes the level of adverse impact, or, due to cer-
tain technical-technological solutions of generating
units, impacts the state of availability and reliability
of the generating unit, and therewith the availability
and reliability of the electric power system as a who-
le. Environmental conditions can impact only one
generating plant, but also more of them if adverse
weather conditions are such that they encompass or
affect a wide territory. Still, it is presumed that the
probability that adverse atmospheric conditions will
simultaneously encompass and negatively impact a
large number, or possibly even all the production fa-
cilities of the electric power system, is quite low.

The environmental conditions in electric power
plants mostly mean atmospheric conditions which
surround it. A large portion of the equipment, that
is, of the electric power system plant, is protected,
that is, insulated from adverse environmental im-
pacts, atmospheric conditions especially, so the
assumption of the constancy of the rate of transition
from state to state applies to that portion with great
accuracy, regardless of the state of the environment.
This applies especially to production and all other
plants located in the buildings, underground rooms,
etc. However, as the plants, with all the protections
and even when there are no protections, during stor-
my weather, thunder, rainfall with heavy winds, etc.,
are very often exposed to adverse conditions, the
assumption on the constancy of the failure rate is
no longer sustainable when those impacts exceed a
certain level.

THE MODEL OF A UNIT WITH
ENVIRONMENTAL CONDITIONS
INCLUDED

Simple generating unit model - basic unit
model

The unit model with two states (Figure 1) is analyzed
in detail and presented in [2], [10] and [12]. This is
also the most frequently used model because with
the simplicity and small amount of data necessary
it approximates best the perpetual operation of the
unit covering the basic part of the load diagram.
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Sustav linearnih diferencijalnih jednadzbi kojima
se opisuje Markovljev proces prema tom jedno-
stavnom modelu u opéem obliku glasi:

By(t) = —APy (1) + uPy (1),
Py(t) = 2By (1) - Py (),

gdje je:

w] derivacija vjerojatnosti stanja i po

By -
vremenu ¢,

F(t) -vjerojatnost stanjai(i=0, 1,2, ..., n).

Uz pretpostavku da je u ¢ = 0 jedinica u ispravnom

stanju, pocetni uvjeti glase:

R©0)=1,
B(0)=0.

U svakom trenutku mora biti ispunjen uvjet da se
proizvodna jedinica mora nalaziti u jednom od sta-
nja u prostoru stanja, tako da jednadzba identiteta
glasi:

RO+H@O=1.

Gornji sustav linearnih diferencijalnih jednadzbi
uz pocetne uvjete (2) ima sljedece rjesenje:

- raspoloZivost A():

u
A =Py(t) = +
(O=FK® PRSI
- neraspoloZivost N(¥):
A A
N() = Py(5)=————"—
A+u A+u

Prijelazni dio funkcije raspolozZivosti vrlo brzo tezi k
nuli, a vremenski trenutak kada se moZe zanema-
riti prijelazni dio funkcije u odnosu na stacionarni

e—().+;t)l

The system of linear differential equations which
describes the Markov process according to that
simple model in the general form reads:

where it is as follows:

P,-(t) - (? derivation of the probability of the
state i per time ¢,
P (t) - probability of the state i (i=0, 1,2, ..., n)

With the assumption that in ¢ = 0 the unit is in so-
und condition, the initial conditions read:

At all times the condition that the generating unit
must be in one of the states in the state space
must be fulfilled, so that the identity equation re-
ads:

The above system of linear differential equations with
the initial conditions (2) has the following solution:

— availability A(?):

>

- unavailability N(?):

e—()ﬁ—‘u)t

The transient part of the availability function gra-
vitates towards zero very soon, and the moment in
time when the transient part of the function can be
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dio ovisi o veli¢ini uCestalosti popravka u. Opce-
nito, moze se uzeti da prijelazno starHe zavrsava
nakonvremenan=t(A +u)=4, (t=—).
A+ u

Prijelazno stanje zavrSava i prije ukoliko je u > 4,
Sto je kod proizvodnih jedinica elektroenergetskog
sustava redovito ispunjeno. Zbog toga se u svim
prakticnim proracunima koriste izrazi za stacio-
narne vrijednosti raspoloZivosti i neraspolozivosti,
jer se uz zanemarivu pogresku postize znatno po-
jednostavljenje proracuna. Svi daljnji proracuni u
ovom radu bit ¢e vezani i odnosit ¢e se na staci-
onarne vrijednosti raspoloZivosti, odnosno neras-
polozivosti opceg oblika:

By = lim A(f) =—2— = A(0)
t—®© i+,u

A

disregarded in relation to the steady part depends
on the repair rate u. In general, it can be assu-
med that the transient state ends after the time
n=t(+u) =4 (=—2).

A+pu
Thetransient state ends evenbeforein case of 4> 4,
which is regularly the case with electric power
generating units. Because of that, in all practical
calculations, expressions for steady values of ava-
ilability and unavailability are used because, with
negligible error level, a significant simplification of
the calculation is obtained. All further calculations
in this work will be connected and will relate to the
steady values of the availability, that is, unavailabi-
lity in the general form:

s

H:}i_)ng(f)ZHZN(OO). (7)

Pritom u svakom trenutku mora biti ispunjen
osnovni uvjet iz jednadzbe identiteta:

A)+N(@)=1.

|zraz za raspolozivost jedinice moze se napisati i
u obliku:

Sto kod visokoraspoloZivih jedinica predstavlja vrlo
dobru aproksimaciju raspoloZivosti.

Parametri modela bazne jedinice u stacionarnom
stanju mogu se izracunati iz podataka o pogonu
jedne ili viSe jedinica tijekom duZeg vremenskog
perioda. Tako, uvazavajuéi podatke o stanjima i
pokazateljima pogonskih stanja proizvodne jedi-
nice ([10] i [12]), procijenjene ili izracunate vrijed-
nosti ulaznih parametara za model bazne jedinice
(slika 1) jesu:

. N

"= sk

-y,
SP

Thereat, the basic condition from the identity equ-
ation must be fulfilled at all times.

(8)

The expression for unit availability can also be wri-
tten in the form:

) (9)

and this, in highly-available units, represents very
good availability approximation.

Parameters of the steady state basic unit model
can be calculated based on the data on the drive
of one or more units through a longer period of
time. Thus, taking into consideration the data on
the states and indicators of the driving states of
generating units ([10] i [12]), the estimated or cal-
culated values of input parameters for the basic
unit model (Figure 1) are:
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P Sk _ SP
° N N SK+SpP
SK SP
N
5__ SP SK
P = =
N N SK+SP
SK SP

(12)

gdje je: where it is as follows:
£ - procijenjena ili izracunata vrijednost uce- [ - estimated or calculated value of unit failure
stalosti kvara jedinice, rate,
/= procijenjena ili izracunata vrijednost uce- ) - estimated or calculated value of unit repair
. stalosti popravka jedinice, _ rate,
P, - procijenjena vrijednost vjerojatnosti stanja P, - estimated value of the probability of the state of
komponente ili sustava i (i=0, 1,2, ..., n), the component or the system i (i=0, 1,2, ..., n),
N - brojdogadaja, N - number of occurrences,
SK - broj sati ispada iz pogona, SK - number of hours of outage,
SP - broj sati pogona. SP - number of driving hours.
A
|I0|| *I11 n
_I‘ 7 |
Slika 1 — Shema jednostavnog modela proizvodne jedinice - model bazne jedinice
Figure 1 — Scheme of the simple production unit model - basic unit model
Oznake: Symbols:
"0" - stanje spremnosti jedinice za pogon, "0" - unit operation condition,
"1" - stanje nespremnosti jedinice za pogon, “1" - unit non-operation condition,
A - ucestalost kvara jedinice, A - rate of unit failure,
u - ucestalost popravka jedinice. u - rate of unit repair.

Ocito je da raspolozivost, odnosno neraspoloZivost
jedinice prema izrazima (12) i (13) ne ovise o bro-
ju ispada iz pogona, tako da se njihove vrijednosti
mogu procijeniti direktno iz vremena ostajanja ili
zadrzavanja u pojedinim stanjima tijekom proma-
tranog vremenskog intervala. U modelu dva stanja
vrijeme odrzavanja uvijek se iskljucuje iz odrediva-
nja rizika ispada iz pogona.

Izraz (13) najcesce se naziva rizikom ispada iz po-
gona (engl. Forced Outage Rate - FOR) i predstavlja
procjenu vjerojatnosti ispada iz pogona u bilo kojem
slucajno odabranom trenutku. Kvaliteta te procjene
najviSe ovisi o tipu pogona, tako da statistika pogon-
skih podataka mora ukljucivati i vrstu pogona. To
dalje znadi da bi primjena tog jednostavnog modela

It is obvious that availability, that is, unavailability
of the unit according to the expressions (12) and
(13) do not depend on the number of outages, so
that their values can be estimated directly based
on the time of abiding or staying in certain states
during the observed time interval. In the two-
state model, the maintenance time is always
excluded from the determination of the outage
risk.

Expression (13) is most usually called Forced
Outage Rate and it represents the estimate of
the probability of outage at any randomly chosen
moment. The quality of such estimate mostly
depends on the type of drive, so that the statisti-
cs of drive data must include the type of drive as
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kod jedinica koje rade u vrénom dijelu dijagra-
ma opterecenja, jedinica koje se ¢esce ukljucu-
ju iiskljucuju iz pogona (ciklicki rad), jedinica u
rezervi ili pripravnosti za pogon, tj. u svim uvjeti-
ma koji ne znace kontinuiran pogon pod optere-
¢enjem, dovela do neadekvatne procjene rizika
ispada iz pogona.

Medutim, vrlo Cesto neraspoloZivost odgovara-
jucih podataka o pogonu proizvodnih postrojenja
potrebnih da bi se izracunalo parametre sloze-
nijih modela uvjetuje primjenu upravo tog jed-
nostavnog modela dva stanja, bez obzira Sto se
pogon znatno razlikuje od konstantnog. Jedan
od nacina da se smanje problemi i netoCnosti
primjene modela dva stanja koji pritom nastaju
jest da se iz promatranja iskljuce trajanja pri-
pravnosti jedinice za pogon ili stanja rezerve. U
tom slucaju sati ispada iz pogona reduciraju se
samo na sate ispada iz pogona tijekom vremena
potrebe za pogonom. Parametri prema izrazi-
ma (10) i (11) racunaju se bez sati rezervnog is-
kljuCenja. Izraz za rizik ispada iz pogona dobiva
novi oblik:

. SK(d /24)

P =
tmod T op | SK(d /24)

gdje je 131,m0d procijenjena vrijednost rizika ispada
iz pogona jedinice samo tijekom sati trajanja po-
trebe za pogonom.

Prethodni izraz podrazumijeva 24-satni ciklus po-
trebe za pogonom, tj. d sati potrebe za pogonom

svaka 24 sata. Opcenito, za bilo koji ciklus vrijedit
Ceizraz:

poo__ kK
tmed = 6p 1 k- (SK)

gdje je:

k=d/(d+v) - faktor korekcije,

d sati potrebe za pogonom tijekom ciklusa
koji traje d + v sati,
v - vrijeme koje jedinica provede u rezervi iz-

medu perioda potrebe za pogonom.

Faktor korekcije & uvodi se kako bi se pri proracu-
nu parametara uvazila pretpostavka da ispad jedi-
nice iz pogona, tj. njezin kvar moZe zapoceti samo
tijekom vremena optereéenja jedinice.

well. Furthermore, this means that the application
of that simple model in units working in the peak
part of the load diagram, units which go on and off
from operation more often (cyclic operation), units in
standby or state of operation condition, that is, in all
the conditions which do not mean a continued ope-
ration under load, would bring about an inadequate
assessment of outage risk.

However, very often the unavailability of adequate
data on the drives of the generating plants neces-
sary for the calculation of the parameters of more
complex models conditions the application of exactly
that simple two-state model, regardless of the fact
that the drive is significantly different from the con-
stant one. One of the ways to decrease the extent of
the problems and the inaccuracies in the application
of the two-state model which occur thereat is to exc-
lude the durations of the unit's readiness or standby
for operation from the observation. In that case, the
number of hours of outage is reduced only to the
hours of outage during the time when operation is
required. Parameters according to the expressions
(10) and (11) are calculated without hours of stan-
dby shutdown. The expression for forced outage rate
assumes a new form:

whereat ﬁq,mod is the estimated value of the unit's
forced outage rate only during the hours of nece-
ssity for operation.

The above expression implies a 24-hour cycle of
necessity for operation, that is d hours of necessi-

ty for operation every 24 hours. Generally, for any
cycle, the following expression will apply:

where it is as follows:

k=d/(d+v) - correction factor,

d - hours of necessity for operation during the
cycle which lasts d + v hours,
v - time unit spent standby between the perio-

ds of necessity for operation.

The correction factor & is introduced so as to take
into consideration, when estimating the parame-
ters, the assumption that the outage of the unit,
that is, its failure may only begin during the time
of unit loading.
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Ukljucivanje utjecaja uvjeta okoline u
jednostavni model proizvodne jedinice

Model prikazan na slici 2 dvoparametarski je
model proizvodne jedinice kojim se pokraj ovi-
snosti o vremenu u izracun pokazatelja raspolo-
Zivosti i pouzdanosti elektroenergetskog susta-
va uvodi i ovisnost o uvjetima okoline u kojima
se Jedinica nalazi tijekom vremena.

Inclusion of the impact of environmental
conditions into the simple generating unit
model

The generating unit model shown in Figure 2 is a
two-parameter generating unit model by virtue of
which, beside the dependency on time, the depen-
dency on environmental conditions of the unit during
time is also inserted into the calculation of electric
power system availability and reliability indicators.

o
- i
m y
Am | | Hm Ao || Mo
(o]
. =
m

Slika 2 — Model proizvodne jedinice s uklju¢enim uvjetima okoline

Figure 2 — Generating unit model with environmental conditions included
Oznake: Symbols:
"0" - stanje pogonske spremnosti jedinice u mirno 0" - unit’s operation condition during calm we-
vrijeme, ather,
"1" - stanje kvara jedinice u mirno vrijeme, "1" - state of unit failure during calm weather,
"2" - stanje pogonske spremnosti jedinice u olujno "2" - unit's operation condition during stormy
vrijeme, weather,
"3" - stanje kvara jedinice u olujno vrijeme, "3" - state of unit failure during stormy weat-
A, - ucestalost kvara jedinice tijekom mirnog vre- her,
mena, A, - rate of unit failure during calm weather,
u,, — uCestalost popravka jedinice tijekom mirnog u,, - rate of unit repair during calm weather,
vremena, 4, = rate of unit failure during stormy weather,
4, - ucestalost kvara jedinice tijekom olujnog vre- u, - rate of unit repair during stormy weather,
mena, m - rate of transition of stormy weather to calm
u, - ucestalost popravka jedinice tijekom olujnog weather,
vremena, 0 - rate of transition of calm weather to stor-
m - ucestalost prijelaza olujnog vremena u mirno my weather.
vrijeme,
0 - ucestalost prijelaza mirnog vremena u olujno For the units in which failure rate grows with the
vrijeme. aggravation of environmental conditions, it is ne-

Za jedinice kod kojih ucestalosti kvarova rastu s
pogorSanjem prilika u okolini nuzno je u model
ukljuditi te nepovoljne utjecaje. Opcenito, ucesta-
lost kvara kontinuirana je funkcija vremena koja
se zbog jednostavnosti prikazuje odredenim bro-
jem diskretnih stanja. Najjednostavniji je slucaj da
se uvedu dvije razliCite ucestalosti kvara jedinice
za dva striktno odijeljena stanja okoline, jedna za
mirno ili normalno, a druga za olujno vrijeme, koje
se tijekom vremena smijenjuju kako se smijenjuju
trajanja odnosnih vremenskih uvjeta. Osnovu pri-
kaza vremenskih stanja ¢ini kronoloski profil (slika
3). Uvodenjem veceg broja diskretnih stanja modeli
postaju prakticki nerjesivi.

cessary to include those adverse conditions into
the model. Generally, the rate of failure is a con-
tinued time function which, for the purpose of
simplicity, is presented with a certain number of
discrete states. The simplest case is to introduce
two different rates of unit failure for two strictly
separated environmental states, one for calm or
normal, the other for stormy weather, and these
alternate through time as the durations of the
relevant weather conditions alternate. The chro-
nological profile constitutes the basis for the
presentation of weather conditions (Figure 3). By
introducing a larger number of discrete states,
the models become practically unsolvable.

Klepo, M., Mikuli¢ic, V., §imié, Z., Model proizvodne jedinice ..., Energija, god. 58(2009), br. 1., str. 26-55



4 Ugestalost/ Rate
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Olujno vrieme / Stormy weather

Mirno vrieme / Calm weather
1

»

Slika 3 — Dvoparametarski model pogona i kvara proizvodne jedinice

Figure 3

Veliki problem predstavlja nemogucnost da se
prepoznaju i evidentiraju odjelita stanja vremen-
skih uvjeta, pogotovo kada ih je vise. Naime, tra-
janja vremenskih uvjeta mogu se promatrati kao
slucajni procesi koji imaju svoje ocekivane vrijed-
nosti, uCestalosti pojave i frekvencije. Osnova za
razvrstavanje kvarova jesu prevladavajuci vremen-
ski uvjeti tijekom njihova trajanja.

Sljedeca pretpostavka kojom se omogucuje pri-
mjena Markovljevog modela u odredivanju vjero-
jatnosti stanja u tom posebnom slucaju jest da su
razdoblja trajanja normalnih i olujnih vremenskih
prilika slucajne varijable s eksponencijalnom ili
priblizno eksponencijalnom razdiobom, a to da-
lje znaci konstantnom ucestalosti pojave mirnog
i olujnog vremena. Ucestalost prijelaza olujnog u
mirno vrijeme, odnosno mirnog u olujno vrijeme
moze se odrediti iz odgovarajuceg broja prijelaza i
trajanja zadrzavanja u pojedinom stanju. Dakle:

gdje je:

N, - broj prijelaza olujnog u mirno vrijeme,

N, - broj prijelaza mirnog u olujno vrijeme (uz
uvjet N =N),

O - ukupno trajanje olujnog vremena,

M - ukupno trajanje mirnog vremena.

Sustav linearnih diferencijalnih jednadzbi Mar-
kovljeva modela jedinice kad su ukljuceni i uvjeti
okoline ima oblik:

Two-parameter model of operation and failure of generating unit

The impossibility to recognize and record separate
states of weather conditions, especially when the-
re are more of them, is a great problem. Namely,
the durations of weather conditions can be viewed
as random processes which have their expected
values, rates of occurrence and frequencies. The
bases for failure classification are dominant wea-
ther conditions during their abidance.

The next assumption which enables the appli-
cation of the Markov model in the determination
of the probability of the state in that special case
is that periods of duration of normal and stormy
weather conditions are random variables with ex-
ponential or nearly exponential division, and that
further means, with a constant rate of occurrence
of calm and stormy weather. The rate of transition
from stormy to calm weather, that is, calm to stor-
my weather, can be determined from an adequate
number of transitions and durations of abiding in
a certain state. Therefore:

where it is as follows:

N_, - number of transitions of stormy to calm weather,
N, - number of transitions of calm to stormy wea-
ther (with the condition N =N),

O - total duration of stormy weather,
M - total duration of calm weather.

The system of linear differential equations of the
Markov unit model when environmental conditions
are included has the form:

Po(t)y= -, +0)Py(t) + 11, Py (1) +mPy(1),

Pi(t) = InPo(@) = o)) +mPy(0),

P2(t)= oP, (1) ~Co+mPo(6)  + P (0), "
P3(0)= oP; (1) + 2 Pp(0) = (g +m)P5 (o).
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Pocetne uvjete odreduje pretpostavka da je u tre-
nutku =0 jedinica u stanju pogonske spremnosti
i da je okruZuju uvjeti mirnog vremena:

B(0)=1,
P(0)=0,
P,(0)=0,
P;(0)=0.

Stacionarno rjesenje odreduje se uz uvjet:

P,(1)=0
n=0,1 2, 3.

Buduci da se traZi stacionarno rjesenje, sustav
jednadzbi (17) uz (19) poprima sljededi oblik:

0= _()“m +O)P0(t)

0= AmPO (t)
0= 0P, (1)
0= 0Py (1)

Da bi se sustav rijeSio, kao dodatna jednadzba u
sustav se ukljucuje jednadzba identiteta:

B+P+PB+P =1

Stacionarno rjesenje sustava (20) i (21) jest:

Initial conditions are determined by the assump-
tion that at the moment of #=0 the unit is in the
state of operation condition and it is surrounded
by calm weather conditions.

(18)

Steady solution is determined under the condition:

(19)

Since a steady solution is searched for, the equ-
ation system (17) and (19) assumes the following
form:

+ 1 B (2) +mPy(1),
—(uy, +0)Pi (1) +mPy (1),
(20)
_()Lo +m)P2(t) +:u()P3(t)7
+1,P, (1) — (g +m)Py (0).

In order to solve the system, the identity equati-
on is introduced into the system as an additional
equation:

Steady system solution (20) and (21) is:

_ ity (o +m) +m(Ao oy + 14,0)

P
0 A
mhy, (U, +m)+mi, (A, +o0)
P :
A
oty (pty +m) +ou, (A, +0)
P, = s
A
02y (A +0) +0(mAy + Ay i)
P3 = 5

A

A=(m+0)(Ag + 1) n + )+ My + 1) +0(g + 1) -

Stacionarne vrijednosti raspoloZivosti i neraspolo-
Zivosti jedinice odredene su sumom vjerojatnosti
stanja “0" i "2", odnosno “1"i “3":

Steady values of unit availability and unavailability
are determined by the sum of state probability 0"
and “2”, thatis, “1" and “3".
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(I’l’l + 0)(mfum T Ol + Holm ) + m:um}”o + Oluoj'm

A=Py+P, =

N=P+P=

(m+0)(mAy, +0Ay + Ayly) +mi t, +0A 1y

s

A (23)

gdje je:
A - kaouizrazu (22).

Kad bi se zanemarili uvjeti olujnog vremena, sto
znadi da se vjerojatnost izlaska iz mirnog vre-
mena uzima jednaka nuli (oAt = 0), model bi se
sveo samo na dva stanja kao na slici 1, dakle uz
vrijednosti parametaram=1,0=0i4,=0, izrazi
za vjerojatnosti stanja, te raspolozivost i neras-
polozivost bili bi priblizno jednaki izrazima (6) i
(7). Dakle:

P, =0,
P3 z0 .

Buduéi da se pretpostavlja eksponencijalna
razdioba vremena trajanja popravaka, kako za
mirno tako i za olujno vrijeme, te da se sred-
nja ocekivana vremena trajanja popravaka
malo razlikuju, moZe se s dovoljnom tocno-
S¢u uzeti da je funkcija ucestalosti poprav-
ka neovisna o uvjetima okoline (u, = u, = u).
Sto predstavlja znatno pojednostavljenje modela.
Popravci jedinice zapravo se poduzimaju samo
tijekom mirnog vremena, odnosno zapocinju
zavrsetkom olujnog vremena koje traje znatno
krace od mirnog vremena.

Za analizu ostaje, dakle, najvazniji parametar
modela, a to je ucestalost kvara jedinice. Da bi
se odredila ucestalost kvara jedinice koja vrijedi
i za mirno i za olujno vrijeme, dakle prosjecna
vrijednost ucestalosti kvara potrebno je najprije
odrediti srednje vrijeme do kvara jedinice. Dakle,
potrebno je poci od matrice ucestalosti prijelaza
stanja u prostoru stanja koja ima sljedeci oblik:

- (j'm + 0) j'm

A= Hm - (lum + 0)
m 0
0 m

s

A

where it is as follows:
A - asinthe expression (22).

If stormy weather conditions were to be disregar-
ded, which means that the probability of coming out
of calm weather is taken as equal to zero (oAt = 0),
the model would be reduced to only two states as
in Figure 1, so, with the values of the parameters
m=1,0=0and 1, =0, the expressions for the state
probability of the state, and the availability and una-
vailability would be equal to the expressions (6) and
(7). Therefore:

(24)

Since the exponential division of time of repa-
ir duration is assumed, both for calm and stormy
weather, and since the average times of expected
repair duration differ only slightly, it can be taken
with sufficient accuracy that the function of repair
rate is independent of the environmental conditions
(4, = m,,= u), which means significant model sim-
plification. Unit repairs are actually undertaken only
during calm weather, that is, they start after the
end of stormy weather which lasts significantly less
than calm weather.

The analysis thus remains to be performed only on
the most significant model parameter, and that is
the unit failure rate. In order to determine the unit
failure rate which applies both for calm and stormy
weather, that is, the average failure rate value, it is
necessary to determine the average time to unit fai-
lure first. Therefore, it is necessary to start from the
matrix of the state transition rate in the state space
which has the following form:

o 0
0

= (4o +m) 2o (2)
Ho —(py +m)
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Bududi da su stanja 1" i “3” stanja kvara, dakle i
apsorbirajuca stanja, ispusta ih se iz matrice uce-
stalosti prijelaza koja poprima novi oblik:

o

y k
— (4, +m)

{— (g +0)

m

Sada je potrebno odrediti inverznu matricu matri-
ce (26), a ona glasi:

o

A71 _ |:_ (j'm + 0)

m

Elementi matrice 4~ jesu vremena boravka u po-
jedinim stanjima prije ulaska u apsorbirajuca sta-
nja. Bududi da je ukupno vrijeme do kvara odre-
deno izrazom:

T, =3T0),

i=1

a da izraz za odredivanje srednjeg ocekivanog
vremena T do kvara ima oblik:

T=-Py(0)4y'

gdje A, predstavlja inverznu matricu ucestalo-
sti prijelaza izmedu stanja,

srednje vrijeme do kvara, odredeno kao suma
vremena boravaka u svim stanjima osim ap-
sorbirajucih, odreduje se kao produkt vektora
poCetnih vjerojatnost stanja (18) i inverzne ma-
trice ucestalosti prijelaza izmedu stanja (27), te
iznosi:

Ao +m+o
Tp=——o""7°7
Ao + 04y +mAy

Promatra li se samo mirno vrijeme, srednje vri-
jeme do kvara jest:

Ucestalost kvara jedinice ako se zanemari vrijeme
trajanja popravaka, koje je znatno krace od sred-

1
— (4 +m)} " A + 0k t A

Since 1" and “3" are failure states, and thus also
absorbing states, they are released from the tran-
sition rate matrix which assumes a new form:

(26)

Now it is necessary to determine the inverse ma-
trix of the matrix (26) and it reads:

-1 0

(m +0J ' @)

{(% +m)

m

Matrix elements A are periods of abiding in cer-
tain states before entry into absorbing states. Sin-
ce the total time to failure is determined by the
expression:

(28)

and since the expression for determination of the
average expected time T until failure has the form:

(29)

where A4, 'represents the inverse matrix of rate of
transition between states,

average time to failure, defined as the sum of times
of abiding in all states except for the absorbing sta-
tes, is determined as the product of the vectors of
initial probabilities of the states (18) and of the in-
verse matrix of rate of transition between states (27)
and it amounts to:

(30)

If only calm weather is considered, average time to
failure is:

€))

If the duration of repairs, which is significantly
shorter than the average time to component failu-
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njeg vremena do kvara komponente, Sto podra-
zumijeva ucestalost kvara ne ukljucujuci utjecaj
popravaka, moze se odrediti inverzijom izraza (31).
Dakle:

A=—
Ay +m+o

Bududi da opéenito vrijedi:

Do << OAy +mAy
i/and

Ao <<m+o0

>

priblizna vrijednost prosjecne ucestalosti kvara
jedinice bit Ce:

oly ml, O

m 0

A~

1 Ak +04, +miy

m+o m+o M+0O

gdje je:

M - ukupno trajanje mirnog vremena,
O - ukupno trajanje olujnog vremena.

Tako izraunate ucestalosti odgovarale bi vrijed-
nostima koje bi se dobile iz podataka o pogonu
kada se ne bi vodilo ra¢una o uvjetima okoline.

Parametri modela racunaju se iz sljedecih poda-
taka pogonske statistike:

¢ - brojkvarova u razdoblju mirnog vremena,
¢ - brojkvarova u razdoblju olujnog vremena,
p — ukupni broj popravaka za vrijeme trajanja

mirnog vremena,
p' - ukupni broj popravaka za vrijeme trajanja
olujnog vremena,
- ukupno trajanje popravaka tijekom mir-
nog vremena,
ukupno trajanje popravaka tijekom oluj-
nog vremena.

pm

po

Naravno, ukupan broj kvarova treba biti jednak
ukupnom broju popravaka (¢ + ¢' = p + p)), tra-
janje ciklusa jednako je sumi ukupnih vremena
trajanja mirnog i olujnog vremena (M + 0), a
ukupno trajanje svih popravaka jednako je sumi
popravaka tijekom mirnog i olujnog vremena
(Tp= T+ Tpo). Procijenjene vrijednosti odgovara-
jucih ucestalosti promjena stanja jesu:

re, is disregarded, which implies the rate of repair
not including the influence of repairs, unit failure
rate can be determined by inversion of the expre-
ssion (31). Therefore:

s

(32)
Since the following generally applies:
(33)
approximate average unit failure rate will be:
M3, OA, + M2,
+ m _ -0 ——m, (34)
M+0 M+0

where it is as follows:

M - total duration of calm weather,
O - total duration of stormy weather.

Rates calculated in such way would fit the values
which might be obtained from the data on the drive
if the environmental conditions were not taken into
account.

Model parameters are calculated from the following
drive statistics data:

¢ - number of failures in calm weather period,
¢ - number of failures in stormy weather period,
p - total number of failures for the duration of

calm weather,
p - total number of failures for the duration of
stormy weather,

T, - total duration of repairs for the duration of
calm weather,
T - total duration of repairs for the duration of

po
stormy weather,

Of course, total number of failures must be equal
to the total number of repairs (¢ + ¢' = p + p), du-
ration of the cycle is equal to the sum of total du-
rations of abidance of calm and stormy weather
(M + 0), and the total duration of all repairs equals
the sum of repairs during calm and stormy weat-
her (Tp= Tt Tpu). Estimated values of relevant state
transition rates are:
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(39)

~ C

lm:ﬁ N

~ c'

/10:5 N

i c+c' :Mim+0io

M+0 M+0

ﬁm:L ,
T

. p

fto =7

o Tpo

/}:pﬂv': p+p
Tp Tpm-&-TpO

Sdruge strane, ako su poznati podaci o ukupnom
broju kvarova (¢ + ¢'), trajanja razdoblja mirnog i
olujnog vremena (M'i O) i udio kvarova koji se jav-
ljaju tijekom olujnog vremena ({=c'/(c + ")), tada
se mogu izracunati uCestalosti kvarova za mirno
i olujno vrijeme:

A M+0 ;
A =(1- R
m=0-0—
/{OZCM-‘_O}L

Tako izraCunate uCestalosti pojave iskazuju se kao
broj kvarova u godini po vremenskom uvjetu u ko-
jem su se dogodili, a ne kao broj kvarova u kalen-
darskoj godini.

Tablica 1 prikazuje primjer utvrdenih ulaznih pa-
rametara modela stanja proizvodne jedinice, s
uklju¢enim uvjetima okoline, za mirno i olujno
vrijeme, odnosno samo mirno vrijeme. Tablica 2
prikazuje rezultat izracuna, tj. vjerojatnosti stanja
u modelu stanja proizvodne jedinice za ulazne pa-
rametre iz tablice 1.

MODEL DVIJE JEDINICE S
UKLJUCENIM UVJETIMA OKO-
LINE

Model sustava s dvije jedinice

Model prikazan na slici 4 jednostavan je model
prostora stanja dvije razlicite jedinice, od kojih
svaka moze biti ili u stanju spremnosti za pogon,
dakle ispravna, ili u stanju nespremnosti za pogon,
dakle u kvaru. Model je obraden radi ilustracije i
utvrdivanja nacela izgradnje modela pouzdanosti

najjednostavnijih sustava. Osnovna pretpostavka
svih razmatranja jest da se iskljucuje moguénost

p+p Mim+0/“:0

PP M, O

B h g

On the other hand, if data on the total number of
failures (¢ + ¢'), durations of the periods of calm and
stormy weather (M and O) and the share of failures
which occur during stormy weather (= ¢'/(c + ¢"))
are known, then the rates of failures for calm and
stormy weather can be calculated.

(36)

Thus calculated rates of occurrence are presen-
ted as number of failures in the year per weather
condition in which they occurred, and not as the
number of failures in the calendar year.

Table 1 shows the example of determined input
parameters of the generating unit state model,
with environmental conditions included, for calm,
that is, for stormy weather only. Table 2 shows the
calculation result, that is, the probabilities of the
state in the generating unit state model for input
parameters from Table 1.

TWO-UNIT MODEL WITH
ENVIRONMENT CONDITIONS
INCLUDED

Two-unit system model

The model shown in Figure 4 is a simple state spa-
ce model of two different units, of which each can
be either in operation condition, that is, in opera-
tive condition, or in non-operation condition, that
is, in the state of failure. The model is analyzed
for the purpose of illustration and determination
of the principles for the construction of the reli-
ability model of the simplest systems. The basic
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istodobnog zbivanja dvaju ili vise dogadaja, zbog assumption of all the considerations is the exclu-

Cega se u modelu iskljucuju mogucnosti direk- sion of the possibility of simultaneous occurrence

tnih prijelaza izmedu stanja "0" i "3", odnosno "1”  of two or more events, and because of that the

2" model excludes the possibilities of direct transi-
tions between the states “0" and "3, that is, “1”
and "2".
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Slika 4 — Model sustava koji Cine dvije proizvodne jedinice

Figure 4 — Two-unit system model
Oznake: Symbols:
A - prvajedinica, A - firstunit,
B - druga jedinica, B - second unit,
‘0" - jedinice Ai B u stanju pogonske spremnosti, ‘0" - units A and B in operation condition,
“1" - jedinica A u kvaru, a B spremna za pogon, “1" - failure of unit A, unit B ready for operation,
2" - jedinica A spremna za pogon, a B u kvaru, “2" - unit A ready for operation, failure of unit B,
“3" - jedinice AiB u kvaru, “3" - failure of units A and B,
A, — ucestalost kvara jedinice A, A, = unitAfailure rate,
u, — uCestalost popravka jedinice A, u, — unitArepair rate,
4, - ucestalost kvara jedinice B, A, = unit B failure rate,
u, - uCestalost popravka jedinice B. u, — unit B repair rate.

Sustav linearnih diferencijalnih jednadzbi modela
prema slici 4 ima sljedeci oblik:

Po(t)= =+ Ry (0)

Pi(t) = JPy (1)
Pa(1)= 0!
Pa(t= APy(t)

Pocetne uvjete odreduje pretpostavka da su u tre-
nutku z = 0 obje jedinice u stanju pogonske spre-
mnosti, dakle da je sustav na pocetku u stanju “0".
Dakle:

F(0)=1,
F(0)=0,
B (0)=0,
P (0)=0.

Kao i u svim prethodnim slucajevima, trazi se sta-
cionarno rjeSenje sustava (37) koje je odredeno
uvjetom:

System of linear differential model equations

according to Figure 4 has the following form:

+ Py () +upB(1)

— (g + 22 P (0) +upP3(1)

= (g + 12 )P (1) +wbB(@)

+ 4B (1) —(uq + 12 P (0)

(37)

Initial conditions are determined by the assump-
tion that at the moment of =0 both units are in
operation condition, that is, that at the beginning

the system is in "0” state. Therefore:

(38)

As in all other previous cases, a steady system so-
lution (37), determined by the following condition,

is searched for:
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P,(1)=0
n=0,1, 2, 3.

Dakle, sustav (37) poprima oblik.

0= i+
= MFo(2)
= AaFo (1)
0= 710

Kao dodatna jednadzba u sustav se ukljucuje jed-
nadZba identiteta:

Po+P+P+P=1

Stacionarno rjesenje sustava (40) i (41), tj. stacio-
narne vjerojatnosti stanja jesu:

j Jaa I
(4 +p) (g + 12)
po— 2
(4 + 1) (2 + 112)

) = o
(44 + 1) (Ao + p12)
o M
(44 + 1) (A +12)

Buduci da je vec ranije pokazano da izrazi:

t—

lim N (1) =—— = N(eo) = N

t—o /1+,u

predstavljaju stacionarnu raspoloZivost, odnosno
neraspoloZivost jedne jedinice, to se stacionarne
vjerojatnosti stanja u slucaju sustava koji Cine dvije
jedinice mogu napisati kako slijedi:

Fy = A(00) Ay () = 414,
B = Nq(0) dp(0) = N1 4,
By = 41(0)Np(0) = 44N,
By = Ny(20)Np(0) = N4V,

lim A(f) :% = A(0)=4
+u

(39)
So, system (37) assumes the form:
+ P (1) +upB(1)
— (1 + 22 )R (1) +uaP3(t)
(40)
~Cat () + P
+ 4P (1) — (g + P (1)

As an additional equation, an identity equation is
introduced into the system:

(41)

Steady system solutions (40) and (41), that is, ste-
ady state values, are:

(42)

As it has been shown earlier that the expressions:

represent steady availability, that is, unavailabili-
ty of one unit, then the steady probabilities of the
state in case of a two-unit system can be written
as follows:

(44)
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Iz toga se izvodi bitno nacelo za daljnju razradu
modela pouzdanosti. Ono glasi: ako se zna op-
Ceniti izraz za stacionarne vrijednosti raspoloZi-
vosti i neraspoloZivosti svake jedinice u sustavu
pojedinacno, moze se odmah napisati izraz za
stacionarne vjerojatnosti stanja, tj. stacionarne
vrijednosti raspolozivosti i neraspoloZivosti su-
stava koristeci pritom osnovne modele pouzda-
nosti [1], [2] i [10]. Radi provjere, u razmatranje
se uzimaju dva najjednostavnija modela, serijski
i paralelni.

Kod paralelnog modela sustava, u slucaju kada
sustav Cine neovisne jedinice ili komponente,
stacionarna raspolozivost sustava odredena je
sljedec¢im izrazom:

Ag(06) = Ay(06) Ay (50) Ay (30)... A, (). A, (30) = [ [ 4, () -

iz Cega slijedi:

A5 (0) = Ay(20) Ay (0) = Fy =

Po definiciji serijski sustav je neraspoloziv ako je
neraspoloZiva bilo koja od jedinica koje ga Cine. To
znaci da u prostoru stanja treba odrediti vjerojat-
nost unije dogadaja koji znace neraspolozivost bilo
koje od jedinica, dakle stanja “1", “2" i "3". Nakon
toga, raspoloZivost sustava odreduje se na sljedeci
nacin:

From that, an important principle for further ela-
boration of the reliability model is derived. It reads:
if the general term for steady values of availabili-
ty and unavailability of each unit separately in the
system is known, the term for steady state values,
that is, for steady values of availability and unava-
ilability of the system can immediately be written,
using thereat the elementary reliability models [1],
[2] and [10]. For the purpose of a test, two simplest
models are taken into consideration, the serial and
the parallel ones.

In the parallel system model, in the case when the
system is composed of independent units or com-
ponents, steady system availability is determined by
the following expression:

(49)
i=1
and from this it follows:
Jaa I ) 46
(A + ) (g + 1p) (46)

By definition, a serial system is unavailable if any
of the units it is composed of are unavailable. That
means that in the state space the probability sho-
uld be determined of the union of events which
mean unavailability of any of the units, that means
states “17, "2" and “3". After that, the availability of
the system is determined in the following way:

A5 (0) =1=Ng(0) =1= (P + P, + P3) =1—=(NqAy + 44N + N4N;) =

-1 Mby + pdg + 4y _

Jadla)

|zrazi (46) i (47) identi¢ni su. Frekvencija kvara se-

rijskog sustava jednaka je frekvenciji napustanja
stanja “0", odnosno iznosi:

2 2
fo=2 ST 4,(0) = fidy + fo4,

-1 =1
J#i

gdje je:

f.» f, - frekvencije kvara jedinica 11i 2.

U+ )0+ 12) O+ )+ 12)

Aydy

Expressions (46) and (47) are identical. Serial sy-
stem failure frequency equals the frequency of
leaving the "0" state, that is, it amounts to:

(48)

where it is as follows:

f» f, - frequency of failures of units 1 and 2.
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Srednje vrijeme trajanja kvara serijskog sustava Average time of serial system failure duration is
odredeno je sljedecim izrazom: determined by the following expression:

l_) _ NS(OO) _ N1A2 +A1N2 +N1N2
: /s J1da + fo44

Kod paralelnog modela sustava, kojeg ¢ine neovi- In the parallel system model, composed of inde-
sne jedinice ili komponente, stacionarna raspolo- pendent units or components, steady system ava-
Zivost sustava odredena je sljedeéim izrazom: ilability is determined by the following expression:

A, (20) = 1= N4(90) N (90) N3 (0)... N; (0)... N, (0) = 1—1£[N,.(oo) =1 —ﬁ(']—A,-(oo)) =
i=1 i=1

j=n
i=n—1

A3(0) + Ap () + A3 () + .+ A () 4.+ Ay (0) = D A, (0) A, (20) + . ' (50)
i=1
J=i+1

+ (=14 (00) Ay (00) Az (0)... 4; (20)... 4, (20) ]

Neraspolozivost paralelnog sustava odredena je Unavailability of the parallel system is determined

izrazom: by the expression:
Ny (0) = Ny(00) N (0) N5 (20)...N; ()...N, (20) = [ [ N; () , (51)
i=1
iz Cega slijedi: and from this it follows:
A,(0) =1=Ny(0) Ny () =1- P, e M2
(4 + u)(Ay + p12) 52)
_ Mty T atp ¥l
(M4 +u2)(2g + 1)
S druge strane, sustav je raspoloziv ako je raspo- On the other hand, the system is available if at le-

loZiva barem jedna jedinica, te ¢e vjerojatnost toga ast one unit is available, and the probability of that

dogadaja prema modelu na slici 4 biti jednaka event, according to the model in Figure 4, will be

sumi vjerojatnosti stanja “0", 171 "2", {j.: equal to the sum of the probability of the states
‘0", "1"and "2", that is:

iy + Jqpto + gl
Ay ()= Py + P+ Py = A Ay + Nqdy + 4N, =212 1172, (53)

(M +u9)(Ag + 1)

Izrazi (52) i (53) identi¢ni su. Frekvencija kvara Expressions (52) and (53) are identical. Failure frequ-
odredena je sljededim izrazom: ency is determined by the following expression:

2 2 2
Jo =Ny @)D 1y = [T N: () 1y = Py (g + 1)
i1 i=1 it

= NyNy (g +pp) = 1Ny + 2Ny
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Srednje vrijeme trajanja kvara paralelnog sustava,
odnosno popravka jedinice iznosi:

= Ny NN,

Average time of parallel system failure duration,
that is, duration of unit repair, amounts to:

1 ppp 1

P Sy fiNp+foN _ﬁ_,r

Ny

gdje je P, P, - trajanja kvara jedinica 1 2.

Prema modelu sustava s dvije razliCite jedinice
frekvencija pojedinog stanja moZe se odrediti bilo
kao produkt vjerojatnosti stanja i sume ucestalosti
napustanja tog istog stanja, bilo kao produkt sume
ucestalosti ulazaka u stanje i vjerojatnosti stanja
iz kojeg se dolazi. Frekvencije su iste promatrane
od strane izlazaka, kao i od strane ulazaka. Prema
prvome frekvencije stanja jesu:

2 1

>

+i_P1+P2 iy (99)

Ny p1 po

where P, P, is the duration of failures of units 1
and 2.

According to the system model with two different
units the frequency of certain state can be deter-
mined either as a product of the probability of the
state and of the sum of the rate of leaving such
state, or as the product of the sum of the rate of
entry into the state and the probability of the state
of origin. The frequencies are the same observed
from the exit side as from the entry side. Accor-
ding to the first, the frequencies of the state are:

Soor = Fo(l +Ap) = 1Ay (g + Ap) = frdy + fo44
S =Py +20) = NqAy(uq + 7)) = f1Ay + [oN4

Jrow =By (M + 1) = A4No (Jg + i) = f[iNo + 244

(96)

Sz =Py (g + 1) = NN (1 + 11p) = f1No + fo Ny

Vrijeme boravka u svakom pojedinom stanju jed-
nako je reciprocnoj vrijednosti sume ucestalosti
napustanja tog istog stanja. Prema tome, odgova-
rajudi izrazi jesu:

T‘o” - 1
M+ 2o
Tn1n = 1
M+l
Tvzn = 1
M+ iy
Ty = !
Myt o

Slicna razmatranja mogu se primijeniti na bilo
koji broj neovisnih jedinica koje su povezane u bilo
kakav funkcionalni sustav poznate strukture, Ciji
se rad u potpunosti moZe prikazati nizom stanja
prostora stanja, odnosno modelom stanja i prije-
laza izmedu tih stanja. Uz navedeno, jedini je jos$
uvjet da su poznate stacionarne raspoloZivosti i
neraspolozivosti jedinica, ili, tocnije, stacionarne
vjerojatnosti stanja svake od jedinica. Stacionarne
vjerojatnosti stanja, raspoloZivosti ili neraspolo-
Zivosti sustava izvode se direktno iz stacionarnih
vjerojatnosti stanja, raspolozivosti i neraspolozivo-
stijedinica, ve¢ prema stanjima jedinica, te kombi-
naciji ili grupi stanja sustava koja u prostoru stanja

Period of abidance in each particular state is equ-
al to the reciprocal value of the sum of the rate
of leaving that same state. Therefore, the relevant
expressions are:

Similar observations can be applied to any num-
ber of independent units connected in any kind of
functional system of a familiar structure, the ope-
ration of which can be fully depicted with a series
of states of the state space, that is, by the model
of the state and transition between those states.
Apart from the above, the only other condition is to
be familiar with steady availabilities and non-ava-
ilabilities of the units, or, more precisely, steady
probabilities of the states of each of those units.
Steady probabilities of the states, availabilities or
non-availabilities of the system are derived di-
rectly from steady probabilities of the state, ava-
ilability or unavailability of the units, according to
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znadi raspoloZivost ili neraspoloZivost sustava.
To znaci da se uvijek mora voditi racuna o spe-
cificnoj gradi sustava i njegovim funkcionalnim
karakteristikama, jer je samo tako moguce u
prostoru svih mogudih stanja iste izdvajati i gru-
pirati prema odredenim kriterijima, npr. kriteri-

jima uspjesnog rada.

Kako je to vec ranije utvrdeno, izrazi za stacio-
narne raspoloZivosti i neraspoloZivosti sustava
ekvivalentni su onima za pouzdanost i nepouz-
danost, Sto znadi da se mogu dobiti tako da se
u odgovarajucim izrazima jednostavno zamijene
varijable pouzdanosti varijablama raspoloZivo-
sti, a varijable nepouzdanosti varijablama ne-
raspoloZivosti, kako sustava tako i jedinica.

Kao ilustracija svega Sto je prethodno navede-
no posluzit ¢e jednostavan primjer sustava od

tri jedinice Ciji je model pouzdanosti prikazan na
slici 5.

the states of the units, and the combination or group
of the system states which means system availabi-
lity or unavailability in the state space. That means
that what should always be taken into consideration
is the specific structure of the system and its functi-
onal characteristics because in the space of all po-
ssible states it is the only possible way of sorting out
and grouping the above according to certain criteria,
for example, criteria of successful operation.

As has been determined earlier, expressions for
steady system availabilities and non-availabilities
are equivalent to those for reliability and non-relia-
bility, which means that they can be obtained so as
to simply exchange the variables of reliability with
variables of availability in the relevant expressions,
and to exchange the variables of unreliability with
the variables of unavailability both of the system and
the units.

The simple example of the three-unit system, the
reliability model of which is shown in Figure 5 will
serve as an illustration of all that has been menti-
oned above.

Slika 5 — Serijsko-paralelni model sustava od tri jedinice

Figure 5

Stacionarne vrijednosti raspoloZivosti i neraspolo-
Zivosti jedinica jesu:

The three

unit system

Steady values of the units” availability and unava-
ilability are:

Jedinica 1 Jedinica 2 Jedinica 3
Hq H2 H3
Ay(0) = Ay () = Az () =
M+ Ao + ip Ay + 3 (58)
A p)
M) == Ny =2 Ny =2
M+ Ao + iy A3 + 3

Vjerojatnosti stanja sustava u prostoru stanja dana
su u tablici 3.

Probabilities of the states of the system in the sta-
te space are given in Table 3.
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Tablica 3 - Stanja sustava, stanja jedinica, vjerojatnosti i frekvencije stanja sustava prema slici 5
Table 3 - System states, units’ states, probabilities and frequencies of system states according to Figure 5.

Redni  >on° Stanja jedinica / TR S
broj/ S}JS ava Ulifia’ Sizies (,) sustava fie vencije stanja sustava
/ System Probabilities of System state frequencies
Number C 12 3 o
state system states
B o ! ! ! Pgn = 414y 44 Joor = frda Az + fodiAs + f3 A4,
2. o 0 L ! B = Nadp 4y S = fida Ay + fN143 + f3N14,
3 o 1 0 ! P = 41N 43 Joor = fiNo Ay + fo 4145 + 341N,
4 & [ [ . Py = 414;N3 Jian = frdaNa + fo44N3 + f3.414;
o K v v ! By =NiNody Jug = [iN2 Az + [oN4 Ay + 3NN
6 ki 0 ! 0 B = Ni4;N3 Josn = f142N5 + foNiN3 + f3N14;
& & [ . U P = 4NN foor = fiNaN3 + fo4iN3 + f3 44N,
& U 0 0 . By =NiNaNg Jo = fiNoN3 + [oNiNg + f3N1Np

* 1 - jedinica u stanju pogonske spremnosti / unit in the state of operation condition

0 - jedinica u stanju kvara / unit in the state of failure

Bududi da se radi o sustavu Cije su komponente
neovisne, izraz za pouzdanost sustava glasi:

As the matter at hand is a system whose compo-
nents are independent, the expression for system
reliability reads:

Rs(’):P[x1(x2 +x3)]= P(xyxy +x1x3) = P(x1x3) + P(x1x3) = P(x1x2x3) |
= P(x1)P(x2) + P(x1)P(x3) — P(x1) P(x2) P(x3)

Prema tome, za uspjeSan rad sustava nuzni su
uspjesan rad prve jedinice i uspjesan rad barem
jedne od dviju preostalih jedinica. Jednostavnom
zamjenom oznaka za pouzdanost oznakama za
raspoloZivost u izrazu (59) dobije se izraz za staci-
onarnu raspolozivost sustava:

(59)

According to that, successful operation of the
system requires successful operation of the first
unit and successful operation of at least one of the
other two units. By simple exchange of the sym-
bols for reliability with symbols for availability in
the expression (59), the expression for steady ava-
ilability of the system is obtained:

Ag (20) = Ay (0) Az (0) + A1 (0) Az (20) — Ay (20) A (00) A3 (0) =

Jaala?)

Jaalak Mty

B M+ )l + 1) (M+u)s+pz)  (4+ )l +up) g + 13) B (60)

_ Maltoiy + Madp iy + ity

(44 + u) (g + 1) (A3 + p3)

S druge strane, analiza prostora stanja (tablica 1)
pokazuje da je za uspjesan rad sustava potrebno
da se ostvari barem jedan od dogadaja, odnosno
stanja sustava "0, 2" ili “3". Vjerojatnost u tom
slucaju iznosi:

On the other hand, analysis of the state space
(Table 1) shows that successful system operati-
on requires the realization of at least one of the
events, that is, the states of the system “0”, "2" or
“3". The probability in that case amounts to:
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Ag(0) = Fy(0) + Py (0) + P3(0) = A1y Az + AyNp A3 + 4143 N3 =

_ Hakialts . Falalts N
(M + ) + o)Az +ug) - (A + (Ao + pi2) (A3 + p13) (61)
Mty _ Moty + il iy + tilip g

(Y + 1) + 1)z + p3)

Naravno, izrazi (60) i (61) identicni su.

Model sustava s dvije proizvodne jedinice
s ukljucenim uvjetima okoline
Na slici 6 prikazan je model sustava koji Cine dvije
neovisne jedinice s uklju¢enim uvjetima okoline, ili
bolje re¢eno prostor stanja sustava dviju jedinica u
razlicitim uvjetima stanja okoline. Osnovna mu je
namjena razrada modela dvostrukih kvarova.
Model Cine Cetiri niza stanja ("0", “17, “2"i "3"), koja
predstavljaju stanja sustava u uvjetima normalnog,
tj. mirnog vremena, i Cetiri visa stanja ("4", "5", "6”
i “77) koja predstavljaju stanja sustava u uvjetima
olujnog vremena. Opcenito se pretpostavlja da su
izgledi za kvarove, pogotovo dvostruke i viSestruke,
puno veci tijekom olujnog vremena nego tijekom
mirnog vremena. Kada se kvarovi pojave tijekom
olujnog vremena, traju do pojave mirnog vremena,
jer se popravci poduzimaju samo tijekom trajanja
mirnog vremena. Ucestalost mirnog vremena
puno je veca od ucCestalosti kvara jedinice, a uce-
stalost olujnog vremena puno je manja od uce-
stalosti popravka jedinice. Sve to znaci da se zbog
izuzetno male vjerojatnosti ostvarenja neki prelas-
ci medu stanjima mogu zanemariti, a da pritom
model ne izgubi puno na to¢nosti. S druge strane
dobiva se mogucnost da se problem uopce moze
rijesiti. Nakon pojednostavljenja mozZe se uzeti da
se model sustava s dvije neovisne jedinice ponav-
lja, jednom za uvjete mirnog vremena, a drugi put
za uvjete olujnog vremena, pri ¢emu su ti uvjeti
neovisni o kvarovima i popravcima jedinica. Pojed-
nostavljenja i pretpostavke koji se uvode u model
imaju sljedece oblike:

M=l =0,
Hi=p, =0,
m>>M, 2
0 << iy, iy

PO +P4 z1 .

(4 + 1) (2 + o)Az + p13)

Of course, the expressions (60) and (61) are iden-
tical.

Model of a system with two generating
units with environmental conditions included

Figure 6 shows the model of the system compo-
sed of two independent units with environmental
conditions included, or, better said, the space of
the states of the two-unit system in different envi-
ronmental state conditions. Its basic intention is to
elaborate the model of double failures.

The model consists of four lower states ("07, 17,
“2" and "3") which represent states of the system
in the conditions of normal, that is, calm weather,
and four higher states ("4”, 5", "6" and “7") which
represent states of the system in the conditions
of stormy weather. It is generally assumed that
the prospects for failures, especially double and
multiple, are much greater during stormy weather
than during calm weather. When failures occur
during stormy weather, they last until occurrence
of calm weather because the repairs are under-
taken only for the duration of calm weather. The
rate of calm weather is much greater than the
rate of unit failure, and the rate of stormy weather
is much smaller than the rate of unit repair. All of
this means that because of extremely small pro-
bability of realization, certain transitions between
states can be disregarded without the model lo-
sing much of its accuracy in the process. On the
other hand, the possibility arises for the problem
to be completely unsolvable. After the simplifi-
cation, it can be assumed that the model of the
system with two independent units repeats, once
for calm weather conditions, and the second time
for the stormy weather conditions, whereat those
conditions are independent of unit failures and re-
pairs. Simplifications and assumptions introduced
into the model have the following forms:
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Sustav linearnih diferencijalnih jednadzbi Markov-
ljeva procesa prema slici 6 glasi:

The system of linear differential equations of the
Markov process according to Figure 6 reads as

follows:
A1
IIO n " 1 n
AB ;4‘-1 AB
A2 | H2 Azl |H2
2
) I!I /11 Il3ll
ABj AB
HA
Slika 6 — Model sustava koji Cine dvije proizvodne jedinice s uklju¢enim uvjetima okoline
Figure 6 — Model of a system with two generating units with environmental conditions included
Oznake: Symbols:
A - prvajedinica, A - firstunit
B - druga jedinica, B - second unit
m - ucestalost pojave mirnog vremena, m - rate of occurrence of calm weather
o - ucestalost pojave olujnog vremena, o - rate of occurrence of stormy weather

- stanja jedinica i uCestalosti tijekom mirnog vre- - states of the units and rates during calm wea-

mena: ther:

‘0" - jedinice Ai B spremne za pogon, ‘0" - units A and B ready for operation,

“1" - jedinica A spremna za pogon, a B u kvaru, “1" - unit A ready for operation, failure of unit B,
“2" - jedinice Ai B u kvaru, “2" - units A and B in state of failure,

“3" - jedinica A u kvaru, a B spremna za pogon, “3" - failure of unit A, unit B ready for operation,
u, - uCestalost popravka jedinice A, u, - rate of repair of unit A,

#, — ucestalost popravka jedinice B, u, — rate of repair of unit B,

- stanja jedinica i uCestalosti tijekom olujnog vre- - states of the units and rates during stormy we-

mena: ather:
“4" - jedinice Ai B spremne za pogon, “4" - units A and B ready for operation,
“5" - jedinica A spremna za pogon, a B u kvaru, ‘5" — unit A ready for operation, failure of unit B,
“6" - jedinice AiB ukvaru, “6" - failure of units A and B,
“7" - jedinica A u kvaru, a B spremna za pogon, “7" - failure of unit A, unit B ready for operation,
X, - ucestalost kvara jedinice A, A, - rate of failure of unit A,
X, - ucestalost kvara jedinice B. Ay — rate of failure of unit B.
Po(t)=  —oRy(1) + 1P (1) X0 +mPy(t)
P1(6) = (up +0 )Ry () + 1Py (1) +mPy(t)
P2(1) = —(uq + 1p + 0 P> (£) +mPy(t)
P3()=  upPy(0) —(uy +0)Py (1) +mPy(t)
. , (63)
Pa(t)= oFy (1) - Gn + A+ )34 @),
Ps)=  oR() NI %) YOW
Pe(t)=" mPy(1) + 24P (1) —mPy (1) + 2Py (1)
Pr()=  oR(f) + 24Py (1) —@+m)ﬂ0.
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Pocetne uvjete odreduju pretpostavke da su u tre-
nutku ¢ = 0 obje jedinice u stanju pogonske spre-
mnosti i da ih u okolini okruzuju uvjeti mirnog vre-
mena (stanje “07). Iz toga slijedi:

F(0)=1,
P(0)=0,
B(0)=0,
P3(0)=0,
£ (0)=0,
B5(0)=0,
Fs(0)=0,
P,(0)=0.

Trazi se stacionarno rjeSenje sustava (63), dakle
uzima se da vrijedi.

P,(1)=0,
n=0,12 3,4,5, 6, 7.

Uz uvjet (65) sustav (63) poprima oblik:

Initial conditions are determined by the assump-
tion that at the moment of =0 both units are in
operation condition and that they are surrounded
by calm weather conditions ("0 state). From this
it follows:

(64)

A steady solution of the system (63) is being se-
arched for and therefore the following is taken to

apply:

With the condition (65), the system (63) assumes
the form:

0= —oPy(1) + Py (1) + 1Py (1) +mPy()
0= —(up+0)P() + Py (1) +mbBy(t)
0=—(us +pp +0)P, (1) +mPg(t) ,
0= U Py (t) —(uy+0)P3 (1) +mPy (1)
R A O "
0= oPy(1) + 4Py (1) —Q"”H)Ds(f) g
0= mPy (1) + 4,5 (t) —mPg(1) +iaP (1)
0= 0P, (1) +Z1P4(t) = '2""”))7(0 .
Jednadzba identiteta glasi: The identity equation reads:
Py+P+Py+Py+ P+ P+ P+ P =1, (67)

Rjesenje sustava (66), tj. priblizne stacionarne vje-
rojatnosti stanja sustava uz uvjete (62) jesu:

The solution of the system (66), that is, approxi-
mate steady values of the system state, with the
conditions (62) are:
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o Immmuto (4 + o)
A
P AVIRI )
)~
A
P~ 2Mmotaip2
2 A

P~ mmoyty24(f + fp)
T A

P, ~ mmoyi iy (f + Hp)
xS
A
P~ moppipAg (i + ip)
%~
A
P~ 20p49247 (1 + 113)
6" A

P, ~ Motk (e + 11p)
- A

A= mm(m+ o)ty (ptg + 1)

B

Racunanje s prosjecnim ucestalostima kvara i po-
pravka kada su ukljuceni uvjeti okoline ogranice-
no je samo na jednostruke kvarove. Vjerojatnost
dvostrukih i viSestrukih kvarova, odnosno kvaro-
va dviju ili vise jedinica kada su ukljuceni uvjeti
okoline, mogu se izraunati s prosjecnim uce-
stalostima samo ako se uvede pretpostavka da
su jedinice podvrgnute vremenskim uvjetima koji
su neovisni jedan o drugome. Naravno, ovdje su
upravo interesantni uvjeti kada su dvije i vise je-
dinica podvrgnuti istim uvjetima okoline, pogotovo
stanja i vjerojatnosti stanja kada su obje jedinice u
kvaru, prvenstveno onom tijekom trajanja olujnog
vremena, dakle u stanju 6. Do vjerojatnosti stanja
6 moze se dodi i na drugi nacin. Naime, vjerojat-
nost jednostrukog kvara tijekom olujnog vremena
odredena je izrazom (22). Uvazavajudi Cinjenicu da
se moze pokvariti bilo koja od dviju istovrsnih jedi-
nica znatno pojednostavljen izraz moZze se napisati
u obliku:

gdje je:
°o _ 0 - vjerojatnost pojave olujnog vre-
m+o M+0O mena,

’ - ucestalost kvara jedinice tije-
1 kom trajanja olujnog vremena,
—=0 - srednje trajanje olujnog vreme-

m na.

Kada se ve¢ pojavio jedan kvar, drugi kvar tijekom
olujnog vremena moZe se pojaviti s ucestaloséu ',

(68)

Calculation with average failure and repair rates,
when environmental conditions are included, is
limited to single failures. The probability of dou-
ble and multiple failures, that is, failures of two
or more units, when environmental conditions
are included, can be calculated with average ra-
tes only if the assumption is introduced that the
units are subjected to weather conditions which
are mutually independent. Of course, those condi-
tions when two or more units are subjected to the
same environmental conditions is exactly what is
interesting here, especially as regards the sta-
tes and probabilities of the state when both units
are in the state of failure, primarily failure during
stormy weather, that is, state 6. The probability of
state 6 can also be reached in a different way. Par-
ticularly, probability of single failure during stormy
weather is defined by expression (22). Taking into
consideration the fact that any of the two units of
the same type can break down, a significantly sim-
plified expression can be written in the form:

where it is as follows:

°o __0 - probability of occurrence of
mto M+0 stormy weather
o - rate of unit failure during stor-
my weather,
1. (0] - average duration of stormy we-
m ather.

When failure has already occurred, the other failu-
re during stormy weather can occur at the rate 1/,
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tako da Ce frekvencija tog dogadaja biti:

2(/0)*

=P, A~
Jo=Fs7 M0

Vjerojatnost stanja kvara dviju neovisnih jedinica
tijekom trajanja olujnog vremena iznosi:

12
B 20007
M+0

Kod sustava koji Cini vise jedinica srednje vrijeme
do kvara odreduje se polazeci od prostora stanja
sustava, odnosno odgovarajuce matrice ucestalo-
sti prijelaza izmedu stanja, ispustajuci stanja kva-
ra kao apsorbirajuca stanja. Stanja kvara odreduju
se prema modelu pouzdanosti sustava o kojem se
radi.

Za sustav s dvije identicne jedinice od kojih obje
moraju biti ispravne da bi sustav bio ispravan,
¢ime se podrazumijeva serijski model pouzdano-
sti, srednje vrijeme do kvara iznosi:

2 +m+o

=— =700
221N A+ mi+ol")

Uz pretpostavku da se promatraju samo uvjeti
mirnog vremena, srednje vrijeme do kvara iznosi:

Za sustav kojeg Cine tri identicne jedinice, pri
c¢emu je za ispravan rad sustava potrebno da sve
tri jedinice ispravno rade srednje vrijeme do kvara
iznosi:

3V +m+o

TO = °
3(BAA+mA+o0l")

Zanemare li se uvjeti olujnog vremena, srednje
vrijeme do kvara u uvjetima mirnog vremena bit
ce:

so that the frequency of that event will be:

(70)

The probability of the state of failure of two inde-
pendent units during stormy weather amounts to:

(71)

In systems composed of several units, average
time to failure is determined starting from the sy-
stem state space, that is, the relevant state tran-
sition rate matrix, excluding states of failure as
absorbing states. States of failure are determined
according to the relevant system reliability model.

For the system with two identical units of which
both need to be in sound condition in order for the
system to be in sound condition, which implies
a serial reliability model, average time to failure
amounts to:

(72)

With the assumption that only calm weather con-
ditions are being observed, average time to failure
amounts to:

(73)

For the system composed of three identical units,
whereat the proper operation of the system requ-
ires that all three units work properly, average
time to failure amounts to:

(74)

If stormy weather conditions are disregarded,
average time to failure in calm weather conditions
will be:

(75)
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Tablica 4 prikazuje primjer utvrdenih ulaznih pa-
rametara modela stanja dvije proizvodne jedinice,
s ukljucenim uvjetima okoline, za mirno i olujno
vrijeme. Primjena modela provedena je za tri slu-
Caja, i to:

— slucaj 1 - dviju identi¢nih proizvodnih jedinica
(klju¢ni parametri modela kako su
prikazani u tablici 1),

— slucaj 2 - dviju proizvodnih jedinica od kojih
je druga vise izloZena kvarovima za
olujnog vremena, i

— sluéaj 3 - dviju proizvodnih jedinica od kojih je
druga manije izloZzena kvarovima za
olujnog vremena.

Tablica 5 prikazuje rezultat izrauna, tj. vjerojatno-
sti stanja u modelu stanja proizvodne jedinice za
ulazne parametre iz tablice 4.

Table 4 shows the example of determined input
parameters of the state model of two generating
units, with environmental conditions included, for
calm and stormy weather. The application of the
model is implemented in three cases, and that
being:

— case 1-in two identical generating units (key
model parameters as they are shown
in Table 1),

— case2-in two identical productions units
of which the second one is more
exposed to failures during stormy
weather, and

— case 3 -in two identical productions units of
which the second one is less exposed
to failures during stormy weather.

Table 5 shows the calculation result, that is, the
probabilities of the state in the generating unit
state model for input parameters from Table 4.

Tablica 4 - Parametri modela stanja dvije proizvodne jedinice, s ukljucenim uvjetima okoline
Table 4 - Parameters of the state model of two generating units, with environmental conditions included

Slucaj 1/ Case |

Dvije identi¢ne jedinice, jednako
izlozene kvarovima / Two
identical units, equally exposed
to failures

ST

o3

X 0,029 96
“ 0,080 97
X 0,029 96

%, 0,080 97

Sluéaj 2 / Case 2

Druga jedinica vise izloZzena

kvarovima za olujnog vremena
/ Second unit mo
failures during stormy weather

Sludaj 3/ Case 3

Druga jedinica manje izloZena
kvarovima za olujnog vremena
/ Second unit less exposed to

xposed to

8493

26

0,097 38

267

26

0,003 06

14

8

20

2

247

45

0,029 96
0,080 97
0,034 46

0,068 83

0,029 96

0,080 97
0,025 47

0,09312
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Tablica 5 - Vjerojatnosti stanja dvije proizvodne jedinice, s uklju¢enim uvjetima okoline
Table 2 - Probabilities of the states of two production units, with environmental conditions included

PO

Pl

Pz

P3

P4

Ps

P6

P7

Pogreska zbog pojednostavljenja u modelu /
Error due to simplification in the model

Obje jedinice spremne za pogon / Both units ready for operation

Barem jedna jedinica u kvaru / At least one unit failed

Barem jedna jedinica spreman za pogon /
At least one unit ready for operation

Obje jedinice u kvaru / Both units failed

ZAKLJUCAK

Razvijeni su i izloZeni modeli za izradun para-
metara i pokazatelja pouzdanosti i raspoloZi-
vosti elektroenergetskog sustava za slucajeve
kada su proizvodne jedinice izlozene uvjetima
okoline, posebno nepovoljnim atmosferskim
prilikama koji djeluju na ucestalosti pojava nji-
hova kvara ili popravka, bilo zbog nedovoljne ili
nedostatne zastite proizvodnih jedinica od takvih
nepovoljnih utjecaja iz okoline, bilo zbog mogu-
¢e iznimne snage takvih nepovoljnih utjecaja iz
okoline. Naime, iako se proizvodne jedinice na-
stoje Stititi od svih mogudih predvidljivih utjecaja
iz okoline, pa tako i svih predvidljivih nepovoljnih
atmosferskih utjecaja, ipak se dimenzioniranje
svih zastitnih mjera i sustava provodi podrazu-
mijevajuci odredene vjerojatnosti pojave i teZina
posljedica takvih pojava i utjecaja. Dakako, niti
je ekonomski opravdano niti je tehnicki moguce
da zastitne mjere ili sustavi u potpunosti i za sve
moguce negativne pojave i utjecaje iz okoline
zastite proizvodno postrojenje.

Dakako, ako se ocekuju negativne posljedice
utjecaja iz okoline, onda ih je bez obzir na slo-
Zenost postupka i analize nuzno ukljuciti u mo-
del proizvodne jedinice, odnosno u odgovarajuci
izracun pokazatelja pouzdanosti i raspolozZivosti
elektroenergetskog sustava, kako je to izloZeno
u ovom radu.

| obrnuto, polazedi od ekonomsko opravdane i
tehnicko-tehnoloske prihvatljive razine zasti-
te proizvodne jedinice, a u svezi traZene razine
raspoloZivosti i pouzdanosti elektroenergetskog
sustava, primjenom izlozenih modela mogude

odrediti mjesto I uloge nekih proizvodnih jedini-

Slugaj 1/ Sluéaj 2/ Slugaj 3/
Case 1 Case 2 Case 3
0,922 86 0,916 67 0,928 11
0,010 74 0,014 43 0,007 98
0,003 30 0,004 08 0,002 63
0,010 74 0,010 66 0,010 80
0,029 01 0,028 82 0,029 18
0,008 93 0,010 20 0,007 63
0,005 49 0,006 28 0,004 70
0,008 93 0,008 87 0,008 98
5,06 % 5,77 % 4,46 %
0,951 88 0,945 49 0,957 29
0,048 12 0,054 51 0,042 71
0,991 20 0,989 65 0,992 68
0,008 80 0,01035 0,007 32

CONCLUSION

The presented models for the calculation of parame-
ters and indicators of reliability and availability of the
electric power system have also been developed for
the cases when generating units are exposed to en-
vironmental conditions, especially adverse weather
conditions which affect the rate of occurrence of their
failures or repairs, either due to insufficient or defici-
ent protection of generating units from such adverse
environmental impacts, or due to possible exceptional
intensity of those adverse environmental impacts. Na-
mely, although there is an effort to protect the genera-
ting units from all possible predictable environmental
impacts, and thus also from predictable weather con-
ditions, the dimensioning of all protective measures
and systems is still being sized, presuming certain
probabilities of occurrence and intensities of the con-
sequences of such occurrences and impacts. Of cour-
se, it is neither economically justified nor technically
possible for the protection measures or systems to
protect the generating plant fully and from all possible
negative events and environmental impacts.

Of course, if negative consequences of environmental
impacts are expected, then, regardless of the com-
plexity of the procedure or analysis, it is necessary to
include them in the generating unit model, that is, in
the relevant calculation of indicators of electric power
system reliability and availability, as presented in this
work.

And vice versa, starting from the economically justified
and technically-technologically acceptable generating
unit protection, and in connection with the demanded
level of availability and reliability of the electric power
system, by application of presented models, it is po-
ssible to determine the place and the roles of certa-
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ca u pokrivanju potreba za snagom i energijom in generating units in covering the requirements for

na nacin da se time unaprijed djeluje na izloze- power and energy in such a way as to impact in advan-
nost proizvodne jedinice nepovoljnim utjecaji- ce the exposure of the generating unit to adverse envi-
ma iz okoline, ili barem njihovim posljedicama. ronmental impacts, or at least to their consequences.
Sljededi korak svakako bio bi povecanje, odno- The next step would surely be the increase, that is,

sno dogradnja razine zastitnih mjera i sustav upgrade of the level of protective measures and gene-
proizvodne jedinice za postizanje trazene razine rating unit system for the purpose of achievement of
raspoloZivosti i pouzdanosti elektroenergetskog the necessary level of availability and reliability of the
sustava u cjelini. electric power system as a whole.

LITERATURA / REFERENCES

(1] MIKULICIC, V., Matematicki modeli pouzdanosti i raspoloZivosti u elektroenergetskom sustavu, Doktor-
ska disertacija, Sveuciliste u Zagrebu, Elektrotehnicki fakultet, Zagreb, 1981.

[21 MIKULICIC, V., Matematicki model pouzdanosti komponente, Elektrotehnika EKTTBV24(1981)1, 1981.

[3] JOZSA, L., Primjena metode pouzdanosti u izgradniji proizvodnih kapaciteta u sustavu hidro i termoelek-
trana, Elektrotehnika EKTTBV24, 1981.

[4] Studie Systemzuverldssigkeit, Institut fir Elektrische Anlagen und Energiewirtschaft, RW.T.H.
ACHEN, 1982

[5] BILLINTON, R., ALLAN, R. N., Reliability Evaluation of Power Systems, New York, 1984

[6] JOZSA, L., Analiticki model pouzdanosti akumulacijskih hidroelektrana, | i 1l dio, Elektrotehnika ELTHB?
28, 1985.

[7] BILLINTON, R., ALLAN, R. N., Reliability Assessment of Large Electric Power Systems, Kluwer Aca-
demic Publishers, Boston, 1988

[8] INVERNIZZI, A, MANZONI, G., RIVOIRO, A., Probabilistic Simulation of Generating System Operation
Including Seasonal Hydro Reservoirs and Pumped-Storage Plants, Electric Power & Energy Systems,
Vol. 10, No. 1, 1988

[9] BILLINTON, R., LI, W, Reliability Assessment of Electric Power Systems Using Monte Carlo Methods,
New York, 1994

[10] KLEPO, M., Pouzdanost i raspoloZivost elektroenergetskog sustava pri operativnim planiranjima rada,
Doktorska disertacija, Sveuciliste u Zagrebu, Fakultet elektrotehnike i raCunarstva, Zagreb, 1996.

[11] KLEPO, M., Model neizvjesnosti pojave opterecenja u modelu pouzdanosti i raspoloZivosti elektroener-
getskog sustava, Energija, god.46(1997), br. 3.

[12] KLEPO, M., Modeli proizvodnih jedinica u modelu pouzdanosti i raspoloZivosti elektroenergetskog sus-
tava - model bazne jedinice, Energija, god.46(1997), br. 4.

[13] KLEPO, M., MIKULICIC, V., SIMIC, Z., Model crpno-akumulacijske (reverzibilne) hidroelektrane u modelu
pouzdanosti i raspoloZivosti elektroenergetskog sustava, Energija, god. 57(2008), br, 1.

[14] MIKULICIC, V., SIMIC, Z., Modeli pouzdanosti, raspoloZivosti i rizika u elektroenergetskom sustavu, |. dio,
Udzbenik SveuciliSta u Zagrebu, Svibanj 2008.

Adrese autora: Authors’ Adresses:

Dr. sc. Mic¢o Klepo, Mico Klepo, PhD
mklepo@hera.hr mklepo@hera.hr
Hrvatska energetska regulatorna agencija (HERA) Croatian Energy Regulatory Agency (HERA)
Ulica grada Vukovara 14 Ulica grada Vukovara 14, 10000 ZagrebCroatia
10000 Zagreb, Hrvatska Prof. Vladimir Mikulici¢, PhD
Prof. dr. sc. Vladimir Mikuli¢i¢  vladimir.mikulicic@fer.hr
vladimirmikulicic@ferhr  Assistant prof. Zdenko Simi¢, PhD
Doc. dr. sc. Zdenko Simi¢ zdenko.simic@fer.hr
zdenko.simic@fer.hr University of Zagreb,
Sveuciliste u Zagrebu, Faculty of Electrical Engineering and Computing
Fakultet elektrotehnike i racunarstva Unska 3, 10000 Zagreb
Unska 3, 10000 Zagreb, Hrvatska Croatia

Urednistvo primilo rukopis: Manuscript received:
2009-02-09 2009-02-09
Prihvaceno: Accepted:
2009-03-09 2009-03-09

Grubisic, N., Dugorocni izgledi cijena nafte i plina, Energija, god. 58(2009), br. 1., str. 14-25



