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Abstract

Applications of multi-state approach to the relidpievaluation of systems composed of independentponents

are considered. The main emphasis is on multi-stsgtems with degrading components because of the
importance of such an approach in safety analgsisessment and prediction, and analysing the ieffeess of
operation processes of real technical systemsrd@dts concerned with multi-state series systamsapplied to

the reliability evaluation and risk function deténation of a homogeneous bus transportation syseasults on
homogeneous multi-staten out of n” systems are applied to durability evaluation oftael rope. A non-
homogeneous series-parallel pipeline system condpofeeveral lines of multi-state pipe segmentssismated

as well. Moreover, the reliability evaluation oktmodel homogeneous multi-state parallel-seriedredal energy
distribution system is performed.

1. Introduction state and its distribution, which is called theteys
risk function. This distribution is strictly relateo the
ystem multi-state reliability function that is adic
haracteristic of the multi-state system.

Many technical systems belong to the class of cerpl
systems as a result of the progressive ageing oi
components they are built of and their complicated
operating processes. Taking into account the2
importance of the safety and operating process
effectiveness of such systems it seems reasonable tn the multi-state reliability analysis to defingstems
expand the two-state approach to multi-state agproa with degrading components we assume that:

in their reliability analysis. These more generala -E;,i=1,2,...n, are components of a system,

practically important complex systems composed of-all components and a system under consideration
multi-state components are considered among others have the state set {0,12},, z>1,

[1]-[36], [37] and [39]-[42]. An especially importa  —the state indexes are ordered, the state 0 iwdhst

role they play in the evaluation of technical sysde and the stateis the best,

reliability and safety and their operating process—Ti(u), i = 1,2,...n, are independent random variables
effectiveness is defined in the paper for systeritb w representing the lifetimes of componeifisin the

and degrading (ageing) in time components [5],,[21] state subsetu+1,...7}, while they were in the state
[39]-[41]. The assumption that the systems are zatthe momernt= 0,

composed of multi-state components with reliability —T(u) is a random variable representing the lifetime of
states degrading in time without repair gives the a system in the state subseiu1,...z} while it was
possibility for more precise analysis of their abiiity, in the statez at the moment= 0,

safety and operational processes’ effectivenesss Th —the system state degrades with timéthout repair,
assumption allows us to distinguish a system réiigb  —g(t) is a componentE; state at the moment,
critical state to exceed which is either dangerfous t < 0, ),

the environment or does not assure the necessaly le _§(t) is a system state at the momerttT< 0, o).

of its operational process effectiveness. Then, a
important system reliability characteristic is tirae to
the moment of exceeding the system reliabilityicalt

. Multi-state reliability analysis

he above assumptions mean that the states of the
system with degrading components may be changed in
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time only from better to worse. The way in whicle th
components and the system states change is itledtra
in Figure 1

trimmns

O

worst state

©

Figure 1 lllustration of states changing in system with
ageing components

best state

Definition 1 A vector
R(t.l) = [R(t,0), R(t,1),...,R(t,2)], t0<0,),
where

R(t,u) =P(e(t) 2u| e(0) =2) =P(Ti(u) > 1)

for t0<0,,), u 0,1,.z i = 1.2,.n is the
probability that the componeR is in the state subset
{u,u+1...,Z} at the moment, t[<0,), while it

was in the state at the moment = 0, is called the
multi-state reliability function of a componest

Definition 2 A vector

Rn(t,l) = [Rn(t,0), Ry(t,1),...,Rn(t,2)], t0<0, ),
where

Ri(t,u) = P(s(t) 2 u | 5(0) =2) = P(T(u) > 1) )

for t < 0,0), u=0,1,...z is the probability that the
system is in the state subsfti,u+1,...,z} at the
momentt, t[0<0,), while it was in the state at the

moment t 0, is called the multi-state reliability
function of a system.

Under this definition we have
Rn(t,0) = Ry(t,1) = . . .= Ry(t,2), t U< 0, ),
and if

p(t,u) = P(s(t) =u| s(0) =2), t < 0, ),

for u=0,1,...z, is the probability that the system is in
the statau at the moment, t <0, ), while it was in

the statez at the moment= 0, then

Rn(t,0) = 1,Ry(t,2) = p(t,2), t < 0, 0), (2)
and

p(t,u) = Ry(t,u) =R (t,u+1), t0<0,00), (3)
foru=01...,z
Moreover, if

Ra(t,u) =1fort<0,u=1,2,..z2
then

M(u) = i Ru(tu)dt, u=1,2,..2 4)

is the mean lifetime of the system in the statesstib
{u,u+1,...,7,

o) =NUW-[MW]*>,u=1.2,.2 (5)
where
N(u) = 2]t Ry(t,u)dt, u=1,2,...7 (6)

is the standard deviation of the system sojour tim
the state subségt,u+1,...,Z and moreover

M(u)= [ pet,uydt, u=1.2,..2, @)

is the mean lifetime of the system in the statghile
the integrals (4), (6) and (7) are convergent.
Additionally, according to (3), (4) and (7), we ghe
following relationship

M@Uu)=M(@u)-M(@u+1), u=01...,z-1,
M(2)=M(2). (8)
Definition 3 A probability

rt) = P(s(t) <r | s(0) =2) = P(T(r) <t), t < 0,0),
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that the system is in the subset of states woese tthe R (t,u) = [R(t,u)]" for t 0< 0,0), u=1,2,..2
critical stater, r [{1,...,zZ} while it was in the state at
the moment = 0 is called a risk function of the multi-

i . Example 1(a bus transportation syst¢émThe cit
state system or, in short, a risk. P ( P yste Y

transportation system is composed mf n =1, buses
necessary to perform its communication tasks. We
assume that the bus lifetimes are independent rando
variables and that the system is operating in sstee
rt) = 1- P(s(t) 21 | S(0) =2) = 1- Rq(t,r), (9)  cycles (daysk = 1,2,... . In each of the cycles the
following three operating phases of all componemés
and if 7 is the moment when the risk exceeds adistinguished:

Under this definition, from (1), fot[0< 0, ), we have

permitted leveb, then f,— components waiting for inclusion in the operation
process, lasting from the mometyt up to the
r=r7(J), (10) momentt;,

f, — components’ activation for the operation process,
lasting fromt; up tot,,

fs— components operating, lasting froyup to t; =to.

Each of the system components during the waiting

phase may be damaged because of the circumstances a

3. Basic multi-state reliability structures the stoppage place. We assume that the probathitity

at the end moment; of the first phase thath

component is not failed is equal tp®, where

wherer (t), if it exists, is the inverse function of the
risk functionr(t).

3.1. Multi-state series system

Definition 4 A multi-state system is called series if its
lifetime T(u) in the state subs¢t,u+1,...,7Z is given

by

0<p® <1, i=12..,n. Since component lifetimes

are independent then the system availability atette
momentt; of phasd is given by

T(u) = er_i<n{Ti w,u=1.2,..2z b0 .
i<n p() = Il:! pi()_ (11)

The above definition means that a multi-state serie
system is in the state subgetu+1,...,Z} ifand only In the activation phasd, system components are

if all its components are in this subset of states. prepared for the operation process by the serVicey
It is easy to work out the following results. are checked and small flaws are removed. Sometimes

the flaws cannot be removed and particular
Corollary 1 The reliability function of the multi-state ©0mponents are not prepared to fulfill their taskée

series system is given by assume that the probability that at the end momenft
the first phase thgh component is not failed is equal
R tY=[LR tD,..R 2], to p?, where 0<p?<1, i=12..,n Since
component lifetimes are independent then the system
where availability at the end momert of the phasd; is
given by
R (t,u) = [JR(@U), t0<0), u=1,2,.2 .
i=1 p(z) - I|::|L pi(Z)- (12)
Corollary 2 If the multi-state series system is
homogeneous, i.e. if Thus, finally, the system availability after two gstes
is given by
R (t,u) = R(t,u) for tO<0,), u=1,2,..7 ) o o
12) — 1 2
i=12...n, p=? =p” P, 31
then its reliability function is given by \(Nhe)rrep“) and p® are defined respectively by (11) and
12).
R () =[1LR tD,..R (2] In the operating phadeg, during the timet, =t, —t,,
each of the system components is performing one of
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z,— a first task (working at normal communication

conditions),
z,— a second task (working at a communication peak),

with probabilities respectively equal to and r, ,
whereO<r, <1,r,=1-r;.
Let

RY(t,1) = [LRY (t,1)RY (t,2)],
where

R®(t,u)=1fort<0,

R® (t,u) = exp[-
(t,u) pl 15—5g

t] fort=0,u=1,2,

be the reliability function of thé&h component during
performance of task, and

R? ) =[1R?t1)R? (t,2)],
where

R (t,u) =1 fort <0,

R® (t,u) = exp[- t] fort=0,u=1,2,

1C-2u

be the reliability function of the&h component during
performance of task,.
Thus, by Definition 4 the considered transportation

r, 5-5u) +r, (LO—2u)

M(u) = E[T(u)] =
foru=1,2.

If we assume that
n= 30,r1= O.8,r2= 02,
then from (14), we get

Ry (t, =[1, 0.8expf3t]+0.2exp[-3.71),

0.8expft]+0.2exp[-5]] for t=0 (15)
and
M(1) 00.32,M(2) J0.17.

Thus, considering (8), the expected values of the
sojourn times in the particular states are:

M () 00.15,M (2) J0.17.

If a critical state isr = 1, then according to (9), the
system risk function is given by

r(t) = 1- 0.8expf3t]+0.2exp[-3.75] for t = 0.

The moment when the system risk exceeds a permitted
level 0 = 0.05, according to (10), is

r=r"(J) 00.016 year§l6 days.

At the end moment of the system activation phase,

system is a homogeneous three-state series sysgm awhich is simultaneously the starting moment of the

according to the formula for total probability, exft
applyingCorollary 2, we conclude that

Rt =[1LR,¢).R,¢2],
where

R, (1) =1 fort<0,

R () = -
. D) =r, exp[ T

fort=0,u=1,2,

t]+r, exp[-

n
1C-2u 14

is the reliability function of the system performgitwo
tasks.

The mean values of the system lifetimEsl) in the
state subsets, according to (4), are:

208

system operating phasethe system is able to perform
its tasks with the probabilitp®? defined by (13).

Therefore, after applying the formula (15), we
conclude that the system reliability icycles,c =
1,2,..., is given by the following formula

G(c,)1=[1, p“?0.8expF3ct]+0.2exp[-3.75¢ct],
p“? 0.8expE6 cty]+0.2exp[-5¢ct]],

wheret, = t; — t; is the time duration of the system
operating phask. Further, assuming for instance

p* = p®p® =099[0D99=0.98,
t, = 18 hours = 0.002055 years

for the number of cycles= 7 days = 1 week, we get
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G&(7,00][1, 0.966, 0.902]. where T .., (U) is themth maximal order statistic in
the sequence of the component lifetimes
This result means that during 7 days the consideredq a P
transportation system will be able to perform éskis TW.T.()... T (U
in state not worse than the first state with pralitgb 1 (W T (W, T, (W):
0.966, whereas it will be able to perform its taiskthe

second state with probability 0.902. The above definition means that the multi-stateopt

of n” system is in the state subdet,u+1,...,z} if and

3.2. Multi-state parallel system only if at leastm out of its n components are in this

I _ _ _state subset; and it is a multi-state parallelesysif m
Definition 5 A multi-state system is called parallel if = 1 5nd it is a multi-state series systemi n.

its lifetime T(u) in the state subsdtu,u+1,...,Z is

given by Corollary 5. The reliability function of the multi-state
“mout ofn” system is given either by
T(u) = Qj.?)(Ti (wW},u=12,.z2
R™ (1) = [1,R™ (t,1),....R™ (t,2)],

The above definition means that the multi-statejbelr
system is in the state subgetu +1,...,z if and only ~ where

if at least one of its components is in this suliet )
states. R™(t,u)=1- Y[R (tWI"[F t,u)"™"

1,r2,../n=0
r+rp+. Arp<m-1

Corollary 3. The reliability function of the multi-state
parallel system is given by for t0<0,00), u=1,2,..7 or by

Ru(t,l) = [1, Ru(t,1),..., Ra(t,2)], R® (T = [LR™ £2,.. R (9]

where
where

Ro(tu) = 1= []F (tW), t0<0), u=12..7 ROw=  SIF IR QT

Corollary 4. If the multi-state parallel system is
homogeneous, i.e. if
for t0<0Q,0), Mm=n-m, u=1.2,..2
R (t,u) =R(t,u) for t0<O0,), u=1,2,..7
i=12,....n, Corollary 6. If the multi-state f out of n” system is
homogeneous, i.e. if

then its reliability function is given by
R (t,u) =R(t,u) for t0<0,), u=1,2,..7

Ri(t,l) = [1, Ra(t,1),...,Rn(t,2)], i=12,...,n,
where then its reliability function is given by
Ra(t,u) = 1- [F(t,u)]" for t0<0,%), u=1,2,..2 RM™(t.L)=[1,R{™(t1),...R{" (t2)],
3.3. Multi-state “m out of n” system where

Definition & A multi-state system is called am*out - m-1 ) e
of n” system if its lifetimeT(u) in the state subset ~R,"(tu)=1= Z[REUTF tu)]
{u,u+1,...,7Z is given by )

for t0<0,0), u=1,2,...z or by
Tu) =T, ny),m=12,.0u=12,.2

RN =[1,R" ¢D,...R" . 2)],
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where Assuming that the rope is in the state subset
{u,u+1,...,z if at leastm = 10 of its wires are in this
R™ (t,u) = i[F(t,u)]k[R(t,u)]”'k state subset, accordingDefinition 6 we conclude the
k=0 rope is a homogeneous four-state “10 out of 36"

system. Thus, bZorollary 6, its reliability function is
for t0<0,), m=n-m, u=1,2,.2 given by

Example 2(a three-stratum rope, durability Let us

consider the steel rope of typ&80-200-10 described RSy (L) = [1,R{ €D, R ¢.2, R ¢.3)], (16)
in [36]. It is a three-stratum rope composed of 36

strands: 18 outer strands, 12 inner strands andré m Where

inner strands. All strands consist of seven stillew

@0) —
The rope cross-section is presentefigure 2 Rs (1) = 1fort<0,

R ¢1)= 1- ¥ (**)expH 02][1- exp-02]1**"
fort =0,

R& t,2) =1fort<O,

R (t.2) = 1- 3 (*)expli 04t][1- exp-04t]]*
i=0
fort = 0,

Figure 2 The steel rop#-80-200-10 cross-section ~ Rg (.3 =1 fort <0,

Considering the strands as basic components we RY (3= 1—%(?6)exp[—i 06t][1- exp[-06t]]**"
conclude that the rope is a system composed-086 =0
components (strands). Due to [38] concerned wiéh th
evaluation of wear level, the following reliabilistates gy (16), the approximate mean values of the rope
of the strands are distinguished: lifetimes T(u) in the state subsets and their standard
state 3 — a strand is new, without any defects, deviations in years are:

state 2 —the number of broken wires in the strignd
greater than 0% and less than 25% of all its wioes,
corrosion of wires is greater than 0% and less than
25%, abrasion is up to 25% and strain is up to 50%,
state 1 —the number of broken wires in the stiand whereas, the approximate mean values of the rope
greater than or equal to 25% and less than 50% of alifetimes in the particular reliability states are:

its wires, or corrosion of wires is greater tharequal

to 25% and less than 50%, abrasion is up to 50% an
strain is up to 50%,

state 0 — otherwise (a strand is failed).

Thus, the considered steel rope composed ef 36
four-state, i.e.z = 3. Let us assume that the rope
strands have identical exponential reliability ftioes
with transitions rates between the state subsets

fort=0.

M(1) 06.66,M(2) 03.33,M(3) 02.22,

o(1) 01.62,0(2) 00.81,0(3) 00.54,

M@ 03.33,M(2 01.11,M (@) 02.22.

If the critical state is = 2, then the rope risk function
is approximately given by

r(t) =§ (fﬁ)exp[—i 04t][1-exp[04t]]**" for t = 0.

The moment when the risk exceeds an admissiblé leve
A(U) = 0.2u/year,u = 1,2,3. 0 = 0.05, after applying (10), is

rd2.074 years.
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The behaviour of the rope system reliability fuonti Ri(t,u) = P(g;j(t) 2 u| €;(0) =2) = P(Tj(u) >t)
and its risk function are illustrated Trable 1
' _ for t0<0,0), u=0,1,..7 is the probability that the
Table 1 The values of the still rope multi-state  ¢componen€; is in the state subset,u+1,...,.7 at the
reliability function and risk function momentt, t < 0,c0), while it was in the stateat the

momentt = 0, is called the multi-state reliability
function of a componertk;.

tRPE) RO ¢2) REOE | r®

0.2 {1.00000( 1.00000| 1.00000 0.00Q00

0.6 |1.00000| 0.99998| 0.99979 0.00002  pefinition 8 A multi-state system is called series-

1.0 |0.99999| 0.99961| 0.9942% 0.00Q39 parallel if its lifetime T(u) in the state subset

1.4 {0.99995| 0.99641| 0.94590 0.00359 {u,u+1,...,7 is given by

1.8 {0.99979| 0.98014| 0.7767% 0.01986

2.2 [0.99928] 0.92792| 0.49332 0.07208 () = maxXmin{T, (W}, u=12,..z

2.6 {0.99783| 0.81520| 0.23107 0.18480 Isisk <<l

3.0 [0.99425| 0.64221| 0.08058 0.35779

3.4 [098649| 0.44415] 0.02168 0555885 Corollary 7. The reliability function of the multi-state

3.8 [0.97157] 0.26782] 0.00469 0.73318  Series-parallel system is given by

4.2 10.94590| 0.14130( 0.0008% 0.85870

4.6 [0.90602] 0.06584] 0.00013 0.93416 Ritizea G0 = LR €D v Rigy 0 D) ]

5.0 {0.84969( 0.02742| 0.00002 0.97258

5.4 (0.77675| 0.01034| 0.00000 0.98966 and

5.8 {0.68965| 0.00357| 0.00000 0.99643

6.2 {0.59314( 0.00114| 0.00000 0.99886 « l

6.6 {0.49332( 0.00034| 0.00000 0.99966 Rk"l"z"""k tu) =1~ i|:|1[1_]|_:|1 R, (t.u)] for t0<0,),

7.0 10.39645( 0.00010| 0.00000 0.99990 u=1,2,..z2

7.4 10.30784| 0.00003| 0.00000 0.99997

7.8 [0.23107| 0.00001| 0.00000 0.99999 wherek is the number of series subsystems linked in
parallel andl; are the numbers of components in the

3.4. Multi-state series-parallel system series subsystems.

Other basic multi-state reliability structures with coroliary 8 If the multi-state series-parallel system is
components degrading in time are series-paralldl an homogeneous, i.e.

parallel-series systems. To define them, we assume
that:
) ] _(t,u) = R(t,u) for t0<0,0), u=1,,2,...7
_EI]1 I = 1,2,...',(,] = 1,2,.-.I,i, k; Il; IZ!"'lIk D N' are RU( ) ( ) )
i=1,2,.kj=12,.1%,

components of a system,

_{agl 1corr;§)onentfij have the same state set as before,[hen its reliability function is given by

=Tiu),i=12,.%j=12,.k kIl I...I, ON, are

independent random variables representing the
lifetimes of componentsE; in the state subset

Rk,ll,lz,...,lk 0D =[1R Kol 2 i t),...R Kol ek t2]

{u,u+1,...,7, while they were in the stateat the and
momentt = 0, K
_?JSLBS a)1 compo;}enﬂij state_: zf[\:] the; t;;mn::etr;]’t, Riii. . GU) :1—iE|l[1—[R(t,u)]li] for t0< 0, ),
,00), while they were in the state at the
u=1.2,..2
momentt = 0. ¢

wherek is the number of series subsystems linked in
parallel andl; are the numbers of components in the
series subsystems.

Definition 7. A vector

Ri(t1) = [Ri(t,0)R;(t,1),...R; (t,2)] for t O< 0, o),
i=12,.kj=12,.., Corollary 9. If the multi-state series-parallel system is

homogeneous, i.e.
where
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R, (t,u) = R(t,u) for t0<0,®), u=1.2,.2 Taking into account pipe segment reliability daitzeg
i=12,.Kkj=12..k in their technical certificates and expert opinioms
T B assume that they have Weibull reliability functions

and regular, i.e. RLD= [LRED, RE2, Rt3, REA].

|1:|2:...:|k:|,IDN.
where

then its reliability function is given by Ritu) = 1 fort < 0

Rt =R, Rau 2], R(t,u) = exp[- Bu)t““]fort=0,u=1.23, 4,

and : .
with the following parameters:

R, (t,u) = 1-[1-[R(t,u)]'l“ for t <0, ),
u=1,2,..z

a@) =3 A()=0.00001

2) =25 £(2)=0.000
wherek is the number of series subsystems linked in a() AR 1

parallel and is the number of components in the series

subsystems. a@d =2, [(3)=00016

Example 3(a pipeline systejn Let us consider the a@=1 4= 005

pipeline sy.stem .composed & = 3 lines of pipe Hence it follows that the pipeline system exact
segments linked in parallel, each of them compaded reliability function is given by

| = 100 five-state identical segments linked in serie

The scheme of the considered system is shown in Ry, ut,0)=[1,1- [1 - exp[-0.00%7]]3,

Figure 3
1-[1 - expF0.01>4]3 1-[1 - exp[0.167)°,

%E E — %é E — Elog 1-[1 - exp[5t]]? fort = 0. (17)
i ... |a Co 10
(1( ( — GC( ( - (10@0 By (17), the expected valuds(u), u = 1,2,3,4, of the

system sojourn times in the state subsets in years,
calculated on the basis of the approximate forratda

Figure 3 The model of a regular series-parallel
pipeline system M(1)

Considering pipe segments as basic componentsof th = [(4/3)[3(0.00) 3 - 3(0.002 "% + (0.003 3]
pipeline system, according tdefinition 8 we

conclude that it is a homogeneous regular fiveestat 011.72

series-parallel system. Therefore, ©grollary 9, the o

pipeline system reliability function is given by M(2)
R 3100t = [1R 51000 () Rg100 €:2)s Raz00 3, = (7/5)[ 3(00)*° - 3(0027?"* + (003 %]
R3100t:4) ], 07.67,
where M(3)
Raioot ) = 1-[1 - [R(t,U)*)3 = (3/2)[3016) ™2 - 3003272 + (04972
fort 0 (—oo,0), u=1,2,3,4. 3.23,
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M(4) = F(2)[36) ™ - 300 + (15™] 00.37. 3.5. Multi-state parallel-series system

. Definition 9 A multi-state system is called parallel-
Hence, the system mean lifetimes(u) in particular  series if its lifetime T(u) in the state subset

states are: {u,u+1,...,z is given by
M (1) 04.05,M (2) 04.44,M (3) 02.86, T(u) = Tirg{anal){Tij (W},u=1.2,.z2
<i<k " 1<jslj
M (4) 00.37.

Corollary 10 The reliability function of the multi-state

parallel-series system is given by
If the critical state isr = 2, then the system risk

function, according (9), is given by ﬁk,|1,|2,...,|k (t.=[1, ﬁk,ll,lz,...lk t) 7---7§k,|1,lz,...1k t,2)],
t) = [1 - exp[-0.01>]]°.
r(t) = [1 - expF-0.01>7] and
The moment when the system risk exceeds an B ; \
admissible leveb= 0.05, from (10), is Reiioo GW)= MRL-TTF ¢ u)] for t0<0,0),
i=1 j=1
r =r"{(J = [-100log(L-¥/3)]?® D4.62. u=12..z

wherek is the number of its parallel subsystems linked
in series and; are the numbers of components in the
parallel subsystems.

The behaviour of the system risk function is présen
in Table 2andFigure 4

Table 2 The values of the piping system risk function Corollary 11 If the multi-state parallel-series system is

t r(t) homogeneous, i.e.
0.0 | 0.000
1.5 | 0.000 R, (t,u) = R(t,u) for t0<0,0), u=1.2,..2
3.0 | 0.003 i=1,2,.kj=12,.1,
4.5 | 0.043
6.0 | 0.201 then its reliability function is given by
7.5 | 0.485
19005 8;?-2 Rk,ll,lz,...,lk (t!m:[l’ Rk,ll,lz,...]k (t ’1) 1ttty Rk,ll,lz,...]k (t’ Z) ]’
12.0| 0.980 q
13.5| 0.996 an
15.0| 1.000 _ )
Ry (GU)= i|:|1[1—[F(t,u)]"] for t0< 0,),
A u=12,...z2,
r(t)
0,8 wherek is the number of its parallel subsystems linked
in series and; are the numbers of components in the
0.6 parallel subsystems.
04 Corollary 12 If the multi-state parallel-series system is
0.2 homogeneous, i.e.
0 > R, (t,u) =R(t,u) for t0<0,0), u=1.2,.2
0 5 10 15 !

i = 1,2,...',(,] = 1,21---Lin

Figure 4 The graph of the piping system risk function and regular, i.e.

|1:|2:...=|k=|,| O N.
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then its reliability function is given by If the critical reliability state of the system lis= 2,
then its risk function, according to (9), is givien

R, tD=[1,R, tD,..R, (2]
0L R, 09, Ra (2] r(t) 01- [1 —[1- exp[-0.000400242]] **]°.

and
The moment when the system risk exceeds an
R, (t,u)= [I-[F(t,u]']* for tO<0,c0) admissible leveb = 0.05, calculated due to (10), is
u=1.2,..,z,

r=r"(9 076 months.

wherek is the number of its parallel subsystems linked
in series and is the number of components in the
parallel subsystems. In the paper the multi-state approach to the raiigb
evaluation of systems with degrading component® hav
Example 4(an electrical energy distribution system been considered. Theoretical results presente@we h
Let us consider a model energetic network stretchedbeen illustrated by examples of their application i
between two poles and composed of three energetiteliability evaluation of technical systems. These
cables, six insulators and two bearers and anahge evaluations, despite not being precise may be w ver
reliability of all cables only. Each cable consiefs36 useful, simple and quick tool in approximate religb
identical wires. Assuming that the cable is able toevaluation, especially during the design of large
conduct the current if at least one of its wiresaig ~ systems, and when planning and improving theirtgafe
failed we conclude that it is a homogeneous pdralle and effectiveness operation processes.
series system composed lof= 3 parallel subsystems The results presented in the paper suggest thaeihs
linked in series, each of them consistind ©f36 basic  reasonable to continue the investigations focusimg

4. Conclusion

components. Further, assuming that the wires ane fo — methods of improving reliability for multi-
state components, i.e.= 3, having Weibull reliability state systems,
functions with parameters — methods of reliability optimisation for multi-
state systems related to costs and safety of the
a(u) =2,Au) = (7.07F" 8 u=1,2,3. system operation processes,
— availability and maintenance of multi-state
According to Corollary 12, we obtain the following systems.
form of the system multi-state reliability function
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