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Abstract

In the paper an approach to the reliability analydimulti-state systems with dependent compongmdsating
at variable operation conditions is presented. Midi-state reliability function of complex systemdefined
and determined for the shipyard rope ship elevétadeveloped models, it is assumed that systenpooants
have the multi-state exponential reliability fuocts with interdependent departures rates from tibsets of
reliability states.

1. Introduction systems, for instance, in piping transportation of

. N water, gas, oil and various chemical substances and
Currently, newest trends in the reliability anadysf ;. port, shipyards and maritime transportation

technical systems are directed to complex systemsy groms Reliability analysis of complex systems’
These are complex systems that significant featuregy o cteristics, considering systems at variable
are inside-system dependencies and OUtS'de'SySteBberation conditions and their changing in time

dependencies, that in case of damage havejiapility structures [8], [12] as well as theimang
S|gn|f|captly destructive influence on the'safelfy 0 components and subsystems dependability, becomes
the environment where they are operating. Theseqq,jicated. Adding to this analysis, the outside o
systems are made of large number_ of 'mera(_:t'n%omplex systems hazards coming from other
components and even small perturbations can triggeg stems, from natural cataclysm and from other

large scale consequences. For above reason, as ghqerous events makes the problem essentially
extended failure within one of the complex system o, it to become solved in order to improve and

may resu!t ir_1'the critical incapacity or destruntio onqre high level of these systems reliability.
and can significantly damage many aspects of humagy, 5t reliability analyses, it is assumed that
life, development of suitable tools for their réjigy components of a system are independent. For

analysis is of great value. instance, references [8] and [12] describe complex

Many technical systems belong to the class ofgqtems with aging components operating at variable
complex systems as a result of large number OF

: _ ‘operation conditions assuming their components
interacting components and subsystems they are bui ndependence. However, in reality, especially iseca

of and their complicated operating processes having complex systems, this assumption is not true, so
significant influence on their reliability. This ¢ dependencies among complex systems’

complexity and inside-system and OUtSide'sys'[e”'l:o[?ponents and subsystems should be assumed and

dependencies and hazards cause that there is a negghsidered. It is a natural assumption, as after

to develop new comprehensive approaches an@e.reasing the reliability state by one of comptmen

general methods of analysis, identification, iy 5 gupsystem, the inside interactions among the
prediction, improvement and optimization this kind remaining components may cause further

of complex system reliability. We meet complex oomnonents reliability states decrease [1]-[2],]{10
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[11]. In [10]-[11] the authors analyze failure — E(t) is a component; reliability state at the
properties of a bundle of fibers assuming equal loa momentt, t[0<0,), given that it was in the
sharing (ELS) model, considered in this paper, and  reliability statez at the momertt= 0,

local load sharing (LLS) model. The threshold _ gt) is a systens reliability state at the moment
strength of each fiber is determined by the stress { t[0<0 ), given that it was in the reliability
value and in ELS model after fiber failure the
strength thresholds of fibers are uniformly

distributed. In this paper we describe similar mMode the system with degrading components may be

of equal load sharing, however we present multesta changed in time only from better to worse [7], [8]
approach to reliability analysis of complex systems[ls]_[16] T

yvit_h dependent components. This way we link theDefinition 1.A vector
inside system dependencies between its components
with influence on the complex systems’ reliability
coming from their external dependencies. In cohtras
to this paper the authors in [10]-[11] describe the
breaking dynamics by a recursion relation in digcre Where

time steps. Comparing with results presented in [1]

[2] this paper extends problem of reliability arsgy ~ Ri(t.u) =P(Ei(t) 2 u|E(0) =2) =P(Ti(u) >1),  (2)
of systems with dependent components adding a tH<0,©),u=0,1,.2i=12,..n,

component  stress  proportionality  correction

coefficient and taking into account variable operat is the probability that the componegt is in the
conditions of systems. reliability state subsdtu,u+1,...,z ht the momernt,

To tie results of investigations of complex systemst < ), while it was in the reliability stateat the

inside-dependences together with results coming,,mentt = 0, is called the multi-state reliability
from the assumed their outside-dependencies, thﬂmction ofaC(’)mponerﬁ-
semi-Markov model [5], [6], [9], [13]-[16] can be Definition 2 A vector
used to describe those systems operation processes.
This linking of the inside and outside of complex _

\ . R(t,l) = [R(t,0),R(t,1),...R(t,2)], t <0, 00),
system dependencies under the assumed their (1) = [RELORED).-R(t.2)] ®) (3)
structures multi-state models, is the main idea of

those systems reliability analysis methodology. where

statez at the momernit= 0.
The above assumptions mean that reliability staftes

R(t.1) = [R(t.O)R(t.1),...R(t.2)], (1)

2. Reliability of multi-state systems Rty =PE0)2u|S0)=2) =P(T(W) >Y),  (4)

In the multi-state reliability analysis to define a for t0<0,), u = 0,1,..z is the probability that a
system with degrading components, we assume that'systemis in the reliability state subs¢t,u+1,...,z }

- ns t_he number of system components, at the moment, t<0,o), while it was in the
- E,i=1,2,.n, are components of a system, o )
— al components and a system underrellablllty statez at the moment =0, is called the

consideration have the reliability state setmulti-state reliability function of this system.

{01,.2, z=1 Under those assumptions

— the reliability states are ordered, the reliability )
state O is the worst and the reliability states 4(u) = [R(t,u)dt, u=1,2,..7, (5)
the best, 0

- Ti(w, i=1,2,..n are independent random

variables representing lifetimes of componentsiS the mean lifetime of a system in the state dubse
E in the reliability state subsetuj+1,...7, {uu+l...27,

while they were in the reliability stateat the

momentt = 0, ' o o) = /n(u) -[uW)]? ,u=12,.z2 (6)

— T(u) is a random variable representing lifetime
of a system in the reliability state subset
{u,u+1,...z} while it was in the reliability state
at the moment = 0, .

— the system states degrades with ttme n(u) =2/t R(t,u)dt, u=1,2,...7, (7)

where
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is the standard deviation of the system lifetim¢him  The multi-state i out of n” system is called a multi-
reliability state subsdu,u+1,...,z and moreover state parallel systemmh =1, and it is called a multi-
state series systemrif=n.
_ « Consequently, the multi-state parallel system ihin
H(u) =£ p(tu)dt, u=1.2,.2 (8)  reliability state subsefu,u+1,...,7 if and only if at
least 1 of itsn components are in this reliability state
is the mean lifetime of a system in the statehile  subset and the multi-state series system is in the

the integrals (5), (7) and (8) are convergent. reliability state subsedtu,u +1,...,z} if and only if all
Additionally, according to (5) and (8), we get the of itsn components are in this reliability state subset.
following relationship Definition 5.[7] A multi-state ‘m out ofn” system is
called homogeneous if its component lifetiniga!)
Au) = p(u)-p(u+1), u=01..,z-1 in the reliability state subset have an identical
H(2) = u(2). 9) distribution function i.e. if its components have

the same reliability function

Definition 3 A probability RGLI=[LR ¢D,....R (t 2)] (12)

r(t) =P(s(t) <r | S0) =2) = P(T(r) <t), t<0,c0),
with the coordinates

that a system is in subset of reliability stategsgo

than the critical reliability state r 0{1,...,} while it R (t,u)=R({t,u) J13
was in the reliability state at the moment = 0 is for t0<Q,»), u=1...,z,i=12,.n.

called a risk function of the multi-state systerh [7

Under this definition, from (4), we have Similarly as in [8], various reliability structuresf

the critical infrastructures with  dependent

r(t) =1- P(S(t) =r | S0) =2 = 1- R(t,r), (10) components may be defined and their reliability
functions determined. As a particular case, the

for t < 0,0), and if 7is the moment when a system reliability functions of considered complex systems

risk exceeds a permitted lev@lthen composed of dependent components having
exponential reliability functions may be determined
I =r() (12) To do this, the following mathematical model of the

inside infrastructure dependences between its
components can be applied.

wherer ™ (t) , if it exists, is the inverse function of the One of suggested approaches to reliability analyfsis

system risk functiom(t). a homogeneous infrastructure with dependent
o ) componentss;, i =12,...,n, is assumption that after
3. Reliability of multi-state “m out of n” changing the reliability state subset by one ofesys
system with dependent components components to the worse reliability state subset,
One of basic multi-state reliability structures twit lifétimes of the remaining system components is thi
components aging in time are‘out ofn” systems. reliability state subsets decrease dependably @f th

Definition 4.[7] A multi-state system is callednt ~ NuUmber of components which left that subset of
out of n” system if its lifetimeT(U) in the reliability ~ eliability states [1]-[2]. More exactly, we assume
state subseu,u+1,...,7} is given by that if v,0=012...,n-1 components of the

system are out of the reliability state subset
{u,u+1,...,Z2, the mean values of the lifetimes

T.'(u) in this reliability state subset of the system
remaining components are given by

TU=T, .U, m=12_.nu=1..,2

n-m+1)

where T ., (u) is then-m+1-th order statistic in
the sequence of the component lifetim&gu),

()] = v
T,),...T,(u). ELT (W] = c(uELT (u] = E[T (W]
The above definition means that the multi-state “ n-u _
out of n” system is in the reliability state subset :C(U)T E[T (U], i=12...,n, (14)

{u,u+1,...,7 if and only if at leasm out of itsn
components are in this reliability state subset.
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where c(u) is the component stress proportionality  R(t,) =[L R(¢)D,..., R(t, 2)], (18)
correction coefficient for each, u=12,...,z, [6].
The component stress proportionality correctionWhere

coefficient can be estimated on the basis of nA(u) "
behaviour of the component reliability state chaggi e (1) nA(u)
dynamics or assumed a priori. However, in both R(tU)=2% i Xp[= oW t] (19)

cases, it should be verified by the actual religbil
data analysis and experts’ judgment. B
Next we consider case when components have thfr t20 u=1...z

same exponential reliability functions of the form ~ The theoretical result presented in the form of
Proposition lis a generalization of the results given

RAD=[LR ¢D.....R (t,2)] (15) in [2] and the proof of this proposition can beridu
in [4].
for t0< 0,0, i =12,....n, cNfr)éﬁ]a:;?m Proposition 1 we obtain following
Corollary 1. If in a homogeneous multi-state series
where system
(i) components have exponential reliability
], t<0 functions given by (15)-(16),
— - (i) components are dependent;
R (W= expiAu)t, (16) (i) intensities of departures of components from the
t20,A(u)20,i=12,...,n reliability state subsets are given by (17),

then the system reliability function is given byeth
with intensity of departurel(u) from the reliability ~ Vector

state subsdiu,u+1,...,z}, u=12,...,z
ML, U=l RED=[LRED. ... RE, 2] 20)
Hence, we get the following formula for intensities

of departure from this reliability state subsettiod
remaining components

where

R(t,u) =exp[—%t], t=0,u=1...,.z (21)

20w = =" ) (17) “
c(u)yn-vu N . .
4. Reliability of multi-state “m out of I’-series
foru=012...n-1 u=12....z system with dependent components

This simple approach to the inside complex systemd o define a fn out of|” — series system, assume that
dependencies may be developed for the selecte[8]:

critical homogeneous reliability infrastructuresdan — k is the number rh out of I” subsystems of a
the analytical solutions for their reliability system,

characteristics can be found. Unfortunately, inecas — | is the numbers of components oh but ofI”
of non-homogeneous infrastructures the analytical  subsystems,

solutions are generally difficult to obtain and bas  _— Ej, i = 1,2k j = 12.1 k | ON, are
be supported by Monte Carlo simulation methods. components of a system,

On the assumption of components’ dependencies, all componenté; have the same reliability state
described by (14), based on Markov processes, we  set as before {0,1,.2},

can prove following theorem. - T, i =12.%j=1212.Lk 10N, are
Proposition 1 [2], [6] If in a homogeneous multi- random variables representing lifetimes of
state ‘m out ofn” system componentsE; in the reliability state subset
(i) components have exponential reliability {uu+1...2, while they were in the

function given by (15)-(16),
(i) components are dependent, _
(i) intensities of departure from the reliability state
subsets of components are given by (17),
then the multi-state system reliability function is
given by the formula

reliability statez at the moment = 0,
sij(t) is a componenEg; reliability state at the
momentt, t[1<0, ), while they were in the
reliability statez at the moment = 0.
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Definition 6.A vector

Rj(t,1) = [Ri(t,0)R;(t,1),...R;(t, 2], (22)
where
Ri(t,u) = P(§(t) = u| §(0) =2) = P(T;(u) >1), (23)

for tO<0Q,0),u=0,1,..2zi=21.2.kj=12,..l1is
the probability that a componer; is in the
reliability state subsdtu,u+1,...,z ht the moment,

t < 0,), while it was in the reliability stateat the
moment t 0, called the multi-state reliability
function of a componert;.

Definition 7. [7] A multi-state system is called an
“m out of | "-series system if its lifetim&(u) in the
reliability state subse{u,u+1,...,z is given by

T(U)=minT,_, ), m=12..

I<i<k

Jou=1,2,..z2,

whereTi(I_mﬂ) (u) are thel -m+1order statistics in

the set of random variables

T, (), T, ... T, W), i=12,..k u=12..z

The above definition means that the multi-stame “
out of | "-series system is composedlosubsystems
that are multi-staterh out of | ” systems and it is in

the reliability state subsét,u+1,...,z if all its “m
out of |” subsystems are in this reliability state
subset. In this definitiod denote the numbers of
components in the i out of | ” subsystems. The
numbersk, mand| are called the system structure
shape parameters.

Definition 8.[7] A multi-state ‘m out ofn"-system is
called homogeneous if its componeis have the
same reliability function

R EY=LR ¢D.....R (t 2)]

with the coordinates

R, (t,u) = R(t,u) for t0<0,),
u=12...,z,i=12...k, j=12...,.

Then we can consider a multi-staten“out of | -
series system and its multi-state reliability fuoit

in case its components are dependent. To this end,

we assume similarly as in Section 3 that if
uv,0=012,..., -1 components of eacnfout ofl”

subsystem of a system are out of the reliabilitest

25

subset{u,u+1,...,7Z} , the mean values of lifetimes
T,'(u) in the reliability state subsét,u+1,...,z of
this subsystem remaining components are given by

ELT,"(u)] = c(u)[E[TU ] —lﬂ T, (u)]}

= o) [T, ()

for i=12...,k, j=12...,I, u=12...,z, where
c(u) are component stress proportionality correction
coefficients [6].

Hence, in case subsystem components have
exponential reliability functions with intensity of
departure A(u ) from the reliability state subset
{u,u+1...,Z}, according to the well known
relationship between the lifetime mean value is thi

reliability state subset and the intensity of dapar
from this reliability state subset we get following

formula for intensities of departure from this
reliability state subset of subsystem remaining
components
1 |
AV (u) = PR (24)
c(u) I -
foro=012...,1-Lu=12...,z

Considering results for anf out of n” system with
dependent components given Bmoposition 1and
the reliability function of a series system preselrit
Corollary 1, we can obtain formula for the reliability
function of a ‘m out of I"-series system in the form
of following proposition.

Proposition 2.

If in a homogeneous multi-staten“out of I"-series
system

(i) components have exponential reliability
function given by
REI=LR ¢D.....R (t.2)] (25)
where
=1 o (26)
L (L,u) =
R exp[-A(u)t], t=0,
foru=12...,z, i=212...k, j=12... 1,

with intensity A(u) = 0 of departure from the
reliability state subsdtu,u +1,...,2},
components are dependent,

(i)
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(i) intensities of departure from the reliability state

subsets of components are given by (24), [R(tD]® =1, [RED]®, ..., [R(, D], (31)
then the multi-state system reliability function is

given by the formula where
Rt)=[LRED..... Rt 2)], @) [REW® = PT® (W) >1Z(t) = 2,) (32)
where b, for t0<0,00), u=12,....2, b=12,...,.
RE.) =[Z % exp[_%t]]k (28)  The system conditional lifetimes

TO ) =T(T" (), T,” (u),...T,"” (u))
fort=0, u=1...,z
defined foru=12,...,z, b=12,...,v,, are dependent
on the conditional lifetimes T (u), T,”(u),
w1 (u), of system components at the operation

o _ state z, and coordinates of the system conditional
We assume that a system during its operation psoces,, ,jti-state reliability functions

is taking v,v ON, different operation states

z,z,,..,2,. We define the system operation [R(t,u)]® =[R(R ,w)]",...[R (t,u)]®)N®
process Z(t ) t[<0+c), with discrete operation

states from the set{z,z,..,z, }Further, we defined for tb<Qe ), u=12...2z b=12..v,
assume that the system operation progsis a are depe:br)ldent on t(t:e condltlonil) reliability fuooti
semi-Markov process [5], [8]-[12]. [Rl (tvu)] ![Rz (ta U)] l'-'v[Rn (t,U)] of components
We assume that changes of the system operatioat the operation state, .

process Z(t) states have an influence on the consequently, we mark byT(u) the system
reliability of system multi-state components and unconditional lifetime in the reliability statestmet
reliability structure of a system as well. We magk  {u,u+1,...z, u=1,2,...z, and we define the system
T ), T (u), ....,T®(u) conditional lifetimes in  unconditional reliability function by the vector

the reliability states subsgu,u+1,...,z @¢f system

5. Reliability of multi-state “m out of |- series
system with dependent components at
variable operation conditions

componentE , E,, ..., E, and byT® (u) conditional RL)=1L RED,.... R 2)] (33)
lifetime of a system in the reliability states sebs | oo
{u,u+l,...,7Z, u=12...,z, while a system is at the
operation statez, , b=12,...,v,. Further, we define R(t,u) = P(T (u) >t) (34)
the conditional reliability function of system’s itiu
state componenE,, i =12,...,n, while a systemis at for t0<0,0), u=12,...,z
the operation statez,, b=12,...,v,, by the vector In case system operation tingeis large enough, the
system unconditional reliability function is givéy
8], [12]
81, [12]
[R(tD”=[L[R D], ..[R (D] (29) %
R(t,u) OX p,[RE,W]”, t20, (35)
where _
where[R(t,u)]”, u=12,...,z, b=12,...v,, are the
[R W] =P W) >1Z(t) =2,) (30)

coordinates of the system conditional reliability
functions defined by (31)-(32) ang, are limit

for tU<0,e), u=12,.,2,1=12..,n,b=12,..V,,  yansient probabilities of the system operation
and the conditional rellablllty function of a multi process at the Operation Statq' b=1,2,...,V ,
state system while a system is at the operatide sta defined in [8] ’

z,, b=12,..,v,, by the vector [8], [12]
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In reliability analysis of multi-state system with 6. Reliability of a shipyard rope

dependent components at variable operatiorransportation system

conditions we assume that both intensity of departu ,

J(u) from the reliability state subseti{i+1,...7} and  Ship-rope elevators are used to dock and undock
component  stress  proportionality  correction Ships coming to shipyards for repairs. The elevator
coefficients c(u), u = 1,2,...z are influenced by utilized in shipyard, with the scheme presented in

changes of the system operation process states afiddure 1 is composed of a steel platform-carriage

their values can differ at various operation statesPlaced in its syncline (hutch). .
Z b=12,..v The platform is moved vertically with 10 rope-

hoisting winches fed by separate electric motors.
Motors are equipped in ropes with diameter 47 mm
each rope having a maximum load of 300 tones.
During ship docking the platform, with a ship sedtl

in special supporting carriages on the platform, is
b . . raised to the wharf level. During undocking, the
[R (601" =1, [R 117, .. [R t.21"]  (36) operation is reversed. While a ship is moving ioito

out of a syncline and while stopped in the upper

Proposition 3.If in a homogeneous multi-staten”

out ofn"-series system

(i) components have exponential reliability
function given by

where position the platform is held on hooks and loads in
ropes are relieved. Since the platform-carriage and

o 5L t<0, electric motors are highly reliable in comparison t

[R Eul™ = exp[HAW)]®], t=0, (37) ropes, which work in extremely aggressive

conditions, in our further analysis we will discuss

for  u=12..7 =12k =121, reliability of the rope system only.

b=12..v, with intensity of departure

[AW]® =0 from the reliability state subset

{U,U +:L...,Z}, WHARF

(i) components are dependent,

(iii) intensities [A(u)]” of departure from the
reliability state subsets of components at the
operation stateg, are given by (24), i.e.

SHIPYARD

1 | |_] I PLATFORM T e et
/1(U) u ® = T A u ® 38 (o (o (o (o W%%
P e aSHIP o o e e ecrererercrerecc SEAT et oo e oo reR et
forv=012...,1-Lu=12...,2,b=12,...v,, Figure 1.The scheme of the ship-rope elevator
then the multi-state system reliability function is
given by the formula Considering the tonnage of docked and undocked
ships by the rope elevator we can divide system’s
RtD)=[LR(tD,....,R({, 2], (39) load into six groups and due to fact that the rope
elevator system depends mainly on the tonnage of
where docking ships we can distinguish following operatio
®) states of the rope elevator system operation psoces
AW . Al
Vo -m (®) )
R(t,u) =3 pb[IZ—[C(uz}]I z, — without loading (the system is not working),
b=1 v=0 |
LA U)]® Z, — loading over O up to 500 tones,
k
[exp[- [c(u)]® ] (40) z, — loading over 500 up to 1000 tones,
z, — loading over 1000 up to 1500 tones,
fort=0, u=1...,z z; — loading over 1500 up to 2000 tones,

z; — loading over 2000 up to 2500 tones.
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ElO 1

ElO 2

ElO 3

— a reliability state 1 —number of broken wires in a
strand is greater than or equal to 25% and less
than 50% of all its wires, or corrosion of wires is
greater than or equal to 25% and less than 50%,

- areliability state 0 — otherwise (a strand isefd)l

We fix the critical reliability state = 2.

Moreover, we assume that components,

i=12,...10, j=12,..22 of the ship-rope elevator
i.e. strands have four-state reliability functiaighe

EZ 2z ElO 22

operation state z, b=1...6, with following

L4 Eip — — —  — — exponential conditional reliability functions co-

Figure 2.The scheme of the shipyard rope ordinates at the operational state

transportation system reliability structure
[R (t,1)]” = exp[-0.1613] 1/year,
In all six operational states system has the same [R (t,2)]” = exp[-0.2041] 1/year,
structure. Considered shipyard rope transportation [R (t,3)]” = exp[-0.2328] L/year,t > O,
system is composed &f= 10 subsystems i.e. ropes :
linked in series and each rope is composed=022
parallel-linked strands.
The assumption that ropes satisfy technical
conditions when at least one of its strands saisfi  [R €] = exp[-0.2041] 1/year,
these conditions is not always true. In realityisit [R (t,2)]” = exp[-0.2564] 1/year,
said that a rope is changing its reliability stsibset [R (t,3)]® = exp[-0.2941] 1/year,t> O,
after some number of strands change their reltgbili ’
state subsets. Therefore better, closer in reality . )
approach to the system reliability evaluation is at the operational staig :
assumption that a rope ign“out of n” system.
Further, on the basis of rope’s parameters givétsin R, (tD]” = exp[-0.2222] 1/year,
technical certificate and experts’ opinions, we [R (t,2)]” = exp[-0.285%] 1/year,
assume than =5 and a rope is "5 out of 22" system. [R (t,3)]° = exp[-0.3228] 1/year,t> O,
Considering strands as basic components of a system '
E,, i=12...10 j=12..22 we conclude that the
ship-rope elevator is a regular "5 out of 22"-sgrie
system with the reliability structure presented in
Figure 2 [R (1] = exp[-0.2702] 1/year,
From the operation process analysis and its gtatist [R (t,2)] = exp[-0.3508] 1/year,
identification presented in [3] we obtain limit uak [R (t,3)] = exp[-0.4167] 1/year,t> O,
of transient probabilities p,(t) at particular ’
operational stateg , b=1,...,6, respectively:

at the operational statg :

at the operational statg :

at the operational state :

p, =0.981Q p, =0.0032 p, =0.0021

(5) — -
p, =0.0083 p, =0.0028 p, =0.0026 a1y  [R(EDI7 = exp[-0.3333] Lyear,

[R (t,2)]® = exp[-0.4762] 1/year,

According to rope reliability data given in their [R; (t.3)]” = exp[-0.5882] 1/year,t= O,

technical certificates and experts’ opinions based

the nature of strand failures following four reliaip and at the operational state:

states have been distinguished:

— a reliability state 3 — a strand is new, withouy an [R (t)]® = exp[-0.4348] 1/year,
defects, ' o

— a reliability state 2 —number of broken wires in a [R; (t.2)] = exp[-0.7143] /year,
strand is greater than 0% and less than 25% of all [R; (t,3)]® = exp[-0.9091] 1/year,t> 0,
its wires, or corrosion of wires is greater than 0%
and less than 259%, fori=12,...10, j=12,...22.
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Then assuming system components’ dependence
defined by (38) and applying directly the formulae

(39)-(40), we get the system reliability function

R(t,) =[LR(ED,RE,2), R3] t=0,

where

[(ALADT™ Te@]™ )

RGDDZm[ g

Cexp=(ILAMI® Me®] ™)™

o 981{ LR

expl- (3.5486/[0(1)] o))

+0, oog;{ SUCLLICORL
expl- (4.4902[0(1)](2))t]]1°

[(4 8884/[c()]“)t]’
U

+ 0002{

Cexpl-(4.8884/[c(1)] ©)t]]”

+0. 008{ [(5. 9444/1[1?(1)] Y

[expl-(5.9444/[c(1)]“)t]]*

+0. 002{ o (7. 3326/1[;(1)] ©)]”

[expl-(7.3326/[c(1)] ©)t]]"

+ 0,002 [(9 5656/([;(1)] )]’

[@xp[-(9.5656/[c(1)] *)t]]”

fort=0,

R(t,2) DZ pb[Z

[(HA@T™ MTe)I™)t]’
U

expl(I[A(2)]1” e ™)t

- 0gp1{ 3 (449020211

[@xp[-(4.4902[c(2)])t]]°

(42)

(43)

29

+ 0,003 [(5 6408/EJ(|:(2)] @)t

[exp[-(5.6408/[c(2)] )]

[(6 2854/[c(2)]9)t]”
Ul

+0. ooz{
[exp[-(6.2854/[c(2)]“)t]]"

u [(7.7176/[c(2)]“)t]*
Ul

+0. 008{

rexp[- (7.7176/[c()] )t}

+ 0,002 [(10 4764/(50(2)] )t

[@xp[- (L0.4764/[c(2)])t]]°

+ 0,002 [(15 7146/(5::(2)] )t

@xp[—(15.7146/[c<2)]“>)t]]1°

fort=0,

Rt.3 U3 pb[z[(l[/l(s)yb) ,C[C(3)](b))t]

expl([A@)]™ /[c@)]™)t*

0981 é[(5.1172/l[;(3)]<1>)t]“

[@xp[-(5.1172/[c(3)]“)t]]"

+ 0,003 [(6 47025:(3)]‘2))t]

@xp[—(6.4702[c(3)]<2>)t]]“’

[(7 0972/[c(3)]“)t]*
Ul
[exp[-(7.0972/[c(3)]*)t]]”

+0002{

& [(9.1674/cE)) )]’
Ul
[exp[-(9.1674/[c(3)]“)t]]”

+0. 008{

+oooz{ § (420404109
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where system unconditional reliability function co-
ordinateR { ,2)is given by (44).

Hence, by (11), the moment when the system risk
function exceeds a permitted level, for instadce
0.05, for[c(2)]” =1, b=1,...,6, is

[exp[- (12.9404/[c(3)]®)t]]°

+0.002 e{ [(20 0002/[0(3)] ©)t]*

[exp[- (20.0002[0(3)](6))t]]1°

r=r7(d C1929yearsL 1 year 339 days. (50)

fort=>0. (45)

Approximate graphs of coordinates of the complex

system reliability function are presentedHigure 3 2
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Figure 4. The graph of the ship-rope elevator risk
functionr(t) for [c(2)]” =1, b=1,...,6.

[&]

0 0,5 1 15 2 2,5 3 35 4 tlyeard

Figure 3 The graph of the ship-rope elevator
reliability function R(t,[) coordinates forc(u) =1. The expected values and standard deviations of the
shipyard rope transportation system unconditional
The expected values and standard deviations of théfetimes in  the reliability —state subsets
shipyard rope transportation system unconditional{123}, {23}, {3}, for other values of components

lifetimes in the reliability state subsets {1,23)2,3}, stress  proportionality  correction  coefficients

{3}, calculated from results given by (42)-(45),

according to (5)-(7), for[c(u)]® =1 u=123
b=1..6, respectively are: Table 1 The expected values and standard deviations
of the shipyard rope transportation system.
4@ C3.377,0@) C0557years, (46) [c(u)]®, 1) U(2) U(3)
H(2) £2.667,0(2) L 0. 445ears, (47) |lu=12..z| @ (2 (3
41 (3) C2.340,0(3) L 0. 393ears, (48) b=1,...6, (years) (years) (years)
0.5 1,688 1,334 1,170
and further, considering (9) and (46)-(48), the mea : 0,278 0,222 0,196
values of unconditional lifetimes in the particular 0,6 %g%g (1)888 %%gg
reliability states 1, 2, 3, fofc(u)]” =1, u=123 07 2 364 1,867 1.638
b=1,...6, respectively are: ’ 0,390 0,311 0,274
08 | Gads | 0385 | 0314
AQ)=p@) - p(2) =0.710years, 3,039 2200 2106
1(2) = u(2) - u(3) =0.327years, 0.9 0,501 0,400 0:353
H(3) = u(3) =2.340years. (49) 1,1 8 g%g % ggg C2) %g
. i N : 12 4,052 3,201 2,807
Since the critical reliability state is = 2, then the ’ 0,668 0,534 0,471
system risk function, according to (10), is given b 4,388 3,467 3,041
Y gto (10). Is given 1.3 0,719 0,578 0,511
) =1-R(.2) 14 | G7ss | 563 | 855
15 5,018 4,001 3,509
: 0,761 0,667 0,589
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[c(W]®,u=12,..,

Z, b=1,...,6, are given irTable 1
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7. Conclusions [10]

The main purpose of this paper was linking inside
and outside of complex system dependencies that
have significant influence on system reliability.
Theoretical results of reliability analysis of cdew
multi-state systems with dependent components in
variable operation conditions are applied to tgfz]
shipyard ship-rope elevator. We analyze the shipyar
transportation system in case components have
exponential reliability functions with intensity of
departure from the reliability state subset anchwif%
components  stress  proportionality  correctio
coefficients different in various operation statefm]
Obtained results illustrate that after decreasing a
reliability state by one of components in a
subsystem, inside interactions among the remaini g
components may cause further components
reliability states decrease.

[16]
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