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Abstract

The joint general model of reliability of compleachnical systems at variable operation conditiamdrg a
semi-Markov modelling of the system operation psses with a multi-state approach to system reiigbil
analysis and reliability improvement are appliedriaritime transport to reliability and risk optiration of a
bulk cargo transportation system

1. Introduction 2. System reliability at variable operation

, conditions
Most real technical systems are very complex

because of large numbers of components andlVe suppose that the system during its operation
subsystems and their operating complexity. TheProcess has different operation states. Thus, we can
complexity of the systems’ operation processedlefine the system operation procesZ(t),
and their influence on changing in time the tU<0+x>, as the process with discrete operation
systems’ structures and their components'states from the set

reliability parameters is very often met in real. A

convenient tool for investigate this problemsisa Z={z,z,,...z}

semi-Markov [2] modelling of the system

operation process linked with a multi-state Further, we assume thai(t) is a semi-Markov
approach for the system reliability analysis [1], process [2] with its conditional sojourn timéy at
[5], [9]-[10]. Using this approach it is possibte t the operation state, when its next operation state is

find the complex system main reliability , =12 v bzl Inthis case the procez§)
characteristics like the system reliability may be described by:

function, the system mean lifetimes in System. he vector of probabilities of the process ititia
reliability subsets and the system risk functlonoperation statepp, (0)],,, .
[51-[6], [8]. Having those characteristics it IS _ the matrix of the probabilities of the process

possibletto ti”t]ﬁr(_)ve t'thel sylstem 80p_?ra:ir(l)_ntransitions between the operation stafgs, ]
process to get their optimal values [8]. To IS here D, () =0 for b= 12...v,

end the quantitative and qualitative redundancy X iy o .
[3] can be applied for maximizing the mean - the matrix of the conditional distribution furmtis
value of the system lifetime in the subset of the_[Hb'(t)]vxv of Fhe process sojourn time#,, b# I’_
system reliability states not worse than thein the operation state, when the next operation
system critical reliability state. state is z, where H,(t)=P(g, <t) for
b, =12,....v, b#l, andH_(t)=0 for b= 12...,v.

vxy !
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Under these assumptions, the sojourn tifjgsnean
values are given by

M, =E[6,]=JtdH, @), b1 =12,...v, bzl (1)

The unconditional distribution functions of the
sojourn times g, of the processZ t()at the

operation stateg,, b= 12...,v, are given by
Hb(t) = é pb|Hb| (t), b=12..,v.

The mean valueg[ §,] of the unconditional sojourn
times g, are given by

M, =E[6,] = éprMb,  b=12..v, )

where M, are defined by (1).

Limit values of the transient probabilities at the
operation states

p, ()= P(Z(t) = z,), t0<0+), b= 12...,v,

are given by

. nbe
Py = lim P, (1) =————, b=12..,v,

XM,

1=1

where the probabilitiessz, of the vector[r],,,
satisfy the system of equations

[77,]1=17,10 Py ]
iﬂl =1

3. Reliability of multistate systems

We assume that the system is composed nof
independent multistate componeris, i =12,...,n,

and that the changes of the operation proggs

where fortO< Op ),b=12,...v, u=12..., 7,

[R (tu)]® =PT® (u)>4Z(t) = 2,),

its conditional reliability function while the sysh is
at the operational statg, b=12,....v.

Similarly, we denote the system lifetime in the
reliability states subsdtu,u+1...,z by T® (u) and

by

[R(t, 1@ =1, [REDI® [RE2IP....[R(t 2]V
]

where
[R(tWI®, =PT® ) >4Z(t) = z,),

is the conditional reliability function of the sgst
while the system is at the operational stag
b=12...Vv.

Thus, the reliability function[R (tu)]® is the
conditional probability that the componenE,
lifetime T (u) in the state subsdu,u+1....z is
not less than, while the operation proceg&st) is at
the operation statez,. Similarly, the reliability

function [R(t,u)]® is the conditional probability
that the system lifetim& ® (u) in the state subset
{uu+1...,Z is not less than, while the operation

proces<(t) is at the operation statg.
In the case when the system operation time is large

enough, the unconditional reliability function dfet
system is given by
R, D=[1, R¢,D, R(t,2), ..., R(t,2)], t=0,

where

R(t,u) = P(T(u) >t) 0¥ p,[R(t u)]® 3)
b=1

states have an influence on the system componenfer t>0, u=12,...,z, andT (1) is the unconditional

E, reliability and on the system reliability struaur
as well. Consequently, we denote the comporent
lifetime in the reliability states subséu,u+1....z }

by T, (u) and by
[RtP=[1[R &I, R 2", ...,
[R (1 217],

lifetime of the system in the reliability state seb
{uu+1..,2.

The mean values of the system lifetimes in the
reliability state subsetu,u+1...,z &re

p(u) = ET(u)] O bizlpbub U u=12..z. (4
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where components with better reliability i.e. If the s’
components have the multistate exponential
© reliability function the failure rate of ever
,ub(u)z(j)[R(t, wi®dt, n, 0{12.....n}, ®) compon)(/ent will be decreased by a factpru (y),
{uyu+1....z22where0< p(u) < 1.
u=12..,z
Definition 1. A multistate system is called series if
The mean values of the system lifetimes in theits lifetime T(u) in the reliability state subset

particular reliability statesl, are [5] {uu+1,...7 is given by
A(U) = p(U) - pu+1), u= 12, 2-1 T = min{T(w}, u=1.2,..2
H(2) = p(2). (6) It is easy to motivate that the reliability functiof
the multistate series system composed of component
A probability with multistate exponential reliability function
rt) =P(s(t) <r | R(0) =2) = P(TV(r) <), REY=L R ¢D, ... R(t2)]
t0 (=0 ,0), where

that the system is in the subset of reliabilitytesta R (t,u) = exp[-A. (u)t] for t0< O,w), u=12,...,z,
worse than the critical state r [{1,...,zZ} while it
was in the state at the moment = 0 is called a risk
function of the multi-state system or, in shortjsk

[3]. Rt =[1,RtD),....R(t,2)]

Under this definition, from (3), we have

is given by the vector

with the coordinates

r(t) = 1- R(t,r), t 0 (—o0,0). @) ] .

R(t,u) = MR (tu)= M expEA(ut], 9)
and if 7 is the moment when the risk exceeds a = =
permitted level, then for t0< 0,), U=1,2,..2

— -1

r=r-(), (8) Definition 2 A multistate series system is called a
system with a hot single reserve of its componiénts

wherer }(t) , if it exists, is the inverse function of its lifetime T, (u) in the state subseufu+1,...7} is
the risk functiorr (t). given by

4. System rellablllty improvement _by _ T (U) = min max{T, (W}, u=1,2,..2,

components quantitative and qualitative Isisn” Isjs<2

redundancy

where T;(u) are the lifetimes of the system basic
components in the basic system angu) are the
Nketimes of their reserve components.

Considering the equation (3), it is natural to assu
that the system operation process has a significa
influence on the system reliability. This influenise

also clearly expressed in the equation (6) for theThe scheme of a series system with hot single

mean Ya"4‘?3 of the system uncon_dltlonal I'fet!ms, ! reserve of particular component is giverFigure 1
the reliability state subsets. To improve relidpili

and the except values of the system unconditional
lifetime in reliability state subsets we can use
quantitative and qualitative redundancy. The
gquantitative redundancy we obtain by assuming that
every single system component has hot reservation.
The qualitative redundancy we obtain by using
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Figure 1 The scheme of a series system with hot
reserve of its components

The reliability function of the non-homogeneous
multistate series system with a hot reserve of
components is given by a vector

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

with the coordinates

&@m:ﬂuﬂﬁﬂwﬂ
= ilj[l— [1-exp[-A (Wt]]*]
- irzll[zexp[_)'i (u)t] —expf24 (U]

= ilillexp[_Ai(U)t][Z—exp[—Ai(u)t]] ’ (10)

for t0<Q,00),u=1,2,...7.

Definition 3 A multistate exponential system is
called multistate system with qualitative redundanc
of its component if the failure rate of its compone
A(u), 1=212..n u=12..,z is reduced by the
factor p 1),0< p(u) <1, {uu+1..,7.

Thus, if the multistate reliability function of the
componentE; is given by the vector

Rpi (t1m: [11 R,a (t ,1), ] R,a (t’ Z)]
with the coordinates
R, (t,u) =exp[A4 (u)o(u)t] (11)

for t0< 0,:0), u=12,...,2,

then the reliability function of the non-homogenous
multistate series system with qualitative redungtanc
of its component in the reliability state subset
{u,u+1,...2 is given by the vector

R, =[1R, tD),., R, tz)]

where

R, (tu) = [R, (t)= [ expl-4 (WA (12)

for tO<0,x),u=1,2,...2.

From linear equation (4), we can see that the mean
value of the system unconditional lifetimg u ( )

u=12..,z Is determined by the limit values of

its’[ransient probabilites p,, b=12..,v, of the

system operation states and the mean vajygas) ,
b=12..v, u=12..2z of the system conditional

lifetimes in the reliability state subsets
{uu+1...,2, u=12..,z given by (5).
Therefore, the system lifetime improvement

approach based on the quantitative and qualitative
component redundancy can be proposed. Namely, we
may look for the values of factop r ( )r 0 {1...,z}

that ensure the same level of the system religituilit
the mean values of the system conditional lifeime
at the critical state , r 0 {1...,2}.

Finally, after finding the reliability function andhe
mean values of the system conditional lifetimes of
the system with hot single component’s reservation
and of the system with qualitative redundancy sf it
component at the critical state, comparing
obtained results for both systems, we get the galue
of factor p ¢ ), for a fixedr 0 {12,...,z}, from the

equations

R, (tF)= R, .1, (13)

or from equation

M (r) = p,(r), (14)

where
Hi (1) Dbz_:lpb:uhb(r)! H,(r) Dbz_:lpb/upb (r),

rd{L2,...,z.

5. The bulk cargo transportation system
reliability and risk functions

The considered bulk cargo terminal placed at the
Baltic seaside is designated for storage and ragigad
of bulk cargo such as different kinds of fertilizer
I.e.: ammonium sulphate, but its main area of #gtiv

is to load bulk cargo on board the ships for export
There are two independent transportation systems:
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1. The system of reloading rail wagons.

2. The system of loading vessels.
Cargo is brought to the terminal by trains consggti
of self discharging wagons which are discharged to

Taking into account the operation process of the
considered system we distinguish the followingtss i
three operation states:

* an operation state, - the loading of fertilizers

hopper and then by means of conveyors are
transported into the one of four storage tankegkil
Loading of fertilizers from storage tanks on botel
ship is done by means of special reloading system
which consists of several belt conveyors and one
bucket conveyor which allows the transfer of bulk
cargo in a vertical direction. Researched system is
system of belt conveyors, called later on the {rarts
system.

In the conveyor reloading system we distinguish
three bulk cargo transportation subsystems, the bel

conveyorss;, S andS; .
The conveyor loading system is composed of six

from rail wagons on board the ship is done by

usingS, S, S, S, S, S andS subsystems.
e an operation statez,— the discharging ralil

wagons to storage tanks or hall when subsystems
S, SandS;, are used,
* an operation state, - the loading of fertilizers

from storage tanks or hall on board the ship is
done by using, S, S, S, $ andS, subsystems.

R R =

e e
bulk cargo transportation subsystems, the dosag — S I
conveyor S, the horizontal conveyorS;, the =] P P
horizontal conveyoS, the sloping conveyorS, the == — | "]
dosage conveyor with buffek, the loading system NETISHIEN re .
S T Tl dNENE
- . 1 1 g)l — — —
The bulk cargo transportation subsystems are built U S
respectively: 5|8 ||&

- the subsystemS composed of 1 rubber belt, 2
drums, set of 121 bow rollers, set of 23 belt
supporting rollers,

- the subsystenS, composed of 1 rubber belt, 2
drums, set of 44 bow rollers, set of 14 belt suppgr
rollers,

- the subsystemS, composed of 1 rubber belt, 2
drums, set of 185 bow rollers, set of 60 Dbelt
supporting rollers,

- the subsysteny, composed of three identical belt
conveyors, each composed of 1 rubber belt, 2 drums,
set of 12 bow rollers, set of 3 belt supportindens,

- the subsystens, composed of 1 rubber belt, 2
drums, set of 125 bow rollers, set of 45 belt Figure 2 The scheme of port bulk cargo
supporting rollers, transportation system

- the subsystents, composed of 1 rubber belt, 2
drums, set of 65 bow rollers, set of 20 belt suppgr
rollers,

- the subsystens, composed of 1 rubber belt, 2
drums, set of 12 bow rollers, set of 3 belt suppgrt
rollers,

- the subsystemS, composed of 1 rubber belt, 2
drums, set of 162 bow rollers, set of 53 belt
supporting rollers,

- the subsystens, composed of 3 rubber belts,
drums, set of 64 bow rollers, set of 20 belt suppgr
rollers.

P e

RN
00}

S

[

The limit values of the bulk cargo transportation
systems operation process transient probabilities
p,(t) at the operation statess, b =1,2,3, determined

in [4], on the bases of the data coming from exgert

are
p,=0.2376,p, =0.6679, p, =0.0945. (15)

g Further, assuming that the system is in the reiigbi
state subsetdu+l,...,z} if all its subsystems are in
this subset of reliability states, we conclude (it
bulk cargo transportation system is a series system

[5] of subsystems;, S, S, S, S, & and S with a

The scheme of the bulk cargo transportation system scheme presented Figure 2

is presented ifigure 2
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Additionally, we assume that the subsystems
i=123,...9, are composed of four-state components,
with the exponential reliability functiongith the
parametersi?(u),i=1,2,..i% u=1,2,3,u=1,2,3,

Figure 3.The scheme of port bulk cargo
transportation system reliability structure

presented iMTables 1-3.

Table 1 Bulk cargo transportation subsyst&ms,,

-

Ss, component parameted’ (U), u = 12,3

A (u) A2 () S, A9 (u)
i=1 E i=1
u=l |o124 |U=1 |o,124 u=1l |oa124
u=2 |oa167 | U=2 |o,167 u=2 |o,z67
u=3 Jo2s0 | U=3 |0,250 u=3 |0,250
i=23 i=23 i=23
u=1l | 0,049 u=1 0,049 u=1 0,049
u=2 | 0,055 u=2 | 0,055 u=2 | 0,055
u=3 |o061 | U=3 |o0,061 u=3 |[o0,061
i=4., i=4.., i=4..,
124 47 188
u=1l o097 |Uu=1l |o,097 u=1 |o,097
u=2 |o0124 | U=2 |o0,124 u=2 |o,124
u=3 |o164 u=3 |o164 u=3 |o0,164
i=125.. i=48 i=189...,
147 61 248
u=1 0,051 u=1 0,051 u=1 0,051
u=2 |005 | U=2 |0,056 u=2 |0,056
u=3 0,062 u=3 0,062 u=3 | 0,062

Table 2 Bulk cargo transportation subsyst&ns;,

S component parameted’ (), A°(U), u=123

A j=123 A°(u) ZRIO)
i=1 i=1 i=1
u=l |oa124 u=l |oa124 u=l |oa124
u=2 0,167 u=2 |o,167 u=2 | 0,167
u=3 0,250 u=3 |0,250 u=3 | 0,250
i=23 i=23 i=23
u=1 |o,049 u=1 |o0,049 u=1 |o0,049
u=2 0,055 u=2 |0,055 u=2 0,055
u=3 0,061 u=3 |o0,061 u=3 | 0,061
i=4.., i=4.., i=4..,
15 128 67
u=1 0,189 u=1 0,097 u=1 0,097
u=2 |0,195 u=2 |o,124 =2 o124
u=3 0,202 u=3 |o0,164 =3 |o0164
i =16... i=129..., i =68..
18 173 88
u=1 0,087 u=1 0,051 u=1 0,051
u=2 |o,113 u=2 | 0,056 u=2 | 0,056
u=3 0,160 u=3 | 0,062 u=3 | 0,062

Table 3 Bulk cargo transportation subsyst&ms;,
andS,, component parameteA (U), u = 123

S LU | S A%(u) A2(u)
i=1 i=1 =123

u=1 0,124 u=1 0,124 u=1 0,124
u=2 |o,167 u=2 |o,167 u=2 |o0,1167
u=3 o250 |U=3 0,250 u=3 |0,250
i=23 =123 i=4.9

u=1 0,049 u=1 0,049 u=1 0,049
u=2 0,055 u=2 0,055 u=2 0,055
u=3 |o0,061 u=3 |o0,061 u=3 |o0,061
i=4 i=4.., i=10

15 165 73

u=1 0,189 u=1 0,097 u=1 |o,077
u=2 |0,195 u=2 |o0124 u=2 0,098
u=3 |0,202 u=3 |o0,164 u=3 |o0,124
i=16 i =167.. i=74

18 21¢€ 93

u=1 0,087 u=1 0,051 u=1l 0,039
u=2 |o0,113 u=2 | 0,056 u=2 0,048
u=3 |0,160 u=3 | 0,062 u=3 |0,055

Under the assumption that the changes of the bulk
cargo transportation system operation states have a
influence on the subsystemS, i=123...9,

reliability and on the whole reliability structures
well [8], on the basis of expert opinions and
statistical data the bulk cargo transportation esyst
reliability structures and their components reliabi
functions at different operation states can be
determined.

At the operation state,, at loading of fertilizers

from rail wagons on board the ship, system is
composed of seven non-homogenous series

subsystemss, S, S, S, S, S, andS forming a
series structure. The conditional reliability fuoat

of the system while it is at the operation stafeis
given by

[R(t 019 = [L,[REt DIV, [R(t, 219, [R(t, 3]V,

where

[R(t WI® =[Rygr(t, w]® [Rey(t u)]®
[Roas(t, U)]® [Reg(t, u)]?
[Rig(t U] [Rype(t, u)]®
[Roa(t, w)]®

for t0< 0,0), u=1,23,i.e.

[R(t, 1)]® =exp[- 74426] (16)
[R(t, 2)]® = exp[-93.479, (17)
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[R(t,3)]® = exp[-150.208, (18)  F() 00.005,%(2) C0.004, &,(3) [0.016.

The expected values of the conditional lifetimes inAt the operation statez,, i.e. at the loading of
the reliability state subsets calculated from theve  fertilizers from storage tanks or hall on boarde th
result given by (16)-(18), according to (5), at thebulk cargo transportation system is built of six

operation state, are: subsystems one series-parallel subsysieand five
series subsystensy, S, S, &, S forming a series
4, (1) 00013 4 (2) £0.011, structure [5]. The conditional reliability functioof
14, (3) £0.007 years, (19) the system while it is at the operation stag is
given by

and further, using (6), it follows that the conalital . . .
lifetimes in the particular reliability states atet [Rt, M9 =[1, [Rt, DI®, [Rt, 219,
operation state, are: [R(t, 3)]9],

7, (1) 00.002, 7z (2) C0.004, 77, (3) CO.007 years.  where

At the operation state,, i.e. at the discharging rail [R(t, U)]® = [Rayg(t, 1)]® [Rys(t, u)] @
wagons to storage tanks or hall state the system is @ ® ®
built of three subsystems, S, and S, forming a DRas(t, U)] ; Rt W™ DRyg(t U)]
series structure [5]. The conditional reliability [MRos(t, u)]®
function of the bulk cargo transportation system at
the operation state, is given by for t0< 0,0), u=1,2,3, i.e.

[R(t, D1?=[1,[R(t,D]?, [R(, 2)]?,[R(, 3)]® [R(t, 1)]® = exp[-57758] - 3exp[- 55007]

; + 3exp[- 522564 24
] [ ] (24)
where [R(t, 2)]® = exp[- 70974] - 3exp[- 68018]

3exp[ - 65062t] 25

[REWI® = [Rus(t, W] [Res(t, 0] +sexpl- 65062 (2
[Rose(t, W] [R(t, 3)]® = exp[-89418] - 3exp[- 86144 ]

+3exp[- 82864 ] (26)

for t0< 0,0), u=1,2,3,i.e.

The expected values of the conditional lifetimes in

[R(t,1)]® = exp[-39.568, (20) the reliability state subsets calculated from thevea
result given by (24)-(26), according to (5), at the
[R(t,Z)] (2 = exp[—49.66I§, (21) operation statez, are:

[R(t,3)]? = exp[-64.284. (22) H5(1) 00.020, 145(2) £0.016, 145 (3) £0.013, (27)
and further, using (6), it follows that the condliital
lifetimes in the particular reliability states dtet
operational state,are:

The expected values of the conditional lifetimes in
the reliability state subsets calculated from theva
result given by (20)-(22), according to (5), at the

operation St&t@z are.
1, (1) 00.004, 77, (2) £0.003, 1, (3) C0.013 years.

U, (D) £0.025, 1, (2) C 0.020, 1, (3) £0.016, (23) S
In the case when the system operation time is large

enough, according to (3), the unconditional religbi
function of the bulk cargo transportation system is
given by the vector

and further, using (6), it follows that the conaliital
lifetimes in the particular reliability states datet
operation statez, are:

Rt ) =[1, RE.D, Rt,2, RE,I], t=0,
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where, according to (3) and after considerihg The mean values of the system lifetimes in the
values of p,, b=123 given by (15), its co- particular reliability states, by (6), are

ordinates are as follows:
AQ) =p@-u2)= 0003
R(t,u) = py [R(L )] + p, [R( )] H@) =42~ 43 = 0004
+py IR(L W] 28y HO == 0009

o (2) If the critical reliability state is = 2, then the system
for t 2 0, u=123, where[R(tu)]® and [R(tu)] risk function, according to (7) and (30), is given
and [R(t,u)]® are respectively given by (16)-(18)

and (20)-(22) and (24)-(26), i.e. rt¢)=1- R({,2) fort=0. (33)
R¢.1) = 0.667%xp[-39563] Hence, the moment when the system risk function
+0.0945exp[-7442a ] exceeds a permitted level, for instarce 0.05,

+0.2376exp[- 5775& ] from (8), is
—3exp[-55007 | + 3exp[-52256]], (29
Pl ] PL 129 r=r"(JC0.000627 years. (34)
R(t,2) = 0.6679%Xp[- 93472]
1,20 4
+0.0945exp[- 49663 ]
1,00
+0.237Gexp[- 70974 |
— 3exp[- 68014 | + 3exp[- 65062]], (30)
0,60
R(t,3) = 0.667%xp[-150206]
+0.0945exp[- 64280 | 0201
+ 009456Xp[— 8941a ] o 0 0,55 0‘,1 o,‘15 0‘,2 o,és o‘.3

—3exp[- 861401 ] + 3exp[-82864]], (31)
Figure 5.The graph of the port bulk cargo
fort> 0. transportation system risk function

5. Reliability of improved bulk cargo
transportation system in operation process

The unconditional system reliability function

u=1 u=2 u=3 ‘

Now we assume the quantitative and qualitative

l’jf redundancy of system’s components. In the firsé cas

05| considering the expression (3), we get the
2 o] unconditional reliability function of the system9j2

04 (30).

021 The conditional reliability function of the system

0 with hot single reservation of components whilesit

. ‘ at the operation statez , after considering the
expression (10) is given by

Figure 4.The graph of the port bulk cargo
transportation system unconditional reliability [R.(t, )1? =[L,[R, (. D]®,[R, (t, 2)]¥,
function R(t,u), u = 12,3 [R,(t 3],

The mean values of the system unconditionalyith the coordinates
lifetimes in the reliability state subsets, accoglto

(4)-(5) respectively are: [R,(t u)](l) = [Ryur(t u)](l) [Re(t, u)](l)
£ (1) C0.016, 4(2) C0.013, 4 (3L0.009,  (32) [Rizag(t; U)]® [Rigs(t, u)]®
[Rus(t U@ [Ropyet, w)]®
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[Roa(t, u)]®

for t0< 0,0), u=1,2,3,i.e.

[R,(t,)]® = exp[-74.874 (2-exp[-0124])°
(2—exp[-0049])*® (2 - exp[- 0097])°"’
(2—exp[-018a])** (2 - exp[- 0077])**
(2—exp[ 0051])*"° (2-exp[ 008%])°

(2-exp[-003a]) %, (35)

at the critical state =2, we get

[R,(t,2)]Y = exp[-93.478 (2-exp[-0167])°
(2—exp[-0053])*® (2 - exp[- 0124])°"’
(2-exp[-0193])** (2 - exp[- 0098])**
(2-exp[- 0058])*"° (2-exp[F 0113])*
(2-exp[- 0048&])%°, (36)

[R,(t,3)]" = exp[-120456t] (2- exp[-025])°
(2—exp- 0061])*® (2—-exp[- 0164])>"’
(2-exp[ 0202])*? (2-exp[ 0124])%*
(2-exp[- 0062])*"° (2-exp[ 016a])°
(2—-exp[- 0055])%?, (37)

for t O< 0,00),

The expected values of the conditional lifetimes at

the reliability critical state calculated from thbove
result given by according to (5), at the operastaie

z are:

iy ) =03442 11, (2) 00.2745,

1, (3) =0.2109 (38)

The conditional reliability function of the system

with hot single reservation of components whilesit
at the operation statg, is given by

[Ry(t, 01® = [1,[R,(t, D]®, [R, t, 2)]®,
[R.(t, 31?1,

with the coordinates

[Ry(tW)]® HRydt, U]® [Rigy(t, )]
[Rn248(t, U)] @

for t0< 0,0), u=1,2,3, i.e.

[R,(t,1)]? = exp[-39562] (2-exp[-0124])°
(2—expF 0044])® (2 - exp[- 0097])**°
(2-exp[ 0051])%, (39)

at the critical state =2, we get

[R,(t,2)]? = exp[-49662] (2-exp[-016%])*
(2-exp[- 005%])® (2 - exp[ 0124])%**°
(2—expF005a])%, (40)

[Rh(t,B)](Z) = exp[-64531] (2—exp[-025q])3
(2—expF 0061])® (2—exp[ 0164])%°
(2-exp[-0062])°’ (41)

for t0< 0,0).

The expected values of the conditional lifetimes at
the reliability critical state calculated from thbove
result given by according to (5), at the operastate

z,are:

U, (1) 004798 4, (2) 003789,

Uy, (3) [0.2885 244

The conditional reliability function of the system
with hot single reservation of components whilésit

at the operation statg, is given by

[R.(t D1° = [1,[R,(t, DI®, [R,(t, 2)]?,
[R,( 3)]¥],

with the coordinates

[Ra(t, U)](g) =[Ryz1s(t, U)] @ [RyAL U)](g)
[Rega(t WI® [Rygg(t, u)]®
[Rio1s(t, u)]® [Rnos(t, u)]®

for t0< 0,00), u=1,2,3,i.e.

[R,(t,1)]® = expf53704]
(2-expF0124)])® (2—expF 008%])°
(2—-expF 0049])*° (2—-expF 0189])*
(2—expF 009%])*°%(2 - expF 0051])**®
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(2—expF 007%])®*(2—expF 003a])®
[3—3expl2751](2-exp- 0124])

(2-exp[F 0049])? (2—exp[ 0189])*2
(2-expF 008%])® + exp[- 5502]
(2—exp[F 0124])? (2- expF 00449])*

In the case when the system operation time is large
enough, the unconditional reliability function dfet
bulk cargo transportation system with hot single
reservation of its component at the critical state
r=2 according to (3) and after considering the
values of p,, b=123 given by (15), is
respectively given by

(2—exp[F 0183])%*(2-expF 008%])°], (43)
R, (t,2) =0.6679[R, (t,2)]"
at the critical state =2, we get +0.0945]R, (t,2)] o)
€)
[R.(t,2)] ® = exp[- 65062] +0.2376]R, (t,2)] (47)
8 16
(2-exp[-0167])" (2 - expf-005]) The mean value of the system unconditional
(2-exp[F 0195])**(2-exp[F 0113])° lifetimes in the_ critig:al reliability state, accand to
(2 expl 0124])*?(2— exp- 005a])™ (4)-(5) respectively is:
(2—expF 0098])%*(2 - exp[- 0048]) % 1 (2) C 0.667900.2745+ 0.0945[ 0.3789
[3—3exp[-295](2-exp[- 0161]) +0.2376[0.3393=0.2998years (48)
- 2 (o_ 12
(2-expf-0055])" (2-exp-0193)) If the critical reliability state is = 2, then the system
(2-expF 0113]) + exp[- 5912] risk function, according to (7) , is given by
2- 0167%])*(2- 0055])*
(2~ exp-0162))° (2~ expf0053]) ()= 1-R, (t,2) fort=0. (49)
(2—expF 01958])%*(2-expF 0113])°], (44)
Hence, the moment when the system risk function
y
[R,(t,3)]® = exp[- 82864] exceeds a permitted level, for instande = 0.05,
(2 expl-023])° (2- exp[- 0061])™¢ from (10), is
(2-expF 0202])%*(2-expF016])° r=r"(JC0.07382 years. )(50
(2-expF 0164])%*?(2—exp[ 0062])**
(2-expF 0124])%(2- exp[ 0055])
[3-3exp[-3276](2 - expf- 025@]) 1,70
(2-expF 0061])? (2-exp[ 0202])** 0.8 1
(2—expE-016])° +exp[- 6552] s
(2-expl-025])? (2 - expf- 0061])* 0o M
_ 2405 _ 6 0 ;
(2—expF 0202]) " (2—-expF01&])°] (45) . o 04 oo oe .
for t < 0,c0). ‘

The expected values of the conditional lifetimes atFigure 6.The graphs of the port bulk cargo

the reliability critical state calculated from tabove  transportation system risk function and the risk
result given by according to (5), at the operastate  function of this system with hot single reservatasn
z, are: its components

In the second case when the system operation §me i
large enough, the unconditional reliability functio
of the bulk cargo transportation system with
qualitative redundancy of its component is given by
the vector

() 004227, 1.5 (2) 00,3393
s (3 00,2623 46)

10
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R,(t 0=[1, R, &3, R,¢.2, R,¢,3], t=0,

determine the value of the factpr (2. the factor
of components failure rates reduction,

where, according to (3) and after considering the

values of p,, b=123 given by (15), its co-
ordinates are as follows:

R, (t,u) = 0.6679R,(t,u)]"
+0.0945]R,,(t, u)]®

+0.2376]R,(t,u)]® (51)

fort 2 0, u= 123 where[R,(t,u)]”, [R,(tu)]®

and [R,(t,u)]® are respectively given by (35)-(37)
and (39)-(41) and (43)-(45), i.e.

R(t,1) =0.667%xp[-395630(1)t]
+0.094%xp[- 74426p()t]
+0.2376exp[-577580 (1 ]
—3exp[-55007p (O ]
+3exp[-522560 (1 ), (52)

R(t,2) = 0.667%xp[-934720(2)t]

+0.0945%xp[- 496630 (2} ]

+0.2376exp-709740 (2) ]

—3exp[-680180 (2) ]

+3exp[- 650620 (2) ), (53)

R(t,3) = 0.667%xp[1502060(3)1]

+0.094%xp[- 642800 (3} ]

+0.0945exp[- 894160 (3 ]

—3exp[-861400 (I ]

+3exp[- 828640 (3} ). (54) [

If the critical reliability state is = 2, then the system
risk function, according to (8) , is given by

rit) =1- R(,2) fort=0. (55)

[3]

The mean value of the system unconditional

lifetimes in the critical reliability state is = 2,
according to (4)-(5), respectively are:
0013
U@L —=. (56)
p(2)

unconditional lifetimes in the critical reliabilitytate

(48) and (56), according to the equation (14), we

11

[2]

[4]

[5]

Now comparing the mean value of the system

0.2998= 2013
p(2)
Hence
p(2) = 0434, (57)

5. Conclusion

The joint model of reliability of complex technical
systems at variable operation conditions linking a
semi-Markov modelling of the system operation
processes with a multi-state approach to system
reliability —analysis and system reliability
improvement was constructed. Next, the final result
obtained from this joint model and a linear
programming were used to build the model of
complex technical systems reliability optimization.
These tools can be useful in reliability evaluatiom
optimization of a very wide class of real technical
systems operating in varying conditions that have a
influence on changing their reliability structurasd
their components reliability characteristics. These
tools practical application to reliability and risk
evaluation and optimization of a technical systdm o
a bulk cargo transportation system operating at
variable operation conditions and the results
achieved are interesting for reliability practitesa
from maritime transport industry and from other
industrial sectors as well.
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