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Abstract

This paper presents the Monte Carlo simulation rtiegle applied to the reliability evaluation of sysis
related to the variable operation conditions. A isktarkov processes is applied to construct the esgst
operation model and its main characteristics aterdgned. The method of linking this model with gystems
reliability is proposed to get a general reliagilinodel of the complex system operating at the aldei
conditions. An application of the proposed Montel€aimulation based on this method is illustratedhe
reliability evaluation of a port grain transportatisystem. This way obtained results are compaiiéd the
results achieved by analytical way.

1. Introduction continuous variabld, taking discrete values at the

The complex systems’ operation processes and theirset{z,z,,...,z,} of the system operation states. We
influence on changing in time the systems’ assume a semi-Markov model [2]-[5] of the system

structures and their components’ reliability operation processZ(t) and we mark by@,, its
characteristics is often very difficult to identifnd random conditional sojourn times at the operation

to apply in the analysis of their reliability [1]40]. tat h i i i tate |
The Monte Carlo simulation method is a tool that S'&'€S %, when Its next operation state Ig,

sometimes allows to simplify solving this b/l=212..v, b#l

problem [11]. The analytical approach to the Consequently, the operation process may be
complex systems reliability analysis is presented described by the following parameters [5]:

and next the background of the computer simulation - the vector[p,(0)],,, b=212,...\v,of the initial

assessment is given. The Monte Carlo method is  7(t) staying at the particular operation states at
practically applied to examine the reliability abrp the moment = 0.

grain transportation system at variable operation

conditions. The main reliability and operation - the matrix[p,],, of the probabilities of the
process characteristics of this system are fournld an system operation processZ(t )transitions
compared with that obtained by the analytical between the operation stateg, and z,
method.

bl =12..v, b#l.
2. System operation process - the matrix [Hy ()], of the conditional

distribution functions of the system operation
processZ(t )conditional sojourn time§,, at the

operation stated),| =12,...v, b#1,
Having identified the probabilitiep,, of transitions
between the operation states and the distributibns

We assume that a system during its operation at the
fixed momentt, t(0,+c) may be at one of,

vON, different operations stateg, b=12,..v.
Consequently, we mark by(t), t0{(0+w) the
system operation process, that is a function of a
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conditional sojourn timesé,,, the limit values
p, (t), of the transient probabilities at the particular
operation stated)=12,...v can be determined.

—1- ﬁl [1— ,'ljl(l_ [R® (t)](b))} )

where[T“]® are the subsyster§,, v=12,...,n,

3. System reliability lifetimes at the operation stateg far t1(0,+cw),
We consider a series system composed of the series-b=12,...,v, given by
parallel subsystems S,, v=12..,n, each

b (v)1(0) — T©10)
composed of components [E(“) ® [T™] le(?}?i(b){gql(u)](b){[ i1 (3)

=12,k j=12..,[1®1®, while the

. . We denote the system conditional reliabilit
system is at the operation statg. The numbers y y

function while the system is at the operation state

[K1®, [1®, 1@, 1@, z,,b=12..v, by
v=12...n, b=12..v, are the considered
system structure shape paramet&igyre 1). [RO]® =PIT@1® >t|Z(t) = z,),
n k()0 [I(U)](b) ) (b)
(BT B 1 By ]® - Dlll— i {1 R @
[Egi)](b) [ ([é)](b)_ '_[I%(ﬂ(u)(b)](b)

where the system lifetimes at the operation states
z,, for t0(0,+»), b=12,...,v, are given by

_[E[((u)](b)l](b)'[L:Iﬁj(?/)](b)z](b)‘ e "[ (klg)](b)“éu)](b)](b)— TO = min{[T(“)](b)}. (5)

1<vsn

Figure 1.The scheme of a series-parallel subsystem \ye denote the system unconditional lifetime by

T and the system unconditional reliability function
We assume that the changes of the system operatlon0

process states have an influence on the system
components reliability and on the system structure  R(t) = p(T >1), t > 0.
as well [5]. Thus, we denote the conditional

reliability function of the system component The approximate formula for the unconditional

[Eij(“) ® while the system is at the operation state system reliability function, for large operatioms,

z, b=12,...v, by takes the form [3], [5]
RO =p(r@]” >tz =2,), (1) R(t) O p[RO]”. (6)

[(U)](b) The unconditional mean value of the system
where [T} are the system components |itatimes is given by

conditional lifetimes at the operation statgs for

t 0(0,+c0) , b=12,..v, v=12...,n, pzTR(t)dt, (7)
i=12..,[kK21®, j=12..[1@1®. °

Further, we denote the subsystem conditional here R(t )is given according to (7).

reliability function while the system is at the

operation state, , b=12,....v, by 4. Monte Carlo simulation approach to the

system operation process modelling

w) -
[ ;}m](b)Y[|1(u>](b>y[|§u)](b) 1@ (t)]( We denote byz,(q )b=12,...v, the realization of

= P(TO]® >t|Z(t) = z,), the system operation process initial opgrat_iorl?stat
at the moment =0 generated from the distribution
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[P, (0)], - This realization is generated according to
the formula

z, 0=<qg<p0),
z,, p,0)=<q<p 0+ p,(0),

z,(q) =1 : (8)
z,, gpi(o)sqﬂ

where g is a randomly generated number from the
uniform distribution on the intervg0,1) .
We denote by z,(g ) |=12..v, b#l, the

sequence of the realizations of the system operatio
process consecutive operation states generated fro
the distribution defined by [pyl,., - Those

realizations are generated according to the formula

z,, 0=g<pyp,
Z3, Ps9<pPpt Pz
z,(9) =1 : : ()]
v-1
Zv’ zpbi < gSl,
=
z, 0=9<py,
' b-2 b-1
Zyy, Zipbi Sg<§-pbi’
(g) = b1 bil 10
% Zyi1) Zipbi Sg<zlpbi1 (10)
V1
Z,, Z:lpbi sgs]
forb=23...,v,
Zl’ OSg< pvl’
Z;,  Pusg<PutpPo
z,(9) =1 : : (11)
V-2
Zv—l' vai SgSl
=

where g is a randomly generated number from the
uniform distribution on the intervl0,1) .

We denote byd, b,1=12,...v,, i =12,..n,,
b#1, the realizations of theonditional sojourn

time 4, of the system operation process generated

from the distributionH,,, wheren,, is the number
of those sojourn time realizations during the
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experiment time 6. Those realizations are
generated according to the formulae

6, =H;'(h), b1 =12..v,b%l, (12)
where H_!'(h) is the inverse function of the
distribution functionH, (t ) and h is a randomly
generated number from the uniform distribution on
the interval(0,1) , which in the case of exponential
distribution

Hy (t) =1-exp[-ay t], t=20, (13)
mtakes the following form
1
6, =———In(l-h), b1 =12,...v,bZl. (14)

ay,

Having the realisations the conditional sojournesm
of the system operation process

6%, 69, .., ™ b1=12..v,bzl, (15)
it is possible to determine approximately the total
sojourn time at the operation sta#e during the

time of the experimen@ applying the formula

7 — <20
‘9b _Zzebl .
1=1 j=1

1#£b

(16)

Further, the limit transient probabilitiep,, (t
be approximately obtained using the formula

gan

where
6=30,,b=12,..v. (18)
b=1

5. Monte Carlo approach to the system
reliability modelling

The realizationst{” of the component conditional
lifetimes T, b=12..v, i=12..[k“]?,

j=12..," are generated according to the

distributions corresponding to the reliability
functions (1), i.e. they are generated by the sampl
formulae:
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-1 -1
t® = (RO (0 =1-ROH)", (19)
where (Fij"D)(f))_l is the inverse function of the
distribution function

FO ) =1- R (t)

of the component conditional lifetim&,® and

) (t) is defined by (1) which in the case of
exponential distribution takes the following form

F?(t) =1-expAP t], (20)
for t=0, b=12,...v. In the case of the above

exponential distribution the realisations of the
component conditional lifetimes take the following
form

1

t® =
J b
AP

Inl-f), b=12,...v. (21)

where 4, are the failure rates and is a

randomly generated number from the uniform
distribution on the interva{0,1) .

The realizationg” of the subsystens, lifetimes

T® v=12..,n, according to (3), are generated
by the sampling formula

t? = max { min {t®
v Eis[k(“)](b){Ejs[li(”)](b){ I 3 .

The realizationg® of the system lifetime3 ® are
generated by the sampling formula

t® = min{t™}.

I<vsn

(22)

The procedure of Monte Carlo simulation is
repeatedN times. The approximate mean value of
the system lifetimes is an arithmetic mean of all
system lifetime realizations fot iterations

[t i=12..N,

i.e.
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10 = =S[00, b=12,...v.

1
N iz

6. Port grain transportation system reliability
evaluation

6.1 Port grain transportation system
description

The grain elevator, presented kigure 2 is the
basic structure in the Baltic Grain Terminal of the
Port of Gdynia assigned to handle the clearing of
exported and imported grain. Elevator technological
potentialities allow us to join different loadingich
unloading relations of ships, cars and railwayksuc
Its output in the grain unloading process is
400 ton/hour and in grain loading is 360 ton/hour.
The whole technological process is controlled
electronically. A computer station delivers full
visual information about the grain stream (flowgan
its balance and the elevator’'s working state.

STORAGE MAIN DISTRIBUTION STATION ‘
8th floor 9th floor
BALANCE
6th floor
v v J
4th floor
L] S
—{ 1
v ¥
(oo L] S
3 162
L] : ]

Figure 2. The scheme of the grain transportation
system structure

One of the basic elevator functions is loading
railway trucks with grain. The railway truck loadin
is performed in the following successive elevator
operation steps [3], [7], [8]:

e gravitational passing of grain from the storage
placed on the 8th elevator floor through 45 hall
to horizontal conveyors placed in the elevator
basement,

» transport of grain through horizontal conveyors
to vertical bucket elevators transporting grain to
the main distribution station placed on the 9th
floor,

» gravitational dumping of grain through the main
distribution station to the balance placed on the
6th floor,
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dumping weighed grain through the complex of
flaps placed on the 4th floor to horizontal
conveyors placed on the 2nd floor,
dumping of grain from horizontal conveyors to
worm conveyors,
dumping of grain from worm conveyors to
railway trucks.
In loading the railway trucks with grain the
following elevator transportation subsystems take
part Figure 3:

S, — horizontal conveyors of the first type,

S, — vertical bucket elevators,

S — horizontal conveyors of the second type,

S, — worm conveyors,
the main distribution station and the balance.

S

Figure 3. The scheme of the grain transportation
system reliability structure

Sy

Sy

The main distribution station is the system of
dumping channels in the form of a steel box
composed of dividing walls, which direct the grain
from bucket conveyors to the balance. Its executive

first and second elevators of subsyst&mthe
first conveyor of subsysterg; and the first ar
second conveyors of subsysteB) are used
(Figure 4,

Z, —the system operation with least efficiency w
only the first conveyor of subsystes, the firs

elevator of subsystens,, the first conveyor «
subsystens, and the first conveyor
subsystens, are usedKigure 5.

9th floor

BALANCE
6th floor

MAIN DISTRIBUTION STATION ‘

STORAGE
8th floor

v v o
FLAPS
4th floor

v ¥

BASEMENT RAILWAY TRACK

Figure 4. The scheme of the grain transportation
system structure at operation state

elements are composed of three steel sleeves and

pneumatic elements in the form of three

servomotors. The electronic balance weighs the
dumped grain with electronic indicators. Its

executive elements during loading and unloading
with grain are flaps, which are opened and cloged b
five pneumatic servomotors.

The transporting subsystems have steel covers
and they are provided with drives in the form of
electrical engines with gears. In their reliability
analysis we omit their drives as they are different
types mechanisms. We also omit their covers as
they have a high reliability and, practically, dotn
fail.

6.2. Parameters of port grain transportation
system operation process and its components
reliability

Taking into account the operation process of the

considered transportation system, there are

distinguished the following v= 3 (Table )

operation states as the system three tasks:

Z, —the system operation with the large#ficeency
when all components of the subsysteg)s S,,

S, and S, are usedKigure 2),

Z, —the system operation with less efficiency sy
when the first conveyor of subsyste8), the
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9th floor

BALANCE
6th floor

MAIN DISTRIBUTION STATION ‘

STORAGE
8th floor

v v o
FLAPS
4th floor

2 162
- -2 129 - - 5
SI

Figure 5. The scheme of the grain transportation
system structure at operation state

Table 1.List of operation states.

State| SUb- Components Failure
system rate
A 2 identical belt conveyors (thé' fype)
1 belt 0,0125
S 2 drums 0,0015
117 channelled rollers |0,005
9 supporting rollers 0,004
3 identical vertical bucket elevators
1 belt 0,025
S 2 drums 0,0015
740 buckets 0,03
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2 identical belt conveyors (th&%2ype Z={z,2, 2} (24)

1 belt 0,0125
S, | 2drums 0,0015 We arbitrarily assume the vector of realisations

117 channelled rollers {0,005
19 supporting rollers {0,004 1111

3 chain worm conveyors [P O] = 3’3’3/ (25)
2 conveyors of the’type

1 wheel driving a belt /0,005 of the initial probabilities p, (0), b=123,

1 reversible wheel 0,005
S, 160 links 0,012
1 conveyor of the"type
1 wheel driving a belt (0,022
1 reversible wheel 0,022
240 links 0,034

of the system operation process stay at the phaticu
statesz, at the timet = Oand the following matrix

of the conditional distribution functions of the
system sojourn timeé,, b,1 =123

0 1-e™ 1-¢gl®

1 belt conveyor (the"2type)
1 chain worm conveyor (th€'type)

S |1 belt conveyor (the®*itype) o or

S, |2 identical vertical bucket elevators [Hu®]=|1-e 0 1-e™ | (26)
% ) 1-e® 1-2 ¢

S, |1 belt conveyor (the"2type)

S, |2 chain worm conveyors (thé'fype) o

S, |1 belt conveyor (the“itype) More_o_ver, bWe assurzne that the _probsbllltles of

transitions between the states are given by

S, |1 vertical bucket elevator
A _ ;

S;

S,

[Po] = (27)

To illustrate the problem we simplify our
considerations by assuming that all system
components have exponential distributions of their
lifetimes of the form

o w©l; WIN

Wl o wlik

wl ol O

. . Hence and from (26), the limit values of the
R (t) = exp[-A"1] (23) transient probabilitiegy, (t) at the operational states

z,, are given by [3]
for t0(0,+e) where A" are the failure rates at the

operation statesz, ,b=12..v, i=12..k, 34 053 7 10.10

j=12,...]1, given in [3] and presented able 1 P84 H053% P, “e4 3

At all system operational states, subsyst&nssS,, o, _23 00360 (28)
S, and S, become a non-homogeneous regular 64

series-parallel systems with parameters given]in [3 _ _ .

and presented ifiable 1 At the operation state, , 6.4. Analytical evaluation ofport grain

. transportation system reliabilit
the subsystens, consists of three conveyors. Two P y y

of them have 162 components and the remaining Asymptotic approach is considered in [3]. The
one has 242 components. Thus it is a non- results based ohable 3are as follows:

homogeneous non-regular multi-state series-parallel - the reliability function at the operational state
system. is given by

6.3. Analytical evaluation of port grain REM T RE12o) Ri7us® Ro1a) Rt

transportation system operation process =24exp[-25471] — 24expF47.699]
-12expF26.107%] — 12exp[-27.401]

Since the system tasks are disjoint then its ojperat +12expF48335%] + 12exp[49.629

states belong to the set -12exp[-26.1475] + 12exp[-483755]
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+8exp[69.921] + 6exp[-28.0375]
—-6exp[-50.2658] — 6exp[-50.3055%]
+6exp[26.784] + 6exp[-28.0775]
-6exp[49.012] — 4exp[-70.6035]
—4exp[-705638] — 4exp[-7185%]
+3expF50942] — 3expF28714]
+2exp[-724938] + 2exp[-7124]

+2exp[-725338] — exp[-7317],  (29)

for t[0(0,+) ;

- the reliability function at the operational statg
is given by

R (1)= R{Zoo(t) R$343(t) RiZs(t) RE245 (1)
Zlexp[-25.471]
—2exp[-27.401%]
2exp[-47.69%]

+exp[-49.629%] , (30)

for t[0(0,+)
- the reliability function at the operational statg
is given by

RO(M) = R{Z50(t) RZs () RYs(t) R34 (1)
= exp[-25.471t] (31)

for t[0{0,+w)

Finally, considering (28) and according to (6) the
system unconditional reliability is given by

34 7
Rat) T =R®(t) + — R@t
a(t) o () o (t)

23
+==
64

(32)
R® ('[) ,

whereR®(t), R®@(t) andR®(t) respectively are
given by (29), (30) and (31). Hence, applying (& w
get the mean value of the system unconditional
lifetime

M1 L 0.0638year 2329 days. (33)

6.5. Monte Carlo evaluation of port grain
transportation system operation process

The first step of the simulation is to select thigal
operation statez, (g ,)b= 1,23 4, at the moment

t =0, using formula (8), which is given by
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1

, 0<sqg<=

Z q 3

2

2,(0) =12, 0<q<3
z;, 0<g<],

where q is a randomly generated number from the
uniform distribution on the interva0,1) . The next
operation state z, |= 1234, is generated
according to (9)-(11), fromz,(g ,) b= 1234
defined as

1
Z,, Osg<‘73

z,(9) = 1
Z;, gsgsl
zZ,, 059<£§1

ZZl(g): 4
Zg, gsgsl
2 0sa<)

zy(9) = 1
Z,, :—))sgsl.

Applying (26), the realizations of the empirical
conditional sojourn times are generated according t
the formulae

6,,(h) = -02In[1-h],
6,5(h) = -0.1In[1- h],
8,,(h) = -0.025In[1- h],
6,5(h) = -002In[1-h],
6,,(h) = -01In[1- h],
6,,(h) = —005In[1- h],

where h is a randomly generated number from the
uniform distribution on the intervd0,1) .

The system operation process characteristics are
calculated using the Monte Carlo method with time
of the experiment fixed a8 =18 25Mays.

Applying (16)-(18) the approximate limit values of
the system operation process transient probabilitie
at the operation stateg are as follows:

p,=0532 p,=0112 p,=0358.  (34)
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6.6. Monte Carlo evaluation of port grain
transportation system reliability

The realizations of the port grain transportation
system components lifetime”, b= 1234, are

generated from the exponential distribution
according to (21) andrable 1 The realizations

t® of the system lifetimesT®, b= 1234, are
generated using the sampling formula (22). The

histogram of the system lifetimes is illustrated in
Figure 6

300

250

200

150

100

50

Figure & The graph of the histogram of port grain
transportation system lifetime and the Weibull
distribution density function (35)

After analyzing and comparing the histogram with
the graph of exponential distribution density
function, we formulate the null hypothesis:

Hy,: The lifetime of the system has Weibull

distribution with the density function

£t = 0, t<0
®= {aﬂtﬁ‘l exp[-at?], t=0,

(35)
wherea,30(0,+w ).
Further, we estimate the unknown parameteys

of the density function (35) of the hypothetical
Weibull distribution and we obtain

a =313852 [=1.2602

Hence, we get the following form of the system
unconditional reliability function

0, t<0

36
exp[-31.382°%], t>0. (36)

R(t) D{

To verify the hypothesis, we find the realization o
the x* (chi-square)-Pearson’s, calculated according
to the formula given in [5], which amounts

80

u, 06239. Assuming the significance level
a =005 for r—-1-2=50-1-2=47 degrees of
freedom, from the tables of the/’-Pearson’s
distribution we find the valueu, =6400 .The

obtained value u, belongs to the acceptance
domain, i.e.

u, =6239< u, =6400.

Therefore, at the significance level=0. ,0&e do
not reject the hypothesidl, stating that the system

unconditional reliability function is Weibull of &
form (36).

The mean value of the system unconditional lifetime
T obtained by using Monte Carlo method is given

by

w= [R(t) dt=2203 days. 37)
0

7. Results comparison

The results of application obtained by the anadytic
method and the Monte Carlo simulation method
differ not too much. That concerned with the port
grain transportation system operation process main
characteristics and given by (28) and (34) are atmo
the same. Whereas, that concerned with the port
grain transportation system reliability main
characteristic and given by (33) and (37) differs
more. The last difference may follow from the fact
that the both formulae (32) and (36) expressing the
port grain transportation reliability are approxima

8. Conclusions

The analytical method and the Monte Carlo
simulation methods are proposed to reliability
evaluation of complex systems operating at variable
conditions. Those methods are applied to the port
grain transportation system reliability evaluation.
The achieved results i.e. the approximate limit
values of the system operation process transient
probabilities at the particular operation statesl an
the mean values of the system unconditional
lifetimes may be very useful in system reliability
analysis and improvement. The results obtained and
presented in this paper lead to the conclusion that
the Monte Carlo method is a useful tool in modeling
objects’ reliability, however, further analysis this
approach is necessary due to the differences
between the analytical and simulation results.

The reliability data concerned with the operation
process and component reliability functions of the
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port grain transportation system are not precise. system in variable operation conditions.
They come from experts and are concerned with the  International Journal of Pressure Vessels and
mean lifetimes of the system components and with Piping Vol. 87, No 2-3, 81-87.

the conditional sojourn times of the system in thgl11] Zio, E. & Marseguerra, M. (2002Rasics of the
operation states under the arbitrary assumption tha  Monte Carlo Method with Application to System
their distributions are exponential. By improvirgpt Reliability. LiLoLe, ISBN 3-934447-06-6.

system operation and reliability data and further

development of the proposed method it seems to be

possible to obtain more precise results usefuh@ t

complex technical systems and their operation

processes and reliability evaluation, improvement

and optimisation.
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