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Abstract

A stochastic model for a cold standby system of two identical units is developed in
which unit fails completely either directly from norma mode or via partia failure. The unit
undergoes preventive mantenance (PM) after a maximum operation time (MQOT) at its partia
failure stage (PFS). There is a single server who visits the system immediately as and when
needed to do preventive maintenance and repair. The priority for operation to new unit is given
over the partialy failed unit. The failure and maximum operation times of the unit are distributed
exponentially while the distributions of PM and repair times are taken as arbitrary. The
expressions for some reliability measures of the system are derived usng semi-Markov process
and regenerative point technique. The numerical results for the particular values of parameters
and various costs are obtained to show the behavior of MTSF, availability and profit.
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1. Introduction
Over the last few decades, the stochastic models of maintained systems have

been probed by many scholars and practitioner including Gopalan and Naidu (1983),
Goel and Sharma (1989) and Singh (1989) due to their applications to variety of areas
such as military, industry, health and the environment. In most of these models, it is
assumed that

(i) The operating unit enters directly into the complete failed state with constant
falurerate.

(i) The unit works continuoudly till failure without undergoing preventive
maintenance.

(iii) Thereis no need to give priority for operation to a new unit.

However, in practice, there are many situations where a unit operates on various
degraded stages before its total failure and thus it may fail completely either directly
from normal mode or via partia failure. Further, the continued operation and ageing of
the systems gradualy reduce their performance, reliability and safety. Therefore,
preventive maintenance of the unit is necessary after a specific period of time at any
stage of operation not only to maintain the operational power but may also to improve
the reliability and availability of the system. Singh and Agarafiotis [1995] have studied
a system with preventive maintenance subject to maximum operation and repair time.
Further, the availability of a system can greatly be improved by assigning priority for
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operation to new unit over the partialy failed unit. Chander [2005] has evaluated
reliability and economic measures of a system introducing the concept of priority to
operation and repair.

The purpose of the present paper is to study the stochastic model of a two-unit
cold standby system in which unit fails completely either directly from norma mode or
via partial failure. The preventive maintenance of the unit is carried out after a
maximum operation time (MOT) at its partial failure stage (PFS). There is a single
server who visits the system immediately whenever needed to carry out preventive
maintenance and repair. The priority for operation to new unit is given over the
partialy failed unit. The unit works as good as new after preventive maintenance and
repair. Therepair of the unit is done only at its compl ete failure. The switch devices are
considered as perfect. The random variables are assumed as independent and
uncorrelated to each other. The faillure and maximum operation times of the unit are
distributed exponentialy while the distributions of PM and repair times are taken as
arbitrary. The expressions for some reliability measures of the system such as mean
sojourn times, mean time to system failure (MTSF), availability, busy period of the
server due to PM and repair, expected number of visits by the server and the profit
function are derived using semi-Markov process and regenerative point technique. For
the particular values of parameters and various costs, the numerical results are obtained
to show the behavior of MTSF, availability and profit.

2. Notations

Eo The state of the system at t=0

E The set of regenerative states

@] The unit is operative and in normal mode

Cs The unit in cold standby

1145 Constant failure rate of the unit from normal mode to
complete failure/ normal mode to partia failure/ partia
failure to complete failure

ao Maximum constant rate of operation after partial failure

Pm/PM Unit under preventive maintenance/ preventive
maintenance is continued from previous state

WPm Unit is partialy failed and waiting for preventive
maintenance

Fwr/ FUr Unit is completely failed and waiting for repair / under

/FUR repair / under repair continuously from previous state

PFO/PFS Unit isin partia failure mode and operative/ in cold
standby

f(t) / F(t) pdf/cdf of the time for preventive maintenance of the unit
after maximum operation time

ot) / G(t) pdf / cdf of the time for repair of a direct failed unit

0;i(1),Qj(t) p.d.f and c.d.f of first passage time from regenerative state

ik (0,Qijxr (V)

Mi(t)

i toa regenerative state j or to afailed gate j without
visiting any other regenerative state in (O t].

p.d.f and c.d.f of first passage time from regenerative
statei toa regenerative satej or to afailed state |
visiting state k, r oncein (O,t].

Probability that the system up initialy in state S e E
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isup at timet without visiting to any other

regenerative sate

pdf / cdf . Probability density function / cumulative distribution
function

Wi(t) . Probability that the server isbusy in the state S up to

timet without making any transition to any other
regenerative state or returning to the same via one or
more non-regenerative states

®10 : Symbolsfor Stieltjes convolution/Laplace convolution
~I* : Symbolsfor Laplace Stieltjes transform (LST)/ Laplace
transform (LT)

Symbol for derivative of the function

A time point (called regenerative point) at which the
system history prior to it, isirrelevant to the system
conditions.

Considering these symboals, the following are possible transition states of the

system modd:

S = (0, C9), S, = (O, PFS), S, = (O, FUr),
S; = (O, Pm), S, = (PFO, PUr), S = (PFO, PFS),
Ss = (PFO, Pm), S; = (PFO, FUR), S = (FUR, Fwr),
S = (FUR, WPm), S = (PFO, PM), S = (Fwr, PM)
S_LZ = (PM! WPm)

The states § to S are regenerative while the others are non-regenerative.

3. Transition Probabilitiesand Mean Sojourn Times
Simple probabilistic consideration yield the following expressions for the non-
zero elements p; = Q;; (¥) = og; (t) dt as
|

= = 1 , = = , =g*(1+1),
Po1 = P15 1+1, Po2 = P14 1+1, P20= g*( 1)
L . 1 . .
=—r g—g*(1+1), =——d-g*(1+1), = f*(1+1),
P27 1+, 9*( N Pes 1+l 9*( s Pao ( 1)
| . 1 . . |
= a—-f*(1+0L), = —A—Ff*(I+L),pxu= z_,
P10 |+|191 (T+L), psu I+I191 (T+L), ps I +a
L, | .
= = * = = M1—q* I
pa=pn= g*(I,+a,), Pag = Prs |2+a091 g*(l,+a.),
Pio= o=t g* (I, +a)l,  Ps= , Pe2=pass =9*(0),
|2 aoE I2"'a0
L, | .
= =f=* = = M1—f * U
Pe1 = Pro1 = f (|2+aﬂ), Ps,11 = P10,11 I2+a051 f (I2+a0),
Pe,12 = P1o12 = " aﬂa gl—f*(l2+a0)ll , Pr2=pPrzz=f*(0) =1 1)
2 0

It can be easily verified that
Por+ Po2=Paat+ Pis=Poo+ Por + Ps = P30+ P31 + P32 =
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Pa1 +Pag + Pag = Psa + Pss = Peo + Pe,11 T P12 = Pra + Prs + Pro

= Pg2 = Poz = Pro1 + Proga + Prog2 = P12 = Prez=1 2
The unconditional mean time taken by the system to transt from any

regenerative state S when time is counted from epoch at entrance into state § is stated

as.

m;j = 5tinj (t) = - g;* €0) and the mean sojourn times m in states S; are given by

¥
m= OdD(T > t)dt (3)

where T denotes the time to system failure
Using these, we have

My = Mgz + Moy, m = Mg+ Mys, M = My + My7 + My,

My =Mz + Mza0+ Mgy, My = Myg + Myg+ Mygg, N = Msg + Mg,

M = Mgy + Mg 11 + Mg 12, My =Mz + Myg + My, M= Mgy,

My = Mg, Mo = Myo1 + Myg11 + Mg 12,

M1 = Mo M2 = My23 4)

4. Analysisfor System Model
(i) Reliability and Mean Time To System Failure (MTSF)

Let fi(t) be the cdf of the first passage time from regenerative state i to a failed
state. Regarding the failed state as absorbing state, we have the following recursive

relations for f;(t):

fo(t) = Quu(®)® f1(t) + Qua(t) © f (1)

f1(t) = Qu(®)® fa(t) + Qus(t) © fs(t)

f2(t) = Qao(t) S o(t) + Qur(t) O F7(t) + Qus(t)
fa(t) = Qao(t) © fo(t) + Qa10(t) S/ 10(t) + Qa1a(t)
fa(t) = Qur(t) O 1(t) + Qus(t) + Quolt)

f5(t) = Qaat) S fa(t) + Qss(t) S (1)

fo(t) = Qa()® f(t) + Qora(t) + Qor(t)

f2(t) = Qua(t) S 1(t) + Qra(t) + Qrolt)

f 10(t) = Quoa(t) O 1(t) + Quom(t) + QlO,lZ_g) )
Taking LST of relations (5), solving for f (s) and using this, we have
R(9=(- Fo(@)/s ©)

Thereliability R(t) can be obtained by taking Laplace inverse transform of (6).
The mean time to system failure (MTSF)n is given by
. N
MTS(T)=Lim@- fo(o)/s= "
where

Nis = [1-P12Pss —Pa1 (Pra + PisPaa)] [My+ Poa(My+ pazmy)]
+(Por+Po2P27Ps1) [M(PratPisPsa) M+ Pis (M+Pss)]



Stochastic Moddling of a System ... 83

and
D11 = (1- Po2l20)[1- PrsPssPer — Par(Prat PisPsa)]

(ii) Steady State Availability
Let Ai(t) be the probability that the system is in upstate at instant ‘t’ given that
the system entered regenerative state i at t = 0. The recursive relations for Ai(t) are
given as
Ao(t) = Mo(t) + quu(t) © As(t) + dee(t) © Ax(t)
Aq(t) = Ma(t) + qua(t) © Aq(t) + aus(t) © As(t)
Ax(t) = Ma(t) + Geo(t) © Ao(t) + Gar7(t) © Au(t)
+ [O28(t)+0278(1)]© Ax(t) + oz 7o(t) © As(t)
As(t) = M(t) + Gso(t) © Ao(t) + dar1o(t) © Aa(t)
+ [Oz2.11 () + Gz21011 ()] © A(t) + Gaza0.12(t) © As(t)
Aq(t) = May(t) + qu(t) © A(t) + dazs(t) © Ax(t)

+ Qazo(t) © Ax(t)
As(t) = Ms(t) + gsa(t) © A4(t) + Oss(t) © Ag(t)
A6(t) = Ms(t) + q61(t) © Al(t) + q62.11(t) © Az(t) + %312(0 © AS(t) (8)
Where
Mo(D) = May(t) =&, M) = e"M'G(Y), Ma(t) = e “TUE (D)
My(t) = €7 G(t),  Ms(t) = e, Me(t) = e =2 F (f)

Now taking L.T of relations (9) and solving for Ag*(s). Using this
the steady-state availahility of the system is given by

. N
=L An* =_2 (9)
As¥) =Lim s Aot (9=

where
N2 = [(1-P3,10P10,12) (1-P2s-P27P78) - P2rPre(Ps,11+ Pa0 Pio,11) - ParPra
{ (P15Ps6P6, 12+ P14Pag+ P15P5aPag) (P3,11+P3,10010,11) + (1-P3,10P10,12)
(P15Ps6P6, 11+ P14Pas+P1sPsaPas)} - Pa10P101{ (1-Pas-P27Pre)
(P15Ps6P6, 12 P14aPas+P1sPsaPa) + P27P79(P1sPsePe 11+ P14Past PasPsaPas) }
- (P14Par+P15PsaPa1+PrsPsePe){ (1-Pos-P2rizs) (1-P310Pi0:12) - PorPro
(P3,12+P320P1011)} 1M + [Po2(1-P2s-P2rPrs) (1-Pa10P1012) - P27P7o
(P311+P310P1011)} + Poo{ P27P72(1-P310P10,12) + PorProPs10P01} ] [M
+ (P14t P15Ps4)M + PrsMy + PrsPssy] + [Po2(1-P3.10P10,12) +
(P15Ps6P6, 12+ P1aPas+PrsPsaPag){ Po1(Ps11+P3,10P10,11) - Po2P3.10P10.1}
+ Po1(1-P310P1012) (P15P56P6, 11+ PraPastPisPsaPas) - Poz(1-Ps10P10,12)
(P15Ps6Ps1+ PrLaPartP1sPsaPa) 1M + [PozP2rPre + (P15Ps6Ps,12% PraPas
+P15Ps4P40){ Po1(1-P2s-P2rPre) + Po2P27P71} + P2rP7e{ Por(P1sPsepe,11
+P14Pas+P15PsaPas) - Poz(PrsPssPs1tPiaPart PrsPsaPar) } 1M
D2 = [{ P1sPssPs,12 + (Pra+P15Ps4)Pas} { P2o(P3 11+ P3.10P10,11) +Ps0(1-P2s-P2rPrs) }
+ (P15Ps6P6 11+ P1aPasHP15PsaPag){ P2o(1-Pa 10P10,12) + PaoParPro} 1My
+ [ Po2P27P30(PasP71-ParPra) + (PorP2otP2rP7){ Pas(P3.11+P3,10P10,11)
+ Pas(1-P3.10P1012)} + (PozP30tPs,10P10,1){ Pas(1-Pas-P27P7e) + ParProbPash
+ Par{ (1-P2s-P27P7s) (1-P310P10,12) - P27P7e(Ps12+P3.10P10.11)} - Po2P20
{ P3,10P101P40 + Pa1 (1-P3.10P10,12)} 1M + [{ 1-PraPas-Pas(PsePe1HPsaPar) }
{ (1-p3 10P1012) m'+ pz7p79n?el} + (P15PssPe 12 P14Pag+ P15PsapPa)
{ (Po1P2o*+P2771) M" - (PorPaotPa0P101) M }] + (PratPasPsa)l (1-Pas-PrPis
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-Po2P20) (1-P3.10P10,12) - P27P79(P3,12+Po2Ps0+P3,10P10,11)] m*

+ Pas| (P3.11+P3,10P10,11) (P27P71Pa9+Po1P20Pa0-ParP27P7) + (1-P310P10,12)
(PagP27P71+ PagPo1P20-Pa1Po2P20) + (1-Pas-P27P7e){ P15Ps,10P10,1+Po1PsoPas
+P41(1-P3,10P10,12)} + P3.20P10,1(P27P79P48-Po2P20P40)+P3oP27(Po1PasPre
*+Po2P071Pa0-Po2Pa1Pre) M + PasPsel (1-Ps,10P10,12) (P20P0r+P27P71) + P27Pre
(PsoPor+P310P10,1)] M

(iii) Busy Period Analysis Dueto Repair
Let B{!(t) be the probability that the server is busy at an instant t given that the system
entered regenerative state i at t = 0. The following are the recursive relations for B(t):

Bo'(t) = qou(t) © By'(t) + Goa(t) © Bo(1)
By' (1) = dua(t) © B4" (1) + qus(t) © Bs'(®)
B2'(t)= Wa(t) + Golt) © Bo'(t) + Gou7(t) © By(t)
+ [Ca2.8(t) + 02 78(1)]© B2'(t) + Gz 70(t) © Bs'(t)
Bs'(t)= to(t) © Bo'(t) + Gs1.10(t) © By'(t)
+ [Ga211 (1) + Oa21011 (1)] © Bo'(t) + Gs31012(t) © Bs'(t)
BA(t) = Wa(t) + quy(t) © By'(t) + Gazs(t) © B2'(t) + Classlt) © Bs'(t)
Bs'(t)= Gsa(t) © B4'(t) + 0ss(t) © Be'(t)
B (1)=0ex()©B1" + Geza(t) © B2'(t) +0lea1o(t)© Bs'(t) (10)
where
Wo(t) = e "G +[(1 16 1P PO gy +(1 € M O G
Wat)=e G (1) +(1,e " 01)G(1) + (aye ™ 01) G(t)

Taking L.T. of relations (10) and solving for By™*(s) and using this, we can
obtain the fraction of time for which the repairman is busy in steady state
1 _—q; 1* — N3
B = limse (9= 5 (11)
N3 = [Po2(1- Ps;10P10,12) + (P15PseP6,12 + P1aPas + PrsPsaPag){ Por(Ps11
+ P3,10P10.11) - Po2Ps,10P10,1} + Por(1- P3,10P10,12) (P15Ps6P6,11 + PraPas
+ P1sPsapag) - Po2(1- P310P10,12) (P2sPssPer + PraPar + P1sPsaPai)] W; (O)
+ (P14 + PusPsa)[Porf (1~ P2s - P2zP7s) (1- P310P1012) - P27Pro(Paan
+ Pa10P10,11)} + Poof P27P71(1- Pa10P10,12) + PorPrePsioPioa}] W; (O)
and D, isalready mentioned.

(iv) Busy Period Analysisdueto Preventive Maintenance

Let B4(t) be the probability that the server is busy for preventive maintenance
at aninstant ‘t’ given that the system entered regenerative state i at t = 0. The recursive
relationsfor B(t) aregiven as

Boi(t) =Qou(t) © Blzz(t) + Ooz(t) © Bzz(zt)
312 (1) = qua(t) © 524 ) +qus(t) © Bsz(t) , ,
B2 ()= Go(t) © Bo(t) + Gor7(t) © By™+ [O2(t)+022.78(1)]© B2 (1) + Qs 7e(t) © Bs7(t)
Bs?(t)=Ws(t)+Gso(t) © Bo(t) +0s1.10(t) © By(t)

, + [Os2.11 (1) +2C132.1o,11 ®]© Bzzgt) + Oz3.1012(t) ©2532(t)
By (1) = Gau(t) © By (1) + Qazs(t) © By ()+ Guss(t) © Bs™(D)
Bs“ ()= dsa(t) © B4“(t) + 0e(t) © Be(1)
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Be?(t)= Wa(t) + Gea(t)© B(t)
+ Os2.12(t) © B,(t) + Gez12(t) © B3(1) (12)
Where

W) = € " E @ + (16 o) Fy + (Le M o1)F),

We(t) = & F (1) + (1,6 " 01) F (1) + (a,e " 01) F (1)

Taking L.T. of relations (12) and solving for Bo**(s) and using this, we can obtain the
fraction of time for which the repairman is busy in steady state

N
2 _; 2 — V4
B = limsBy (9 =" (13)
where,

Na = [P27P70{ (P15P56P6, 11+ PraPastP1sPsaPas) + Po2(1-P1aPai-PisPsaPar
~P1sPssPe1)} + (P15Ps6P6, 12+ P1aPag+P1sPsaPag){ Por(1- P2s - P27Prs)
+ PoaP2rPra} ]V, (0) + PasPssPor{ (1- Pas - Pzrre) (1- Pa10P1012)
~P27P79(P3,11%P3,10P10,11) } +Po2{ P27P71(1-P3,10P10,12)
+I327I379I33,10p10,1}]vvg (0)
and D, is aready specified.
(v) Expected Number of Visits
Let Ni(t) be the expected number of visits by the server in (0,t] given that the
system entered the regenerative state i at t=0. We have the fallowing recursive relations
for Ni(t):
No(t) = Quu(t) & Ny(t) + Qua(t) &) [1+No(1)]
Ni(t) = Qu(®) © [L1+Na(®)] +Qus(t) & Ns(t)
Na(t) = Qao(t) © No(t) + Qar7(t) & Ny(®)
+[Qaz(t) + Qa278()] & Na(t) + Qaaze(t) & Na(t)
N3(t) = Qao()® No(t)+Qsr.10(t) © N1 (t)+[Qs2.11(t) +Qs2.10,1:(1)] S N()
+Qa31012(1) © Na(t)
Na(t) = Qu(t) S Ny(t) + Qazs(t) © Nat) + Quso(t) O Ny(t)
N(t) = Qsa(t) S [1+N4()] +Qse(t) S [1+Ns(t)]

Ng(t) = Qea(t) © Ny(t) + Qeoa(t) © Na(t) + Qezo(t) S Na(t) (14)
Taking LST of relations (16) and solving for i (s) -

The expected number of visits per unit time can be obtained as

— i J — Ns
Ny = Ll(g(')] SMO (S) = Ez (15)
where

N5 = (1- P3.10P10.12) (1- Pos - P2rPrs) - PorPre(Ps11tPs.10P1011) + Po2l Por
(1-p1apPas-P1sPsaPas-PrsPsePs,11){ P71(1- Ps10P10,12) + ProPsr0Pi01}
- (P15Ps6Ps,12HP14Pa9 T P1sPsaPag){ P27P71(Ps,11+Ps 10P10,11) + Pa10P10,1
(1- P2s- P27P78)} - (PraPar+PrsPsaPartPisPsePer){ (1- Pas - P27Prs)
(1- Ps10P10,12) - P2rP7e(Pa11P3,10P1011)} ]
and D, isaready specified.
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(vi) Cost- Benefit Analysis
Profit incurred to the system model in steady state is given by
P = KiAo—K3 BlOl —Ks Blo2 —K4 Ny (16)

where

K1 = Revenue per unit up-time of the system

K, = Cost per unit time for which server is busy in repair

K3 = Cost per unit time for which server is busy in preventive maintenance
K4 = Cost per unit visit by the server

Particular Case

Letustake g(t) = qe™ f(t) =be™

By using the non-zero elements p;, we get the following results:

MTSF (Tl) = Nll/Dll s Avallablllty (AlO) = Nz/Dz

Busy Period for repair (B1o) = Ny/Dy,

Busy Period preventive maintenance (Bloz) =N4/D,

Expected no. of visits (Nyg) = Ns/D-

where

Ni = (b+| 2+ao)(| 2+ao)(| I 2+| ao+| 1| 2) [(q+| +1 1) (q+| 2+a0)
+1(g+ 1+ 2+ag)] + 1 a[(g+ + 1) (gH 2+ag) + 1 g][l 1(g+l 2+ao)
(b 2+2a0) + (b+l z+ag){(l 2+ao)(q + + 2+ao) + 14l 2}]

Dui= (g+l 2+ag)[(I + )(g+l + 1 1)- gl J[(a+ 2+ag){ (I + 1)(I 2+ag)
(b+l 2+ap) - bl 1a0}- q(b+l 2+ag){l (I z+ao) + 1 4l 2}]

N2 = bq[(l +11)(l 2+ao) (a+l 2+ao) (b+ +agd{{(b+ +11) (b+ »+av)

-1 1ao}{(q+| 1) (q+| 2+ao) -1 ll 2} -1 1a0{| (b+| 2+a0) + 1 ll 2}}

- aol 1q{| (b+| 2+a0) + 1 ll 2}{' 1ao(q+| 2+ao) + (b+| 2+ao)
(l | 2+| ao+| ll 2)} - ql ll 2{ (b+| + 1 l) (b+| 2+ao) -1 1a0}{| 1do
(gl 2+ag) + (b+l 2tag) (Il 24+ agtl 4l 2)}- bl 1a{ (g 1) (H 2+ao)
-1 1| 2}{' 1a0(q+| 2+a0) + (b+| 2+a0)} (l I 2+| a0+| 1| 2)
- bl 21' 2ao{| 1ao(q+| 2+ao) + (b+| 2+ao) (l | 2+| ao+| 1| 2)}
- {bl 1a5(atl 2+ao) + q(bo+l 2+a) (I 1 2+ agtl 4l )H{(a+ 1)
(g 2*ag) - 1 4l FH{ (b+l +141) (b+ 2*ag) - | 1@0} - 1 1a0{l (bH 2+ao)
+1 4l o} +{11(aH 1) (O+ 2+ao) - I 1l H{(b+ +1 1)(b+l 2+ao) - I 120}
-1 21a0{| (b+| 2+ao) + | ll 2} +11 1q{ (b+| + | l) (b+| 2+ao) -1 1ao}
+11 Zlbao}{l 1ao(q+| 2+ao) + (l 1+| 2+ao) (q+| 2+ao) (b+| 2+ao)
+ (b 2tag) (I 2t aotl ol 2)} + (gt 2+a){l (I +1 1)(I 2*ao)
(bH 2tag) (gt z+ag){ (b+l +14) (b+ 2+ao) - | 120}
+ | 1a0{| 1a0(q+| 2+a0)+(b+| 2+a0)(| I 2+| a0+| 1| 2)}{' (l 2+ao)+| 1| 2}
+ 1l o{(b+ + 1) (b+ 2+ap) - | 1a0}{] 1@0(qH 2+ag)+(b+l +a)
(11 24 agtl ol 2} - 1 {(bH + 1 1)(b+ 2+ag) - I 1@} {bl 1a0(qH 2+ao)
+q(b+ 2tag)(l | 2+ agH 4l 2)}} + 1 1ag(b+ 2+ag){l (I +1 )(I 2*ao)
(gl 2*ao) (bl 2+ag) + {1 1a0(qH 2*ag) + (b+l 2+ag) (I 2+ ao
Hoal QH(aH 1) (gt 2+a0) +1g -1l 2} + 14l ofl 180 (9H 2+a0)
+ (bl 2+ag) (I 2+l agtl 4l 2)} - 11 1bao(g+ 2+ao) - | g(b+l 2+ap)
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N3=

N4=

N5=

and

(I'l o+l agtHl 4l 5)}]

b(q+| + | l) (q+| 2+a0) (l | o+ agHl 4l 2)[| ql 2{ (b+| + 1)(b+| 2+ao)
- I 1agH{l 1a0(g+l 2+ag) + (b+l +ag)(l | o+ agH 4l )} + 1 (1 +l 1)
(I 2+ag)(gH 2+ao) (bl z+ag){ (b+l + 1)(b+l 2+ao) - 1 1@0}+ I 120
(l | >+ agHl 4l 2){' 1a0(q+| 2+a0)+(b+| 2+a0)(| | o+l agHl 4l 2)}
- H{(bH +1 1)(b+l 2tag) - | 1acH{bl 120 (g 2+ao)+a(b+l + 1)
(Il 2+ agHl 4l 2)}+o(gH 2+ag)(b+ 2H+ag)[l 1{ (a+ 1)(g+ 2+ao)
-4l 2}{(b+| +l 1)(b+| 2+a0) -1 1a0} -1 zlao{l (b+| 2+a0) +1 4l 2}
+1110{ (b+l +l )(b+l z+ao) - | 1a0t +11%bag]

al 1@o(b+l + 1) (b+H 2+ag)l (I + 1)(I 2+ao)(q+l 2+ag)(b+l 2+ao)
+{l1a0(qtl 2tag) + (b+ +ag)(l I 2+l aotl 4l 2)}{ (g+l 1)(aH 2+ao)
+ ql -1 4l 2} +1 4 2{' 1ao(q+| 2+ao) + (b+| 2+ao)(| | o+l ag+l 4l 2)}
- bl [1ao(qtl 2+ag) - gl (b+ z+ao)(l | 2+ agtl 1l 2)] + gl 120(q+ 2+ao)
(b z+ag)bl | ot { (q+ 1)(qH 2+ag) - | 1l H{ (b+ + )(b+ +ao)
-1 1a} + 1 110{ (b+ + )(b+ 2+ag) - | ag} - | *1ac{| (b+ 2+ao)

+14l 5}]

bal [(I + 1)(I 2+ag)(a+ z+ac)(b+l 2+ag{{(b+l + 1)(b+l 2+ag) - | 180}
{(q+| 1) (q+| 2+a0) =14l 2} -1 1a0{| (b+| 2+ao) + 14l 2}} - ql 1ao{|
(b+| 2+ao) +1 4 2}{| 1ao(q+| 2+ao) + (b+| 2+ao) (l | o+l agtH 4l 2)}

- gl 4l o (bH + ) (b+ 2+ag) - | 1a0}{l 120(qH 2+ag) + (b+ 2+ao)
(l | o+ agHl 4l 2)} - bl 130{ (q+| 1) (q+| 2+ao) -1 4l 2}{' 1ao(q+| 2+ao)

+ (b+| 2+ao) (l | 2+| a0+| 1| 2)} - bl 12| 2a0{| 1ao(q+| 2+a0) + (b+| 2+a0)

(I'l o+l agHl 4l 5)} - {bl 1a0(g+l 2+ag) + q(b+l »+ag) (I | 2+ agt 4l )}
{{(a+l 1) (@t 2ta) - I ol }{(b+l + 1)(b+H 2+ao) - | 180} - | 1a0{!
(bHl 2tag) + 14l 2} }] + ba(l + 1)(I 2+a0) (H 2*ag) (b+ 2+ag)[l | 1
(b + 1)(b+ 2tag) - 1 1a0} +1 1 {(q+ 1) (g+ 2+ao) - |4l 2}{

(b+ + )b+ +ag) - 1120} +11%bag- 1 ag{l (b+l +ag) +1 4l 2}

= bg[ae{l 1a0(g+ 2+ ag) + (b+l 2+ap) (I | 2+ agtl 4l 2)}H{a(g+ o+ ao)

{1 (b+l 2+ag) + 14l o} +b(b+ Hag){(g+l 1) (q+ 2+ ao) - I 1l 2}}
+ | 2{' 1ao(q+| >+ ao) + (b+| 2+a0) (l | o+l agHl 4l 2)}{b| 1a0(b+| 2+a0)
+d(gt 2+ ag){ (b+ + 1 )(b+ 2tag) - | 1a0}}] +ba(l 2+ao) (b+ 2+ao)
[bl1ao(at 1) (O o+ @g) (b+H +1 1+ 1 2+ao) + gl 1(g+ + 1+ | 2+ag)
(bt z+ag){l 2(b+ +11) +1ao} + q(l + 1 ){{(a+ | )(a+! 2+ ao) - 1l 2}
{(b+l +14) (b+l 2*ag) - I 120} -1 120{1 (bH 2#+ag) + 14l 2}} - ql
(qtl 2+ ag){ bl 1@+ a{ (b+1 +1 1) (bl 2tag) - 1 1840} }] + b(gH 2+ ao)
(! + T [( + T ){ o+ +14) (bt 2+ag) - 1 1agH{(l +11)(I 2+ ao)
(gl 2+ag)(b+ 2+ao) -q(b+ 2+ag)(l | 2+ agtl 4l 2) - bl 1@0(qH 2+ @)}
- bl 1ao(b+| + 1+ 2+ao){| 1ao(q+| 2+ao)+(b+| 2+ao)(| | 4+ agHl 4l 2)}]
+11a0q(b+ + 1) (bH 2+ao)[q(aH + o+ | +ag)f | 1a0(q+ 2tao)
+ (b 2tag) (I 1ol agtl ol 2)} + (I +H ) (I +1 )(I 2*+ag) (9+ 2+ao)
(b 2+ag) - q(b+l +ao) (I 1 2+ agtl 1l o) - bl 1a0(qH 2+ag)}]
+b(qH 2+ag)(b+ z+ao) (I 2+ agH 1l [{ (a+ 2+ao)(ql 1+ | 1+ %)
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- lI 2 (| + l)}{(b+| +| l) (b+| 2+ao) - 130} - 130{' (b+| + 1)

(b+l 2+ag) + 14l o(1 +11)}] + 1 1bq(b+ 2+ag)[dl 1a0(q+! 2+ag)

{I (b+l 2+ag) +l 4l 2} +a{ (b+l +1 1) (b+l 2+ag) - | 1@} {1 1l 2q+ + 4
+1 +a0) - | q(a+ 2+ag)}t +{(q+ 1) (a+ 2+ao) - 1 1l 2H{bl *(a+ 2+ao)
+ bl ja0(b+l 2+aop) + q(l + 1 ){(b+ +1 1) (b+l 2+ao) - 1 180} }

+ bl jac{l ol 2(b+H +1 1+ 1 2+ag) - 1 g(g+l 2+ag)}] + gl 1a0(aH 2t+a)
(b+l z+ag)[bl %ag(b+ + 1+ 1 z+ag) + gl 1(gH + 1+ | z+ag){ (b+ +1 1)
(b+| 2+a0) - 1a0}]

5. Conclusion

The numerical results obtained for particular values of various parameters
indicate that the mean time to system failure (MTSF), availability and profit incurred to
the system model decrease with the increase of maximum operation time (ao), direct
failure rate (I ) and partia failure rate (I ;) as shown in tables 1, 2 and 3. But their
values increase as repair rate (q) and preventive maintenance rate (b) increase. It is
concluded that a system in which preventive maintenance is carried out after a specific
period of operating time at partially failure stage can be made profitable giving priority
for operation to new unit over partialy failed unit. However, such a sysem has less
MTSF as compared to the system where no priority is given for operation to the new
unit.
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Table-1
o Mean Time to System Failure( MTSF)
A=1301=17, | A=.16,A1=.17, | A=.131=.20, | A=.13A1=.17, | A=.131=.17,
l A2=.21,6=2.1, | A2=.21,6=2.1, | A2=.21,6=2.1, | A2=.21,6=2.6, | A2=.21,6=2.1,
p=2.7 p=2.7 p=2.7 p=2.7 p=3.7
5 7.588071 7.22887 6.670627 7.731869 8.051282
10 6.56007 6.32531 5.693827 6.651233 6.823007
15 6.209871 6.016065 5.362984 6.288034 6.394234
20 6.033109 5.85966 5.196402 6.105867 6.175197
25 5.926476 5.765199 5.096049 5.996381 6.042101
30 5.855135 5.701955 5.028971 5.923313 5.952622
35 5.804049 5.656644 4.980968 5.871083 5.888324
40 5.765664 5.622584 4.,944915 5.83189 5.839884
45 5.735765 5.596046 4,916844 5.801393 5.802076
50 5.711819 5.574787 4.894368 5.776988 5771744
Table-2
o Availability
A=13201=17, | A=.16,A1=.17, | A=.131=.20, | A=.13A1=.17, | A=.131=.17,
l A2=.21,6=2.1, | A2=.21,6=2.1, | A2=.21,6=2.1, | A2=.21,6=2.6, | A2=.21,6=2.1,
p=2.7 p=2.7 p=2.7 p=2.7 p=3.7
5 0.98745 0.986323 0.983299 0.990065 0.994247
10 0.977455 0.976042 0.972621 0.979486 0.985052
15 0.974213 0.972716 0.969089 0.976068 0.981973
20 0.972653 0.971117 0.967371 0.974434 0.980471
25 0.971745 0.970187 0.966363 0.973488 0.97959
30 0.971154 0.969581 0.965704 0.972875 0.979015
35 0.970739 0.969156 0.96524 0.972446 0.97861
40 0.970433 0.968842 0.964896 0.97213 0.97831
45 0.970198 0.968601 0.964631 0.971889 0.978079
50 0.970011 0.96841 0.964421 0.971697 0.977896
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Table-3
oo Profit
A=.13A1=.17| A=.161=.17| A=.13,A1=.20| A=.13,A1=.17) A=.13,A1=.17
A2=.21,06=2.1| A2=.21,0=2.1] A2=.21,60=2.1| A2=.21,6=2.6] A2=.21,6=2.1
p=2.7,K1=50{ p=2.7,K1=50( p=2.7,K1=50( p=2.7,K1=50( =3.7,K1=50
K2=150,K3=] K2=150,K3=] K2=150,K3=] K2=150,K3=] K2=150,K3=
K4=50 K4=50 K4=50 K4=50 K4=50
5 4912.171 4902.85 4890.107 4927.102 4946.603
10 4863.481 4852.985 4838.012 4875.399 4902.102
15 4847.761 4836.938 4820.849 4858.767 4887.289
20 4840.217 4829.246 4812.52 4850.833 4880.092
25 4835.835 4824.779 4807.646 4846.249 4875.885
30 4832.985 4821.876 4804.46 4843.282 4873.139
35 4830.99 4819.843 4802.22 4841.211 4871.211
40 4829.516 4818.342 4800.56 4839.687 4869.785
45 4828.385 4817.19 4799.283 4838.52 4868.689
50 4827.49 4816.278 4798.27 4837.598 4867.82




Stochastic Moddling of a System ... 91

State Transtion Diagram
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