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Abstract

A system, or unit, is said to be working under normal weather conditions if the system is
working under prescribed conditions as defined/stated by the definition of reliability of
system/unit, otherwise the system is said to be working in abnormal weather conditions. For
example, if a car with the capacity for five persons is carrying more than five persons, it will
be said to be working under abnormal weather conditions. Another example, if a hydraulic
machine having the capacity to lift a maximum weight of 500 tons is lifting a weight of 600
tons, then the machine is working under abnormal weather conditions. Hence, in this
situation, work done by the machine is out of its capacity and the machine is working in
abnormal weather conditions. If the machine is working within the capacity of the stated
conditions, it is said to be working in normal weather conditions. The main purpose of this
paper is to analyze the profit of a two-unit system called the standby system that is working
under different weather conditions in an inspection facility. There is a single perfect server
who visits the system immediately whenever required. A server inspects the unit before
repair/replacement of the failed unit. All the mechanical activities done by the server are only
possible during normal weather conditions. There are two possibilities after inspection of the
unit; either repair of the unit is feasible or not feasible. If repair of the unit is not feasible,
then the unit will be replaced immediately by a new unit. Otherwise, the repaired unit works
as a new unit. The operative unit undergoes preventive maintenance after a specific
(maximum) operation time. All random variables are statistically independent. The failure
rate and the rate by which the system undergoes for preventive maintenance are constant
whereas the inspection rate, repair rate, and maintenance rate follow negative exponential
distributions. The expressions for several reliability measures are derived in steady state
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conditions using the regenerative point technique and semi-Markov process. The graphical
behavior of MTSF, availability and profit function, has been depicted with respect to
preventive maintenance rate for arbitrary values of other parameters and costs.

Keywords: Profit Analysis; Cold Standby system; Preventive Maintenance; Repair
inspection; Weather Conditions

MSC2010 No.: 60NOS and 90B25

1. Introduction

It is not possible, in general, that every product can be used only under the prescribed
conditions by the manufacturers. Sometimes, the system works under partial prescribed
conditions. In this situation, the system cannot be covered by the manufacturer warranty.
Keeping such type of situation in mind the researchers including Goel et al. (1985) examined
cost analysis of a two-unit cold standby system under different weather conditions. Gupta and
Goel (1991) have obtained profit analysis of a two-unit cold standby system with abnormal
weather conditions. Rander et al. (1994) have evaluated cost analysis of a two dissimilar cold
standby system with preventive maintenance and replacement of standby. Gupta and
Chaudhary (1994) analyzed profit of a system with two-units having guarantee periods and
delayed operation of standby. Gopalan and Bhanu (1995) have discussed cost analysis of a
two unit repairable system subject to on-line preventive maintenance and/or repair. Kumar et
al. (1996) have obtained a probabilistic analysis of a two-unit cold standby system. Sridharan
and Mohanavadivu (1997) analyzed cost benefit of a one server two dissimilar unit system
subject to different repair strategies. Kadyan et al. (2004) have evaluated stochastic analysis
of non-identical units reliability models with priority and different modes of failure.

Reliability models with priority for operation and repair with arrival time of server have been
studied by Chander (2005). Malik and Barak (2007) obtained a probabilistic analysis of a
single system operating under different weather conditions. Malik et al. (2008) examined a
stochastic analysis of an operating system with two types of inspection subject to
degradation. Malik and Barak (2009) obtained a reliability and economic analysis of a system
operating under different weather conditions. Pawar et al. (2010) have discussed steady state
analysis of an operating system with repair at different levels of damage subject to inspection
and weather conditions. Malik and Barak (2013) analyzed reliability measures of a cold
standby system with preventive maintenance and repair. Barak and Neeraj (2016) have
obtained economic analysis of a system reliability model with priority to preventive
maintenance over repair subject to weather conditions. Barak and Neeraj (2016) examined a
system reliability model with priority to repair over preventive maintenance under different
weather conditions. Ram and Nagiya (2016) discussed the performance evaluation of mobile
communication systems with reliability measures. Ram and Manglik (2016) analyzed
reliability measures of an industrial system under standby modes and catastrophic failure.
Ram and Manglik (2016) have analyzed a multi-state manufacturing system with common
cause failure and waiting repair strategy.

Recently, Barak et al. (2017) have discussed stochastic analysis of a two-unit system with
standby and server failure subject to inspection. Keeping the above study in mind, they
developed a model two-unit cold standby system working under different weather conditions
(Figurel state transition diagram). There is an inspection facility, unit is inspected before
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repair/replacement of the failed unit, and no requirement of inspection before preventive
maintenance of the unit. There is a single perfect server who visits the system immediately,
whenever required, and works only in normal weather. The server is not allowed to do any
activity in abnormal weather. During inspection, if the server found that repair of the unit is
not feasible, then the failed unit will be replaced by a new one; otherwise, a repaired unit will
work as a new unit. The operative unit undergoes preventive maintenance after a specific
(maximum) operation time. All random variables are statistically independent. The failure
rate and the rate by which the system undergoes preventive maintenance are constant whereas
the inspection rate, repair rate, and maintenance rate follow negative exponential
distributions. The expressions for several reliability measures are derived in steady state
using the regenerative point technique and semi-Markov process. The graphical behavior of
MTSF, availability and profit function, has been depicted with respect to preventive
maintenance rate for arbitrary values of other parameters and costs.

2. Notations

E: The set of regenerative states {So, S1, S2, S3, S4, Ss, S}

O/Cs: The unit is operative/cold stand by

00: Maximum constant rate of operation time

A Constant failure rate of the unit.

Bl Abnormal weather rate / Normal weather rate

f@)/F(t): pdf /cdf of preventive maintenance time

g(t)/G(t): pdf /cdf of repair time of a failed unit

h(t)/H(t) : pdf/cdf of inspection time of failed unit

alb: probability that unit goes for repair/replacement after inspection

Py /WP, : The unit is under preventive maintenance/waiting for preventive
maintenance

Pm /WP Preventive maintenance/waiting for preventive maintenance activities are
stopped due to abnormal weather.

PM / FUR' The unit is continuous under preventive maintenance/under repair from
previous state.

PM /FUR: The unit is continuous under preventive maintenance/under repair from
previous state server activities are stopped due to abnormal weather
conditions.

FUr /WFUTr : The failed unit under repair/waiting for repair due to server is busy with
another unit.
FUr /WURy: The failed unit under repair/waiting for repair is stopped due to abnormal

weather.

FUI/WFUi:  The failed unit continuous under inspection/waiting for inspection from
previous state.

FUi/Fwui:  The failed unit under inspection/waiting for inspection is stopped due to
abnormal weather conditions.

FUI/FUI : The failed unit is continuous under inspection from previous state /inspection

of the unit is stopped due to abnormal weather conditions.
Pmm/PMm:  The unit is under continuous preventive maintenance resumed from previous
state which is halted in between due abnormal weather.



70 M. S. Barak et al.

FUrr/FURr :  The failed unit is under repair continuous resumed from previous state which
is halted in between due abnormal weather/ unit is under repair continuous
from previous state after halting due to abnormal weather.

FUii/FUIli :  The failed unit is under continuous inspection resumed from previous state
which is halted in between due abnormal weather/ unit is under inspection
continuously from previous state after halting due to abnormal weather.

Mi; : The unconditional mean time taken by the system to transit from any

regenerative state Si when it (time) is counted from epoch of entrance in state
Sj . Mathematically it can be written as
my; = Jtd[Q; (V] = —a; (0)
L The mean Sojourn time in state S; this is given by
2 = E(t) = Ofp(T >t)dt =>m; where T denotes the time to system failure
0 J

gi,j(®)/Q; j(t): pdficdf of passage time from regenerative state Si to a regenerative stage or
to a failed state/weather affected state S; visiting state once in(0,t]

7(‘;*(“5) (tz ): pdf/cdf of direct transition time from regenerative state S; to a regenerative
i,j:k(r,s) (T
stage Sj or to a failed /weather affected state S; visiting state Sk once and
more times states Sy and Ss in (0,t].

Rij: Probability of transition from state S; to Sj
Pikaor ®©F Probability of transition time from state Si to S; visiting state Sj, Sk once and
more times states S and Ss in (0,t]
~[*: Symbol for Laplace Steltjes transform/ Laplace transform
®ID: Symbol for Laplace Stieltjes convolution/Laplace convolution
B : used to stopped all mechanical activity due to abnormal weather
'(desh): Used to represent alternative result

3. Transition Probabilities and Mean Sojourn Times

Simple probabilistic considerations yield the following expressions for non-zero elements in
particular case: let f(t)=6e %" and g(t) =ge *"

pij = Qjj () = JQij (t)dt 1)

_ __ 4 e __ B A
Pos ao+ﬂ,’p0’2 a0+l’pl’o 2+ﬂ+9+a0’p1’3 /1+ﬂ+¢9+a0’p1’9 A+ B+0+a

D _ (2] pZO:b—n p24:a—77 — ﬂ
W s gr0+ay’ © A+pB+n+ag’ " /1+/5'+77+a0’p2’6_1+,b’+77+a0

%o A i

P2,23 _—/1+,3+77+0!o ) P2,31=/1+ﬂ+77+a0 v P31= P54 = Pg2 =m
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A

24
Pao=—————:P313=P537 =P 27 =7 1 P315 = Ps.36 = P20 =
¢+a0+ﬂd+ﬂ ﬂ"‘ﬂl"'ao 3,15 5,36 6,29 /1+ﬁ1+a0

00!0
L+O)(A+0+p+ag)

1 Pg20 = » Prit0 = (

0
p+oag+A+p

A
P45 = 0—1 Pg17 = m

1y P7.8 = Pog = P1011 = P12,11 = P1413 = P1615 = i

0+p

0
P72 = P92 =P101= P121 = P141 = P16,2 = m
¢
P+ p
Pag b B oA o _ bagn
B+O)A+0+B+ag) 2T (BrO)A+0+frag) | BT (Bn)A+n+f+ap)

P B bAn B ¥,
B+O)A+0+frag) 22 Grm@int Brag) ¥ T (Brg)d+ g+ prag)

P17,2 = P19,2 = P201 = P221 = P261 = P34,2 = P352 = P3g1 =

P11100112) = (

P1,2,98,7) =

P17.18 = P19.18 = P20,21 = P22,21 = P26,37 = P34,36 = P35,36 = P3g,37 = ¢fﬁ
alg
(B+d) o+ A+ Br)

B
(B+P)(A+¢+f+a)

023,26 = P25.26 = P28.26 = Pa0.3s = Paras = Pazza = ——, p - bpag
23,26 25,26 28,26 30,34 31,34 33,34 n+ ﬂ y M2,1,23(24,25) (ﬁ i 77)(/1 i+ ﬂ i 050)

P87 = P1112 = P1213 = P1314 = P1516 = P18.19 = P21,22 = P24.25 = P27.28 = P29.30 = P32,33 = P36,35 = P37.38 =1

aaef7 1 P21,23(24,25)26 = aco/ip
B+m(A+n+B+ag)g+p) T (B+n)(A+n+B+ag)g+p)

b
P231 = P251 = P281 = P30,2 = P31,2 = P332 = 77—77 1 P6,2,(29,30)34 =

+p

B
P23,24 = P25,24 = P28,27 = P30,29 = P31,32 = P33,32 =’7— » P4,217(1819) =

+p

P21,2326 =

aap’ 0 _ acgnp
B+m)A+n+B+ag)p+p) 2T T (B Ay + B+ ag)d+ B)

bAs 0 _ aing
(B+m)A+n+B+ag) 223 T (Ban)(B+P)A+n+B+ap)

alpy 0 _ ainp
B+A)B+mA+n+Brag)’ 223 T g S+ A+ B+ ag)n+ B)
aip? -  a
(Bt P Atn+Brag)fin) T3Ha314) = PsL@7ss) =77mp

P2,1,23(24,25)26(37,38) =

P2,2,31(32,33) =

P2,2,31(32,33)34 = (

P2,2,31(32,33)34(36,35) =
bﬂ p _ 0l0¢
A+Birag) 0 (Bra)(A+g+ B+ag)

Oloﬂ Do 1. _ bao D _ aao¢
BrA)A+p+frag) FC T Gk prrag) TOHEIR T (51 gy v At )

aogyf o _ aip (2)
(B+P)(ag+A+py) 303G 5 5y + A+ By)

P3,2;(15,16) = Ps,2;(36,35) = » P6,2:(29,30) =

A
A+ B +ag

v Pa1:20(21,22) = (

P6.1,(27,28)26(37,38) =

The mean sojourn times (g and ) is the state S; are
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1 1 1 1 1

#0:a0+/1’#1_a0+/1+ﬂ+9’ﬂz_a0+/l+,8+r7’ﬂs:ﬂs:ﬂ62a0+ﬁ+ﬂl’ﬂ4_a0+/1+ﬂ+¢
3)

ﬂ,:9ﬂ1+(i+ao)(ﬂ+ﬁ1) p _n9p+(ag +A)(B+ p)(¢+an) ﬂ':9ﬂ1+(ﬂ+ao)(ﬂ+ﬁ1+9)

0B+ B+0+ag) ' onp(+Brn+ag) OB (A+ Py + o)
M:ﬂ1¢+(ao+/1)(ﬁ+ﬁ1) A+ A+ ag)(B+Bi+9)

PR+ Prag+g) PR+ pLrag)
= P +(aq + A)P(B+ By +n) +alag + A)B+ Bn 4)

gnpi(A+py+ag)

4. Reliability and Mean Time to System Failure (MTSF)

Let ¢ (t) be the cdf of first passage time from the regenerative state Si to a failed state.
Regarding the failed state takes as absorbing state. We have the following recursive relations

for ¢ (t)

o (t) =Go1(t) ® A1 (t) + o 2 (1) ® &> ()

(1) =01,0(t) ® o (t) +y,3(t) ® @3(t) + A o(t) +dp10(t)

P (t) =02,0(t) ® dp(t) + 02,4 (t) ® P4 (t) + 02 6 (1) ® g6 (1) + 02, 23(t) + 2 31(1)

#3(1) =032() ® ¢y (t) + dz13(t) +A315(t)

P4 (t) =dao(t) ® do(t) +Asa5(t) @5 (t) + 417 (t) +da20(t)

#5(t) =05,4(t) ® ¢4 (t) + s 36(t) + 05 37 (1)

#6 (1) =0g,2 (1) ® ¢ (t) + 0 27 (t) + g 29 (1) ®)

taking Laplace transform of above relation (5) and solving for 4, (t) . We have
o o 1-¢
R'(9) -0 (6)

the reliability of the system model can be obtained by taking Laplace inverse transformation
of (6). The mean time to system failure (MTSF) is given by

MTSE = fim =%0() _ MN
s>0 S MD

where
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MN =[{(0+ A+ aq +B)A+ag+ B1) - BB LH(n+ A+ ag + B) A +ag + Br) - BB}
{(@p+2+ag+p)A+ag+ 1) - BB}l +ao{(n+ A +ag + YA +ag + B1) — BBLHA+ag + BL+ B)
{(@p+A+ag+p)A+ag+B) - BB+ KO+ A+ag+ B)(A+ag + B) - BB} (A +ag + B+ B)}
{(p+A+ag+p)(A+ag+B1)- B}l +[adn(A+ag + B)(A+ag + B+ pr1)
{0+ A+ag+B)A+ag+ B) - BB

MD =[(A+ao{(n+A+ag + B)A+ag + p1)— BBH(O+A+aq + BN A+ag + B1)— B1)}
—Oag(A+ag+ i H{m+A+ag+ B)A+ag+ Br) - BB)}r—-bni(A+ag + B0+ A+ag + B)
(A+ag+p1) - BN+ (@ +A+ag + B)A+ag + f1) - BBl

~[anig(A+ag + B0+ A +ag + B)A+aq + B) - fB)]

()

5. Steady State Availability

Let A(t)be the probability that the system is in up-state at instant ‘t’ given that the system
entered regenerative state S; at t=0. The recursive relations for A (t) are given as

Ay (t) =M (t) + 0o (t) ® Ay (t) + o2 (1) @ Ax(t)
A () =My (t) +ag,0(t) @ Ag (t) +[dr1:00 (1) + dr100122) DD A (1) +[01,2,9 (1) + dg,2,98,7) (DT D A, (1)
+01,3(H) @ Ay (1)

A (t) =M (t) + a0 (t) @ Ag(t) +[A2,1,23(t) + A2,1,23 26 (1) + A2,1,23(24,25) () + U2 1,23(24,25)26 (1)
+02,1,23,26(37,38) ()05 1 2324.25) 26(37,38) (V1D AL(D) +[02,2,31 (1) +02,2,31,34 (1) + U2,2,31(32,33) (1)
+02,2,31(32,33)34 (1) + 02,2,31,34(36,35) (1) + U2,2,31(32,33)34(36,35) ] © Ao (1)
+02,4(1) @ Ag(t) + dp6(t) D Ag (1)

A3 () =Mz (t) +[az1(t) +d31,1314) (D] A (1) + U3 2,1516) (1) D A, ()

Ay (1) =My (t) +da,0(t) D Ay (t) +[da 1,20 (t) + Aa.1,20(22,22) (DI D A (1)

+[da,217(t) + 04,217(1819) (D] D Ay (1) + s 5 (1) D Ag (1)
As(t) = M5 (t) +[0s 1,37,38) ()] D A (t) +[05,2,(36,35) (D] D Ao (t) + 05 4 (1) © A4 (1)
As(t) = Mg (t) +[dg 1,(27,28) (1) + s 1,(27,28)26 (t) + Us 1,(27,28)26(37,38) (D] D A ()
+[d6,2(t) +Ug 2,(20,30) (1) + U 2,(20,30)34 (1) + Up,2,(29.30)34(36,35) ] ® Ao (1)

(8)

where, M;(t) is the probability that the system is up initially in state S; € E is up at time ‘t’
without visiting to any other regenerative state. We have

Mo(t) = e_(ao +A)t , Ml(t) = e_(llo +ﬂ+ﬁ)tW M Z(t) _ e—(ao +ﬂ+i)tH_(t) M 4(t) _ e_(ao +ﬁ+ﬂ")tm
and
Ms(t) = M5 (t) = Mg (t) = (@0 +ArAt )

taking Laplace transform of above relations (8) and (9) and solving for Ay(s) . The steady state
availability is given by
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. * sN
Ay (e0) = S|£n0 sAy(S) = o where

{(@+A+ag+B)A+ag+ ) - BBH(O+A+ag+ B ) A+ag+ By) - BB}
U+ A+ag+ ) A+ag+ B)- A}
[(A+ag)(A+ag+B)°(A+ag+0+B)A+ag+d+B)(A+ag+1+B)]

D=X+TW +W, +W;3),
where

w _[anif(0+ag+ i+ p)A+ag+ B) - fpHao+ A+ 4+ B+ BB+ ) - BidY]
PR +ag+ A (A+ag+0+ B)(A+ag+d+ B)(A+ag+n+p)

_@+ag+2+p)A+ag+B) - BB
[(2+ao +B)(A+aq + ¢+ B)]

{[{(6’+ao + A+ B)A+ag+p)— b} —ag(ag + A+ S+ p)} }
We = {(n+ag+ 2+ B)(A+ag+ B) - i}~ Aag + A+ B+ B -apAlag + A+ B+ B)?
A+ +,81)2(9+a0 +A+ ) +og+A+5)

1

_ oo (B+ B+ a0+ A+ B)(A+ag + B1) - BB Hag + A+ 0+ B+ Bi)(ag + A) + Si6}]
[0B.(A + ag)(A+ag + )2 (A+ag + 0+ B)(A+ag +1+ )]

{[ﬂ{(ﬁwo +A+B)A+ag+ pr) - (g + A+ B+ pi){(ag + A)(B +ﬁ1)(¢+an)}
W + png}+(ag + A)nps]

[Bund(A+ao)(A+ag + Br)2 (A+ag +0+ B)(A+ag +1+ B)]

6. Busy Period Analysis for Server

(10)

(@) Let BP(t) be the probability that the server is busy in preventive maintenance of the unit

at an instant ‘t’ given that system entered state S; at t=0. The recursive relations for BP(t) are

as follows

BE (1) = Qo1 () ® BY () + g 2 (t) ® B (t)

BS (1) = tpg (t) © BY (t) +[G21 23(t) + U2 1.23.26 (1) + U2,1,23(24,25) (t) +02,1,23(24,25)26 (t) + U2,1,23 26(37,38) (1)

+02,1,23(24,25)26(37,38) ()] @ B () +[0,2,31(t) + 022,313 (1) + U2,2,31(32,33) (1) + U2,2,31(32,33)34 (1)

+02,2,31,34(36,35) (1) + 02,2,31(32,33)34(36,35) | @ BS (1) + 0.4 () ®BS (1) + Gy 6(t) ® B (1)
BS (t) =U3" (1) +[031(t) + U31,03.04) (D] @ B (1) + U3 2,015,16) (1) © BE (1)

BJ (t) = g 0(t) ® BE (t) +[da1.20 (1) + Ua1.20(21,22) 1@ B (1) +[0 217 (1) + s 2171819 (1D BS (1)

+045]® B (1)
BE (t) = Us1,(37,38) (t) © BY () +0s,2,(36,35) (t) © BS (1) + 05,4 () ® By (1)
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BE (1) = [d6.1,(27,28) () +d6.1,(27,28)26 (1) + U6 1,(27,28)26(37,38) (D] © BY (1) +[ds 2(t) + Us,2,(29,30) (1) (11)

+0p,2,(29,30)34 (1) + U, 2,(29,30)34(36,35) | @ B3 (1)

where, U (t)be the probability that the server is busy in state S; due to preventive

maintenance up to time ‘t’ without making any transition to any other regenerative state or
before returning to the same via one or more non-regenerative states.

O+ag+A P

_ 0{0+/1
T0A+pr0+a)’ Us

P _
ur 0+ B tag)

(b) Let BR(t) be the probability that the server is busy in repair of the unit at an instant ‘t’
given that system entered state S; at t=0. The recursive relations for B[ (t) are as follows

BE (1) = do1 (1) ® BR (t) + 0o 2 (1) @ BS (1)

BR () = G0 (t) © B () +[G.1.20 (€) + Gy1.1001.12) (01D BE (1) + [0y, 2,0 (1) + ty 2,987y (] © B (1)
+03(t) @ BR (1)

B5 (1) =U 5 (t) + G0 (t) © BG (t) +[02.,23(t) + U1 2326 (1) + U2,1,23(24,25) (1) +02,1,23(24,25)26 (1)
+02.1.23,26(37.38) (1) + U2.1,23(24.25)26(37,38) (D] ® B (1) +[02, 231 (1) + 022,31 34 (1)

+02,2,31(32,33) (1) + U2,2,31(32,33)34 () + U2,2,31,34(36,35) () + U2,2,31(32,33)34(36,35) ] © B (1)
+02,4 () @B () + () ®BE ()

BS (1) =[031(t) + d31,0314) (V1D B (1) + G 2,15.16) (1) ® B (1)

BE (1) =UR (1) +04q0(t) ® BG (1) +[da1,20 (1) + Ua 1 20(21,22) (1D B (1) +[0g.2.17 (1)
+04,217(18,19) (D] ® BS (1) +04,5(1)] @ BE (1)

BE (t) =UZ (t) + 05 1,(37,38) (1) © B (1) + U5 2,(36,35) () © BE (1) + 05,4 (1) ® BE (1)

BE (M) =U& M)+ [96,1,(27,28) (t) + Us 1,(27,28)26 (1) + U 1,(27,28)26(37,38) (D] D B (t) (12)

+[96,2(t) + 9 2,(20,30) (t) + U 2,(29,30)34 () + U5, 2,(29,30)34(36,35) ] @ B (t)

U R () be the probability that the server is busy in state Si due to repair up to time ‘t> without

making any transition to any other regenerative state or before returning to the same via one
or more non-regenerative states.

o5+ B+ )+ (a0 + Y@ B+ D)+ o5+ D) ransY] YRy~ ot A+

Ul =

pn(B+n)(B+d) A+ B +1+ag) P(A+B+d+ap)
A+a
UR(M)—— AF%0 R (ag+A)p+an)
O ST pran) Y O gutis o ao) (13)
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Taking Laplace transform of above relations (11) and (12) and solving for B, (t)and BgR(t)

the time for which server is busy due to preventive maintenance and repair respectively is
given by

M3

bty — tim sBP(s) = ML BR) < fim s8R (s) = M2
Bo (t)—s@osBo (s)= 5 » Bo (t)—s@osBo (s)= o (14)
where
aol(@+ A+ B+ag)(A+p+og) - B+ A+ B+ag)(A+ B +ag) - BB}
MP ) = {(g+2+B+ag)(A+ B +ap)- Ab1} ] (15)

[9(/1+a0)(0+/1+ﬂ+a0)(¢+ﬂ+ﬂ+a0)(77+/1+ﬁ'+a0)(/1+ﬁ1+a0)3]

MR —G(HT +1), 6 = PO+ A+ frao)is Ay ag) ~ ]
[(O+ A+ B+ag)(A+ fy+ag)(A+ap)]

(A+ By +ao)lgn(B+n) (B + ) + (ap + W{(an® + fp) B+ 4) +anp®}]
+B(A+ag)(B+)(B+n)(g+an)
¢ +n)(B+P)(A+ B+n+ag)(A+ B +ap)

1 @ra i plrao+p) =g | lanll@ it frag)dr Arao) =B (44
[(4+a0+ A2+ +¢+ )] [9(p+ A+ +ao)in+ A+ +ao)A+ Sy +ao)]

7. Expected Number of Repair and Preventive Maintenance of the Units
Let NP (t)and N{(t)be the expected number of preventive maintenance and repair of unit by
the server in (0, t] given that the system entered the regenerative state S; at t=0. The recursive
relations for NP (t)and NR(t) are given as

NG (8) = do2.(t) ® (N{ (1) + Spk ) + g 2 (t) ® (N5 (1) + S )

NJ (1) = 01,0 (1) © N§ (©) + 0,110 (1) + G11001112) 1 NI (©) + [y 2.0 () + Gy 2. 987y (D] N (1)
+a3() ® N3 (1)

N2 (£) = G20 (€) ® N& (£) +[02.1.23(t) + A2 23,26 () + U2,1,23(24,25) (1) + U2,1,23(24,25)26 (1) + 02,123 26(37,38) (1)
+02,1,23(24,25)26(37,38) (D] © NS () + 022,31 (1) + U 231,34 (1) + U2,2,31(32,33) (1) + + U2,2,31(32,33)34 (1)

+02,2,31,34(36,35) (1) + 02,2,31(32,33)34(36,35) | © N3 (1) +02,4()) ® NA (£) + G 6(t) © Ng (1)

N3 (t) = [a31(8) + G3.1,1314) (DD BE (1) + 03,2, 15.16) (1) @ B (1)
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NA () = 0g,0 (1) @ NG (1) +[dg.1,20 (1) + 04,1,20(21,22) (D] @ N{< (t) +[dg 207 (1) + Us,2,17(18,19) (] D N3 (1)

+0s,5(0] @ Na (1)
K ey K K K
N5 (t) =0s1,(37,38) (1) @ N1 () + 05 2, (36 35) (1) D N2 () + 05 4 (1) © N4~ ()

N () = [96,1,(27,28) (1) + U 1,(27,28)26 (1) + U6 1,(27,28)26(37,38) (D] @ N (t) + [ 2 (1) + de,2,(29,30) (1)
+0g,2,(29,30)34 () + Ug,2,(29,30)34(36,35) | @ N3 (t)
(K=P, for preventive maintenance; K=R, for repair of the units) a7
Taking Laplace Stieltjes transform of relations (16) and solving for R{(s)andR(s). The
expected no of repair and preventive maintenance per unit time are respectively of given by

~ P ~ R
R (@) = lim SRE () = N3 and RE () = lim sRR(s) = N4 | (18)
s—0 D s—0 D

where

[ao{(¢+ A+ + B)(A+ag + B1) - BBH{(O+ A+ ag + B) (A +ag + A1) - Bp1}
—{aglag + A+ B+ POH(m+A+ag+ B)(A+ag+ ) - B} —Alag + A+ B+ B}
—agMag + A+ f+ B) N -[ani{(0+ A+ ag + B)A+ag + 1) - BB}
(o +A+ B+ B+ A+ p)]
(A+op)(A+ g +ﬂ1)3(ﬁ+a0 +0+ L) A+ag+d+ ) m+ag+o+p)

Mg+ 2 +ag+ p)(A+ag+ B) - BOHA(O+ A +ag + B)(A+ap + pr) - BB}
~{aplag +A+ B+ P)Hn+A+ag + BYA+ag + Br)— b1}~ Alag + A+ B+ B1)}

—agMag + A+ + B) N -[ani{(0+ A+ag + B)A+aq + 1) - BB}
(g +A+ B+ B+ A+ p)]
(A+og)( A+ +,6’1)3(A+a0 +0+ L) A+ag+d+ L) m+ag+o+p)

NR =
and D has already defined.

8. Profit Analysis

The profit incurred to the system model in steady state can be obtained as

P=KoAy — KiB& ~K,Bf ~KsRE ~ KRS (19)

Ko= (5,000): Revenue per unit up-time of the system
K1= (400): Cost per unit time for which server is busy due preventive maintenance

K>= (500): Cost per unit time for which server is busy due to repair and inspection
Ks= (350): Cost per visit per unit time repair and inspection
K4= (300): Cost per visit per unit time preventive maintenance.
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9. Result Discussion

The model is a case study of water supply system with particular values to the parameters like
(o, B, B1, A, ¢ and 0) having facility of inspection before repair or replacement of the unit. The
graphs for mean time to system failure, availability and profit function have been drawn with
respect to preventive maintenance rate as shown in the figures 2-4 respectively.

Figure 2: indicates that the mean time to system failure goes on increasing with the increase
of preventive maintenance rate (6) and declines with the rate by which unit undergoes for
preventive maintenance (or maximum operation time o). Therefore the mean time to system
failure is highly affected by the preventive maintenance rate rather than other parameters. The
trend of the mean time to system failure cannot affect so much by stopping all mechanical
activities in abnormal conditions.

Figures 3: highlighted the trend of availability, which follow increasing pattern with the
increase of preventive maintenance rate (0) as well as normal weather rate (B1) and the
decline when maximum operation time oo is increasing. Availability of the system clearly
can be seen that all parameters like (o, B, B1, A, ¢ and 1) having their affect but pattern could
not be changed after changing the values of the parameters expect the parameters n and ¢.
Hence, inspection of the failed unit before repair or replacement of the unit increases the
availability of the system for use, whenever, the server allowed any activity only in the
normal weather for avoiding unnecessary damage of the system.

Figures 4: clearly shows the trend of profit of the system, which follow increasing pattern
with the increase of preventive maintenance rate (0) as well as normal weather rate (1) and
the decline when maximum operation time oo is increasing. The profit of the system clearly
can be seen that all parameters like (o, B, B1, A, ¢ and m) having their affect but pattern could
not be changed after changing the values of the parameters expect the parameters n and ¢.
Hence, inspection of the failed unit before repair or replacement of the unit increases the
profit of the system, whenever, the server allowed any activity only in the normal weather for
avoiding unnecessary damage of the system.

10. Conclusion

Hence, the study reveals that a cold standby system of two identical units working under
different weather conditions and server works only in normal weather conditions and idea of
inspection of the unit before repair/replacement of the unit, can be made more reliable and
profitable to use by conducting preventive maintenance after a pre-specific period of
operation as well as increasing normal weather rate rather than to increase repair rate of the
system.

REFERENCES

Barak, M. S., Dhiraj, Yadav and Sudesh, K. (2017). Stochastic analysis of a two-unit system
with standby and server failure subject to inspection. Life Cycle Reliability and Safety
Engineering, DOI.10.1007/s41872-017-0033-5.

Barak, M. S. and Neeraj (2016). A system reliability model with priority to repair over
preventive maintenance under different weather conditions. Journal of Mathematics and
Statistical Science, Vol. 1, pp. 644-654.



AAM: Intern. J., Vol. 13, Issue 1 (June 2018) 79

Barak, M. S. and Neeraj (2016). Economic analysis of a system reliability model with priority
to preventive maintenance over repair subject to weather conditions. International
Journal of Emerging Technology and Advanced Engineering, Vol. 6(7), pp. 293-301.

Chander, S. (2005). Reliability models with priority for operation and repair with arrival time
of server. Pure and applied Mathematika Sciences, Vol. 61, pp. 9-22.

Chander, S., Chand, P. and Singh, J. (2008). Stochastic analysis of an operating system with
two type of inspection subject to degradation. Journal of Applied Probability and
Statistics (USA), Vol. 3(2), pp. 227-241.

Goel, L. R., Sharma, G. C and Gupta, R. (1985). Cost analysis of a two-unit cold standby
system under different weather conditions. Microelectron Relib., Vol. 25(4), pp. 655-
659.

Gopalan, M. N. and Bhanu, K. S. (1995). Cost analysis of a two unit repairable system
subject to on-line preventive maintenance and/or repair. Microelectronics Reliability,
Vol. 35, pp. 251-258.

Gupta, P. and Goel, R. (1991). Profit analysis of a two-unit cold standby system with
abnormal weather condition. Microelectron Relib.,. Vol. 31(1), pp.1-5.

Gupta, R. and Chaudhary, A. (1994). Profit analysis of a two-unit having guarantee periods
and delayed operation of standby, Microelectronics Reliability. Vol. 34, pp.1387-1390.

Kadyan, M., Chander, S. and Grewal, A. (2004). Stochastic analysis of noidentical units
reliability models with priority and different modes of failure. Journal of decision and
mathematical sciences, Vol. 9, pp. 59-82.

Kumar, A., Gupta, S. K. and Taneja, G. (1996). Probabilistic analysis of a two-unit cold
standby system with instructions at need. Microelectronics Reliability, VVol. 36, pp. 273-
277.

Malik, S.C. and Barak, M.S. (2009). Reliability and Economic analysis of a system operating
under different weather conditions. Journal of Proc. National Academy of Sci. India
Sect. A. Pt-1l, Vol. 79, pp. 205-213.

Malik, S.C. and Barak, M.S. (2007). Probabilistic analysis of a single server system operating
under different weather conditions. Journal of Mathematical Analysis and
Approximation Theory, Vol. 2 (2), pp. 165-172.

Malik, S. C. and Sudesh, K. (2013). Reliability measures of a cold standby system with
preventive maintenance and repair. International Journal of Reliability, Quality and
Safety Engineering, Vol. 20(6), pp. 1350022 (1-9).

Pawar, D., Malik, S. C. and Bahl, S. (2010). Steady state analysis of an operating system with
repair at different levels of damages subject to inspections and weather conditions.
International Journal of Agriculture and Statistical Sciences, Vol. 6(1), pp. 225-234.

Ram, M. and Manglik, M. (2016). An analysis to multi-state manufacturing system with
common cause failure and waiting repair strategy. Cogent Engineering, Vol. 3(1), pp.
1266185.

Ram, M. and Manglik, M. (2016). Reliability measures analysis of an industrial system under
standby modes and catastrophic failure. International journal of operations research and
information systems (IJORIS), Vol. 7(3), pp.36-56.

Ram, M. and Nagiya, K. (2016). Performance evaluation of mobile communication system
with reliability measures. International Journal of Quality & Reliability Management,
Vol. 33(3), pp. 430-440.

Rander, M. C., Kumar, S. and Kumar, A. (1994). Cost analysis of a two dissimilar cold
standby system with preventive maintenance and replacement of standby.
Microelectronics Reliability, VVol. 34(1), pp.171-174.



80 M. S. Barak et al.

Sridharan, V. and Mohanavadivu, P. (1997). Cost-benefit analysis of a one server two
dissimilar unit system subject to different repair strategies. International Journal of
Quality & Reliability Management, VVol. 14, pp. 491-504.



AAM: Intern. J., Vol. 13, Issue 1 (June 2018)
0.9 4 -
L4:0=5.=0.45,p1=0.7.2=0.01,=2.5.1=1.5
0.8 | L7:c0=5,=0.45.1=0.552=0.01 .$=2.511=2
L1:x0=5,=0.45,1=0.55,2=0.01.¢=2.51=1.5 \
0.7 -
L6:00=5=0.4531=0.55.2=0.01.¢=3.5.11=1.5 5
5 =\ .
06 41 7T 0.03.% 2.5
BN
Z
0.5 4 =
- . =1.5 ]
—0.553=0.01,4=2.51 e
0=5,p=0.65.p1=0.55 =
04 | 1L3:00 P e
_
-
_—
T
0.3 - - /
L2:c0=7_£=0.45 p1=0.55.3=0.01 ¢=2.51=1.5
0.2 -
0.1 -
Preventive Maintenance Rate—9
o T T T T T T T 1
1 2 3 4 5 (5 7 8 9 10
Figure 2. Graph of MTSF Vs Prventive Maintenance Rate
0.8 1 L4:c0=5 p=0.45 B1=0.7.3=0.01.4=2.5 n=1.5
L1:a0=5 =045 p1=0.5573=001_ ¢=25n1=1.5
07 - L7:¢0=5.=0.45.B1=0.55.3=0.01.=2.5.1=2
=
L6 a0=5 =045 1=0.553=0.01 ¢=3 5n=1.5
06 - =
+
05 | &
E
=
0.4 - i
-
03 - -~
P 4 L5:a0=5.=0.45,$1=0.55,2=0.03.¢=2.5n=1.5
02 e //‘ L3:a0=5.$=0.65.p1=0.55.2=0.01.¢=2.51=1.5
= NN 12.0=7.£=0.45.51=0.55.4=0.01.4=2.5.1=1.5
01 -
Preventive Maintenance Rate —6
o . . . . . . s
1 2 3 4 5 (5 7 8 9 10
Figure 3. Graph of Availability Vs Prventive Maintenance Rate
3000 + L4:a0=5_$=0.45 $1=0.7.2=0.01.¢=2.51~=1.5
L7:00=5,=0.45.p1=0.552=0.01,¢p=2.5.1=2
2500 L6:a0=5 =045 p1=0.553=0.01 .¢=3.5 n=1.5 .
L1:a0=5.3=0.45.31=0.552=0.01,¢=2.5.1=1.5
-
2000
- - g P
1500—E e - -
=) BN
&= S ‘/\"{'
R _— 1.5:c0=5 =045 p1=0.553=0.03 .¢=2.5 =15
1000 - &{
_— L3:a0=5.3=0.65.p1=0.55,2=0.01,¢p=2.5n=1.5
-
2 —1.2:60=7.p=0.45B1=0.553=0.01 .¢=2.51=1.5
500 -
= Preventive Maintenance Rate —0
o} . | | | | | : : :
1 2 3 4 5 o 7 8 9 10

Figure 4. Graph of Profit Vs Prventive Maintenance Rate

81



82 M. S. Barak et al.

ABOUT THE AUTHORS

M. S. Barak is presently working as an assistant professor, Department of Mathematics,
Indira Gandhi University, Meerpur Rewari, India. He has been actively engaged in the
research area of Theoretical Seismology and Reliability for many years. And, more than 25
research papers are to his credit so far. He has been invited by many academic institutions
working in India and abroad for presentation of research papers at the conferences/
symposiums of International repute.

Neeraj is working as an assistant professor in Mathematics, Govt. P.G. College for women,
Rohtak, India. She has the research intersect in the area of Reliability modeling of repairable
systems working under different weather conditions.

Sudesh Kumari is working as an assistant professor in Statistics, Govt. P.G. College for
women, Rohtak, India. She has the research intersect in the area of Reliability modeling of
repairable systems working under different weather conditions for last 7 years.



83

AAM: Intern. J., Vol. 13, Issue 1 (June 2018)

Sz
WPm
Pm
a(®)
B
—bh().. : v
4 St Fur A
FUrr Bl g(t)
N B oo
S Ss o S So1 B Sa
Eur 20 \WPm ] WP WPm
........ oo FUR FUR B FURr
AN
i; " > S0 WP o
WPm m
> EUr FUrr
B B

Figure 1. State Transitions Diagram of Model



