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ABSTRACT:

The present paper discusses a two-unit cold standby system with inspection and replacement. Initially one unit is operative
and the other is cold standby. On the failure of operative unit, standby takes some time (called activation time) to become
operative. After the completion of activation time, the operative unit is undertaken for inspection. The inspection is carried
out to detect the reparability of the unit. If it is repairable; it is repaired by the ordinary repairman. But if it is not repairable
then expert opinion is taken to confirm whether the unit is actually not repairable and then is repaired or replaced
according as it is found repairable or irreparable. Various measures of the system effectiveness are obtained. using semi-
Markov processes and regenerative point technique. Profit incurred to the system is evaluated. Graphical study is also
made.
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INTRODUCTION

Two-unit cold standby systems have been widely studied by a large number of researchers in the field of reliability
under various assumptions and concepts. Most of these researchers assumed that the unit on failure is repairable.
These researchers and the others, who considered the possibility of unit being found irreparable on its failure and
hence needed to be replaced, assumed negligible time for standby unit to become operative.

There exists the situations in the industries, firms etc. where we may observe an inspection to be carried out on the
failure of a unit which reveals whether the unit is repairable or needs to be replaced. Also, the cold standby unit
takes time to become operative, whenever required. Observing such a practical situation in the industries like Steel
plants and Biscuit manufacturing companies where the programmable Logic Controllers are used as two-unit cold
standby, the present paper is an attempt to analyse various aspects including the reliability and the profit.

Thus, in the present paper, we discuss a two-unit cold standby system with inspection and replacement. Initially
one unit is operative and the other is cold standby. On the failure of operative unit, standby takes some time (called
activation time) to become operative. After the completion of activation time, the operative unit is undertaken for
inspection. The inspection is carried out to detect the reparability of the unit. If it is repairable; it is repaired by the
ordinary repairman. But if it not repairable then expert opinion is taken to confirm whether the unit is actually not
repairable and then is repaired or replaced according as it is found repairable or irreparable.

Following measures of the system effectiveness are obtained. by making use of semi-Markov processes and
regenerative point technique:

e Mean time to system failure (MTSF)

e Steady-state availability of the system

o Expected busy period (for repair only) per unit time by ordinary/expert repairman
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e Expected busy period (for inspection only) per unit time by ordinary/expert repairman
o Expected busy period (for replacement only) per unit time by ordinary repairman

o Expected number of visits per unit time by ordinary/expert repairman

o Expected number of replacements per unit time

e Expected activation time

e Expected profit incurred to the system

NOTATIONS
A .

P1
P2 :
ha(t), Hy(t) :
ho(t),Ha(t) :
w(t), W(t) :
9(t),G(1)
he(t),He(t) :
(1), Ge(t) :

constant failure rate of operative unit

probability that unit is repairable

probability that unit is irreparable

p.d.f. and c.d.f. of time to inspection for detecting reparability of a failed unit
p.d.f. and c.d.f. of replacement time

p.d.f. and c.d.f. of activation time

p.d.f. anc c.d..f. of time to repair of ordinary repairman

p.d.f. and c.d.f. of time to inspection of expert repairman

p.d.f. and c.d.f. of time to repair of expert repairman

Symbols for the states of the system are

0
cs

Fui

Fur
Frep
Fuie
Fre

Wi

I:UR
I:UI/FUIe
I:RE

operative unit

cold standby unit

failed unit under inspection of ordinary repairman

failed unit under repair of ordinary repairman

failed unit under replacement of ordinary repairman

failed unit under inspection of expert repairman

failed unit under repair of expert repairman

failed unit waiting for repair

repair of failed unit is continuing by the ordinary repairman from the previous state.
inspection of the failed unit is continuing by the ordinary/ expert repairman from the previous state
repair of the failed unit is continuing by the expert repairman from the previous state.

TRANSITION PROBABILITIES AND MEAN SOJOURN TIMES

The epochs of entry into states 0, 1, 2, 3, 4, 7, 8, 9, 10, 13 and 14 are regeneration points and thus are the
regenerative states. States 5, 6, 8, 9, 10, 11, 12, 13, 14 and 15 are failed states. State 1 is down state. The
transition probabilities are given by :

Qoi(t) = Ae™ dio(t) =w(t) Ga(t) = pre ha(t)

Goa(t) = P2 ha(t) ; Cos(t) = Ae™ Hy(t) : Qoo ™(t) = pa[re™© 1] hy(t) = pa(L — ™) hu(t)
G10”(t) = pa[he™ © 1] hy(t) = pa(1 — &™) hy(t) : Gs,o(t) =€ g(t) ; Gae(t) = he™ G(1);

ds2 O(t) = [L €™ © 1]g(t): Gass(t) = he™ He(t) Ga1s"2(t) = pa[k €™ © 1] he(t)
Ga1a2(t) = p2 e © 1]Ne(t):  Gar(t) = prehe(t): Gua(t) = Poehe(t); Gro(t) = €7 ge(t) ;
q72"() = e © 1] ge(t) = [1 - €' © 1] ge(t) : Graa(t) = 2e™ Ge(t) ; Geolt) = € "ha(t);

e (1) = [h e © 1] hp() © Geaa(t) = Ae™ Ha(t) P Ge() =9() O10,13(t) = prhe(t);
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Ou32(t) = Ge(t):  Oua2(t) = ha(t);  Gio14(t) = pP2he(t) (1-25)

The non zero elements p;; are given as follows:

Por = 1, P12 = 1, pas = Piha*(R), Pas = poha*(R), pas = (1 — h*(1)), P2 = pu{1 - hy*(W)},

P210® = po{l = h*(M)}, pao = g*(A),  Pee =1 - g*(A), p=® = 1 - g*(n), Pa7 = pihe*(2),

Pag = P2he*(X), Pass =1 —he*(h), P15 = p{1 — he*(W)} Pa1a™¥ = p1-he*(W)},

P70 = g (1), P72(11) =1-0*(): Pso = ho*(1), psz(lz) =1-hy*(2), Po2 = 1, P10,13 = P1,

P10,14 = P2, P32 =1, P2 =1, Pri1=1-0*(A), psu=1-h>*Q) (26 -50)
g

(@.c8) |:1:_____E 2%

poba(t) )
Bt [’
it
( ) Up gtate
| | Fafled state
- Regeneration point

| | Down state

Fig. 1

By these transition probabilities, it can be verified that
Por=1, P=1 Pa+Pu+tPs=1 Pu+tputpe® +p®=1  pot+ps=1 pot+px=1,

Pa7 + Pag + Pass = 1, Paz + Pas + Pasa™ + Para® =1, po+pru=1 po+p=1,
Peo+ P =1, peo+pPsra=1, P1013 + Pro1s = 1, P12 =1, P2 =1 (51-65)
The mean sojourn times (L) in state (i) are :
1 0 _ 0
o= >, m= [ WO dt=| tw()dt
A 0 0
A 1-h; (A @ 1-g*(A
b= | &7 Py dt = [—73()] . me=] e Gt = QT()
0 0
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. 1-h; (%) . 1-g,())
= €M Hdt = ———, =] eMGt)dt = ———
0 A 0 A
C o 1-h) .
pe=| e Hy)dt = ————, o= [ tg(t)dt
0 A 0
wo= [ thet)dt, w= [ tge(t) dt, wa= [ thyt) dt (66-76)
0 0 0

The unconditional mean time taken by the system to transit for any state ‘j” when it is counted from epoch of
entrance into state ‘i’ is mathematically stated as :

o0
m;= [ tai(t)dt = - g;* (0) (77)
0
Thus,
Mo1 = Mo , Mio= Wy ) M3+ Mg+ Mas= LUy
Mpa+ Mg + Mye™ + m2,10(5) =ki(say) ; Mzt Mgs = pg: Maot+ M3® = Lo
sMy7 + Myg + My 15 = gl My7 + Myg + m4,13(15) + m4,14(15) = Mo, Mz + My = Wy
My + m72(11) = Mi3; Mgo + Mg 12 = Ug - Mgy + m(lz)sz = Mg
Mgz = Ho : Mip13 + Mio14 = Mao; Mz = Haz: Mia2 = Wi (78-93)

MEAN TIME TO SYSTEM FAILURE

By probabilistic arguments, we obtain the following recursive relations for ¢;(t) :
do(t) = Quu(t) © ¢a(t)

d1(t) = Qua(t) So(t)

h2(t) = Qas(t) © Qa(t) + Qas(t) © da(t) + Qas(t)

da(t) = Qao(t) © do(t) + Qas(t)

d4(t) = Qar(t) (1) + Qus(t) © a(t) + Qa,as(t)

d7(t) = Qo(t) © do(t) + Q7,11(t)

ds(t) = Qao(t) © do(t) + Qg2 (1) (94-100)
the mean time to system failure (MTSF) when the system starts from the state ‘0’ is
. 1-0™*(s
To=lim 1707"6) (101)
s—0 S

Using L Hospital rule and putting the value of ¢o**(s) , we have

To=N/D (102)
where N = po+ pat po + Posits + Paa(ta + Paz 7 + Pag Us) (103)
D = 1-pasPso + P2a(ParPro+ PasPso) (104)

AVAILABILITY ANALYSIS
In steady-state, the availability of the system is given by

. N,
A = LILTJ) 5AXE= 7 (105)
1

where  Ni = po(P23Pso + P24ParP7o + P24PasPso) + Ha + HasPs + Pas(Lls + Parply + Paglis)
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and D1 = (MotHa) (P23P30 + P2aPazP7o + P2aPasPso) + Kt (Paat pz,lo(s))ulo + (P2sPar + pz,lo(s)plo,n + pz4p4,13(15))u13+
(p2s + ng(s))ug + (P24Pas + P24p4,14(15)+ pZ,lO(S) + P10,14) Mg (106-107)

BUSY PERIOD ANALYSIS OF ORDINARY REPAIRMAN (Repair Time Only)
In steady-state, the total fraction of time for which the system is under repair of ordinary repairman is given by

Bo= liM {s By*(s)} = & (108)
s—0 D1
where N, = (P2s + P2o™)po (109)
D, is already specified.
BUSY PERIOD ANALYSIS OF ORDINARY REPAIRMAN (Inspection Time Only)
In steady-state, the total fraction of the time for which the system is under inspection of ordinary repairman is given
N,
by Blo= —> (110)
D,
where N3 = k; (111)
and D, is already specified.
BUSY PERIOD ANALYSIS OF ORDINARY REPAIRMAN (Replacement Time Only)
In steady-state, the total fraction of the time for which the system is under replacement of ordinary repairman is

given by

N
D,
where Ny = (P2aPas + P2aPa1a™ + 2,10 Pro,sa)iae (113)

and D, is already specified.
EXPECTED NUMBER OF VISITS BY THE REPAIRMAN
In steady-state, the number of visits per unit time by the ordinary repairman is given by

N 5
Vi = (114)
Dl
where  Ns = paspas + p24p4,14(15) + p2,10(5) P10,14 (115)

EXPECTED NUMBER OF REPLACEMENTS
In steady-state, the expected the number of replacements is the system is given by

Ry = N, (116)
0= D1
where  Ng= Pz (Pag + p4,14(15)) + p2,10(5) + P1o,14 (117)

BUSY PERIOD ANALYSIS OF EXPERT REPAIRMAN (Repair Time Only)
In steady-state, the total fraction of time for which the system is under repair of expert repairman is given by

N 7
Boe = D— (118)
1
where N7 = paparpiy + (pz4p4,13(15’ + p2,10(5) P10,13) 13- (119)

BUSY PERIOD ANALYSIS OF EXPERT REPAIRMAN (Inspection Time Only)
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In steady-state, the total fraction of the time for which the system is under inspection of expert repairman is given

N 8
by Ble= — (120)
Dl

where  Ng = (Pas + P210™)e  (121)

EXPECTED NUMBER OF VISITS BY THE EXPERT REPAIRMAN
In steady-state, the total number of visits of the expert on the system is given by

N 9
Voe = — (122)
Dl
where Ng = P24 + pg’lo(s) (123)

ANALYSIS OF ACTIVATION TIME
In steady-state, the total activation time of the system is given by

N,
ATo= — (124)
D,
where  Nio= [P23P30 + P2s(ParP70 + PagPso) e (125)

and Dy is already specified.

PROFIT ANALYSIS

The expected total profit incurred to the system is steady-state is given by
P32 = CoA¢ — C1By — C:Blp — C3BRg — C4Vp — CsRo — CsBo® — C7BIy’ — CgVo® — CoATy (126)
where Cy = revenue per unit up time of the system

Cy = cost per unit time for which ordinary repairman is busy in repair

C, = cost per unit time for which ordinary repairman is busy in inspection
C3 = cost per unit time for which ordinary repairman is busy in replacement
C4 = cost per visit of ordinary repairman

Cs = Cost per replacement of the unit

Cs = Cost per unit time for which expert repairman is busy in repair

C- = Cost per unit time for which expert repairman is busy in inspection

Cg = Cost per visit of the expert repairman

Cy = Cost per unit activation time.

PARTICULAR CASE
Let as assume

g(t) = oy & ; 0e(t) = ape™ ; wW(t) = Be™
h(t) = ye™" : he(t) = .67 : hy(t) = ye ™
and the remaining distribution are same as in general case. Therefore, we get
P.Y: P,Y1
Por=Pprz=1 ' Pu= 77" ; P = 7
A+, A+,
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A A A
P2s = Ty ; Pas® = —Kp-i y ; P210® = —}\‘pj »
1 1 1
o A A
p3°:k+1c>c B i ; p32(6)=x+a
1 1 1
A
Pa7 = —xp_ll_’y’; , Pas = —xp_zl_y’yz ' Pais = "+ v
2 2 2
Pa1a™® = —plk ; Pa1a™® = —pz}\‘ ; P70 = e
' A+Y, ' | A+Y, ’ A+ o,
A Y A
) — . — . (12) —
T v a, I W ! P Nty
P2 =1 ) P1013 = P1 ' P10,14 = P2
A
=1 =1 : =
P1s2 P1a2 P711 "+ o,
1 1 1
'Ho_x ) “’l_E “’2_}\‘_'_71
1 1 1
Tt ! My, ! YTt a,
1 1 1
“8:}L+y ; MQ_OL_ ; M10=y—
1 2
1 1 1
iz = —— y Wia = — ; kl = —
o, Y1

Using the above equations and the equations (102), (105), (108), (110), (112), (114), (116), (118), (120), (122),
(124) and (126). We can have MTSF, availability and profit for this particular case.

GRAPHICAL INTERPRETATION

For the graphical interpretation, the mentioned particular case is considered. The behaviour of MTSF and the

availability (Ag) with respect to failure rate (1) for different values of repair rate (o) is shown as in Fig. 2 and 3

respectively. It is clear from the graphs that the MTSF and availability decrease with increase in the values of

failure rate. However, their values become higher for higher values of repair rate (o).

Fig. 4 shows the behaviour of profit (P) with respect to cost per replacement (Cs) for different values of probability

(p2) that the unit is not repairable. Following conclusions can be drawn:

Q) If p, = 0.9, p, = 0.5, then profit will become negative for a very high value of cost (Cs) and hence it can be
concluded that if there are less chances of replacement. Then the system is more profitable.

(i) If p, = 0.9 then P > or = or < 0 according as Cs < or = or > 855 i.e. the system is profitable if Cs < 855.
Hence the cost per replacement should not exceed.
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