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TWO UNIT COLD STANDBY PRIORITY SYSTEM WITH FAULT DETECTION AND PROVISION OF REST

VIKAS SHARMA
RESEARCH SCHOLAR
DEPARTMENT OF STATISTICS
UNIVERSITY OF JAMMU
JAMMU

J P SINGH JOOREL
PROFESSOR
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DEPARTMENT OF STATISTICS
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In the present paper a system model which consists of two dissimilar units one being main unit and another as cold standby is investigated and analyzed. The
failure time distributions of both the units are assumed to be exponential with different failure rates while the repair time distributions are taken as general. The
reliability analysis of this model has been carried out by using regenerative point technique.

KEYWORDS

dissimilar, exponential and general.

INTRODUCTION AND DESCRIPTION OF THE SYSTEM

he concept of inspection is widely used in literature, for describing the models, by several authors The concept of inspection is widely used in literature,

for describing the models, by several authors including Agnihotri and Satsangi (1),Goel, Agnihotri and Gupta (2), Goel, Gupta and Agnihotri (3), Gupta,

Bajaj and Singh (4), Malik (6), Naidu and Gopalan (7) and Pour Darvish and Joorel (8).Using the concept of inspection, we propose a reliability model
which consists of two dissimilar units one being main unit and another as cold standby. Initially the main unit is in operative mode while other is kept as cold
standby which becomes operative on failure of the main unit. The main unit may fail directly or becomes hot after some time of operation. The main unit on
becoming hot is put under inspection to identify whether it becomes hot due to its operational behaviour or due to some partial failure and in mean time the
cold standby unit becomes operative. If the main unit is found to be hot due its operational behavior it is given rest for some random time after which it works
as good as new and if found to be partially failed then it is put under repair. If the cold standby unit also fails during the inspection of the main unit, the main
unit which was already hot is put under operation but it works with low efficiency. The priority is given to the main unit both for operation and repair.
The failure time distributions of both the units are assumed to be exponential with different failure rates while the repair time distributions are taken as general.
The system breaks down on failure of both units. All the random variables associated to different times are mutually independent. Using regenerative points in
Markov renewal process, the various measures of reliability such as transient and steady state transition probabilities, distribution of time to system failure and
its mean, the mean sojourn time in different states, point wise availability of system at epoch‘t’ and its steady state availability, expected busy period in time
interval (0,t] and expected number of visits of the repairman are obtained. The cost benefit analysis of the proposed models has also been carried out.

NOTATIONS
M

° Main unit is under operation.

@]

Cold standby unit

ju

Main unit becomes hot.
Main unit under inspection on becoming hot.

Main unit failed completely and put under repair.

=T L
z

pr Main unit failed partially and under repair.
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HO Main unit under operation after becoming hot.
M g
Main unit failed partially and its repair is continued.
o Cold standby unit is under operation.
r : Cold standby unit is under repair.
w Cold standby unit is waiting for repair.
FR : Repair of main unit continued/put under repair on complete failure during hot period.
M R : Main unit under rest.
a Constant mean failure rate of complete failure of main unit.
B Constant mean failure rate of cold standby unit.
y : Constant mean failure rate of partial failure of main unit.
1 :  Constant mean rate of becoming hot for main unit.
o : Constant mean rate of inspection of main unit on becoming hot.
IJZ : Constant mean rate of entering into rest mode of main unit after becoming hot.
A . Constant mean rate of completion of rest of main unit.
F() ! () . c.d.f. and p.d.f. of repair time distribution of complete failure of main unit,
() ’g() : c.d.f. and p.d.f. of repair time distribution of partial failure of main unit.
() ! () : c.d.f. and p.d.f. of repair time of cold standby unit.

Using these notations the various possible states of the system along with all possible transitions are presented in the Fig. 1.1. The states

$.5.5.5.9.8.5 s s S S,

9 are up states while and are failed states. Further, the states and
while rest of states are regenerative states.
Possible States of the System: The system, at any point of time, may be in one of the following states:
SOEI:'\AO’(:s] S15['\/|r’(:o] S2 E[I\/lH’C:o]
S3E[(MHO7Cr] S4 E[I\/lHI’(:o] S5 E[I\/Ipr’co]
86 E['\/IR7(:0] S7E['VIFR’('\’W] SBE[I\/lPR’C:W]
S, =[M,.C/]
TRANSITION PROBABILITIES AND SOJOURN TIMES
The various steady state transition probabilities are as follows:
Po1 = o Po2 = - = =

a+i, o+, Pio = F(B) P, =1 F(B)
. o= — i o
= 5P “” 5+B Ps,=H(a) P, =1- H(a)
B y H,
P = P = Py = ~
By, Byt BHy+u, P = G(B)
h S TN
Pss = 1- G(B) N+ B BN+ B P79 =Psg -
I ot ~ __Ga 1
~ Pos= ———|1 —H(a +p Py, = ——|1 —Hla+u
ng = H(a +“‘1) ¥ a +ul [ ( l)] o a +u1 [ ( 1)] (1)
> p;=1i=01..9

From the obtained steady state probabilities, it can be easily verified that i . (2)

are non regenerative states
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Mean Sojourn time

__1 _1-F(p) _ 1 1-A(a)
Mo " Hl—T K2 5+p p3——a
bt 1-6@ o, ot 1-Hw)
B+u, +y ° B A+B Hy @)
STATE TRANSITION DIAGRAM
FIGURE 1.1

MEAN TIME TO SYSTEM FAILURE
) ; = < ]
let U I be the random variable denoting time to system failure when the system starts from state S ] S' DE and let T[' (t) P[U' st be the cdf of
. . e ] . S . . i t) . S
time to system failure for the first time when it starts operation from state . To determine the distribution function, " ! , we regard the failed states

S

(t)
as absorbing states. Using basic probabilistic arguments, the recursive relations among T[' ( can be easily developed and taking Laplace Stieltjes

and
O
Tio(S) D,(s)
transform of the relations and solving for 0\~ , we get 1
(4)
where

N1(S) = 601617[1 = 632623 3 624632 (643 + 646663)] + 602623637
+ 602624 [645658 + 637 (643 + 646663)]
And
Dl(s) = (1_ 60161011_ 623(532 - 624632(643 + 646663)] - (502624 (645650 + 646660)
Q)

(for simplicity we have omitted the argument ‘s’ from

)
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IS”TgQij(S) - By

and Using and eq. (1) and eq. (2), we obtain the following limiting values of Nl(s) and Dl(s) on ‘s’ approaches to zero

Nl(o) = p01P17[1 = P3aP2s _p24p32(p43 + p46p63)] * Po2P23Ps7
* PoP2s [p45p58 + p37(p43 + p46p63)]
= (1 - p01p10)[1 ~Pogs; p24p32(p43+ p46p63)] - p02p24(p45p50 + p46p60)

and

D, (0): (1_ p01p10)[1_ P23P3, ~ p24p32(p43 + p46p63)] - p02p24(p45p50 + p46p60)
N,(0)=D,(0)

(5)
ﬁO(S) :1 as S - 0!

On comparing the above expressions of Nl(o) and Dl(o), we observe that and thus

(1)

which implies that

is a proper cumulative distribution function.

S

Thus, Mean Time to System Failure (MTSF) when system starts operation with the entrance into is obtained as

E(T)=- d 7o) = D;(0) - N3 (0)

ds D,(0) "

] ! ~
Tio(S)
where Nl(o) and Dl(o) are the derivatives of the numerator and denominator of 0 at S - O

To obtain the numerator of MTSF defined by (5),
d T s
~ —[edQ (t)/.. m, =,
- 0 j s=0 ij i
m; =-Q; (S)/szo :dso i

and
m;. . . S | i
where is the mean elapsed time of the system in state ! before transiting to state .

(0)-N;(0)
Therefore, on arranging the coefficients of I and also by using the above relations, the expression for 1 1 can be written as:

D’ (0) = N}(0) = (Mo *HP01) [ 1= P25Ps> = P2aPss(Pas + PasPes)] +H (1= Poy) +
H 3p02[p23 P24 (p43 + p46p63)] *Po2P24 (|J.4 T U0, TH 6p46)

Therefore, using (5) and (7) in (6), the mean time to system failure (MTSF) becomes

(7)

(I-J'o + “1p01)[1_ P23Ps, ~ p24p32(p43 + p46p63)] *TH, (1_ p01) +
E(T) — H 3p02[p23 P2 (p43 i p46p63)] * Po2Pss (U4 +HgPss TH 6p46)
(1_ p01p10)[1 ~ P23Psz ~ P24Ps2 (p43 + p46p63)] i p02p24(p45p50 + p46p60)

AVAILABILITY ANALYSIS
A (1)

A1)

is the probability that the system is up at epoch ‘t’ given that initially it was in up state S .Using the definition of i

Asls)

,the recursive relations

among Ai (t) can be easily developed, taking their Laplace transform and solving
system in the following form:

, we can write the expression of steady-state availability of the

i [ o . (s)
A, =limA, () = lim sA;(s) = lim S#(s)

(8)
s> 0

which is an indeterminate form since the denominator of (8) becomes zero as , Which can easily be verified.

Therefore, on using L’ Hospital’s rule, the steady state availability, 0 becomes
. SN (s) +N (s) N (O)

A, = lim=—22_ 2= =2
=0 Dyf9) D(0)

Further on using the following relations:

lsi[%qa(s):q?j(o):pij i —q; (0):m”.
Z(0)=p,i= 01234586 9

(9)

also

S S UE

The numerator and denominator of steady state availability of the system starting from state , is thus becomes
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(1_ p97)(1_ P23P32 = P24P32Paz — p24p46p32p63) }

- p37p93(p23 + p24p43) - p24p93(p45p58 + p46p37p63)

N, (0)= (- por e +pmu1)+pmpuug]{

(Uz T 3Py T H 400 T HaPoPss + U5p24p45J(1_ 0 )
+ [p01p17p93 * Poz (1_ Py7 )] T H6P24Pas + H3P24P4sPs3 o
+ (p23p37 T P24P45Psg T P24P37P46Pes T+ pz4p37p43)ug

P23P37Pg0 T P24P43P37Poo TP24PasPeo + p24p45psop93}
+ P24P46Poo + P24P46Ps0Pos
1= Pg7 ~ P23P32Pg0 ~ P23Pos ~ P24PasPss Pos _p24p32p43p90}
~ P24P43Po3 ~ P24P4sP32Ps3Pg0 = P24P46Ps3Po3
TH, (1_ pg?)(l_ Po7 =~ Po1P1o * PoiP1oPs7 ~ p01p17p90)
+ U-s(l_ Po7 =~ Po1P1o * PoiProPer ~ p01p17p90)[(p23 +P24Pas +p24p46p63)(1_ pg?)]
+tH 4p24(1_ p97)(1_ Po1P1o ~ p01p17p90)(1_ pg?)
+ U5p24p45(1_ pg?)(l_ Po7 =~ Po1P1o + Po1P10Pe7 ~ p01p17p90)
+ u6p24p46(1_ pg?)(l_ Po7 =~ Po1P1o * Po1P1oPe7 — p01p17p90)
1= Pg7 = P23P32Pg7 + P23P37Pes ~ P24PasP32 Per ]:|
*+ P24Pa3P37 Pos = P24PasP32 Pe3Po7 + P24PacPa7 PeaPos
1 7Pgr[(1= PosP10 )PP g7 Poo
*+H7Pgr (p23p37 Poo = P24P4sPsoPo7 = P24PasPeo Po7 + P24PasPa7 pegpgo)

D, (0) = Uo(l_ p97){

+H 1p01(1_ p97){

T 7p97|:(1_ Po1P1o

BUSY PERIOD ANALYSIS

B, (1) S5 OE

at time t=0 is under repair i.e. the repairman is busy. Using

B; (S), the

is the probability that the system having started from regenerative state

the definition of Bi (t) , the recursive relations among Bi (t) can be easily developed, taking their Laplace transform and solving them for

S

steady state probability that the system is under repair with repairman starting from state “, i.e. in the long-run the repairman is busy is given by

. : R : N.(S
B, =limB,(t)= limsB,(s)==Ilim s—2
tooo s-0 s-0 D (S)
: (10)
s, 0 lim d; (S):qij (0): P;
Since the denominator of (10) becomes zeroas © — VY, thus on using L’ Hospital’s Rule and the results S~ 0 and
-a’ (0)=m.
q” ( ) I also

B

the expression for 0 hecomes

"7 oe) o0
where
N3(O): (1_ Po7 = P23P37Pg3 = P24P43P37P93 = P24P45PssPg3 ~ p24p37p46p63p93)
[1:P02 (1= D7) + PoaPisHs + PosPyrht; ]
+(p23p37 + p24p43p37 + p24p45p58 + p24p46p37p63)u9
+ (1= Por)(PasHs *+ Pass + PoaPuaHs + PoaPusHs + PoPacPects)
+ (p23p37 + p24p43p37 + p24p45p58p97 + p24p46p37p63)p’7

D3(0)

I
and the expression of D2 (O) ,
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EXPECTED NUMBER OF VISITS

V. (t
[ ( ) is the expected number of visits by the repairman during time (0, t], given that the system initially starts from the regenerative state

t=0 V,(t)i= 012345679
\70 S

S’SIDEat

time . Thus, the expressions for various can be obtained and taking Laplace Stieltjes transform , we get a

V., (S
system of linear equationsin ! ( ) and solving them for we get the expected number of visits per unit of time, in steady state

v, =tim| Yo = im s, (s)=tim s NalS) =Na(0)

toe t s-0 s-0 D4(S) D’4(O) (12)
(since D 4 (S) tends to zero as s—0 and on using L’ Hospital’s rule)
where

N, (0) = p01(1 ~Por )(1 ~ Py )(1 T P2sPs2 T P2aPasPsz = P2uP 46p32p63)
+ pOl(l_ p97)[p23p37p93 + p24p43p37p93 + p24p45p58p93 7 p24p46p37p63p93]
+ (1_ p97)[p01p17p93 + poz(l_ p97)]

I I
and the expression of D4 (0) is equivalent to D2 (0) )

COST BENEFIT ANALYSIS

0t
( ! ] , we consider the expected time for which the system is under repair and the number of times the

(0.t]

For obtaining, the total expected cost incurred in time
repairman becomes available.

Let C(t) denotes the expected total cost incurred in time
C(t) = CiMg(t)+C,V,(t)

where

, Which is given as

(13)

1= cost per unit time for the system to be repaired by repairman

C

2 = Cost per visit by the repairman

Further, let the expected total revenue in time (0, t] is denoted by R (t) and is defined as (14)
R(t): Cop'up (t)
where

0 is revenue per unit up time of the system.

t
Therefore, the total expected profit of the system in time (O’ ] , is given by

P(t) = R(t) - C(t) =poH(t) —Ciu(t)+C,V,(t)

The expected total profit per unit is given by

P(t
5 P
t
And, in the long- run, this profit is becomes
P®)

P = !IETOT :IS!T) [§ P (S)J = C,A, -CB, -C,V,

(15)

GRAPHICAL REPRESENTATIONS OF MTSF AND AVAILABILITY

The repair time distributions of the complete failure of main unit, partial failure of main unit and cold standby unit of the system were assumed arbitrary while
describing the system description and all other times assumed exponentially distributed with different parameters. To study the behavior of its MTSF and
availability through graphical presentation, we assume that the repair time distributions of these three failures are also exponential with constant failure rate

6, 6

, 2 and 3, respectively. To plot the graphs of MTSF and availability of the system, we consider three different cases for the various values of the failure
=v=0=W=U=A=6.=0,=06.=030
and repair rates. In the first case, we fixed the values of B V ul uz 1 2 3
<q< =y=0=U = =A=06.=06.=6. =050
G, 0 as 1 In the second case, B y ul uz 1 2 3 and different values of

=y=0=U = =A=06.=06.=6.=080 <q<
third case, B y ul uz 1 2 3 and different values of a, 0 as 1 The three sets of graphs of MTSF and

availability have been plotted and presented through Figure 1.2 and Figure 1.3, respectively. From, these figures we observed that, in all cases, both MTSF and
availability of the system decreases with increasing failure rate of complete failure of main unit.

and different values of

a,0<o<1

, while in the
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FIGURE 1.2

Behaviour of MTSF
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FIGURE 1.3
Behaviour of Availability
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