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ABSTRACT

In this dissertation we discuss two different models. In
the first model we have analysed a system consisting of two cold
standby units with two types of failure and two types of repairs.
Either of unit can be in operation or in partial failure mode or
in total failure mode. An operating unit can fail partially or
totally  direct or totally through partial failure. A
partially failed unit can be repaired during operation since
partially failed unit remains operative with reduced
capacity. A totally failed unit may require two types of
repairs viz., major repair or minor repair. The failure of one
ﬁnit is statistically 3 independent of failvre of the other
unit. The system fails only when both the tnits fail totélly.

In the second mbdel we have two unit warm standby system. An
operative unit can not 'fail totally without failing partially
gs we have assumed in the first model.

For .both the models we have assumed all the failure and
repair time distributions ‘as general distributions. MTSF is

derived by using techniques of regenerative process,



and other remains standby. As soon as operating unit fails

the 5tandby unit starts operation. The failure of a unit may.

be of one of the following types.

| (a) Partial Failure : Failures resulting from deviations
in characteristics beyond specified limits but not such
as to cause complete lack of required function. In othér
words the unit works at a reduced capacity and can be
repaired during operation. |
(b) Total ( Compléte) Failure : Failure resulting from
deviations ‘in charactristics beyond specified limits such

as to cause total lack of the required functions.

In 1975 Procter and Singh first studied a single
unit system with three modes viz., operating, partial
failure and total failure. Gupta et al. have studied a two-unit

redundant system with these three modes of operation.

Goel, Kumar and Rastogi { 2] have worked on two-unit
redundant system under partial failure and two types of repaifs
with +the assumption that an operative unit cannot go directly
to total failure mode 1i.e. an operative unit first goes to

partial failure mode and then to total failure mode.

This thes;s deals with two different models. In the
model 1 we have analysed two - unit cold standby system
under two types of failure and two types of repairs assuming
that an operative unit can fajil partially or totally direct or

totally through partial fajilure. The model 2 has two unit



INTRODUCTION

Conventional intutive approaches to the evaluation of
system adequacy are not sufficient in modern eﬁgineering
applications and are gradually being replaced by consistent
quantitative techniques. A basic and common requirement in any
éuantitative procedure is the development of a suitable
mathematical model to describe the system. One of these models
is reliability.

Reliability is a new concept. The general area of
reliability' theory is extremely wide and infact encompasses all
aspects of engineering technology, In modern technology, space
landing programmes, exploration to Mars and communicstion systems
in the world are a few. eloquent examples of present day
technology. It has been possible for the first time to
deménstrate a very high reliability (99.9999 %) through a maze of
complex systems and procedures in an environment with a high
degree of variability. The reliability, a measure of quality, is
an essential element at each stage of the equipment manufacturing
procedure through design and producpion to final delivery to the
user. The increasing sophistication of electronic and telemetric
equipments needed for defence, space research programmes,
satellites and guided missile systeﬁs demand avhigh degree of
reliability. So during the second world war reliability was
considered to be one of the pressing needs in order to study the
behaviour of various systems used by the military.

In the real life it 1is seen that many a reliability

systems have two or more units in which only one works at a time



and other remains standby. As soon as operatingv unit fails
the Qtandby unit starts operation. The failure of a unit may
be of one of the following types.
(a) Partial Failure : Failures resulting from deviations
in characteristics beyond specified limits but not such
as to cause complete lack of required function. In othér
words the unit works at a reduced capacity and can be
repaired during operation. |
(b) Total ( Compléte) Failure - Failure resulting from
deviations vin charactristics beyond specified limits such

as to cause total lack of the required functions.

In 1975 Procter and Singh first studied a single
unit system with three modes viz., operating, partial
failure and total failure. Gupta et al. have studied a two-unit

redundant system with these three modes of operation.

Goel, Kumar and Rastogi [ 2] have worked oﬁ two-unit
redundént system under partial failure and two types of repairs
with the assumption that an operative unit cannot go directly
to total failure mode 1i.e. an operative unit first goes to

partial failure mode and then to +total failure mode.

This thes;s deals with two different models. In the

model 1 we have analysed two - unit cold standby system
under two types of failure and two types of repairs assuming
that an operative unit can fail partially or totally direct or

totally through partial failure. The model 2 has two unit



warm standby system under two types of failure and two types
of repairs. Either unit can fail partially or totally through.
partial failure.

Before discussing the above models we have revision of

basic points in reliability, transforms etc.

RELIABILITY

The .concept of reliability has been interpreted in many
different ways.  ELECTRONICS INDUSTRIES ASSOSIATION (EIA),
USA, has defined reliability as | |

" Reliability is the probability of a device performing
adequately .fori the period of +time intended under operating
conditions encountered”. In the other words, it is the measure

of the capacity of an equipment to operate without failure when

put into service.

We write reliability R(t) of a device as -

'R(t) = Pr { The system works satisfactorily in the
interval (0, t] }

R(t) 1is the non increasing function between two extremes 0

and 1. If reliability is R(t) and unreliability is R(t) ‘then

- we have. _ _
R(t) + R(t) = 1
SYSTEM
A system consisting of N components can be considered
to be in series, parallel and a combination of series and

parallel. In addition we also have standby systems and K out of N

systems.



SERIES SYSTEM :
A series system has configuration as given in

the following figure -

A series system fails if one of the components fails i.e.

the series system works satisfactorily if and only if all the

components work satisfactorily.
Reliability R(t) of a series system having n units is given by

Ri(t)

o
=
t
"
s

R(t) = R1(t).R2(t).........
| 1

where Ri(t), 1 £ i1 £ n , is theireliability of the ith

component.-

PARALLEL SYSTEM
A parallel system has configuration as given in

the following figure -




In this case the system can function properly when at least
one of the components 1s working 1. e. the system fails only
when all the components fail. The reliability of a parallel
system consisting of n units is given as

{ 1- Ri(t) }
1

R(t) =1 -

s

l.o

STANDBY SYSTEM

In this type of system only one unit works at a
time. If this unit fails a standby upit is immediately switched
on-line andv failed unit is taken off-line. The system
functions till every unit fails. Configuration is given in the

feollowing figure.

MAINTAINED SYSTEM : ’
This type of system can be maintained 1i.e.
the failed part (or parts) of the system can be repaired or

feplaced‘while the system is in working state or in failed state.



NON MAINTAINED SYSTEM : .

There is no repair 7acility for repair

of the failed part of the system.

AVAILABILITY
INSTANTENEOUS AVAILABILITY :

It 1is the probability that the
system will - be available at any random time t. We denote it
by‘ A(t). ©Some times we may be interested in the average
up —4time for some definite pefiod T. It 1is defined as

proportion of time in a specified interval'( 0, T] that the

system 1is available for use.

: 1 IT
A(T) =~ o A(t) dt Lo 1.1
T

STEADY STATE AVAILARILITY : '
The proportion of time that the

system is available for use when the time interval
considered is very . large , is known as steady state

availability and is defined as

1 IT
A(x) = Lim o A(t) dvt ...l 1.2
T—> o T
TRANSFORMS

LAPLACE TRANSFORM (LT) -
If f(t), t > 0 1is continuous function

of t then the Laplace Transform of f(t) is defined as



L [£(t)] = £*(s) = fo e-st £(t) dt , for

-----

LAPLACE STIELTJES ITRANSFORM {LST) :
LST of

function F(t) is defined as
[ o]
LST [(F(t)] = F**(s) = Io e-st 4F(t)

LAPLACE CONVOLUTION :

If f(t) and g(t) are

real 2 0

S
..... 1.3

a continuous

continuous

functions of t then convolution of f(t) and g(t) denoted by

f(t).(c);g(t), is definéd as

t
f(t).(c).g(t) = fo - f(u).g(t-u) du

LAPLACE STEILTJES CONVOLUTION :
Let F(t) and
continuous function of t then the LSC of F(t)

defined as

) t
F(t).(s).G(t) = IO F(t-u).dG(u)

By the convolution theorem we also have

LT [f(t).(c).&(t)] = f*(s).g*(s)
LST [F(t).(s).G(t)] = F¥*(s).G**(s)

G(t} be two

and G(t)

is



MEAN TIME TOQ SYSTEM FAILURE (MISF)

It is the expected time, the system is

in operation

before it fails completely. If F(t) is the failure distribution

of the system, f(1) the density function and

‘reliability of the system then

MTSF = Ko t.f(t)dt = &o R(t)dt

R(t) is the



CHAPTER 2
WQESEMMMl'i :
In this chapter we
consider a two unit system in which each unit can be in either of

the following three modes -

(a) Operative / Normal
(b) Partial Failure P
F

(c) Total Failure
i.e. =& 4un1t can fail partially or totally. When a unit fails
totally it might have to undergo either major or minor repair
Assuming general distribution for failure and repair times, we
obtain distribution of time to system failuie, availability and
MTSF by using the technique of regenerative process. In the

description of the system we have following points -

1. Two similar units operate in cold standby configuration and
at time t = 0 one unit 1is operating and other unit 1is
cold standby. |

2. An O-mode unit can go to P-mode or direct to F-mode or to
F-mode through P-mode.

3. Switching of standby unit in operation is instanteneuos and
perfect.

4. The failure and repair time distributions are assumed to be

arbitrary with different cdf’s in each cése.

n

In F-mode a unit may need major or minor repair with
probabilities b and b such that b + b= 1.

6. Single repair man is available to repair a P- or F- unit.

10
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7. After repair in F- mode the unit goes directly to O- mode.

8. The time +to failure and repair of unit one is statistically
independent of.the time to failure and repair of other unit.

9. In case an O- unit enters P- mode while the other unit is in
F-mode and under repair, the repair of F-unit is stopped and.

the P-unit 'is taken up for repair in preemptive repeat

fashion.
NOTATIONS :
0 operative mode
P partial failure
5 standby
Mr, mr - under major.or minor repair after total
failure
Mw, mw ' walting fof major or minor repair after

total failure.

The system may be in of the following states at any instant

Up states Se (0,8) , S1(P,8), S2(0,Mr)
S3(O,mr ), Sa(P,Mw), Ss5(P,mw)

Down states Se (Mr,Mw), S7(mr ,Mw),S8 (mr,mw)

We are also - using some following notations
fi(t), Fi1(t) pdf and cdf of time to pass from O to P-mode
fa (t), Fa2 () pdf and cdf of time té pass from P to F-mode
fa(t), Fs(t) pdf and cdf of time to pass from O to F-mode
fy (t), K (t) pdf and cdf of time to pass from S to P-mode
g(t), G(t) pdf and cdf of time to repair of a P-unit
gM(t), Gu(t) pdf and cdf of time for major repair of a F-unit

gn(t), Gm(t) pdf and cdf of time for mincr repair of a F-unit

12



Qij(t),Qj(t) pdf and cdf of time for transition from state Si

to Sj
b . Prob. of F-unit requiriné major repair
* Laplace transform
XX . Laplage steilfjes transform
(c) Laplace convolution
_(s) | Laplace stelltjes convolutioh
Mi mean sojourn time in state Si = ; mi j
mi j ‘" mean sojourn time in state Si givin that
transition is to state &j
= f t (dQij(t)]
=,f test d@j(t) s=0~ = - Q&i*¥(0)
Ui gime to system failure when it starts from state
i
Vi Pr { Ui £t }
Mi (t) . Pr {system starting from state Si is up at time t

without +transiting into any other regenerative

state }

DENSITY FUNCTION OF TRANSITION TIMES

Q01 (t) = f1(t) Fs(t)

g0z (t) = b.fa(t) F1(t)

Q03 (t) = b.f3(t) F1(t)

qio(t) = q42(t) = gs53(t)
= gty F2(t)

qlz(t) = q48(t) = g57(t)

b.f2(t) G(t)

13



q4%(t) = g58(t)

i

q13(t)

b.f2(t) G(t)

t

qza (t) = f1(t) F3(t) GM(t)
Q35(t) = f1(t) Fa(t) am(t).
Q28 (£) = b.fs(t) F1(t) Gu(t)
Q27 (t) = b.f3(t) F1(t) GM(t)
Q37 (t) = b.fa(t) Fi1(t) Gm(t)
Q2o (t) = gM(t) Fs(t) Fi(t)
Q30(t) = gm(t) Fa(t) F1(t)
@38 (t) = b.fs(t) F1(t) Gm(t)

82 (t) = gM(t)

qQ72(t) = gm(t)
Q83 (t) = gm(t)
Qij(t) = 0 otherwise

Note:- P = [(pij)] denotes the transition probability matrix

= [Qj (@)] = [Qij** (0)]

IIME TO SYSTEM FAILURE

Now we have

Vo(t) = Qu1(t)(s) Vi(t) + Q2a2(t)(s) V2(t) + Qo3 (t)(s) Va(t)
Vi(t) = @o(t)(s) Vo(t) + Qz2(t)(s) Va(t) + @3 (t)(s) Va(t)
Va(t) = Qo(t)(s) Vo(t) + Q2a(t)(s) Va(t) + Qe (t) + Q27 (1)
V3 (t) = Qo(t)(s) Vo(t) + Qas(t)(s) Vs(t) + Qs7(t) + Qas(t)
Va(t) = Qaz(t)(s) Va(t) + Qae(t) + Q47(t)
Vs(t) = Qs3(t)(s) Va(t) + Qs7(%) + Qse(t)

Taking Laplace Stieltjes transform and solving we obtain the

LST of distribution functions of the failuré times assuming that

14



system was initially in state So. Then we have

+

Vo**(3) = Qo1**(3) Vi**(s) Qoz2**(3) Va**(s) + Qos**(s3) Vs**(3)

Q2¥*(s8) Vz**(s) + Qus**(s) Vs**(é)

+

Vi*¥(s) = Quo**(s) Vo**(s)

Qee**(s) Va**(s) + st**(ﬁ) + Q27*%(s)

V2*%(s) = Qzo**(s) Vo**(s) +
Vax*¥(s) = Qao**(s) Vo**(s) + Qss*¥(s) Vs¥*¥(s) + Qs7¥¥(s) + Q3e*¥(s)
Vax¥(s) = Qu2**(s) V2*¥(s) + Qe**(s) + Qu7**(s)’
Vs**(s) = Qss*¥(s) Va*¥(s) + Qs7**(s) + Q58+ (s)
If we consider N2 (s)
Vo**(s) = —————— Then we can write
Dz (s)
Nz (s) = (1-Qss**(s) Q53**(s)) [Qo1**(s) Qu2**(s) + Q2**(s))
{Q24%*(35) (Q8**(S)+ Q7**(3)) + Qze**(s) + Q7**(s)}]
+ (1-Qz4**(s) Qu2**(s)) [(Qi1*¥*¥(s) Qus**(s)
+ Q30**(s)){Qss**(3)(Q57**(s) + Qse*?(s)) + Q7**(s)
+ Q3s*¥*(s)}]
- D2(s) = (1~Q21**fs) Qa2**(35))(1-Qas5**(s) Qs3**(s)) x

(1-Qo1**(s) Quo**(s)) |

“(1-Qas**(s) Qs3**(s)) [Qoi**(s) Qz**(s) Qo**(s)

+ Q20**(s) Qo2**(s)] ‘ |

~(1-Q24**(s) Q42*¥(s)) [Qo1¥*(s) Qs**(s) Qeo**(s)
ot QoS**(S) + Q3o**(s)] |

Now we have to find out mean time to system failure (MTSF)

- d .
i.e. E[ U ] = Vo**(s)|s=o

ds

D2’ (0) - Nz’ (0)
ie. MTSF =

D2(0Yy ... 2.1

-lln the following expressions we shall be writing Qi j** for

Qij**(s).

15



Nz'(s) = (1-Qss** Qss**) (Qo1** Qz** + Qoz**) [Q2a**’(Qee**
T OQETEE) + QXK (QeB**'+ QuTAXT+ (Qre**¥'+ Qa7 AR?)]
+ ((1-Qas** Qs3**)(Qu1** Quz**'+ Qoi**'Qua** + Qoz**!)
~ (Qss*¥*¥Qs3** + Qas** Q53**!)(Qo1*¥ Q12*3+Qoz**)]
x [Qza**(Qae** + Qu7**) + Qae** + Qa7%%]
t+ (1-Q24%% Q42**)(Qo1** Qu3** + Qos**) x
| [Qos**’(Qs7** + Qsa**) + Qas**(Qs7**'+ Qsa**’)
+(Q37**%? + st**')i
+ [(1- Qza** Qaz**)(Qo1** Qua**’ + Qo1**'Qua*x* +
S QO3¥*Y) - (Q2a*¥PQe2%¥ + Qaa¥* Qu2%%?) x
(Q01** Q3** + Qos**)] [Qas** (Q57*% + Qsg**) +

(Q37*%* + Qag**x)]

D2’ (3)= “(Q24**'Q42** + Q24** Qu2%*’ (1-Q3s** Qs3**) x

(1-Qo1** Qo**) - (1-Qz4** Qsz**) (Qss5**’Qs3**
+ QIs** Qs3¥*?)(1-Quo** Qo1**)-(1-Qea**Qe2*%*)x
(Quo**? Qo1** + Quo** Qo1**?) (1-Qas** Qs3**)
~(1- Q35%* Qs53**) [Qo1** Qrz** on**5 +

QL** Qa**¥'Quo** + Qol**'Qu2%% Quo¥* +
Q2**'Q20%* + Qo2%* Qo¥*’]

-(1- Qza** Qu2%*%) [Qo1** Qia** Qao**’ +

‘ Qo1** Qi3**7Qao** + Qo1 **’Qra** Q3o** +
QU3*¥*¥’Qao** + Qo3** Qao**’)

+(Q35%*?Qs3** + Qas** Qsa**?) x
[Qo1%* Quz** Qeo** + Qoz** Qzo**]

+(Qez* * 2 Qo a** + Qaz** sznr') X

[Qo]** le** Qslo** + Qos** Qso*#]

16



D2’ (s)-Nz2’(s)
= - (1-Qa5** Qs3*¥)(1-Qaa** Qiz**) [(Qo1**’+ Qoz**’ +

Qo3**’ )+ Qo1 ¥* (Quo**'+ Qua**? + Qua**’)] ’

- (1-Qas** Qs3**) [(Qzo**’+ Q24**’v+
Qe**! + Qar**! )( Qo1%* Qu2** + Qo23¥) +(Qe2**’+
Qe**! + Qa7¥*! ) (Qoz** Qz4** +Qo1** Qu2** Qea** )

- (1-Qza** Qez**) [(Qo**'+ Qas*x! +
Q7**) + Qae**))( Qo1** Qu3** + Qoa**) +(Qs3¥r’+

Qs7*¥! + Qsg¥¥! ) (Qo3** Qas** Qor** Qa** Q35** )]
P .2.4

Substituting s = 0 we  have Qij*¥ =pij and we get

Dz’ (0) - Nz’ (0)

MTSF - =
‘ D2 (0)

Where
‘Dz’ (0) -N2’(0)
= (1-pss pgs ) (1-p42 p24 ) [po + DOl o]
+(1-p42 p24 ) [(M3 + p3s us) . (pos + por p13 )]

+(1-p3s pss ) [(u2 + p24 pa) . (poz + po1 pr2 )]

........ 2.5
and
D2(0) = (1-p3s p53 ) (l-pa2 p24 ) (1- po1 pro)
-p30 (l-p42 p24 ) (po3 + p01lp13 )
-p20 (1l-p3s ps3 ) (poz + po1 p12z ) 2 6

POINTWISE AVAILABILITY AND STEADY STATE AVAILABILITY

Probability that the system is up at time t starting from state
5i without transiting to any other regenerative state is given by

Mi (t) and for different i’s we have

17



Mo(t) = Fs (t) F1 (%)
M(t) = G (t) Fz2 (%)
Ma(t) = Fs (£) Fi (t) Gx (%)
Mifh) = B (&) Fi (4) Gm (%)
Me(t) = G (t) Fz  (t)

= G (t) F2 (t)

Ms(t)
In the beginning of this chapter we have mentioned that we

shall apply technique of regenerative process. Applying that

theory, the pointwise availabilities Ai(t) of system starting

from a regenerative point are given by the following relations,

Ao (t)

Mo (t)+ o1 (t)(c) AL(t)+ qoz(t)(c) Az(t)+ dos(t)(c) As(t)

AL (t) = Mi(t)+ aro(t)(c) Ao(t)+ ar2(t)(c) Az2(t)+ qr3(t)(c) As(t)

Az (t) = M2(t)t qzo(t)(c) Ao(t)+ qza(t)(c) A4(t)+ qze(t)(c) As(t)
+ Q27 (t)(c) A7 (%) |

Az (t) = M3 (t)+ Q@io(t)(c) Ao(t)+ qas(t)(c) As(t)+ q37(t)(c) A7(t)
+ q38(t)(c) As(t) |

Ar(t) = Ma(t)+ qe2(t)(c) Az2(t)+ c;»ts(t)(c) As(t)+ aa7(t)(c) A7 (%)

As(t) = Ms(t)+ @53 (t)(c) As(t)+ qs7(t)(c) A7(t)+ ass(t)(c) As(t)

As(t) = qe2(t)(c) Az(t)

A7 (t) = qrz2(t)(c) Az(t)

As(t) = q83(t)(c) A3(t)

Taking Laplace Transform and solving for Ao*(s) we get

NA(s)

Ao¥(s) =
~Da(s)

Where { In the following expression we are writing q* for g*(s)}

18



Na(s) = {1- q38* Q83* -Q35*( Q53% +g58* Q83* )} X
{1- [qQ24%* Q42* +ge2* Qq26* +q72% Q27¥ - Q24% X
x(qg48* gs2* ¥q47* q72%* )} [Mo* + qQo1* Mi* ]
+ {1- q38* q83* -q3s5*%( q53¥% +qs58¥% Q83¥)} x
{ Qo1* qi2*% + goz2*% } [M2* + qQ24*% Ma¥* ]
+ {1- [qQ24% Q42* +g82* qz26* +q72* qzv*'— Q24% X
x(g4s* ge2* +g47%* q72%* )} {Qo1* q13* + Qo3* }x
[Ms* + qas* Ms* ]
+ (Qo1* Qq13*% +qo3*) (qgss* qbT7*% q72¥ + q37*% q72¥)
.......... 2.8
Da(s) = {1- q38* Q83* -~-qg3s*( q53*% +qQ58% Q83* )} X
X{1- [Q24* qa2* +g82* qze* +Q72% Q27* - Qz4¥ X
x(q48* ge2* +qa7* q72%*% )}
- {1- Q38% qg83% -q3s5*( q53% +q58% g83* )}
x{qo1* qiz* Qz0* + qQo02* qz0* }-
- {1- [524* Q42¥ +qe2* g28¥%¥ +qQ72* Q27F¥ - Qg24¥% Xx
x(Qq48* q82* +qQ47* q72* )}{qo1* q15* Q30% + Qqo3* §30* }

- Qo1* qi13*% {Q3s* q57% Q72¥ + Q37% qQ72* } Q20%

Hence the steady state availability

- NA(0)
Ao = Lim Ao(t) = Lim s.Ao*(s) = SRS ——
t—w» s—>0 DA (0)
PPN 2.9
Where
NA(O) = p2o [ pso + ps7 + pss ps7 1 [ mo + po1 m1 |}
+ [ mz + p24 pa )} [ por p12 p3o + p35s p57 ( pi2 + p13 )+
p3o poz ] +
+ [ m3 + p3s us ] [ p2o (pos + po1 p138 )]
.......... 2.10
And
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‘Da’(0) = p2o [ p3o + ps7 + p3s ps7 ] [ mo + po1 1 ]
+ [ p2 + p24 pa 1 [ po1 .p12 p3o + p3s ps7 ( prz + pms )+
p3o po2 ] +

+ [ w3 + p3s pus ] [ pzo (pos + po1 pis )]

. + {[ p2s + pes p24 ] M8 + [ P27 + D47 p24 ] u7Ix
x{ Ppo1 pi12z2 p3o +( piz + p13) P35 p57 ]
+ {[ p3s + pss5 pss ] ue + [ p37 + p3s P57 ] M71x
X P01 P13 p20
+ {[ ps8 + p35 p58 ] M8 P20 DoO3

+ {[ p27 + pa7 p24 ] M7 P02 P30 .. 2.11

v —
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DESCRIPTION OF SYSTEM UNDER MODEL 2 -

CHAPTER 3

In +this chapter we

consider a two‘ unit system with all those assumptions which we

have considered in the previous chapter along with the

following ones

1. The units are warm standby in place of cold standby.

2. The operative unit can go from O- mode to P- mode and then
to F- mode 1i.e. C-mode unit can not go directly to the F-
mode and the standby unit can fail only totally.

3. Standby unit after +total failure requires two 1lypes of
repairs viz. major and minor with probabilities « and a
respectively such that o + a = 1. '

4. Fs(t) and fs(t) are the cdf and pdf to time to failure a
standby.unii totally.

DENSITY FUNCTION OF TRANSITION TIMES

Qo1 (t) = f1(t) Fs(t) |

@z (t) = a.fs(t) F1(t)

Q3 (t) = a.fs(t) F1(t)

qro(t) = g(t) F2(t) Fs (t)

as2(t) = Q@53 (t)

= g(t) F2(t)
qiz(t) = b.f2(t) G(t) Fa(t)
Q46 (t) = qs7(t)

= b.f2(t) G(t)
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© TRANSITION DIAGRAM OF MODEL 2

O UP State

@ Down  State
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Qi3(t) = b.f2(t) G(t) Fa(t)

Q7 (t)

Q24 (1)
qQ35(t)
qzb(t)
qso(t)
ar4 (t)
q15(t)
qe2 (t)
qr2(t)
gs3(t)

qij(t)

= q58(t)
= b.f2(t) G(t)
fi(t) Gu(t)

1

£1(t) Gm(t)

gu(t) F1(t)

th

gn(t) Fi(t)

a.fs (t) F2(t) G(t)

F.fe (t) F2(t) G(b)
gu(t)
gn{t).

gn(t)

[}

1]

0 otherwise

Note:- P = ([(pij)] denotes the transition probability matrix

= Qg (®)] = [@s** (0)]

TIME TO SYSTEM FAILURE

We have following renewal process arguments :-

Vo(t) = Qo1(t)(s) Vi(t) + Qz(t)(s) Va(t) + Qo3 (t)(s) Vs(t)

Vi(t)

Va2 (t)
Vs (b)
Va(t)

Vs (t)

]

Qo(t)(s) Vo(t) + @z2(t)(s) Vz2(t) + Qa(t)(s) Va(t)+
@A) Vet + @s(B)(s) Vs(t)

Q20 (t)(s) Vo(t) + Qza(t)(s) Va(ry

Q3o (t)(s) Vo(t) + Qas(t)(s) Vs(t)

Qez2 (t)(s) V2(t) + Que(t) + Q47 (t)

Q53 (t)(s) Va(t) + Q57 (t) +‘st(t)

Taking Laplace Stieltjes transform and solving we obtain the

LST of distribution functions of the failure timeslassuming st
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system was initially in state S0 and if we considexr

. Na (3)
Vo**(s) = ——————— Then we have from the above set
‘ Ds (8)
Ns (s) = {1 - Qas**(s) Qs3*¥(s)}[Qor1**(s) { Q2*¥*(s) +

QUa**(s)Qa2**} + Qo2**(s)(Qus**(s) + Qu7**(3))Qa4**
+ {@a**(s) (Que**(s) + QT#F(s)) + Qs**(s) (QT*%(s)
+ Q58*%(s)} {1-Qz4**(s) Qa2**(s)}]
o {l-Qza*¥(s) Qz**(s)} (Qs7**(s) + Qs8**(s))

[ Qu**(s){ Qs**(s) + Qis**(s) Q53**%(s) } +

+ Qs**(s) ] Qas**(s)
......... 3.1

Da(s) = (1-Q24**(S) Q42**(35))(1-Qa5**(s) Q53**(s)) x °
(1-Qo1**(s) Qo**(s)) | |
-{1-Qs5**(3) st**(s)} [{an**(s) + Gn4*¥(s) Qi2*¥(3)}
{Qo2**(s)+Qo1**(2)}] Qzo0**(s)
~{1-Qz4**(3) Q4z**(s8)} [{@3**(s) + Qs5**(3) Q53**(s)
{Qos**(8)+Q01¥%(5)}] Q3o**(s)

..... .....3.2

Now we have to find out mean time to system failure (MTSF)

-d
i.e. E[ U ] = Vo**(s)|s=o
ds
' Da’(0) - Na’(0)
i.e. MTSF =

Da(0)

In the following expressions we are writing Qi j** for Qij**(s)'
After differentiation of 3.1 and 3.2 we can find D4’ (s) - Na’(s)

and substituting s = 0 we have Qij** zpij and
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D4’ (0) - Na’(0)
= (1-pss pss ) (1-pez pza ) [wo + po1 { wo + pi4 4 +
pi5s us 1 ]
+(1-paz p24 ) [(us + ps5 us) . (pos + pol P13 + pol
P15 Pp53)]
+(1-pss P53 ) [(mz + pza m4) . (pe2 + POl Piz + POl
P4 pa2 )]
and also
Da(0) = (1-pss ps3 ) (1-paz pz4 ) (1- po1 p1o)
- pso (l-psz p2e ) [ pis + pis psa] {po1 + pos }
- pzo (1-pss pss ) [ prz + pra paz] {po1 + poz }
For conveniency we have omitted the steps>in the above
calculations.
Hence by assuming varios _types of distribution we can find

MTSF.

Probability that the system is up at time t starting from state
Si without transitingAto any other regenerative state is given by

Mi (t) and for different i’s we have

Mo (t) = Fs (t) F1 (%)
M (t) = G (t) Fz  (t) Fs ()
Mz () = R (t) Gu (%) .
Ms (¢) = F1 (t) Gm (%)
Mo (8) = G (t) Fz (%)

(t) Fz (%)

Q|

Ms (t) =

POINTWISE AVAILABILITY AND STEADY STATE AVAILABILITY

Applying the same procedure as we have done in the previous

W
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chapter, we get the pointwize availabiliti€S Ai(t) of system

starting from a regenerative point as follows :

1]

Ao (t) Mo(t)+ qo1(t)(ec) Al (t)+ Q2 (t)(c) Az(t)+ qos(t)(c) As(t)
A1 (t) = Mi(t)+ qio(t)(c) Ao(t)+ qrz2(t)(c) Az(t)+ ais(t)(c) A3(t)
+ qra(t)(c) As(t)+ qis(t)(c) As(t)

A2 (1) = M2(t)+ Qzo(t)(c) Ao(t)+ qz4(t)(c) A4(t)
As(t) = M3a(t)+ q3o(t)(c) Ao(t)+ a3s(t)(c) As(t)
As(t) = Ma(t)+ qe2(t)(c) Az(t)+ Qe (t)(c) As(t)+ qa7(t)(c) A7(t)
As(t) = Ms(t)+ as53(t)(ec) As(t)+ as7(t)(c) A7(t)+ gss(t)(c) As(t)
As (t) = ags2(t)(c) Az(t)
A1 (1) = qrz(t)(c) Az(t)
A3 (t) = as3(t)(c) As(t)

Taking Laplace Transform of the ébdve set and solving for

Ao*(s) we get

Ne (s)

Ao*(s) =
De(s)

Where
NB(s) = {1 - q24 (Q42 q46 qe2 + q47 q72 )}{ {1 - q35 (qs53 +

Q58 q83)] [Mo + qo1( M1 + a5 Ms + Ma qia)}]
+ (M3 + q385 Ms ) [qo1 (q1s + qi5( @53 " Q58 Q83) )
+ qo3 J}{1 - Q35 (953 + Qgs58 qs3)] (M2 + q24 M¢ )
[Qo1 (qiz2 + Qqi14( Q48 q82 + Q47 qr2) +
Q15 Q57 q72 ) + qo2 } + (M2 + qz4 M4 ) [qo1 (qi3 +

Qs( Q53 + q58 Q83) ) + Qo3 ] 935 Q57 Q72

D = {1 - (qo1 qo ) [1 -'q35 (g53 + qg58 Q83)] - §oa Q30 -
[@01 (@13 + q15( Q53 + g58 Q83) ) ] Q3¢ }

x {1 - Q24 (Q42 q46 962 + Q47 Q72 )}
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