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Abstract

The present paper studies a two non-identical units system model arranged in parallel
with inspection and preparation time for replacement under multi failures. Initially,
first unit (A) is in operative mode and other unit (B) is kept as warm standby. The first
unit is subjected to two types of failures, i.e. minor failure and major failure. On failure
of the first unit, it will be sent for inspection to check the type of failure i.e. whether
minor or major failure. If some minor failure is found, it will be repaired and on major
failure, the unit will be replaced by the new unit. However, the system will take some
preparation time for replacement. Further, the standby unit may also fail during the
standby mode. There is a single repairman which is always available with the system.
Different measures of reliability have been obtained to study the effectiveness of the
system such as transition probabilities, mean time to system failure, availability, busy
period of repairman and net profit incurred and various system parameters are
analysed graphically.

Keywords: inspection, preparation time, replacement, minor failure, major failure.

1. Introduction

Reliability is considered as important characteristic for the system design and plays a vital role in
the planning of system expansion, operation and maintenance. Quality of supply can be improved
by reliability. To obtain useful results from system reliability assessments, reasonable values of
component reliability parameters need to be used. However, the required accuracy of the
reliability depends on the system design, its performance and the failure phenomenon of the
system components. However, the components failure rates may vary with component, time and
the environmental conditions. Therefore, it is sometimes not accurate to assign identical failure rate
to all components of a particular type. Each component is treated as an individual with a unique
failure rate. Many authors had worked in the reliability modelling field with different failure rates
and disciplines. Rander, Kumar and Tuteja [8] have discussed a two unit cold standby system with
major and minor failure and preparation time in case of major failure. El-Damcese and Temraz[7]
carried out the analysis for a parallel repairable system with different failure modes and Chander,
Chand and Singh[2] has studies stochastic analysis of an operating system with two types of
inspection subject to degradation. Further Bhatti, Chitkara and Bhardwaj [1] studied the profit
analysis of two unit cold standby system with two types of failure under inspection policy and
discrete distribution and Dhankhar and Malik[5] analyse the cost-benefit analysis of a system
reliability models with server failure during inspection and repair while Chib, Joorel and Sharma
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[3,4] have worked on MTSF and profit analysis of a two unit warm standby system with inspection
and they also worked on the analysis of a two non-identical unit cold standby system with partial
and total failure and priority and El-Damcese and Sharma [6] investigated reliability and
availability analysis of a repairable system with two type of failure.
The present paper studies a two non-identical units system model arranged in parallel with
inspection and preparation time for replacement under multi failures. Initially, first unit (A) is in
operative mode and other unit (B) is kept as warm standby. The first unit is subjected to two types
of failures, i.e. minor failure and major failure. On failure of the first unit, it will be sent for
inspection to check the type of failure i.e. whether minor or major failure. If some minor failure is
found, it will be repaired and on major failure, the unit will be replaced by the new unit. However,
the system will take some preparation time for replacement. Further, the standby unit may also fail
during the standby mode. There is a single repairman which is always available with the system.
Different measures of reliability have been obtained to study the effectiveness of the system such
as transition probabilities, mean time to system failure, availability, busy period of repairman and
net profit incurred and various system parameters are analysed graphically.

2. Assumptions

All the times associated with different events are random variables and independent.
Failure time distribution of both the units is exponential but with different parameters.
Inspection time distribution is also exponential.

Repair time distribution of both the units is taken as general but with different cdfs and
replacement time distribution of first unit is also general.

On failure of both the units, the system will break down.

6. Switch over time is negligible.

L e

3. Notations

a inspection rate for unit A

B failure rate of unit B

ay rate of minor / major failure in unit A with probability p and q
a; rate of completion of preparation for replacement
hy (t)/Hy (t) p.d.f and c.d.f of repair time of unit A

h, (t)/H, (t) p.d.f and c.d.f of replacement time of unit A
g(t)/G(t) p.d.f and c.d.f of repair time of unit B

(") c.d.f of time to system failure when S;€E.

A;(t) Pr [starting fromS;eE , the system is up at time t].
B;(t) Pr [Repairman is busy at time t\E, = S;eE].

Vi(t) Expected number of visits by repairman in (0,t].
Wi Mean sojourn time in state S;eE.

Following Symbols are used to study the proposed model:

A,/B, unit A/B is operative

A./B, unit A/B is under repair

A unit A is under inspection and

Apr/Ar unit A is under replacement or preparation for replacement
Buws unit B is in warm standby mode

Bur unit B is waiting for repair
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Different possible states of the system are described and shown by Fig.: 1

Up states Down states
So: (AO' Bws) PR (AT' Bo) Sat (ARv Bo) Se = (AIJBWT) Sg: (APR’BWT)
SI: (AI' Bo) 53: (APR' Bo) SS: (Ao: Br) S7: (AT’ Bwr) 59: (AR! Bwr)

Fig.: 1 Transition Diagram
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4. Transition Probabilities and Mean Sojourn Time

If Ty, T, T; ... denote the epochs at which the system enter any state and X, denotes the state
visited at point Th+, i.e. just after the transition at T,, then the transient and steady state transition
probabilities are defined as Q;j(t) =P[Xp41 =) Ther —Th < tIXy, =i] and p;; = gim Q; ()

respectively. The following steady state transition probabilities of the system are obtained:

_a 6 _ Ppi _az 9 _ 4 _ 1=
Po1 = al;_ﬁ P17 = a[31+ﬁ D3s = azl;_ﬁ Pas = 1 —h3(B)
= 6 _ Pd1 — o x
Pos = Py P1s = o +B DP3g = azﬁ+ﬁ Pso = g (@)
a * *
P12 = azz:ﬁ P20 = hi(B) pgg = Py Pse = 1—g7(a)
P13 = ;Tﬁ D27 = 1—hi(B) Pao = h3(B) Pe7 = D1
P16 = Py pgs =1-hi(B) Pao = 1 —h3(B) Pes = q1
1
D75 = Pgo = Pos = 1 €Y)
It may be noted that };p;; = 1, for all possible values of i 2)

Further, if T; denotes the sojourn time in state S; then mean sojourn time is defined as the time of

stay in state S; before transiting to any other state and is denoted by p;. Following are the

expressions for mean sojourn time:
1

1 1 0 —
Ho =235 W3 = o3p He =~ Ho = fo Hy(u) du
1 1 . © —
e My = E[l — h3(B)] M7 = fo H; () du

=5 [1-K@]  ws=,1-g@]  p=, 3)
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5. Mean Time To System Failure

The distribution function of time to system failure is obtained by considering the failed states as
absorbing state and the time taken by the system to reach in the failed state for the first time is
known as time to system failure and is denoted by T; and m;(t) denotes its expected value which is
known as the mean time to system failure.

The following result for mean time to system failure is obtained by using Laplace transformation.
MTSF_O‘[(th+B)B+Pa13(9+a){1—h§(3)}(az+B)+qa1{3+az{1—h§(B)}}(9+a)]+B(az +B){1-g"(B)} (a1 +B)
(a1 +B) (ot +B) (B+e) —a{pashi () (arz +B) +qas azh (B)}—Bls +B)g* () (a2 +B)

)
6. Availability Analysis

A; (t) is defined as the probability that a system will be in operational service during a scheduled
operating period i.e., probability that the system is up at epoch ‘t’ given that initially it starts from
state S; without transiting to any non-regenerative state. By using simple probabilistic concepts,
recurrence relations among A4; (t)'s are obtained and on solving those equations by using the
Laplace- transformation following results hold:

X Na(s)
Ay(s) = Di(s)

where,

No(s) = [Mg + q5, (M7 + qi‘(zl)WE + q13M3 ?r)qi‘sq&M%))](l - q§6(q§f7q$5 - qzsqgg)qégq%) +
* * * * 7)* * * 9)* * 8)* _x 6)* % * 6)* %
M;g[dos + d01(d12935 + 413934945 + d13d39 dos + dig 9sedos + di7 d7s
®)
Dy(s) =(1— Q%e)qgﬂ;s —(q)§6q28q§913§)[1 - qél(q%‘z)qéo + 413934940)] — 950[905 + q01
* *(7 * *(8) _x *(6) _x * *(6) x
(912925~ + 413939 dos + dyg dsodes + G417 G75)]
(6)
Steady state availability of the system starting from state s, is obtained as follows:
N2(0)
7
o1 (0) )

Ao = lim A (0) = lim s, (s) =

[(og +B) (2 +B) B+a(ets +B) (az +B) B+pag (g +B) a2 +B){1~h3 (B)}+qars Bla+B) +qag az (a+B){1-h3 (B)}
g (a+{1-g"(}B[(ag+B) oz +B)+af{pas Baz +B){1-h1(B)}(a+B)+qaq az B{1-h3 (B)}(a+B) +qBay (a+p)
A = +(a+B)(az+B)BY]62 ap

0 g (@)[ (a1 +PB) (a2 +B) Bacz 02+ a(az +P)aPaz 82 +pay (az+P)a{l-h*(B)}az B a+qaay B aB+qaa 2036,
a{1-h1(B)}+[{1-g* () }a+B][(a+B)B(os +B) (a2 +B)a—afp(az +B)h] () o1 +qBog az b3 () {1-g* (a)}]020x2

+ [ Hy(W[aps {1-g* (@)} (g +B) (az +B) (a+B) —af{pas h3 (B) (az +B) +qog oz Bh; (B)}+ag* () Bpy g ooz +B)
+aqq{1-g*()}[(as +B) (a2 +B) (a+B) —paa, g* (o) (az +B)+qBay az{1-h3; (B)}+a?qy Baz+B)]+a? B [ Hy(u)

[91 (a1 +B){1—g3 ()} (az+B) (a+B)—afpas (az +B)g3 (Wh3 (B)+qay az Bi+a{l—-g* ()} {gBai +Bp1(az+p)3]

8)
7. Busy Period Analysis

B; (t) is the probability that the repairman is busy due to repair of the unit at an instant ‘t" given
that system entered state S; at t=0. Now we will determine these probabilities. To illustrate the
calculations we consider B, (t) and similar arguments may be employed for other probabilities.

* N3(s)
By(s) = _Dz(s)

N3(s) = qo1 (M5 + @ioM3 + qi3q3.M; + afsaSe M3 + a5 Mg + a2 q3oM3) (1 — qi6qer
Qs — Aiedilaodss) + (Ms + qieMi + qieqiaMs + qieiadioMs) [qo: (@12q55 ) +
* * *(9 * *(8 * *(6 * * *(6) _x *
Q13Q34Q4(5) + q13q32 )q'as + ‘«hg )QS9Q95 + Q1(7 )Q75) + qos]
)
Dy(s) = (1 — q56967975 — q56968989995)[1 — 451(q12930 + A13934920)] — q50[d05 + 901
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*(7) *(8) x #(6) #(6) _x

(912925 + 913439 9os + 15 dsodos + d17 q75)] (10)
Therefore, busy period analysis for repairman is given by:
Bo(0) = 222 (11)

D3(0)

af{(ag +B)Baz+B) oz +(o+P) otz +B)paz otq {1~hj (B)}+(a+B){1—h3 (B)}qors af}+ay Btz (at+B) [ Hp (w)q+q1B
(a+B) (az+B)+q1B(ag +B) (az+B) [ Hy(u) (a+PB)]g" () a+[af{ag a2 02+ a8, +aat; G102 +aqq 3+ (g +B)
(az+B) (a+B)] [afpas BO2 (a2 +B){1-h] (B)}+qBay azaz{1-h3 (B)}+qBay +q1 Blaz +B)az+p1 Blaz+B)az]
+(a1 +B)B(az +B)]
g* () [(aq +B) (a2 +B) Btz 02 +a (@2 +B) aBaar 0 +pars (a2 +B)af1-h* (B)}az 02 0+qaas B2 aB+qact; 0256
a{1-h1 (B)}]+[{1-g* () }a+B][(e+B)B(ag +B) (az +B)a—af{p(az +B)h] () as +qBas oz h () {1-g*()}]020x2
+ [ Hy(W[apg {1-g* ()} (a1 +B) (az +B) (a+B)—af{pay h3 (B) (az +B) +qog az Bh (B)}+ag* () Bpy o ooz +B)
+aqq {1-g*()}[(ag +B) (az +B) (a+B)—paa; g*(a) (az +B)+qBay az {1-h5 (B)}H+a?qy Blaz +B)]+a?B [ Hy(u)
[q1 (g +B){1-g5 ()} oz +B) (a+B)—afpay (az +B)g5 (h3 (B)+qog oz B}+a{1-g* () HqBay +Bpy (az +PB)]]

0:

(12)
8. Expected Number of Visits by Repairman

V;(t) is the expected number of visits by the repairman to the system to repair the failed unit, when
the system initially starts from regenerative state S;. By probabilistic reasoning the recurrence
relations for V;(t) are obtained and solving those relations by using Laplace transformation, we
have,

-
N4 () = [(ah1 + abs) + apa (13034 + 4557 050) | [1 — Q565755 — AieTisdboos] + die

* * * * * *(7 * * *(9 * *(8 * *(8 * * *(6 *
ds797s[dos + QO1(Q12512(5) + Q13Cl34Q4(5) + Cl13Q3E; )CI95 + (h(e )CI89CI95 + q1(7 )Q75)]

(13)
Dy(s) = (1 — q36967975 — 56968989995)[1 — q01(q12030 + 913G34920)] — d50[d0s + o1

(@207 + G052 q5s + 450055 + 412 q35)] (14)

In steady state, the number of times the repairman visits the system is given by:

* . N4(0)
Vg = lim sVo(s) = DZ(O) (15)

[(a1 +B) (a+B) (a2 +B)+ots a2 q+q1 BlatB) (a2 +B)]+a1{1—-g" (@)} [B(atg +B) (az+B)+af(as +B) (81 +B)—pay

V. = _82@)-aniazhy(®)lg" (@)
0 g* (@[ (ag +B) (a2 +B) Bz 0 +a(az +B)aBay 02 +pay (az +B)af{1-h*(B)}az B a+qaay BB +qaa; 0,036,
a{1-h3 (B)}+[{1-g* () }a+B][(a+B)B(ay+B) (az +B)a—af{p(az+B)h] () ag +qBas azh; () {1-g*()}]1020x2
+ [ Hi([ap;{1-g*(@)}(ay+B) (az+B) (a+B)—af{pay h3 (B) (az+B)+qay az Bhs (B)}+ag* () Bpy ag alaz +B)
+aqq{1-g*()}[(ay +B) (az+B) (a+B)—paan; g*(a) (az +B)+qBay az {1-h5 (B)}+a?qy Blaz+B)]+a?B [ Hy(u)
[q1 (a1 +B){1-g3 ()} oz +B) (a+B) —af{poy (az +B) g3 (Wh3 (B)+qog az B} +a{1-g* () }{qBag +Bp1 (az +PB)]

(16)
9. Profit Analysis

The profit in steady state generated by proposed model may be obtained as follows:
The expected profits incurred in (0,t] = expected total revenue in (0,t] — expected total repair in (0,t]
—expected cost of visit by repairman in (0,t]
Therefore, profit analysis of the system can be written as:
Py = KoAo — KBy — K3V
where,
K, = revenue per unit up time of the system,
K; = Cost per unit time for which the repair is busy
K, = Cost per unit visits by the repairman

The expressions for A, B, and V, are given by equations (8), (12)and (16) respectively.
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10. Particular cases
As we have assumed that the repair time and replacement time distribution is general, so firstly we
convert it into exponential with parameters 0, 8, and 68,. We have assumed
G() = 0e7°, Hy(t) = 06,6715, Hy(t) = 0,679t
So under these assumptions the expressions for different transitions with their mean sojourn time,
MTSF, availability and profit function are obtained as:

Transition probabilities

=9 =_F 7 __B _ 62 __B
P20 = 048 D27 = 048 D2s = 9.48 p40—92+ﬁ p49—92+ﬁ
Dss 0,48 Pso = 5 Pse = 5, Dos

Mean Sojourn Time
1
Ha

_ _ 1 _ 1 _ 1 _ 1
RY He = 0,+8 Hs = ora H7 = 0, Ho = 0,

Mean time to system failure
al(01+B) (a2 +B)(B2+B)+pas B(B+a)(az+B) (B2 +B) +qa1 {(82+B) +az B} (6+a)(82+P)]+af(81+P) (az+B)
MTSF_ (a1+ﬁ)(92+6)
(a1 +B)(01+B) (a2 +B)(62+B) (B +a) (B+a)—af{pa; 01 (az +B) (B2 +B)+qa; 202 (81 +B) (6+0a)}—BO (a1 +B)
(81+B) (a2 +B)(82+P)

Availability
[(o1+B)(az+B) (01 +PB) (B2 +PB)+a(oty +B) (01 +B)(B2+B) (a2 +P) B+pay (a1 +B)a(02+B) (a+B)+qay (a+P)
(61+B)(62+B)B+qayaz (a+P)a]6+[(ag +B) (az+P)(01+B) (62 +B)+af{pay Blaz+B)(02+B) (a+B)+qas az
A = Blat+PB)(81+PB)+qBas (a+B)(81+PB) (B2 +PB)+(a+B)(B1+B)(B2+B) (a2 +B)B}]
0 02003 [(a1+B)(01+B)(02+B) (az+B)+a(az+B)(01+B)(02+B)02a+pas (a2 +B) (82 +8)+(02+B)q(01+PB)
0z 0200+ (81 +B)qaay 7050z +[20+B][(a+B) By +B) (a2 +B) (B1+PB) (B2 +B) —af{p (B2 +B) (az +B) &y
+qBa1az(81+B))]102 0 +[apy (a1 +B)(01+B)(82+B) (az+B) (a+PB)—a{pay (az +8)01(62+B)+(82+B)qay
azB}+aBpiagad(ay+B)(01+B)(02+B)+aqq[(ay +B) (az+B) (a+B)(01+P) (B2 +B) (B +a)—paa 04 (az+PB)
(82+B)+qBay a2 (81 +B)+a?qy Bz +B) (81 +B)(02+B)]+a?B[qs (g +B) (az +B) (81 +B) (B2 +B) (a+B) —afpay
01 (az+B)+qasaz B(01+P)}+af{qBay +Bp1(az+p)}]

Busy period

of(ag +B)B(az+B)(B1+B)(02+B) oz +(a+B) (B2 +B) (0 +B)paz s +(81+B) (a+P)qog a+aq (81 +B) (02 +B) B

az(a+B)q+q1B(a+B)(az+B)(02+B)+q1B(ay +8)(01+B)(02+B) (a2 +B) (a+P)]0+[{a1 a2 02+ a8z +at1 q1

02+0q1}(81+B)(02+PB) (a1 +B) (az +B) (a+P)][aaz{pas fO2 (a2 +B)(B2+B)+qBas oz 02 (61+B)+qBas (B1+P)

B. = (82+B)+q1B(a2+B)(B1+B)(B2+B)az +p1B(81+B)(62+B) (a2 +B) a2 62]
0™ az00;[(ay +B)(01+B)(B2+PB) (az+B)+alaz +B)(81+B)(B2+B)0za+pay (az+B)(82+B)+(82+B)q(01+B)

Q20 a+(01+B)qaay 05030, o +[2a+B][(a+B) Bty +PB) (az +B) (B1+B) (B2 +B) —af{p(B2+B) (a2 +B) ag
+qBozaz(81+PB))]10202+[apy (a; +8)(81+B)(82+P) (az+PB) (a+B)—afpay (az +B)81(02+B)+(62+B)quy
azB}+aBprogab(az+B)(01+B)(82+B8)+aqs[(a+B)(az+B)(a+B)(81+B)(82+B) (0+a)—paa; 01 (az+B)

(82+B)+qBayaz (81 +B)+a?q1 Blaz +B) (01 +B)(B2+B)]+a?B[qq (cty +B) (az +B) (61 +B) (B2 +B) (a+B)—afpay
01(az+B)+qasazB(81+B)}+a{qBas+Bp1(az+B)}]

Expected number of repairs
0[(ay+B)(a+B) (az+B) +aa; azq+qq Bla+B)(az+B)]1(81+B) (82 +B)+qra[B(ay +B)(81+B)(B2+P) (a2 +B) +
Vo = af(a; +B)(01+B)—pas61}—qasaz0,]
0 2002 [(a1+8)(01+B)(02+PB) (az+B)+a(az+B)(61+B)(02+B)02a+pas (az+B)(02+B)+(82+B)q(01+B)
aaz 820+ (01+B)qaas 820305 a] +[2a+B][(at+B) B oy +B) (aa+B) (01 +B) (B2 +B)—afp(82+B) (a2 +B) oy
+qBagaz(01+B))]0202+[aps (a1+B)(01+B)(02+B) (az+B)(a+B)—afpas (az+B)61(82+B)+(02+B)qay
azBi+afpiogabaz+B)(01+B)(02+B)+aqs[(as+B)(az+B)(a+B)(81+B)(02+B) (0+a)—paa; 01 (az+B)
(82+B)+qBay a2 (81 +B)+a2qy Bz +B)(B1+B) (B2 +B)]+a?B[qy (g +B) (az +B) (81 +B) (82+P) (a+B)—a{pay
01 (az+B)+qasazB(81+P)}+a{qBas +Bp1(az+p)}]

11. Graphical Study of the System Model

In order to have a graphical analysis of the above discussed model, we graphed these
characteristics i.e.,, MTSF, availability and profit function. Firstly we have obtained the values of
MTSF, availability and profit function with respect to failure and repair rates using C++ language
and then we have plotted those values using STATISTICA. Firstly graphs are plotted for MTSF,
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0,,0; & 6 keeping all other parameters constant as o = 0.5, a, = 0.25,3 = 0.35, ko, = 1000,k; =
300,k, = 200,p=0.5,q =0.5,p; =0.5,q;, = 0.5

RT&A, No 3 (54)
Volume 14, September 2019

Behaviour of MTSF w.r. tfailure rate a, for different values of repair rates
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Fig.: 2
Behaviour of availability w.r.t failure rate a; for different values of repair rates
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Behaviour of profit w.r.tfailure rate c; for different values of repair rates
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From Fig 2, 3 & 4, we have observed that MTSF, availability and profit function respectively,
decreases with the increase in the failure rate of the system and these characteristics shows an
increase, as we increase the repair rate of the system. Therefore, we can conclude here that the
expected lifetime of the system can be increased by providing the proper repair facility to the
system, as regular repair of the units improves the reliability and effectiveness of the system.
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