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Abstract

In this paper, we have studied a two-unit cold standby redundant system subject to degradation
during repair. In case, the repairman is unable to repair the system on his own, help from expert
repairman is taken. The expert repairman helps in the repair of the system by providing instructions
to the repairman. Using path analysis and regenerative point technique, various efficiency measures
like MTSF, Availability analysis, Busy period of the repairman and the expert repairman, expected
number of visits by the expert repairman. Graphical analysis has also been done.
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1. Introduction

In this paper, we have considered a two-unit
redundant system which may degrade further
during the repair. By redundant system, we
mean the use of more units than required for
the satisfactory working of the system so as to
enhance the reliability of the system. Here,
we have considered a cold standby
redundancy i.e. the extra unit won’t fail while
it is not operating. There is a repair facility
available for the repair of the failed unit. In
case, the repairman is unable to repair the
failed unit, help from the expert is taken. The
expert repairman does not repair the system
on his own but gives instructions to the
repairman to repair the failed unit. There
might be stage during the system failure that
the system degrades further while the
repairman is repairing the failed unit, in that
case the expert reanalyzes the situation and
gives a new set of instruction to repair the
failed unit.

Many researchers have worked on redundant
systems. A single-unit model's profit was
examined by S. Chander and R.K. Bansal
(2005) when repairs were made at various
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failure scenarios. A reliability model for a two-
out-of-three redundant system in which a unit
deteriorated after repair was examined by S.
Chander & Mukernder Singh (2009). One
server handled both the inspection and repair
duties. The system was considered to be in an
up-state condition if any of the two original or
deteriorated units functioned. The server
looked at each unit that broke to see whether
it could be fixed. A new unit was put in place
of the damaged one if it could not be fixed.
The original (new) unit superseded the
deteriorating unit when it was in operation. A
two-unit cold standby system with two repair
phases was studied by El-Said & EI-Sherbeny
(2010). The full repair process for the failed
unit was only supposed to be completed in
the second phase. The duration that elapsed
between two repair procedures is known as
the waiting period. They developed a model
and claimed that their results extended to the
case of generic time distributions in all cases.
Nevertheless, it appeared that they were
unable to substantiate their claim because
their model lacked a non-regenerative stage.
In their work, Amit Manocha & Gulshan
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Taneja (2015) addressed the aforementioned
limitation. They believed that all distributions
were general. A stochastic model for a system
of producing utensils with preventative
maintenance that is impacted by changes in
temperature-dependent maintenance was
analyzed by M. Gaba, D. Singh, and K.
Sachdeva (2023). As a result, they took
additional efficiency measures into account in
addition to system availability during the
summer and winter.
2. Description of model and Assumptions:

i. System is made up of two identical

units: operating and cold standby.

3. Nomenclature

O~NOo T

operative unit
CS cold standby

Vi.

In the event that one unit fails, the
backup unit will start up immediately
while the malfunctioning unit is being
repaired.

In case of failure of both the units, the
system will be in failed state.

After the repair, the failed unit will
behave like new one.

The time to failure for each unit is in
exponential distribution and the
repair time and instruction time are in
arbitrary distribution.

All the random variables are mutually
independent.

probability that the repairman repairs system without instructions
probability that the repairman fails to repair system without instructions
constant failure rate of the operative unit

g1(t) p.d.f. of time to repair by repairman before instructions are given
go(t) p.d.f. of time to repair by repairman after instructions are given
G,(t) c.d.f. of time to repair by repairman before instructions are given
G,(t) c.d.f. of time to repair by repairman after instructions are given

i(t) p.d.f. when expert gives instructions to the repairman
I(t) c.d.f. when expert gives instructions to the repairman

Fp; failed unit under the repair of repairman before getting instructions

F,ifailed unit under the repair of repairman after getting instructions

Fg; repair by the repairman is continuing from the previous state before getting instructions
Fp repair by the repairman is continuing from the previous state after getting instructions
Fi, expertis giving instructions to the repairman
Fig instructions by the expert are continuing from the previous state

Fwbi failed unit waiting for repair before getting instructions
Fwai failed unit waiting for repair after getting instructions
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Fig. 1 ( Transition Diagram)
4. Transition probabilities
The transition probabilities are:
dQy, () = Ae~Mdt
dQi(t) = pgs(De~Hdt
dQ12(t) = qg1(t)e *dt
dQ3(t) = Ae™ MG, (D)dt
do® () = (e~ op)g,()dt = p(1 — e™) g, (t)dt
dQl(‘?(t) = (le™©q)g,()dt = q(1— e M) g, (t)dt
dQ,,(t) = i(t)e Mdt
dQ,s(t) = e MI(t)dt
dQS2 () = (Ae™#01)i(t)dt = (1 — e M)i(t)dt
dQao(t) = go(D)e *dt
dQP (1) = (2e™#01)g,()dt = (1 — e ) g, (t)dt
dQu(t) = e~ MG, (D)dt
dQeg(t) = i(t)dt
dQgo(t) = i(t)dt
dQos(t) = g2(t)dt
The non-zero elements p;; are as follows:
Por =1 P =pgi), Pz = qgid),  pi = 1-gi,  pF = p(1-gi),
e = a(1—giD), pas = "), pas = 1- ), pSy =1 - "), pa0 = g3, PS7 =1 -
92(D), a7 = 1—g3(A), Psg = Peg = P71 = Pgg = Pos = 1
From the transition probabilities, it can be verified that
Por =1
elSSN1303-5150 @ www.neuroquantology.com
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3 3
Pio t P12 + P13 = P10 + P2+ Ph) + P£6) =1
P24 + P25 = D2a +P28 =1
7
Pao T Pa7 = Pao + Pz(u) =1
Pés = Pgo = Pog = 1
5. Mean Sojourn Time
If T denotes mean sojourn time in state 0, then

1
Uy = fP(T>t)dt=I

_1-g91(1)
nul - A
1=
Uy = /1*
_ 1-g:()
Hy —M 1 _
Ug = f I1(t)dt = j tdI(t) = Mean instruction time
0 0

oo

b= | Ga@ae
0
The unconditional mean time taken by the system to transit to any regenerative state i when it is

counted from the epoch of entrance into that state is, mathematically, stated as

oo

d
mﬁ=_fawua) T dijleo

0

Thus,

Mo1 = Ho

Myg +Myp +My3 = Iy

Myyq + Mys = Myy + mg‘? = U
Myo +My7; = Myg + mz(l.l) = Hg

3 3
Mg + Myp + m§1) + mge) = ky

6. Mean time to system failure
To determine the MTSF of the system, we regard the failed states of the system as absorbing. By
probabilistic arguments, we have
o) = Qo1()O¢4 (1)
$1(0) = Q13(t) + Q12() S, (1) + Q10 (t) Sy ()
$2(1) = Qz5(t) + Q20 (t) Sip4(t)
$4(t) = Qa7 (t) + Quo () Sy (1)
Taking the L.S.T. of the above equations and solving them for ¢4 (s), we have

e (s) = Q01(s)[Q13(s) + Q12(5)Q35(s) + Q12(5)Q22(s)Q47(s)]
° 1= Qp1(5)[Q10(s) + Q12(5)Q24(5)Qio(5)]
Now the MTSF, given that the system started at the beginning of state O is

T, = lim 0 () _ Hosta + Piapiy — Piapas + PioDaglls

5—0 S Po1 — P10~ P12P24P40

7. Availability Analysis

M;(t) denotes the probability that the system starting in up regenerative state is up at time t
without passing through any regenerative state. Thus, we have

My(t) = e ™M

M;(t) = e G, (D)

My(t) = e™™I(0)

My(t) = e MG, ()
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Taking Laplace transform of the above equations and solving them for s — 0, we get

Mg(0) = po, M{(0) = g, M3(0) = pp, M3(0) = py

Using the arguments of the theory of regenerative processes, the availability 4;(t) is seen to satisfy
Ag(t) = My(t) + qo1(t) ©A(t)

A1) = My(0) + quo(D)OA¢ (1) + q57 () OAL (1) + q12 () OA, (1) + g3 () OA4(t)

A3 () = My(t) + G2 (D) OAL(E) + 55 (£) OAg ()

A4 () = My(6) + qao(D)OA (1) + 457 (D OA, (1)

Ag(t) = qes(t)OAg(L)

Ag(t) = qgo(t) ©Aq(t)

Ag(t) = qoa(t)©OA,()
The steady state availability of the system is given by

. . Ny
Ay = hm sAy(s) = —
D,
Where Ni = o [1 - Pl(l P12P§58)P¢(;1 - P12P24Pg) ple)pfl)] T Uy T+ HoP12 T Uy [P12P24
prapsy + P
5
and Dy = ki + polp1o + Paol + Uap12 + s [Plz + pﬁ)] + Ug [Plzpég + 2P§3)] + U [plngg) +
3)
pie| 4273

8. Busy period analysis
Busy period of the repairman:
By(t) = qo1()OB7 (1)
BY(t) = Wy(6) + q1o(D)OBF(®) + q57 (DOBI (1) + q12 () OB (1) + g3 (DOBE (D)
B3 () = q24()OBL(t) + q53 (£) OB} (1)
BY(6) = Wa(t) + qao(D)OBF(6) + 457 (D OB] (6)
Bg(t) = qes(t)©Bg(t)
Bg(t) = qgo(t)©B5(t)
By(t) = Wy(t) + qoa (1) OB (1)
Where Wi () = e MG, (t) + [Ae M ©1] G, (D), Wo(t) = e MG,(t) + [le M ©1] G, (1),
Wo(t) = G,(t)
Taking Laplace transform of the above equations and solving them for s — 0, we get
Wi (0) = kq, Wy (0) = py = Wy (0)
In the steady-state, the total fraction of time for which repairman is busy is
. Ny
Bl = limsB) = —
o = S Bo D,

Where N, = kq + py [p12p24 + Zplzp(S) + Zp(3)] and D, is already mentioned above.

Busy period analysis for expert repairman

By(t) = qo1(£)OB1(t)

BI(t) = q10()OBY(E) + 417 (VOBL(E) + q12()OBL (L) + 457 () OB (t)

B5(£) = W(t) + 24 (£) OBL(L) + q53 () OB} (t)

BY(t) = qao(D)OBY(t) + q57 ()OBL(t)

BL(t) = Wo(t) + qes() OBY(2)

Bg(t) = Ws(t) + qgo(6)©Bs(t)

Bs(t) = qo4(t)©B4(t)

Where W, (t) = e ™ I(t) + [le ©1]I(t) = I(t), Ws(t) = I(t) = Wy(t)

Taking Laplace transform of the above equations and solving them for s = 0, we get
Wz (0) = Wg(0) = Wg(0) = u,

In steady state, the total fraction of time for which the expert repairman is busy in giving instructions

is
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N3
Dy
— (3 (5) :
WhereN; = u, [p12 + 2p,¢ + P12054 | and Dy is same as above.

i— i it _
By = limsBy =
s—-0

9. Expected number of visits by expert repairman

Using probabilistic arguments, we have the following recursive relations:
Vo) = Qur(®O)S[1+ V1 (D)]

Vi(t) = Quo()EV,(8) + Q12 (D EV () + Q2 () OV (1) + QfF (HSV; (1)

Va(®) = Qu(DYEV1(E) + Qua (ST + Vo ()] + Q53 () SV (£) + Q53 (£) SV (1)

Va(t) = Quo() SV, (8) + Q57 (D) SV (1)

Ve (t) = Qeg(t) SV (1) + Qoo () S[1 + Vo(1)]

Va(t) = Qg1 () SVy(t) + Qg (1) SV (1)

Vo(t) = Qo1 ()SV;(2)

In steady-state, the number of visits per unit time is given by takings - 0 and t — oo

Vo(t N
Vo = lim O _ i [V (s)] = —
t—oo S50 D,
3 5 5
Where Ni = [1 = pegpsel [1 — Pty — Przpar + P12P24P40] ~ P12 [pég) + pég)pm] -
5 5 3
pgs)p69p86[1 — D12] + Des [ng)P% - Pie)Pm] 4274
And D, is same as above.
10. Cost-Benefit analysis
The expected cost-profit of the system in steady state is given by
P = CyAy — C,1By — C,B} — C3V,

Where Cj is revenue per unit up-time of the system.
Cy is cost per unit time for which the assistant repairman is busy.
C, is cost per unit for which expert repairman is busy.
C5 is cost per visit of expert repairman.
11. Graphical Analysis
AVAILABILITY VS. FAILURE RATE
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AVAILABILITY VS. REPAIR RATE (a4)
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PROFIT Vs. REPAIR RATE (at4)
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MTSF Vs. FAILURE RATE (A) FOR DIFFERENT VALUES OF REPAIR RATE (a4)
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MTSF Vs REPAIR RATE (a{) FOR DIFFERENT VALUES OF FAILURE RATE(A)
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12. Conclusion

For a clearer view of the system
characteristics w.r.t. various parameters
involved, we plot various curves.

Fig. 2 and 3 shows the behavior of Availability
with respect to the failure rate (1) and repair
rate (aq). It is observed that Availability
decrease with increase of failure rate and
increases with increase of repair rate.

Fig. 4 reveals the pattern of Profit with
respect to the repair rate (a4). It is clear from
the graph that Profit increase with increase of

repair rate.
eISSN1303-5150

Fig. 5 shows the behavior of MTSF with

respect to failure rate (4) for different values

of repair rate (a4). It is observed that MTSF

decrease with increase of failure rate and

higher for higher values of repair rate.

Fig. 6 shows that MTSF increase with increase

of repair rate rate (a,)and higher for lower

values of failure rate (1).
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