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Abstract — The present paper investigates the
functioning of the system where all the standby units
are able to accommodate the required demand as per
requirement. The system considers the future
eventualities, i.e. anytime the system comes across
with increased workload; all the standby units become
operative in order to accommodate this required
demand. In the beginning, there is one main unit
which is in operative mode and three units are in cold
standby state. There is a single repairman facility.
Reliability analysis and profit evaluation of the system
has been made done in the paper. Various graphs
such as MTSF and Profit have been plotted for the
present study.
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I. INTRODUCTION

Innovations in the field of Science and Technology
play a significant role in improving our daily lives and
making our lifestyle more advanced. When we talk
about Development, whether it 1is country’s
development or human development, it is directly
linked to technology in many aspects. In other words,
we can say that Science and Development goes hand
in hand. Therefore in order to enhance economy and
betterment in any field, Technology, Science and
Engineering are prerequisites. Reliability is the ability
of a system or a component to do its intended work
under stated conditions. Reliability Engineering deals
with evaluation, prevention and organization of risks
of failure. The goal of reliability engineering is to
enhance the ability of the system or a component to
work under stress such that they operate and work for
longer time period without getting failed.

Many researchers have drawn significant work in the
field of reliability engineering. In 1987, Goel and
Sharma discussed 2-unit standby system with two
failure modes and slow switch and used regenerating
point technique to analyse reliability and availability.
In 2011, Mathew et al analysed 2-unit parallel cc plant
system operative with full installed capacity. Pathak et
al in 2013 studied the system comprising one main
unit and two supporting units. Malhotra and Taneja
(2015) compared two stochastic models by
introducing the concept of inspection and scheduled

maintenance with production depending on demand.
Further in 2016, Sharma and Sharma investigated the
standby system with provision of concomitant
working. Fagge et al (2017) analysed the availability
of a repairable system requiring two types of
supporting device for operations.

Numerous researches have been made by various
researchers considering different work disciplines of
the systems. Reliability literature has plenty of
researches relating to working of standby units on the
failure of main unit. But there are very few researches
related to systems with required demand and
simultaneous working of main as well as standby
units. Also, most of the studies are not based on real
data. The present study deals with such problems. It is
considered that, when the system comes across with
the situation of ancillary demand, the main as well as
all the standby units are made operative in order to
meet the desired necessity. The practical situation can
be seen in the power plant working at Bunge India
Pvt. Ltd. situated at Rajpura, Punjab. The work has
been done on real data. Previous setup of power plant
consisted of three low pressure boilers. But the
advancement in engineering systems, current setup
consists of one main high pressure boiler and previous
three low pressure boilers which act as cold standby
units now. The study deals with current scenario.

Initially, there is single main unit which is in operative
state and three cold standby units are available such
that if main unit fails, all the standby units become
operative in order to keep the system working
properly. The capacity of generating power of all the
standby units is equivalent to that of the single main
unit. Sometimes the system deals with the
circumstances where there in increased demand of
power generation. In such circumstances, there is a
provision in the system that all the standby units are
made operative with the main unit in order to meet the
requirement. Repair of main unit and standby units is
done by single repairman. The repair is done on first
come, first served basis. At an instance, any two of
three standby units cannot fail simultaneously, i.e.,
failure cannot occur in more than one cold standby
unit in a single state. All other standby units go to
standby state on the failure of any of one cold standby
unit.
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I1. NOTATIONS

A Constant failure rate of main unit (Unit 1)

M/ Ao A3 Constant failure rate of cold standby

units(Unit 2/3/4)

o Constant rate of Unit 2,3 and 4 (all of the
three standby units) to become operative
from standby state

oy Constant rate of Unit 2,3 and 4 (all of the
three standby units) to become standby
from operative state

g(t)/G(t) pdf/ cdf of repair time of the main unit at

failed state (Unit 1)

01(t)/Gy(t) pdf/ cdf of repair time of the standby unit
at failed state (Unit 2)

g2(t)/Gy(t) pdf/ cdf of repair time of the standby unit
at failed state (Unit 3)

03(t)/Gs(t) pdf/ cdf of repair time of the standby unit
at failed state (Unit 4)

a probability that after the repair of a unit,
workload is only for one unit
b probability that after the repair of a unit,

workload is for all units (main and all
standby units)

I1l. SymBOLS
O|/O||/O|||/O|V Unit 1/2/3/4 is in operative
state
CS,/CS,/ CSyy Unit 2/3/4 is in cold
standby state

Fol/Fad FanlFav Unit 1/2/3/4 is under repair

respectively

Unit 1/2/3/4 is waiting for

repair respectively

Fri/Fri/Frin/Friv Unitl/2/3/4  is  under  repair
respectively from the previous
state, i.e., repair is continuing from

previous state

I:er/erIIlerIII/erIV

IV. TRANSITION PROBABILITIES AND MEAN SOJOURN
TIMES

A state transition diagram in fig. 1 shows various
transitions of the system. The epochs of entry into
states 0, 1, 2, 3, 4and 5 are regenerative points and
thus these are regenerative states. The states 6, 7, 8, 9,
10 and 11 are failed states.
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The non-zero elements p;;, are obtained as under:
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p27 p24 pZE

A+A+4
Py =2ag; (1)
Py =1-10, (A)= pég)

A+ + 2
P, =bg; (1)
Py = ag;(/l)

P, =Dbg;(4) pm =1-g;(4) = py;”
=ag;(4) =bg; (1)

pm—l 9,(A)=p’ =9"(0) = P;s=Pss
=0,(0) Py = 9,(0)

P, =9;(0)

By these transition probabilities, it can be verified that

Por+ P =1 Pio+ Poo+ Pigt Pu+ P =1
Pao+ Pout Pas+ Py + P =1 Poo+ Pout Pis + PL + Pl =1
Pao+ Py + Py =1 P+ Py + P =1

Pao+ Py + Paso =1 Pao+ P+ pié"’

Pao + Poy+ Psyy =1 Peo + Poy + P& =

Pes=1= P = Ps Por = Puoo = Puuy =

The unconditional mean time taken by the system to
transit for any regenerative state j, when it is counted
from epoch of entrance into that state i, is
mathematically stated as —

e ]
m. = [tdQ. (t) =
iy i
m,, + M,

—q;I(O),Thus -

2 = My
Myo + Myy + Myg + My + My

Mo+ My, + M +m, +m;

:‘u2

_ ) _
Myo+ My + My = 44, My, + My, +my, =k
_ (10)
Mo+ My +M, 0= a1, m,,+m, +m," =Kk,
_ (12)
Mgy + Mgy + Mg ) = 4 mg,+mg, +mg,” =K,

where,

k = ]G (t)dt K = [Gi(t)dt

Kk, = |Ga(t)dt K, = [Gs(t)dt
0 0

The mean sojourn time in the regenerative state i (L)
is defined as the time of stay in that state before
transition to any other state, then we have -
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p 1 ~ 1 VII. BUSY PERIOD OF A REPAIRMAN
" dta & A+l +h+a, The steady state busy period of the system is given by:
%:1—9”(%%%) %:1—9{(1)
It ht 7 B = Nz
_1-g(3) L a) "D,
) S Where
Hs= 79*(0) ==l Hy= 791 (0) @ . w
1,=-3(0) 1,=-5(0) N =W, [Pou(Poz + PuaPaz’ + PraPaz’ + PasPsz’) + Poa(l— PiaPar = Pug Par = PusPsy)]
AW, po{pis (L~ péf,’ pxgle) - péas) pélzl)) + pég) (P12 + Pus p‘(’120) + Pis pélzl) )}
+Poo{P1s(P2r + Pas pg:) + Ps; pé? )+ pg) (1= P1aPas = PisPs)H]
AW, [Poi{Pra - PSP = P PS") + PL (Prz + PisPS + PisPG )}
V. MEAN TIME TO SYSTEM FAILURE +Por{Pra(Pay + PuaPS3 + PsyPis ) + P5 (1= PuaPay = PusPsy)}]
Ws[pou{pis (- &' P — P& P’ + PE2 (Piz + Pis P2 + PP )}
The mean time to system failure when the system +Por{Pis(Pos + Por PSS + ParPS?) + PEY (L= PysPa; = PrePar)}]
starts from the state 0, is
N and Dy is already specified.
T, = —
Where
N = o [Lm BBy — PraPu— Pus o= PouPoal + 280 B+ Pos o]+ 2L Pos + BosP VIIl.  EXPECTED NO. OF VISITS OF REPAIRMAN
=Pz PraPay = Py PraPas = o Pus Por] + 4L Poy Prs + Poa Pis P + 44, [ oy Pr + P PP The steady state expected no. of visits of the
+H5[PosPis + P Pis ] repairman is given by:

D=1- PioPio = PoaPao = PiaPar = PisPai = PiaPas = PusPsi = Poa PioPar = PoiPio P = Pot PiaPao
~PorPaPao = PorPisPso = Poz PiaP21Pao = Poz PuaPa:Pao = PozPisPayPeo + Poz PusPay Pao

+ p02 p14 p41p20 + p02 p15 p51p20 N
V, =2
R
Dl
V1. EXPECTED UP-TIME OF THE SYSTEM Where
The steady state availability of the system is given by Ny = [1- posPyollL- P3PS — 37 &Y — pSe p&Y]
+Poo[—PusPar (- P — P P — PLE pE") - PuaPu - P — P P - piY pSY)
A, = N, —PusPsy (- P - PSP — P& PSY)

Dl +(l_ Pé?)(Pu P13 + P13Ps p;? + Pi3Ps1 p;?)
Where +(l’ px(alzm)(pﬂ Py + Py p31 Pg) + Py p51p£35))

o w o +(1= P& )(P2iPis + PisPsi P33 + PusPas 3]
Ny = sto[1= P13Pay = PuaPas = PusPss = Pou(Piz + PusPaz + PusPiz’ + PisPe; )

(10)

_pg?{pég) (1_ P14Par — Pis p51) + p31(p1z + PuPay’ + Pis pélzl))}

(10)

’pg){paz ‘(- PaPas = PusPsi) + Pas(Prz + Pig Pég) + Pis p§121) 3 IX.PROFIT ANALYSIS

—PI{PE” (L= PiaPay = PraPar) + Pss(Pr + PisP + PP} . .
e o ey TR e The expected profit incurred of the system is -

(1) 10 ) Y

+/11[p01(1’ pg) pég) = P2y Paz” = Pas Ps2 )Jr p02(p21 + Pas p;? +Pa pg:) + Ps; p;? )]

+/U2[p01(p12 + P pé? + P pglzm + Pis pélzl)) + Poz (1’ P13Pa1 = P1aPar = Pis p51)]

+15[Por{Pia L= PSP — P PEY) + X (Pro + PPy + PisPS)} P = Co A) —C1 BR — CZVR
+ P P13 (P2 + p“pﬂ,’ + Psy pg?) + pgsa) (L= PiaPa = P1sPs)}

+1,[PordPra@ - PSP — PIE SEY) + PLE) (Piy + PiaPS + PusPS )}
+P02{P1A(P21 + p31 pg) + p51 pﬁ’?) + pgA) (1* p13 p31 - pls pﬁl)}]

+i5[PorlPis (L= P P - P PEY) + P (Pua + PusPE + PuaPiY)}
+Por{Pis(Por + Por PSS + PurPy) + P2 (L= PrsPay = PraPar)}]

Co = Revenue per unit up time of the system

C, = Cost per unit up time for which the repairman is

busy in repair

C, = Cost per visit of the repairman

D, = 4ol P~ P33 P — P PL = P2 PE") + Pua(Pao + PaoPSE + PaoPSy + PsoP3s)
+Pis{Pao + Poo P — PE (PaoPEy” — PaoPs) = PE2 (PaoPss” — Pso i)}

(10) (10) [€5))

+ plA{pAO + PPy — pﬁ‘;’ ( PsoPaz” = Pao péi’ ) - pg? ( PaoPsz2” — Pso pz(zlzo) )}

X. GRAPHICAL INTERPRETATION AND CONCLUSION
For graphical analysis following particular cases are

+Pus{Pso + PaoPs =PI (PaoP&” — PsoPSY) = PLE (PaoP” — Pso P )} considered:
+[Poy (1= % P — PE P — PR PGY) + Poa(Pay + PaPS) + PPl + Py PE2)]
KL= Py Pa; — PuuPas — PusPss — Pos(Pio + PrsPao + PrePio + P Pso)] g(t)=p8e" g,(t)=8e"™
+Ky[Poy(Pus + P12 P = PisPSY PSS — PisP PG + PuPSa Pl + Pis PSS PS) ot pat
+Poy(PS + PisPay + PusPasPy + PisPsi P2 = PuyPusPSE — PusPs P53 g.(t)=4,¢e 9,(t)=4.¢e
+Ka[Poy(Pya + Pi2PE + PisPi? PS = PP PG — Pu P2 PG + puspll )
+P0 (P + PyaPay — PraPsPD + Prs Py P + PruPe P — prs P D)1 Graphical study has been made for the MTSF and the
+Ks[Poy(Pis + P12 P2 + PusPle PS + PP P — PisPSs P - PisPly PS5 profit with respect to failure rate of main unit (A),
+Po2(PE + PusPoy = PisPaiPs3 — PuyPasP + PusPssPS + PusPis P revenue per unit uptime of the system (C,) for

different values of rate of failure rate of main unit (A) ,
cost of repairman for busy in doing repair (C,)for
different values for different values of rate of failure
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rate of main unit (1) and repair rate of main unit ()
for different values of rate of failure rate of main unit

).

MTSFE V/S RATE OF FAILURE OF MAIN
UNIT (i) FOR DIFFERENT VALUES OF
RATE OF FAILURE OF IST STANDBY
UNIT( 1)

@ =0.000035, a1 = 0.000040, Az = 0.000050, Az = 0.000075, p= 0.04042553,
B1=0.025, B2 = 0.030, B =0.035,a=0.4,b=0.6

A1 =0.000015
A1 =0.000025
—&— A1 = 0.000035

To Sk

~

0.000084
0.000086
0,000088
0.00009
0.000092
0.00009

|

Fig. 2

The behaviour of MTSF w.r.t. failure rate of main unit
(1) for different values of rate of failure of I standby
unit (A;) is shown in Fig. 2. It is clear from the graph
that MTSF gets decreased with the increase in the
values of the failure rate of main unit (X). Also, the
MTSF decreases as failure rate of I standby unit ()
increases.

PROFIT V/S RATE OF FAILURE OF MAIN
UNIT (3 ) FOR DIFFERENT VALUES OF
RATE OF FAILURE OF IST
STANDBY UNIT( 21)
« = 0.000035, a1 = 0.000040, Az = 0.000050, As = 0.000075, B = 0.04042553,

B1=0.025, B2 = 0.030, B1=0.035,a=0.4,b =0.6, Co = 98630.136986,
C1=11852.38,C2 = 800

98.584 A1=0.000015
A1=0.000025
—a— A1=0.000035

PROFIT
¥

0
0000
0.000082

0.000086

0.00008:
0

0.000094

0.000096

Fig. 3

It is interpreted by Fig. 3 the behaviour of profit w.r.t.
to failure rate of main unit (A) for different values of
failure rate of I standby unit (A;). As the values of
failure rate of main unit (A) increases, the profit
decreases. Also, the profit decreases as failure rate of
I standby unit (L) increases.

PROFIT V/S REVENUE PER UNIT UP TIME
OF THE SYSTEM (Co) FOR DIFFERENT
VALUES OF RATE OF FAILURE OF MAIN
UNIT ()

@ = 0.000035, a1 = 0.000040, A1 = 0.000025, Az = 0,000050, A3=0.000075,
B =0.04042553, p1 = 0.025, B2 = 0.030, P2=0.035,a=0.4,b=0.8,
€1=11852.38,C2=800

x A =0.000088
/‘/ A=0.088
X —+— A=0.88

Fig. 4

Fig. 4 depicts the behaviour of the profit w.r.t. revenue

per unit uptime of the system (C,) for different values

of rate of failure of main unit (). It can be interpreted
that the profit increases with increase in the values of

Co. Following conclusions can be drawn from the

graph:

1. For A = 0.000088, profit is positive according as
Co i.e. revenue per unit uptime of the system
increases.

2. For A = 0.088, profit is > or = or < according as
Co>or = or <7911.30 , i.e. the revenue per unit
uptime of the system in such a way so as to give
Co not less than 7911.30 to get positive profit.

3. For A = 0.88, profit is > or = or < according as Cq
> or = or < 11315, i.e., i.e. the revenue per unit
uptime of the system in such a way so as to give
Co not less than 11315 to get positive profit.

PROFIT V/S COST PER UNIT UP TIME
FOR WHICH THE REPAIRMAN IS BUSY IN
REPAIR (C1) FOR DIFFERENT VALUES OF

RATE OF FAILURE OF MAIN UNIT (&)

@ =0.000035, a1 = 0.000040, A1 = 0.000025, Az = 0.000050, A3 = 0.000075,
B =0.04042553, 1= 0.025,p2=0.030, B2=0.035,2a=0.4,b=0.5,
Co =98630.136986, Cz = 800

A =0.000078
~ A =0.000088
S —&— A =0.000098

PROFIT

6000
7500

13000
14500

19000

€ —

Fig.5
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Fig. 5 shows the behaviour of profit w.r.t. to Cost per
unit uptime for which the repairman is busy in Repair
(C,) for different values of rate of failure of main unit
(A). As the value of Cost per unit uptime for which the
repairman is busy in Repair (C;) increases, the profit
decreases. Also, the profit decreases as failure of main
unit (L) increases.

PROFIT V/S RATE OF REPAIR OF MAIN

UNIT (B) FOR DIFFERENT VALUES OF
RATE OF FAILURE OF MAIN UNIT (.

@ = 0.000035, a1 = 0.000040, A1 = 0.000025, Az= 0.000050, A3 = 0.000075,
B1=0.025, B2 = 0.030, B3 = 0.035, 2= 0.4, b = 0.6, Co = 98630.136986,
€1=11852.38,C2= 800

=
=1
£
£

& A = 0.000088
A=0.00010
—#— A =0.00012

0.034

Fig. 6

Fig. 6 interprets the behaviour of profit w.r.t. to rate of
repair of main unit () for different values of rate of
failure of main unit (A). As the values of rate of repair
of main unit (B) increases, the profit increases. And,
the profit decreases as failure rate of main unit (A)
increases.

XI. CONCLUSIONS

It can be concluded from various graphs that MTSF
and Profit gets decreased with increase in the values of
failure rates. Also, the cut off points for various
rates/costs which are obtained in the above graphical
study helps the user to determine appropriate values of
rates/costs such that the economy of the company
remains profitable. By plotting other graphs, various
suggestions can be given to the company using such
model. Any company, industry or other user utilizing
such systems can adopt exactly the same manner by
taking the numerical values of various rates, costs, etc
as existing there for such systems.
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