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Abstract

This paper deals with the cost analysis of a reglale system subject to
deterioration. The system works in three differanbdes: the normal,
deterioration and failure. The deterioration can tmenor, medium or major. The
failure can be type | in which the system is pelyaepair or type Il in which the
system is minimally repaired. We analyzed the sysising linear first order
differential equations and developed explicit esgiens for availability, busy
period due to failure, busy period due to minoredietration, busy period due to
major deterioration and profit function for the $ys1. Based on assumed
numerical values given to the system parametemeguarticular cases have also
been discussed graphically to see the effect arideation, failure and repair
rates on profit. The results have indicated thatederation and failure rates
decrease the profit while repair, minor and majaginienance rates increase the
profit.
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1 I ntroduction

Failure is an unavoidable phenomenon which canamgerous and costly and
bring about less production and profit. Proper neaiance planning plays a role
in achieving high system reliability, availabilignd production output. Many
researchers have studied reliability problem diedént systems [see, for instance
Satyavati (201)1.1t is therefore important to keep the equipmesystems always
available and to lay emphasis on system availghalitthe highest order. System
availability represents the percentage of timesystem is available to users. As
the age of equipment increases, the equipment glowkteriorates
correspondingly. Deterioration failure is still theevitable fate of the equipment.
In many manufacturing situation, the condition bt tsystem has significant
impact on the quantity and quality of the unit proed. Most of these systems are
subjected to random deterioration which can resultanexpected failures and
disastrous effect on safety and the economy hasefore important to find a way
to slow down the deterioration rate, and to prolatgipment’s service life.
Maintenance policies are vital in the analysis efedioration and deteriorating
systems as they help in improving reliability anehitability of the systems.
Maintenance models assume perfect repair [seextongle Yusuf and Hussaini
(2012)], minimal repair and imperfect repair whicktween perfect and minimal
repair.

Large volumes of literature exist on the issue tigdpto deterioration and
prediction of availability of various systems undiferent maintenance policies.
Yusuf and Bala (2012) deal with stochastic modebhd¢wo unit parallel system
under two types of failures, where the system warksrmal mode, deterioration
(slow, mild, or fast) in model | and normal anddae modes in model Il. Yusuf
et al (2012) dealt with modeling the reliabilitycaavailability characteristics of a
system with three Stages of deterioration. Marceusl (2002) deal with the
modeling bridge deterioration, Wirahadikusun@tal (2001) model deterioration
of combined sewers. Cost analysis of redundanesystorking in normal and
failure modes are numerous. Various models arelolgee concerning the cost
analysis of a redundant system. Mokaddis and M@@0) studied the cost
analysis of two dissimilar unit cold standby redand systems subject to
inspection and random change of units. Using serarkbV process technique
various measures of system effectiveness are @otakti-said (2008) studied cost
analysis of a system with preventive maintenanagddg (2009) studied Cost
analysis of a system involving common cause fadlurend preventive
maintenance. Haggag (2009) dealt with Cost analykik-out-of- n repairable
system with dependent failure and standby supfdre. problem considered in
this paper is more general than the work of Yustuél (2012). We consider a
system with three modes: normal, deterioration faildre where deterioration
stages could be minor, medium or major whereasfdhere is of two types
[Yusuf et al (2012)]. Type | failure is control by perfect rapavhile type Il
failure is control by minimal repair. Our objectsv@re to develop the explicit
expressions for availability, busy period due titufe, busy period due to major
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maintenance, busy period due to minor maintenamze @ofit function and
capture the effect of failure rates, deterioraticetes, minor and major
maintenance rates, perfect and minimal repairs fitpbased on assumed
numerical values given to the system parameters.

2 Notations

B, B, B,: Minor, medium and major deterioration rates resigely from S to

S,SandS,

B, Bs,: Deterioration rates frons,to S,andS;to S,respectively

Bis, Bos: Bas, B 4 Failure rates

a.,,a., . Perfect and minimal repair rates

a,,a,,a .. Major maintenance rates

a,,,q 5. Minor maintenance rates

A, (), B- (»), B, («0), B, (), B: System availability, busy period due to failure,

busy period due to major maintenance, busy perigel td minor maintenance,
profit function.

3  Assumptionsand Description of the System

1. State of the system can be: Perf&),(minor deterioration §,), medium
deterioration §,), major (S,) or failed statg(S;)

2. At any given time the system is either in the operating state, desging
states or in the failed state.

3. The units operate simultaneously

4. StateS, can be access from the previous state

5. The state of the system changes as time pr&gess

6. System/units work ir§ , S, , S,andS,

7. The deteriorate stages can be minor, mediumagom

Table 1: Transition rate table of the system

S S S S S
St B 8 B Bis
> 2P B Bos
s s a3 B, B
S ay U3 Bis
S as, as,
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4  Availability Analysis

From table 1, letP(t) be the probability that the system at timg 0 is in
stateS. Let P(t) be the probability row vector at timé with the initial
conditions:

P(0) =[R(0), K(0), R (0), F (0),E (0)
=[1,0,0,0,¢

% = (B, + B+ Bt BIPM)+a P +a P +a P()+a P
P = (0,4 B BIPAY+BPIY+a@ P

d':’;t(t) = (@, + Aoy + B+ Bo)PLD) + B.P()+ B ,P()+a P(D

dF:jt(t) = (A + A+ L)PO) + B P)+ B PO +a PLD

dF()JIt( Y - (0, + @ )P+ BuP()+ BoPLY+ B PUY+ B P @)

The differential equations above can be expressed a

P=AP )

Where

And

Yo =B+ Biat Brat Bid s Yo = (0o + Bogt B9,

Y; = —(0’31+0’32+ﬂ34+,835), Yy = —(0'41+0’43+ﬂ45), Y5 = —(0'51+a54)

The differential equations in (1) above can be egped in matrix form as:
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s

. Y. a ,, a 5, a 4,
P2 ,812 Y., a ;, 0
P3 :813 1823 Y s a ,;
P’ :814 0 :834 Y.
.4 _1815 ﬁ25 ﬁ35 ﬁ45
_P5_

IN

T U U U T
w

al

72

The system availability can be obtained from thietsans for P(t), i =1,2,...,5.

The state 1, 2, 3 and 4 are the working statebefystem. Following El-Said
(2008), Haggag (2009) and Wang et al (2006), tleadst-state availability is

given by:

A, () = R () + B(0) + B(w) + B(e) + F(c0)

3)(

In the steady state, the derivatives of the staibgbilities become zero, hence

AP=0

Which in matrix form is

oy, a ,, a s, a 4. a s, |
B, Yo, a s, 0 0
B s B s Ys a ,s 0
B 0 B3, Y. a s,
| B s B s B ss B s Y s |

Using the following normalizing condition
ﬂ(w) + Pz(oo) + %(w) + B(oo) + Fg)(oo) =1

We substitute (5) in the last row of in (4) togi

And solve forP, (), P,(0), B(0), P, ()

I yl a21 aSl a 41 a 51
ﬂlZ y2 a32 O 0
ﬂ13 ﬁ23 y3 a 43 O
ﬁ14 0 1834 y4 a 54

1 1 1 1

IN

T U T U T
w

a1

O O O o o

- © © o ©

(4

(5)
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The steady-state availability is given by:

N
A(@) =g

5 Busy Period Analysis

Using the same initial conditions

P©0)=[R(0).R(0).R(9.R(9.R(9 .R( 9 .R( D
41,0,0,0,0,0,p

Using the above differential equations expressedatrix form as:

F?l Y, a ;. a 3, a 4. a .|| P,]
P, B, Yo a s, 0 0 P,

F;3 = Bis B s Ys a 43 0 P

P’4 :814 0 :834 Y, a s, I:)4

. _1815 :825 :835 :845 y5__P5_
_P5_

In the steady state, the derivatives of the stadbabilities become zero so that
AP=0

Which in matrix form is

Y. a ;. a 3, a 4. a s, P, ] 0
,812 y2 a 32 O 0 I:)2 O
ﬁ13 ﬁ23 y3 a 43 O P3 = O
ﬁl4 O 1834 y4 a 54 I:)4 O
_BlS ﬂ25 ﬂ35 ﬁ45 y5__P5_ _O_
Using the following normalizing condition in (6) logv:
P (0) + By() + B () + R () + B(e0) =1 (6)

We substitute (6) in any of the redundant rowsbint@ give
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Y1 a ,, a s, a 4. a s, P, () 0
B, Yo, a s, 0 0 2 (0 0
B s B s Y3 a ,s 0 P; () 0
Bis 0 B34 Y4 a s, P, () 0
1 1 1 1 ] P (o) | 1]

The steady-state Busy period due to failure ismgivg
N
Br () = R(x) =32

1
The steady-state Busy period due to major maint@nangiven by:

N
By () = B (%) + B(w) + B(c) =33
1
The steady-state Busy period due to minor maintamangiven by:

By (¢0) = () + P(e0) :%

1

6  Profit Analysis

The system is subjected to perfect repair, minimggdair, minor and major
maintenance respectively. The repairman performetgjor and minor

maintenance, perfect and minimal repairs to théegysn states 2, 3, 4 and 5.
LetC,,C,,C, and C, be the revenue generated when the system is ikirvgor
state and no income when in failed state and cost drepair (corrective

maintenance), cost due major maintenance and agstnginor maintenance
respectively. Following El-said [12] and Haggag]|XBe expected total profit per
unit time incurred to the system in the steadyesist

Profit=total revenue generated — cost incurredtddailure — cost incurred due

major maintenance - cost incurred due to minor teasmnce
Thus,

R=GA-GB-CR-GR
7 Numerical Simulations

In this section, we numerically obtained the resudtir mean time to system
failure (MTSF) for the developed model. For the eloghalysis the following set
of parameters values are fixed throughout the sitrars for consistency:

a, =03,a;,=0.2,a0, =0.45,a,=0.8,0,,=0.7,a0,; =0.6,a,, = 0.9,
B,=01,6,=04,5,=06,8,=0.1,8,=04,5,, =05, 5, =0.55,
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B =0.2,8,=0.7,06,,=0.4,C, =1,000,C, =200,C, =50and
parameter in question.

775

vary

770

765

760

755

750

Profit

745

740

735

730

725 | | | | | | | |
(0] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

B12

Fig. 1: Effect of S,on Profit

795

0.9 1

790

785

780

775

770

Profit

765

760

755

750

745 L L L L L L L L

o] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Bis

Fig. 2: Effect of S,0n Profit

0.9 1

the



Profit Evaluation of a Repairable System with...

795

790

785

780

775

Profit

770

765

760

755 | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6

B14

Fig. 3: Effect of S,0on Profit

800

0.7 0.8 0.9 1

780

760

740

Profit

720

700

680

660

640 L L L L L L

0 0.1 0.2 0.3 0.4 0.5 0.6
[315

Fig. 4: Effect of S on Profit

13



32

Profit

Profit

Bashir Yusuf et al.

830

820

810

800

790

780

770

760

750

740 1 1 1 1 1 1 1 1 1

0o 01 02 03 04 05 06 07 08 09 1

B25
Fig. 5: Effect of S,,on Profit

790

780

770

760

750

740

730

720

7100 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
[335

Fig. 6: Effect of S,.on Profit



Profit Evaluation of a Repairable System with...

860

840

820

800

780

Profit

760

740

720

700

680 ! ! ! ! ! ! ! ! !
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

B45

Fig. 7: Effect of S,;0on Profit

785

780

775

770

Profit

765

760

755

750 | | | | | | | | |
[0} 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Aoy

Fig. 8: Effect of a,, on Profit



34

Profit

Profit

785

780

775

770

765

760

755

780

775

770

765

760

755

750

745

Bashir Yusuf et al.

0.1

0.2 0.3 0.4 0.5 0.6 0.7

A3

Fig. 9: Effect of a,, on Profit

0.8

0.9

0.1

0.2 0.3 0.4 0.5 0.6 0.7

A4y

Fig. 10: Effect of a,,on Profit

0.8

0.9




Profit Evaluation of a Repairable System with... 53

800

780

760

740

720

700

Profit

680

660

640

620

600 | | | | | | | | |
(e} 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

A5y

Fig. 11: Effect of a,, on Profit

780

760

740

720

700

Profit

680

660

640

L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

620 L L L L
0

Oy

Fig. 12: Effect of a,,on Profit

It is evident from figures 1 — 7 that the increaseleterioration and failure rates
induces the decrease in profit, while from figuBes 12, the increase in minor,
major maintenance, perfect and minimal repair rateduces increase in profit.



36 Bashir Yusuf et al.

8 Conclusion

In this paper, we developed the explicit expressitor the availability, busy
period due to failure of the system, busy period thumajor maintenance, busy
due to minor maintenance and profit function. Tfieat of both minor and major
maintenance, perfect and minimal repair, detelimnatates have been capture.
The results have shown that both failure and detetion rates decreases the
profit while perfect, minimal, minor and major menance rates increase the
profit.
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