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Abstract

With the rapid increase of the societal requirements and the complexity of the
industrial systems there is a great need to achieve high reliability without losing
profitability. Small system failures might lead to huge loss of operational activities,
downtimes and low productivity. In this paper, the authors propose a stochastic
reliability model to analyze the availability and profitability of an industrial system
under environmental factors and fluctuating demand. The proposed model assumes
that it is a single unit system where there are no failures that can be tolerated. It is
also equipped with an inspection mechanism to identify the kind of failure occurring
in the system. The failures are called minor and major failures.Minor failures are
caused by lubrication or greasing problems which can be repaired and major failures
are caused by electrical short circuiting, water ingestion in the time of adverse
weather and overloading as well as prolonged continuous operation . In case of
major failures the system is either repaired or replaced depending upon the extent of
damage. The two operating cases are studied where the demand is higher than or
equal to the production and the demand is lower than the production. The
regenerative point technique and Semi-Markov processes are used to evaluate key
performance measures and profit thoroughly with respect to the effects of different
parameters of the system.Data has been collected from a steel manufacturing plant,
Rajpura, Punjab, India.The outcomes are very informative for the visited plant and
provide suggestions for  best management of inspection, maintenance, and
operational strategies.

Keywords: Reliability, Inspection, Variation in demand, Regenerative point
technique, Semi-Markov process, Innovation.
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I. Introduction

The reliability analysis has become a significant pillar inmodern industrial

engineering. in the planning, operation, and economic sustainability of manufacturing
systems. Davis [VI], who created a quantitative foundation on the research of a
breakdown of the system. The early works [II,VII] were summarized into systemized
engineering approaches by classical works, which put much accent on the practical
significance of reliability in engineering design and maintenance planning.The
reliability modeling later was extended by other researchers [[V-XVI] by adding
redundancy, inspection as well as maintenance optimization. One of the prevailing
weaknesses of most reliability models is that it assumes a fixed or deterministic
demand. The environment in real manufacturing settings is seldom a constant
demand; the workload changes may be too hard on the running units and cause them
to fail. Recent studies have followed this pattern and have explored the reliability and
performance optimization of manufacturing plants, energy systems, steel industries
and multi-state repairable systems [XVII-XXIV]. Malhotra [XIII-XV] introduced
reliability, and availability analysis of a standby unit system with varying demand.
Farande and Hanumant [IV] recently explored the failures of steam turbines in
thermal power plants and the subsystems associated with them, and suggested
strategies of maintenance and repair scheduling based on the techniques of artificial
intelligence and machine learning. Yousuf, Irshad, and Umair [XXX] examined
drivers and obstacles to energy efficiency in steel industries, and state that the poor
practices of energy management play a major role in undermining performance.
Equally, Rathi, Sahu, and Kumar [XXV] used SMED techniques in steel rolling mills
in order to eliminate operational constraints and maximize production.
With reference to manufacturing systems [XVII-XX], Malhotra and Kaur [XVII-
XXl]have performed a stochastic analysis and analysis of availability, though they
did not take into account system stress due to high demand, as well as, the operational
strategy of temporarily resting an overworked machine and then relocating workload
to a second unit. This kind of situation has been seen in a steel manufacturing plant,
Rajpura, Punjab, India; a real-world industrial environment with constant use and a
heavy load that causes faster wear and tear and higher chances of failure. Thus, the
current paper attempts to overcome these shortcomings by introducing environmental
impacts, demand variability due to the market conditions, and load-based failure
mechanisms into the overall reliability framework of an inspection. Failures are
classified as minor and major: minor failures can be repaired, and major failures can
be repaired or replaced, depending on its difficulty: electrical faults, water ingress,
orexcessive load of the operation may cause the failure. Regenerative point
techniques and semi-Markov processes are used to analyse the behavior of the
system.

II. Mathematical Model

The model suggested is a single unit repairable system, which works within
different levels of demand and environmental factors. There is only a single unit, so
any failure will disrupt the operation of the system at once, and will have to be
inspected and fixed. A system of inspection is incorporated where the failure is
categorized and whether it needs repair or replacement. There are minor and major
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failures that are based on the results of inspection. Small failures are caused by the
problem of lubrication or greasing and only need to be repaired. The main failures
include electrical short circuit, water leaks or overload and constant working, the
failures can be repaired or replaced entirely depending on the extent. The system is
considered to be under two demand conditions:

High-demand case: demands are equal to or above production.

Low-demand case: demand < production.

Here, failure detection is followed by mandatory inspection in both instances. The
repairman identifies the fault in the unit, puts the system into the down state and puts
the system back to its original state. Once the system has been repaired or replaced, it
acts like a new one. The breakdown time is exponentially distributed whereas the
inspection, repair and replacement time are distributed generically. System
performance is assessed using regenerative point technique and semi-Markov
processes.

State Definitions: The system states depicted by the transition diagram can be
translated in the following way:

e States X;, wherei=0, 1, 2, 3, 5, 6, 7, 8 all are Regenerative states that means
these states are independent.

o States X;, where i = 9,10, 11, 12, 13, 14 all are Non-Regenerative states
means these states are dependent to previous states.

e State Xo (Operative state, high demand), State X; (Operative state, low
demand), State X (Inspection state)

e State X3(Minor Failure under repair when demand is less than production)

e State X5 (Minor failure under repair when demand is greater than equal to
production),

o States X¢, X7, Xs (Major failures under repair or replacement when demand is
greater than equal to production). Here, Large failures are as Xs due to
electrical fault, X- due to water-induced failure and Xz due to excessive load
failure.

e States Xo, X1, X13,( Major Repair states)

e States X0, Xi2, X14 ( Major Replacement states)

( Depending on severity: the unit undergoes repair, or the unit is replaced.
Once done, the system is brought back to regenerative operative state)

e State X4 (Down state) When under inspection or major corrective action the

system is totally inoperative.
Performance Evaluation: The measures obtained using the semi-Markov framework
are the following: Mean Time to System Failure (MTSF). Steady-state availability
Expected downtime Number of repair visits Replacement frequency Repairman busy
periods Profit analysis The impact of system parameters on availability and
profitability is analyzed with the help of graphical analysis. The model evidences that
inspection-based maintenance has a significant impact on lessening the effects of
failure and enhancing economic performance. The effect of the key parameters on the

system performance is examined through the use of graphs which are developed
based on real-life industrial data. The results indicate that the inspection-based
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maintenance has a great influence on increasing reliability, decreasing downtimes,
and increasing profitability during the changes in demand conditions. The suggested
framework will offer real-life advice to industrial planners and maintenance engineers
who are aimed at optimizing the use of resources and maintaining effective work in
the high-demand environment.

pSh(t)

p2h(t)

ph(t)

V4

Fig. 1.State Transition Diagram of Model
III. Procedure

IIL.i. Table No. 1 Nomenclature: All the mathematical notations that are used
in this paper are define in table no. 1[XVII]

A Failure rate of the operative unit
v, /¥, Rate of decrease/increase of demand < production /
demand>production
Y, /Y, Rate of change from up to downstate (As demand < production)/

down to upstate (when demand increases)

Opazp/ Opa<p Operative unit when demand > production / demand < production
D Down State

pi,i=1,2 Probability that during the repair time the demand >
production/demand< production

p3 Probability of minor failure

pi,i=4,5,6 Probability of major failures

pi, 1=41/51/61 Probability of major repair due to electrical fault / water-induced
failure / excessive load failure.

pi, 1=42/52/ 62 probability of major replacement due to due to electrical fault /
water-induced failure / excessive load failure.

Fi Failed unit under inspection
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Fu Failed unit under minor repair
Fi 1=2,3,4 Unit under inspection due to major failure
FRi, i=21,31,41/22, | Failed unit under major continuous repair/replacement
32,42
q;(0),Q;;(1) p.d.f and c.d.f of regenerative state i to j [XVII]
g(t), h(t), gi(t) / G(t), | p.d.f/c.d.f. for repair, inspection,replacement time [XVII]
H(t), Gi(t)

M;(t),m;j Probability that system up initially in regenerative state i
Contribution to mean sojourn time in regenerative state i before
transiting to regenerative state j without visiting to any other
state[ X VII]

C[E]R*E Symbol for derivative/ Laplace transforms / Symbol for Laplace
Stieltjes transform[ X VII]
©/0© Symbol for Laplace convolution/for Stieltjes convolution[XVII]

IILii. Transition Probabilities and Mean Sojourn Times for various states:

Here X;, wherei=0, 1, 2, 3, 5, 6, 7, 8 are the regenerative states and States X;, where
1=9,10, 11, 12, 13, 14 are the non-regenerative states. Also States X;, where i = 2,
3,5,6,7,8,9,10,11, 12, 13 and 14 are failed states. State X, is down state. The state
transition diagram in figure 1 represents all possible states of the system at time t.

The transition probabilities [ X VII] are:
qoi(t) = Wye” OF ¥kt

(ho(t) — lpze— A+ Wo+ W3t
q14(t) — ‘P3e_ A+ Wo+ W3t
426 (D)= p4h(t)

428 ()= psh(t)

431 (D)= p2 8(H)

50 (D= g(0)

d6,10(t) = pazh(t)
47,12(0= pszh (D)

Qg,14(t )= ps2h(D)
q100(t)= g1(t)

G12,0(6)= g1 (¢)

q14,0(t) = g1(t)

The non-zero elements p;; = limg_,q q;;* (s)[XVII] are:

Po1 =¥/ (A + W)
p13 :A/(}\+l'p2 + lP3)

Doz =A/(A+ W)
P1a = W3/ A+ W, + Ws)
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qoz(t) = )e” A+ WPt
q13(t) =)e~ A+ W+ W3t
d25(H) = psh(t)
d27(t) = psh(t)
d30(H) = p1 8(H)

Qao (D)= Wye™ "4t
deo(D= Pash(D)
97,11(0= ps1h(t)
dg13(D= pe: ()
9o (t) = g(t)

q11,0(0)= g(¢)
q130(O)=g(t)

P10 = V2! A+ ¥, + ¥3)
D25 = P3
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P26 = P4 P27 =Ps P28 = Pe

P30 = P1 P31 = D2 P40 =Dso =1
Pe9 = Pa1 Pe,10 = P42 P7,11 = Ps1
P7,12 = Ps2 Ps,13 = Pe1 Ps,14 = P62

Poo = P10,0 = P11,0 = P120 = P13,0 = P14ao =1

The following are transition probabilities, it is validated that

Fo1Poi =1 Yi=034P1i =1 Y spa=1 izop3i=1
i129 Pei =1 Z%:Zn p7i=1 i1:13 pgi =1

Also, P4g =Pso= P90 = P10,0 = P11,0 = P12,0= P13,0= P140=1

The mean sojourn times (¢;)[XVII] for different states, are

l,l,o =1/ (7\ + lpl) U = 1/ (}\ + l'pz + LIJ3) Uy = 1/"1’14_

Mo = = M7= pg=[, H(®)dt

H3 = Us= Ho= U1 = H13 = fo G)ydt = -g7(0)

Hio= Hi2= H1a= [, Gi(H)dt = -g," (0)

Therefore, Mean time taken by the system to transit for any state j into state i is
mathematically given by[XVII]:

m;; = fooo tq;;(t)dt :'CI*;]-(O)

Therefore,

Y2 my; = 3. Ma: = Y8 m,; = YL ma =
i=1Mo; = Ho i=0,3,4M1; = Wy i=5s My = Uy i=oM3; = U3
10 _ 12 _ 14 _ _
i=9 Mei = Ug Yit11Myi= Uy Yic13Mgi = Ug Myo = HUag

My = Uy Mso = Us Mgy = Uog Mjyo00 = Hio

Mmi10 = H11 Myz0 = Hiz Mmy3zo0 = Hiz Myso = Hia

IV. MEASURES OF SYSTEM EFFECTIVENESS
The measures of system effectiveness are given by:

IV.i. MEAN TIME TO SYSTEM FAILURE (MTSF)

The following recurring relations for ¢;(t) [XVII] are used for MTSF are acquired,
using probabilistic arguments:

$o() = Qo1(t) OQ1(t) + Qoz(t)
$1(0 = Q10(t) ©Qo(t) + Q13(H) + Q14(t) ©Q4(t)
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$a(t) = Quo(t) DQo(1)

Solving above equation for ¢ " (s), using Laplace —Steltjes Transform (L.S.T) we
obtain

do ™" (s) = N(s)/D(s)
Where, N(s) =qo2" (s) + qo1" (s) 13" (5)
D(s)=1-qo1" (5) q10" (5)-qo1" (3) G1a” ()qa0” (5)

Now, when the system starts from the state ‘0’,

) 1— *k S
then MTSF = lim ado )
s—0 S

Applying L’Hospital rule and substituting the value of ¢ " (s) from equation, we
have MTSF =N/D

Where N = o + Po1l41 + Po1P14M4, D= Doz + Po1P13
IV.i. AVAILABILITY

The recurring relations are obtained and solved for availabilities Aid(t), AP (v
[XVII] and their values in steady state are given by

Ao%= Ny/D;, AgP= N,/D,

Where  Nj =(1-p13p31)Ho and

Dy = (1= p13p31)Ho + Poiks + Doz (1 — P13P31)Mz + Po1P13Hs +
Po1P1ata+t Doz (1 — P13P31)[P2shs + P2s(Peoblo + Pe10bi0) + P27(P711bu1 +
P712M12) + Dag (Pgi3tis + Pg1ablia)] + Poa(1 — P13P31) (P2eMe + P27hy +
D2gMg) And Np =poifly

IV.iii. BUSY PEIOD ANALYSIS OF REPAIRMAN (INSPECTION TIME
ONLY)

In steady state, the total fraction of time taken by repairman in inspection /o[ XVII]
are given by
I(): hng(SIo* (S)) = N3/D1

S—

Where N3 = poz (1-P13P31) (U2 tUeP26 + U7P27 + UgD2g), and Dy is already
specified.

IV.iv. BUSY PEIOD ANALYSIS OF REPAIRMAN (REPAIR TIME ONLY)

In steady-state, busy periods Bo[XVII] are given by
B() = lln%(SBO* (S)) = N4/D1
S—

Where Ny = poz (1 -P13P31) (M11P27P7,11 T H13D28Ps8,13 T HsP2s +
HoD26P6,9) T HzPo1P13and Dy is already specified.
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IV.v. BUSY PEIOD ANALYSIS OF REPAIRMAN (REPLACEMENT TIME
ONLY)

In steady-state, busy period of replacement BR,[XVII] is given by
BR, *(s) = lirr&(sBR* (s))= Ng/D,
S—

Where N5 = poy (1 - P13P31) (M10P26P6,10 T H12P27P7,12 TH14D28P8,14)
and D, is already specified.
IV.vi. EXPECTED NUMBER OF VISITS BY THE REPAIRMAN

The probability of expected number of visits by repairmanin steady-stateVy [ XVII]
is given by
V() = IIH(}(SVO* (S)) = N6/D1
S—

Where  Ng = po2 (1 - P13P31) + Po1P13, and D; is already specified.

IV.vii. EXPECTED NUMBER OF REPLACEMENTS

The probability for the busy period RPy [ XVII] when replacement isdone in steady
state is given by,

RP0=£i_r)ré(sRP0* (s))= N,/Dq

Where N7 = poz (1-P13P31) (P26P6,10 T P27P7,12 T D28Ps 14)
and Dj is already specified.

IV.viii. EXPECTED DOWNTIME
The expected downtime D7y [XVII] in steady state, is given by
DTy= £i_l)1&(SDT0* (s))= Ng/D,
Where Ng = W4Po1P14, and Dy is already specified.
V. Profit Analysis

The profit in the steady state of the system model is as illustrated below:

Profit= Total Revenue -Total Cost/Expenses

P=(CoAo®+ C1A,T) - Coly - C3By - C4BRy -CsVy - C4RPo - C,DT,
Where,C; (i =0,1) = Revenue per unit up time when demand =/< production
Ci(1=2,3,4) = Cost per unit up time for which the repairman is busy for
inspection/repair or replacement

Ci (1=5,6) = Cost per visit of the repairman/per unit replacement

C7= Loss per unit time during the system in down state
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Particular Case

The inspection rate (@), repair rate(@), replacement rate () follow exponentially
for the particular case. Therefore, we consider

g)=ae™ g1(H) = aze™ 2t h(t) = a;e” %t
Ho=1/(A+¥) =1 A+¥Y, + ¥3) pe =1/%,

Hy = He= M7= Ug== [ H(t)dt

U3 = Us= Ho= HU11 = M43 = fo Gydt = -g*(0)

Hio= H12= Ha= J; Gi(®)dt = -g," (0)

a =0.042 per hr, a; =0.164 per hr, a, =0.002 per hr, A =0.003 per hr

Y, =0.0548 per hr, ¥, =0.1096 per hr, Y3 = 0.0055 per hr, ¥, =0.1370 per hr,
and various costs (in Indian Rupees),

Co = 1200000,C; = 600000, C, = 50000, C3 =30000, C, = 65000, C5 = 300000,
Ce =500000, C; = 10000.
VI. Results and discussion

The authors examined how different parameters can impact the single-unit
standby system. The findings in this study were supported with only real-time data
collected from a steel manufacturing plant, Gobindgarh, Punjab, India.

Table 2 Profit(P) versus Revenue per unit up time (Co) for different values of
Cost(C3)

Revenue _per
unit time
(Co) (in INR) Cs=INR 1000 C3=INR 41000 Cs=INR 81000

20000 -T7477.77 -8298.001 -9118.22
35000 -5022.58 -5842.81 -6663.03
50000 -2567.39 -3387.61 -4207.84
65000 -112.20 -932.42 -1752.65
80000 2342.99 1522.76 702.54
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8000
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4000 e C3=INR
1000

80000 95000

Revenue per unit up time(C,)

Fig. 2. Profit versus Revenue per unit time(Cy) for varying cost (Cs)

Fig. 2 and Table 2 shows that if C; = 1000, profit becomes positive, zero, or negative
according to Co> 64876, Co = 64876, or Co< 64876. 0.69 If C; = 41000, profit
becomes positive, zero, or negative according to Co> 72354.9, Cyp = 72354.9, or Co<
72354.9. Therefore, revenue should be fixed at more than 72354.9 in this case.

Similarly, if C; = 81000, the profit becomes positive, zero, or negative according to
Co> 78585, Co = 78585, or Co< 78585.

Table 3. Profit(P) versus Failure rate (1) for different values of Revenue per unit up
Time (Co)

() per hr Sarighk
Co=INR 100 | Co=INR 41000 | Ci=INR 81000

0.0006 154574.59 179050.82 203527.07
0.0066 49994.33 63218.31 76442.28
0.0126 11573.50 20631.37 29689.23
0.0186 -8247.19 -1359.98 5527.21
0.0246 -20268.83 -14713.42 -9158.03
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0 } T
0.0po6 0.0066 0.0126
-50000 -

0.0186

Failure Rate()) per hour

Fig. 4. Profit versus Failure rate (A) for Revenue per unit up Time(Co)

Fig. 3 and Table 3 shows the variation of profit (P) with failure rate (A) for three
different values of revenue (Co). As the failure rate increases, the profit decreases
continuously for all three cases, indicating an inverse relationship between profit and
failure rate. For any given value of A, the profit is highest for the largest Co, moderate
for the middle value, and lowest for the smallest value of Co. This implies that higher
revenue per unit up-time helps maintain better profitability, even though increasing
failure rates negatively affect the overall profit.

Table 4. Profit(P) versus Revenue per unit up time (C;) for different values of
Cost(Cs

Revenue per unit

up time (C1)
C3=INR 100 C3=1INR 160100 C3 =1INR 320100

200000 -28000 -31000 -35000
350000 -18000 -21000 -25000
500000 -8000 -11000 -15000
650000 2000 -1000 -3000
800000 12000 9000 6000
950000 22000 19000 16000
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Fig. 4. Profit versus Revenue per unit time(C;) for varying cost (Cs)

Fig. 4 and Table 4illustrates the variation of Profit (P) with Revenue per unit up-time
(Cy) for different values of cost (C;). The horizontal axis represents C; while the
vertical axis represents profit. It is observed that profit increases linearly as the
revenue perunit up-time increases for all cost levels, showing a direct relationship
between C; and P. For any fixed value of Cj,the profit is highest when the cost Csis
lowestand decreases as Csincreases. The nearly parallel nature of the curves indicates
that although higher costs reduce the overall profit level, the rate at which profit
increases with revenue remains almost the same.

VII. Conclusions

On visiting a steel manufacturing plant, astochastic reliability model has been
developed that works under the different demand variations and environmental
factors. The suggested inspection-based model efficiently separates between minor
and major failures to provide the remedial measures in the form of repair or
replacement approaches. The model considers the environmental stress factors like
electrical faults, water ingress, and overload, which are part of real-world situations in
a steel industry, and are not part of traditional reliability studies. Combining
regenerative point methods with semi-Markov processes makes it possible to assess
such key performance measures as Mean Time to System Failure (MTSF), system
availability at various levels of demand, busy periods of repairmen, anticipated
replacements, repair visits, downtime, and the total profit. The analytical and
graphical findings indicate that the effectiveness of the inspection process, rate of
repair and the intensity of failure are important factors that determine the availability
and profitability of the systems. The greater the repair rate the better availability and
MTSEF is enhanced and the greater the failure rate the lesser the system lifetime and
operational performance. In the study, it is found that maintenance through inspection
is very instrumental in reducing downtime and eliminating serious system
degradation. Further, the separation of demand conditions (high demand and low
demand) offers more information about the stress of workload and sustainability of
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the operations. In general, the model developed provides an effective decision-
support mechanism in managing the maintenance planning and the industry at large
because it strikes a balance between reliability and economic performance. The
framework is specifically useful to those single-unit systems in which the failure
toleration is low and the continuity of operation is very important. The proposed
model is general, so can be used by any manufacturing plant where such a situation
exists. This study can be further extended in the future with the use of multi-unit
systems.
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