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ABSTRACT

The study of operational research started during the second world war and afterwards. With
the development of operational research, the study of reliability theory emerged as by product
in context of defence studies. The words reliable and reliability are in use from ancient time.

In fact these occur frequently in social, political, economical and practical fields to indicate

the efficiency of a person or mechanical equipment. A mathematical shape to the word
reliability was given later in 1950 with its scientific use for defence purpose. Realizing its
importance, the study of reliability theory was developed in western world.

The present thesis entitled “Stochastic Modeling and Cost Analysis of Some
Industrial Systems” is an attempt to develop the reliability models of the system with varied
production capacity depending upon the demand with following objectives:

(i) Understanding the process of industries and to create model(s) for the selected
industrial system.

(if) To analyse the reliability and availability of industrial system to be considered.

(iii) To analyse various other measures like cost-benefit analysis, busy period, mean time to
system failure and expected number of visits by repairmen using Semi- Markov process
and Regenerative point technique.

(iv) To compare the effectiveness of the systems on the basis of the models (to be
developed) taking two at a time using Semi-Markov process and Regenerative point
technique.

Data on failure / repair time and various costs has been collected on visiting Kohinoor

Rice Mill. The reliabilities have been developed by considering various situations existing in

the mill visited. Mean Time to system Failure and various other measures of system
effectiveness have been obtained using Semi-Markov process and Regenerative Point
Technique. For calculating measures of system effectiveness programming is done in
MATLAB. The graphical study of these measures has been done in ORIGIN. Laplace /
Laplace Stieltjes transforms and convolution are used for deriving expressions for these

measures of system effectiveness. For solving system of equations Cramer’s rule is used.

The present thesis embodies seven chapters:
Chapter 1 is an introductory chapter. It includes fundamental concepts and

methodology related to work done. In this chapter, we briefly discuss industrial significance

iv



of the reliability and long run availability of industries. A brief summary of the available
literature has also been presented in this chapter. This chapter also contains description of the
system considered in this thesis. Further, in this chapter the work of the remaining chapters
has also been presented.

In chapter 2, we discuss the behavioural analysis of a two dissimilar unit standby
system working in a rice plant by making one or both units operative depending upon the
demand. System consists of following components: Paddy separator, husker, separator,
destoner, polisher and colour sorter. Each unit has two types of failure-one due to failure of
the component colour sorter which is referred as Type —I failure and the second due to
failure of any of the other component(Paddy separator, husker, destoner, polisher) referred as
Type — 1 failure. The processing done on each of the components other than colour sorter is
transferable to component of other unit but the processing pending due to failure of colour
sorter is completed only on concerned unit after it is repaired. Regenerative point technique
has been used to analyse the system. Both failure and repair rates are assumed to follow
exponential distribution. Effect of failure rates on availability and MTSF has been carried
out. Effect of revenue and cost of busy period on profit has also been discussed.

In chapter 3, a standby system is studied which comprises two dissimilar units out of
which one is of 8 ton capacity and other is of 4 ton capacity. In this chapter, we have
considered the different stages where production is less than demand or at least equal to
demand. In case of production less than demand, we have analysed the system with two
types of failures and variation in demand by considering the loss of goodwill. Failure time
and repair time both are assumed to follow exponential distribution. Repair facility is always
available for every failed unit i.e. no unit waits for repair. It is assumed that, in case of
production greater than or equal to demand and if one unit is under repair and other is
operative, then no other event can take place except decrease in production. Effect of revenue
of different capacity on profit has also been discussed along with effect of failure rate on
availability of different capacities in both the cases when production is less than demand and
when production is at least equal to demand.

Chapter 4 is devoted to a stochastic model for a three-unit standby system wherein
one, two or all the units may be made operative depending upon the load/demand. The
system under consideration is assumed to have two shifts of working. The system to be
considered comprises of three units of paddy to rice converters having different capacities.
One is of 8 ton capacity and another two are of 4 ton capacity. Priority of operation is given
to line of capacity 8 ton instead of 4 ton. Effect of revenue of different capacity on profit,
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effect of failure rate on MTSF and availability of different capacities has been discussed in
this chapter. Graphical study is also carried out.

Chapter 5 describes a two similar unit (eight ton capacity) standby system which is
analysed with variation of demand and two types of failures. We have considered a single
unit of eight ton capacity in place of two similar units of four ton capacity each as in the
preceding chapter. Keeping in mind the installation cost of one big unit in place of two small
units here, we have analysed a two similar unit standby system with varying demand and two
types of failures. We have considered arbitrary distribution for repair rates. Effect of failure
rates on availability and MTSF has been carried out. Effect of revenue and cost of busy
period on profit has also been discussed.

In chapter 6, the comparative study of effectiveness of models discussed in the
chapters 3, 4 and 5 with respect to profit evaluation has been discussed. In this chapter, we
also analysed the suitability of models discussed in previous chapters in different situations.

Chapter 7 is concluding chapter of thesis. The industrial significance along with the
limitations and scope of the present work has also been briefly discussed in the summary and

conclusion.
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CHAPTER-1

INTRODUCTION

In today’s scientific world, the society has become fully dependent on science and
technology for all its daily needs. In order to achieve maximum benefit of advancement in
science and technology, trustworthy and reliable systems are in great demand. In addition,
analysis of systems in terms of reliability, helps to formulate the policies of a company to
provide cost effective, efficient and user friendly systems. Therefore, reliability has been
become a matter of great concern for all in today’s world. In fact, uninterrupted service and
failure free operation is an essential requirement of large complex systems such as electric
power generation and distribution plants or communication network systems. In these cases, a
sudden failure of even a single component, assembly or system results in health hazard,
accident or interruption in continuity of service. Similarly, sudden failure of a car brake
system while it is running may cause serious accident. Although, the failure of such products
may cause inconvenience on smaller scale. The problem of assuring and maintaining
reliability has many responsible factors such as equipment design, quality control during

manufacturing, acceptance inspection, field trials, life testing and design modifications.

The word reliable and reliability are in use from ancient time. Their occurrence in
social, political, economical and practical fields is very frequent. A separate discipline,
reliability analysis, has evolved for studying the reliability of such systems. Consideration of
reliability is very important in planning, design and operation of the system. Reliability
engineering came into existence due to complexity and automation of equipments used in
world war Il which resulted in several problems related to maintenance and repair. By
reliability, we mean the ability of the system to function as planned. We express this ability
using probabilities and expected values.

1.1 Literature Review
A mathematical shape to reliability was given in 1950 with its scientific use for

defence purpose. In 1952, the US Department of Defence had established the Advisory



Group on Reliability of Electronic Equipment (AGREE). This group published its first report
on reliability in 1957. Davis [18] discussed failure data and goodness of fit tests for various
failure distributions. Epstein and Sobel [23] published a fundamental paper on life testing
which laid the foundation of classical reliability analysis. Epstein and Sobel [24], Epstein
[22] worked in the field of life testing with the assumption of exponential distribution. After
these papers, the exponential failure distribution acquired a unique position in life testing and
reliability analysis. Therefore, besides finding reliability of the system, investigations had
been carried out to evaluate other measures. Srinivasan and Gopalan [101] concentrated on
regenerative point technique to study two unit standby system. Theory of regenerative
process, reliability design and stochastic process were discussed by various authors like
Smith [97,98], Barlow [6], Feller [25], Polpvoko [83], Kingman [44], Chung [17], Dhillon
and Singh [21] and Medhi [64]. In regenerative point technique theory of laplace transform is

used which was discussed by Spiegal [99].

Singh [94] for the first time used the concepts of reliability technology to
analyse the working of production system. Nakagawa [75] considered the replacement of
unit at certain level of damage. Yang and Dhillon [122] calculated the availability of a robot
with safety system. The need and application of reliability technology in the process industry
was discussed by Michelsen [65]. Kumar et al [46, 47, 48] calculated the availability for
number of systems in process industries. Kumar et al [49] analysed a two unit standby system
with instructions at need. Gupta et al [34] investigated the reliability and availability analysis
of serial processes of butter oil plant and behaviour analysis of the cement industry. Agnihotri
et al [3] have studied the reliability analysis of boiler used in readymade garment industry.

Stochastic analysis of a three unit standby system was critically analysed by Attahiru [4].

A system can fail due to common errors and human errors. Dhillon [19]
studied a 4 unit redundant system with common cause failure. Gupta and Kumar [33]
evaluated the availability and mean time to failure of a two-unit cold standby system with
three possible states of units,i.e., good, partially failed and failed state by introducing the
concept of human repair. Chaung [13, 14] extended the idea to a repairable system subjected
to failure due to common cause failure and critical human error. Such failures are very
common in our day to day life. Kaushik and Singh [43] performed the reliability analysis of
the Naphtha fuel oil and water system under priority repair used in thermal power plant. The
reliability and availability analysis for two identical unit parallel systems with common cause
failure and human errors was done by Sridharan and Mohanavadivu [100].
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To improve the reliability of a system, the concept of redundancy was introduced in
the system. Kapoor and Kapoor [42] discussed the effect of standby redundancy on the
system’s reliability. Nakagava and Osaki [74] considered stochastic behaviour of a two-unit
priority standby redundant system. Singh and Goel [95] investigated the availability of
heating system with warm standby and imperfect switch in sugar industry. The standby

redundancy allocation in series and parallel systems was discussed by Misra et al [68].

While studying the reliability analysis of industrial system through graphs, most of
the researchers used hypothetical data for failure, repair and other rates i.e. the real data on
these rates were not taken into consideration. Taneja [102] collected real data and discussed
reliability and profit analysis of a system which consists of one main unit (used for
manufacturing) and two units (used for controlling). The reliability of 2-unit parallel
continuous casting plant with full installed capacity was analysed by Mathew et al [62]. Kuo-
Hsiung et al [52] emphasized on the four different systems with warm standby components

and standby switching failures based on their reliability and availability.

It has also been observed that environmental conditions may affect the system’s
reliability considerably. Such systems are very much peculiar in nature. Reliability of
mechanical component under environment stress was discussed by Dhillon [20]. Singh [91]
discussed the reliability analysis under fluctuating environment. Aggarwal and Kumar [1]
studied the stochastic behaviour of repairable system working under fluctuating weather
conditions. The comparison between two cold and warm standby outdoor electric power
systems in changing weather was done by Mokadies et al [70]. Further, Goel [26] also

examined a two unit standby system under different weather conditions.

The reliability models with different constraints of operation and repair on standby
units were analyzed by Bhatia [8], Taneja et al [105], Taneja and Nanda [103] and Tuteja et
al [115]. The reliability and profit analysis of two-unit standby system was discussed by
Tuteja and Taneja [110, 111, 112], Vashistha [118] and Tuteja and Malik [109]. Lie and Jian
[56] considered repairable systems with repairman having multiple vacations. If the system
fails and the repair man is on vacation then system will wait for repair until the repair man is
available. Analysis of systems having priority and ordinary units was done by Gupta et al
[35]. The reliability models with different repair policies were discussed by Mine and Kaiwal
[67], Rander et al. [86], Tuteja et al [113, 114], Murari and Goyal [72], Guo [38], Taneja and
Naveen [104], Tuteja et al [106], Chandershekhar et al [12] and Yadavalli [121]. Various



reliability models with varying working conditions were analysed by Goel [28], Gopalan
[29], Gupta [31], Narang et al [78] and Kumar [50, 51]. Analysis of various systems with
different inspection policies was done by researchers like Nakagawa [76], Agnihotri and
Satangi [2], Singh and Taneja [93, 94]. Concept of deterioration was discussed by Jacob [39]
and Jaggi [40].

k-out-of-n structure is also a very popular type of redundancy and is applied in
industrial and military systems. Reliability and availability of such systems have been
analyzed by various researchers including Chiang and Niu [16], Chaung [15], Li and Chen
[55], Tuteja and Minocha [107, 108]. Pham [82], Mc. Grady [63] and Ksir and Boushaba [45]
evaluated the modeling of a shared load k-out of-n: g system. k out of n cold standby
systems were also discussed by Sarhan [87, 89]. Sarhan [88, 90] also extended generalized
exponential distribution and modified weibull distribution. VVanderperre [117] discussed the
reliability analysis of a renewable multiple cold standby system. Goyal [30] analysed

reliability and profit for a 2-out-of-3 unit system.

Cost is the most important factor to increase the availability of the process industries.
Prabhuswami [84] studied the reliability based optimization of manufacturing systems. Gupta
et al [36] discussed with profit analysis of a two unit priority standby system subject to
degradation and random shocks. Profit analysis of two unit cold standby system was
discussed by Siwach et al [96]. Chander and Bansal [11] discussed the profit analysis of
single unit reliability models at different failure modes. The cost analysis of two dissimilar
units was discussed by Mokadies and Matta [69]. Profit analysis of standby systems was
analysed by many more researchers like Mokkadies [71], Minocha et al. [66] , Singh [92] and
Malik et al. [61]. Comparative study of profit analysis of two models was later reviewed by
Gupta [32], Parashar [81] and Yusuf [123].

Maintainability and availability are two main aspects for any industry, which are
closely related to reliability. In a reliable system, breakdowns are less frequent and hence
availability is high ( i.e. system functions well and is available for use). Availability and cost
analysis of preventively maintained units was discussed by Vaurio [119]. Lal et al [54]
analysed availability of serial process of plastic pipe manufacturing plant. Maintenance
analysis helps in determining how often the system and its components should be maintained
for reliable performance. Over the last two decades, many methods/techniques have been

developed/presented in number of research papers to determine the optimal maintenance



schedule. Preventive maintenance models were discussed by many researchers like Barlow
and Hunter [5], Goel [27], Lie et al. [57], Chan [10] and Nakagawa [77] developed a model
for imperfect preventive maintenance in which the effective age of the system is reduced by
’x’ time the units at each preventive maintenance. Nakagawa [73] also developed optimum
preventive maintenance policy for repairable system. Ntuen [80] proposed generalized
models for determining minimum cost preventive maintenance. Jayabalan and Chaudhary
[41] presented a model for cost optimization of maintenance scheduling for a system with
assured reliability. Ramakrishna and Bawa [85] have discussed optimization of machine
design criteria for higher reliability and maintainability in food processing industry. The
reliability optimization of complex systems through-SOMGA was studied by Kusumdeep and
Dipti [53]. A multi objective optimization of imperfective preventive maintenance policy

with hidden failure rates was calculated by Wang and Pham [120].

Several systems for reliability modeling using various aspects like type of failures,
types of policies for repair / replacement, maintenances, degradation and inspections etc. has
been analysed by various mathematician/statisticians. Zhao [124] discussed the availability
for repairable components and series systems. The dependability modeling using petri net
based model was discussed by Malhotra and Trivedi [58]. Vanderperre [116] calculated the
long run availability of a two unit standby system subjected to a priority rule. System with
varying demand was investigated by Mallhotra and Taneja [59, 60]. Concept of optimization
was figured out by Bector [7] and Dass et al [9, 37]. Data analysis for performance study
industrial systems was done by using soft computing by Nguyen et al. [79]. Few of them
analysed the systems by collecting real data and considering real life practical situations.
Work concerning with real life situations has not been sufficiently done so far. Also, most of
the study is devoted to reliability and availability analysis of the system but cost-benefit
analysis has not so far been undertaken in most of the complex practical situations. The same
situation also arises while evaluating the various measures like reliability, availability, mean
time to system failure, busy period of repairmen and expected down time as these measures
are necessary to analyse the system completely. However the work on varying demand and
many other different situations have not been sufficiently studied so far and is needed to be
analyzed by collecting real data. Keeping this in mind, we have considered a system
undergoing all such type of situations. One of such system is Rice Plant-Paddy to rice

converter system.



Keeping these in view we have attempted to study the following objectives on cost

analysis of some industrial systems in the present thesis.

1.2 Objectives of the Study are listed as:

e Understanding the process of industries and to create model(s) for the selected
industrial system.

e To analyse the reliability and availability of industrial system to be considered.

e To analyse various other measures like cost-benefit analysis, busy period, mean time
to system failure and expected number of visits by repairmen using Semi- Markov
process and Regenerative point technique.

e To compare the effectiveness of the systems on the basis of the models (to be
developed) taking two at a time using semi-Markov processes and regenerative point

technique.

Some fundamental concepts related to reliability, availability and the performance measures
of the systems are presented below:

1.3 Basic Definitions:
1.3.1 Reliability

Reliability is associated with the civilization of mankind to compare one
object/person with another. Reliability cannot be exactly measured with respect to human
behaviour but can give idea how to compare a particular person in with other. The knowledge
about long-term properties of material and other devices helps in framing reliable products.
Reliability is be said to be a measure of performance. A person who completes his work in
time is said to be more reliable than the other who does not. Now it is easy to state, that the
concept of reliability is not only associated with human behaviour or activity but can also be
applied to other inventions of the mankind, by directly measuring their performance or by
knowing the failure rates of the equipment/systems. The growing awareness of reliability
arises from the fact that there is a need for efficient, economic and continuous running of
equipment/system in any organization for achieving the targeted production at a minimum

cost to face the present competitive world.



Reliability engineering has developed, and advanced mainly due to high risk and
complex systems. Reliability is a measure to ensure operational efficiency. Reliability of a
system/device is the probability of the system/device performing its anticipated purpose
adequately for the intended period of time under the given operating conditions.

The reliability can be interpreted in various different ways some of these are as:

(1) Reliability is the quality of being trustworthy or of performing consistently well.
(i) Reliability is the degree to which the result of a measurement, calculation, or
specification can be depended on to be accurate.
(iii) Reliability is the degree to which an assessment tool produces stable and consistent
results.
Quantitatively, reliability of a device in time‘t’ is the probability that it will not fail in
a given environment before time t. If T is a random variable representing the time till the
failure of the device starting with an initial operable condition at t = 0, then reliability R (t) of

device is given by
R(t) = P[T > t] = 1-P[T <t] = 1-F(t) (1.1)

Thus, reliability is always a function of time. It also depends on environmental conditions

which may or may not vary with time. Following assumptions are made:-

() R (0) =1 since the device is assumed to be operable at t = 0.
(i) R () = 0 since no device can work forever without failure.

(iii) R (1) is non-increasing function between limits 0 and 1.

1.3.2 SCOPE OF RELIABILITY
The scope of reliability can be imagined by the following facts with respect to any

equipment or system:

(1)  The working environment of the equipment/system.

(i)  The need of safety aspects for goods/material and men.

(iii)  Degree of uncertainty about the success of operation and its improvements in

system/ equipment performance.
(iv) Need for effectual, commercial and uninterrupted running of equipment/system

without disturbances.



(v) Improvement in the confidence of the personal working particularly in the failure
area because of safety reasons.
Any equipment or system is framed with certain objectives so that it can meet its goals in

terms of production/service.

1.3.3 Objectives of Reliability
In, Design phase of any system, it is required that the said system should maintain its

performance standards within the defined constraints such as cost of equipment or product,
environmental conditions and availability of material or parts etc. A system or equipment
normally comprises of number of units or components which make a system complex and
therefore, system is dependent on complexity of the functioning of the units. It becomes more
difficult to achieve satisfactory performance from such system or equipment. Following are
the objectives of reliability:

(i) Uninterrupted running of system or equipment.

(i)  The adequate performance for a stated period of time.

(i) The equipment or system should work under the specified environmental conditions.

(iv)  Minimization of time for which system is down.

(v) Maintainability of device or components.

(vi)  Quantify and demonstrate the life of the product.

1.3.4 Failure

“A failure is a result of joint action of many unpredictable, random processes going
on inside the operative system as well as in the environment in which the system is
operating”. Functioning is therefore seriously impeded or completely stopped at a certain
moment in time. All failures are stochastic in nature. In some cases the time of failure is
easily observed but if a unit deteriorate continuously, determination of the moment of failure
is not an easy task. Failure of a system is called a disappoint or death and failures results in
the system being in down state.

In practice even the best design, manufacturing and maintenance efforts do not

prevent the system failure. In reliability theory there are four types of failures.
(1) Early failure
(i) Random failure
(il)  Wear out failure
(iv)  Out of tolerance failure



1.3.5 Instantaneous Hazard Rate (or Failure Rate)

It is stated as the conditional probability that the system failing during the time

interval (t, t + 5t] given that it was operating during (0, t]. Let r(t)st = probability that the

device has life time between t and t + &t, given that it has functioned up to time t.

r(t)ot Prit<T<t+5tT>1]

— Plt<T <t+6t] — P[T <t+5t]-P[T <t]

P[T >t] PT >t]
- [R-R@t+3dt)]-[1-R(t)] = _ R(t+35t)—R(t) (1.2)
R(t) R(t)
Now, the instantaneous failure rate or hazard rate r(t) at time t is defined as
c = lim - RE+3)-R(t) - R'(M) _ f() 13
0= 5% R(t)5t R(t) R(Y) 43

where f(t) is the p.d.f. of the device life time. It can be seen that
© t
F ()= J' f(u)du=R() = exp [ I r(u) du] (L4)
t 0

£(t) = r(t) exp [~ I r(u) du] (15)
0

1.3.6 Repairable Systems:-

Failed units of systems may be replaced by new ones, but this may prove to be
expensive. To replace the failed unit is usually more cost effective option and failed unit are
sent to a repair facility. A repairable system can be described as one when the system found is
down as the result of failure. A repair facility is available where the system can be made
operable again. If no repair facility is free, failed unit queue up for repair. The life times of a
unit while online, while in standby as well as the repair times are all independent random

variables.

Repairable systems have been the subject of intensive investigation for a long time.
Different random variables can form the basis of research such as
(1)  Awvailability and reliability



(i)  Time necessary for repair
(iii))  No of repair that can be handled
(iv)  Switch over time to and from the repair facilities

1.3.7 Stochastic Process

A stochastic process is a family of random variables indexed by a parameter set
realising values on another set known as the state space. Both the parametric set and the state
space can be either discrete or continuous.

In a stochastic process {X(t), t € T}, where X(t), t and T respectively are the state
space, parameter (generally taken to be time) and the index set. If T is countable set such as
T=1{0, 1, 2, 3,...}, then the stochastic process is said to be a discrete parameter process and
if T={t: —oo<t<ow}orT={t:t> 0}, the stochastic process is said to be continuous
parametric process. The state space is classified as discrete if it is countable and continuous
if it consists of an interval on the real line. In the present study, we have only dealt with
discrete state space continuous time parameter stochastic process.

1.3.8 Markov Process
A stochastic process is said to be Markov Process if the future development is
completely determined by the present state and is independent of the way in which the

present state has developed. If {X (t) teT}is a stochastic process such that, given the value
of X(s), the value of X(t), t > s do not depend on the values of X(u), u<s, i.e.fort>s,i es

PrIX(t) = i|X(u), 0<u<s] =Pr[X(t) =i |X(s)] (1.6)
Then the process {X (t), teT} is a Markov process.

Stochastic Processes which do not possess the Markovian property are said to be non

Markovian.

1.3.9 Markov Chain
A Markov Process with discrete state space is said to be a Markov Chain.

Mathematically, a stochastic process {X,; n = 0, 1,2,...} is called a Markov Chain if, for

o Ky Gy Jpeveevenndy g €N
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PriX, =K | X, 1= 1J, X, 5= Jiyeeeeeeeen Xo = Jnal
= PriX,=k [ X, ,=]] = P (Say)
(1.7)

If the transition probabilities p;are independent of n, then the Markov chain is said to

be homogeneous and if it is dependent on n the chain is said to be non-homogeneous.

1.3.10 Renewal Process

Suppose we have repairable system which starts operation at t = 0. If X1 denotes the
time to first failure and Y1 denotes the time from first failure to next system operation (after
repair) then t1 = X1 + Y1 denotes the time of first renewal. Similarly, if X2 denotes the time
to first renewal to second failure and Y2 denotes the time from second failure to second
renewal then to = Xz + Y32 and the time of second renewal is t1 + t2. In general, ti = X; + Y;

(inter-arrival) time between the (i—1) " and i"" renewal) for i = 1, 2, 3... If we define

S=0,S,=t+t,+ ...t =epoch of nth renewal,

and N(t) = number of renewals during (0, t] then the process {N(t), t > 0} is called renewal

process.

1.3.11 Markov Renewal Process

Let the states of a process be denoted by the set E = {0, 1, 2 ...}, and let the transition

of the process occur at epochs If t,(= 0), t, t,,....t, (t, < t,,,)-

Pr{X . = K, t . —t £t] Xy = ipocs X, = i 0 5, £t}

n+l '+l
=Pr(X,,=k t -t <t|X, =i} (1.8)
then {X,, t,}, n = 0, 1, 2, ...., constitutes a Markov Renewal Process with state space E.

1.3.12 Semi-Markov Process

In the above, if we assume that the process is time homogeneous, i.e.

Pr{X .=t —t3 X, =i} = Q(t), i, jes (1.9)
is independent of n, then there exist limiting transition probabilities
Pij :Qii (t) = Pr(xm—l: J | Xn = I} (110)
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Then {Xn, n=020,1 2} constitutes a Markov chain with state space E and transition
probability matrix (t.p.m) is given by

P=[p,] (111)
The continuous parameter stochastic process Y (t) with state space E defined by

Y(t) =X, t,<t <t (1.12)
is called a semi-Markov process.

In other words, we define the semi-Markov process is a process in which transition
from one state to another is governed by the transition probabilities of a Markov process but
the time spent in each state before a transition occurs is random variable depending upon the
last transition made. Thus at transition instants the semi-Markov behaves just like a Markov

process. However, the times at which transitions occur are governed by a different probability

mechanism.

1.3.13 Regenerative Process

Regenerative stochastic process was defined by Smith (1955) and has been crucial in
the analysis of complex systems. In this, we take a time point at which the system history
prior to the time point is irrelevant to the system conditions. These points are called

regeneration points. Let X (t)be the state of the system at epoch t. Ift =t t,...are the
epochs at which the process probabilistically restarts, then these epochs are called

regenerative epochs and the process {X (t) t=1t,t } is called regenerative process.

1.3.14 First Passage Time
Suppose that a system starts with the state j, then time taken to reach a given state k
for the first time from state j is called first passage time. In general, first passage time is a

measure of how long it takes to reach a given state from another state.

1.3.15 Mean Sojourn Time in a State
The expected time taken by the system in a particular state before transiting to any
other state is known as mean sojourn time or mean survival time in that state. If T; be the

sojourn time in state i, then mean sojourn time in state i is

12



e IP(Ti > 1) dt (1.13)

1.3.16 Mean Time to System Failure (MTSF)

The average duration between successive system failures, i.e. MTSF is defined as the
expected time for which the system is in operation before it completely fails.

Suppose the reliability function for a system is given by R(t) = 1 —F(t), where F(t) is
the failure time distribution function and f(t) = dF(t)/(dt) is the failure time density function.
The mean time to system failure is given by

o0

MTSF = th(t) dt=—] t(dR(t)jdt SR O]+ ] REdt
0 0 dt o 0

= IR (t) dt = Isin(r)l R*(s) (1.14)

Let do(t) be the cumulative distribution function of the first passage time from initial state to a

failed state, then

R*(s) = 1- d)sg* (S)

Thus, we have

MTSF = lim 1= () (1.15)
s—0 S
1.4 Type of systems

A system means an arbitrary device consisting of various components or units or
subsystems with assumption that their reliability is known for predicting reliability of whole
system.

On the basis of arrangement of components in the system, the systems can be classified as:
1.4.1 Series System:

This type of system generally consists of a large number of components connected in

series. If anyone of these components fails, the system fails. This is also one of the most

commonly used structures.

CAUSE

- EFFECT
O——>| unit1 S| Unit2 >| Unit 3 Unitn +——>0

Fig. 1.1 - Series configuration
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Let Ri(t) be the reliability of ith components, then the system reliability is given by
R() =Pr (T >t] =Pr[min (T, T, T,,... T,) >t] [T>1] (1.16)

n

where Ti is the life time of the i™ unit of the system. The system hazard rate, therefore, is

1=n

r(t) = 2.5(t) (1.17)

i=1

where r,(t)is the instantaneous failure rate of the i'" unit.

1.4.2 Parallel System

This type of system generally consists of a large number of components connected in
parallel. A parallel system is fail only when it’s all components are failing. Parallel
configuration is often referred to as redundancy. Redundancy is the technique which involves
more than one component to achieve a higher reliability. Four engine aircraft which is still
able to fly with only two engines working is a good example of this type of configuration.

Block diagram representing a parallel configuration is shown in Fig. 1.2.

Unitl1 |

> Unit 2

CAUSE O——> > EFFECT

S Unit n RN

Fig. 1.2 - Parallel configuration

Suppose Ri(t) and T; be the reliability of ith component and the life time of the ith unit in time

t respectively, then the system reliability is given by
R(t) = Pr(T>t) =Pr[max (T, T, T,,.... T,) > t]

=1-P (T, <t, T, <t, T, <t,..., T <t] (1.18)

If the units function independently, then

R(t) = 1-[1-R (t) [[1-R, (1) [[1-Ry(t) ] e[ 1= R, (1) ]
I=n (1.19)

= 1-T][1-R (1]

i=1
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1.4.3 Series-Parallel System:

This system consists of stage 1, stage 2... stage k connected in series.

11
I R N e I
’7 1
1 | —H1 3 ‘ I
L1 Nk
HR 14 ||
__{ M I
Stage 1 Stage 2 Stage3

Fig. 1.3 - Series-Parallel combination of components

Each stage contains a number of redundant elements, stage 1 consisting of ni redundant
elements connected in parallel. The reliability of such a system is the product of the

reliabilities of each stage. Stage i with n; elements will have the reliability given by
Ri =1—[1—PX)I[1—PX)] .. [1 = P(Xin)] = 1 = X7 [1 - P(X;))]

R(s) = RRy Rs ... Ry = {.‘:1{1 —yr - P(Xij)]} (1.20)

1.4.4 Redundancy

If the state of the art is such that either it is not possible to produce highly reliable
components or the cost of producing such components is very high, then we can improve the
reliability of the system by introducing the technique of redundancies. This involves the
deliberate creation of new parallel paths in a system to increase the reliability of the system

Some of the methods of introducing redundancies in a system are mentioned below:

15



1.4.4.1 Element Redundancy
In element redundancy two elements are connected in parallel. In this, all the
channels or paths are active from the beginning of the system till its failure. In this case
the reliability of the system is higher than individual reliabilities.

a1

az

Fig. 1.4 - Element Redundancy

1.4.4.2 Standby Redundant Configuration

Redundancy is a device to improve reliability of a system. In a redundant system,
more units are made available than which are necessary. There are two types of redundancy
Gnedenko classified the redundancy on the basis how the units are loaded in the standby units

in two ways
(i) Active Redundancy

In this case of redundancy, the system has a positive probability of failure even when
it is not in operation. This may happen due to the effect of temperature, environment
condition etc. Active redundancy can further be classified as hot redundancy and warm

redundancy:-

Q) If the off-line unit can fail and is loaded in exactly the same way as the operating unit,
it is called hot standby unit.

(i) If the off-line unit can fail and can diminish the load, it is called warm standby unit.
The probability of failure for a warm standby is less than that of failure for operative
unit.

(ii) Passive or Cold Standby Redundancy

This is that form of redundancy in which the off-line unit is completely inactive and it
cannot fail until it is put in place of primary unit.
Reliability R (t) of an n-unit standby system at any time instant t is given by

16



R(®=P[XT, >1] (1.21)

where T is the life time of i unit and all the n-units are independent.
A standby system functions as long as one of the units is available for the task on

hand. A block diagram of such system is shown as in Fig. 1.2.

Unit 1

Unit 2

O
OUTPUT

INPUT

gey

Unit n

Fig.1.5 - Standby redundant configuration

1.4.5 k-out-of-n configuration
In many problems the system operates if at least k-out-of-n units function, e.g., a
bridge supported by n-cables, k of which are necessary to support the maximum load. If each
of n-units is identical with the same reliability then the system reliability becomes
n
i=k
There exist many other configurations such as series-parallel, parallel-series, mixed parallel,

etc. which are used by the industries.

1.5 Availability

When a system is often unavailable due to break downs the concerning department
becomes interested to put it back into operation after each break down with proper repairs. In
fact, it is concerned with availability equally as it does with reliability because of additional

17



costs and inconvenience incurred when the system is not available. The differences between
the measures reliability and availability are as follows:

(i) The reliability is an interval function while the availability is a point function
describing the behaviour of the system at a specified epoch.

(if) The reliability function precludes the failure of the system during the interval under
consideration, while availability function does not impose any such restriction on the
behaviour of the system.

We may categorize availability as:

1.5.1 Instantaneous (Point wise) Availability

This is the probability that the system will be able to operate within the tolerances at a
given instant of time.

Let X(t) = 1, if the system is operable at time t, and X(t) = 0, when it is not operable.
The availability A(t) of the system at time t is given by

A(t) = P[X(t) = 1] X(0) = 1] (1.23)

1.5.2 Average (Interval) Availability
It is the expected fraction of a given interval of time that the system will be able to
operate within tolerances. Suppose the given interval of time is (0, T]. Then interval

availability H (0, T] = A(T) for this interval is given by

[A() dt (1.24)

1.5.3 Steady State (Limiting Interval) Availability
It is the expected fraction of time in the long run that the system operates satisfactory.

To obtain steady state availability we simply compute

lim H (0, T) = lim A(T) (1.25)

T T oo

1.5.4 Operational Availability (4¢)
Operational availability is a measure of availability, which includes all exoerienced
sources of downtime. The equation for operational availability is:

A, =Uptime/ (Operation Cycle),
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where the operation cycle is the overall time period of operation being investigated, and
uptime is the total time for which the system was functioning during the operating cycle.

Thus, operational availability is the availability actually experienced by the customer.

1.6 Maintainability

Maintainability v/s Reliability: Reliability and maintainability jointly affect the availability
of the equipment. Highly reliable equipment or a system may fail rarely, but, if its
maintainability is poor, then it takes very long time to repair and decommission once it fails.
Thus, the availability of highly reliable equipment may reduce considerably, if the
maintenance is poor. Similarly equipment may have very good maintainability, but if it has
poor reliability then it would fail frequently and in turn availability would get reduced.
Maintainability may be given less importance in some applications like missiles and rocket
propulsion etc. but, for general industrial equipments and components, maintainability has to

be given more considerations.

Maintenance: Maintenance is defined as any action that restores failed units to an
operational condition or retains non-failed units in an operational condition. In earlier days
very few terms were used in maintenance management like repair, overhauling, preventive
maintenance etc. With the involvement of experts in maintenance management several new
terms were invented such as planned, scheduled, routine, periodic, breakdown, corrective and
predictive maintenance etc. Maintenance actions can be classified on the basis of planning
and criticality/essentiality of the jobs.

1.6.1 Corrective Maintenance

Corrective maintenance is the process to restore a failed part or system to its
operational status. It is usually done by replacing or repairing a part or subsystem that is
causing the system failure. Such maintenance is done at unpredictable intervals, as a
component failure time is not known. The objective of corrective maintenance is to restore
the system to satisfactory operative state within the shortest possible time. Corrective

maintenance basically involves three steps:

I: Diagnosis of the Problem: The maintenance technician locates the failed parts or assess

the cause of the system failure.
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Il: Repair and Replacement of Faulty Components: Once the cause of system failure is
known, action is taken by replacing or repairing the components which causes the system
failure. Repair action is also taken in case the component is working below acceptable

reduced capacity.

I11: Verification of the Repair Action: Once the components have been repaired or

replaced, the maintenance technician must verify that the system is operating successfully.

1.6.2 Preventive Maintenance (PM)

Preventive maintenance is the execution of replacing components or subsystems
before they fail in order to foster continuous system operation. Preventive maintenance can
also be stated as the formulation for maintenance of components or equipment in order to
prevent or minimize the fragmentation and devalued rates. Preventive Maintenance covers
extensive areas due to which some people get misled about its coverage by thinking that it is
just a routine inspection or doing minor repairs/jobs on equipment. And on the other hand
some think that it includes only major jobs like overhauling and reconditioning etc. After
preventive maintenance repairs the equipment’s health, it is restored back nearly to the
original condition. The schedule for preventive maintenance is based on observation of past
behaviour of the system. The objective of preventive maintenance is to run the equipments in
good conditions for a long period of time. Cost is also a factor for the scheduling of
preventive maintenance. In many circumstances, it is financially more sensible to replace
parts or components that have not failed at predetermined intervals rather than to wait for a

system failure which may result in costly disruption in operations.

1.7 Busy Period
Let B(t) be the probability that a repairman is busy with the system in the interval

(04

Then fraction of time for which system is down is given as:

B =lim B(t) =lim s B (s) (1.26)

toow s—0
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1.8 Down Time

Let D(t) be the probability that a is in down state in the interval (0,t]. Then fraction
of time for which repairman is busy is given as:

D =lim D(t) =lim sD "(s) (1.27)

t—w s—0

1.9 Profit Analysis

Availability of the system leads to revenue whereas the busy period of the repairman,
expected number of visits by the repairman, expected number of replacements, etc. lead to
the cost of maintenance and spares. The revenue and cost function lead to the profit function
of a firm, as the profit is excess of revenue over the cost of production. The profit function
takes the form

P (t) = Expected revenue in (0, t] — expected total cost in (0, t]

In general, the optimal policies can more easily be derived for an infinite time span as

I|m ()

compared to a finite span. The profit per unit time is expressed as

Profit per unit time = total revenue per unit time — total cost per unit time.
For example, the profit equation may be given as
P=CA -CB,-C,D, , (1.28)

where
Pi = profit per unit up time of the model in the i chapter

Co = revenue per unit up time of the system

Ao = the total fraction of time for which the system is up

C1 = cost per unit time for which the repairman is busy in repairing the failed unit
Bo = the total fraction of time for which the repairman is busy

C> = cost per unit time for which the system is in down state.

Do = the total fraction of time for which the system is in down state

1.10 Transforms and Convolutions

In Markov Model formulation we deal with set of first order differential equations. In
simple models these differential equations can be easily solved but in case of complex models
where we get differential equations coupled it is very difficult to solve. In such cases these
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differential equations are solve by using Laplace transforms. Here are some transforms and
convolution which we have been used in our research work.
1.10.1 Laplace Transform

Let f(t) be a function of a positive real variable t. Then the Laplace transform (L.T.)
of f(t) is defined as

L[ f(t)] =f*(s) = Te-st f(t) dt (1.29)

for the range of value of s for which the integral exists. Here f (t) is called an inverse Laplace
transform of f*(s) and we write

f(t) = LL{f*(s)}. The following are some important properties of Laplace transform:

() L[ ianlcifi(t)] = ian“cifi* ) (1.30)

(i) L[t"f(t)]= (-1)" d'f *(s) (1.31)
ds”

i) L if(u)du] - LR = *S(S) (1.32)

(v)  limf(t)= lim sf(s) (initial value theorem) (1.33)

) limF(t) = lim s f%(s) (final value problem) (1.34)

(vi) ISerJ f*(s) = 1if f*(s) is L.T. of a p.d.f. (1.35)

1.10.2 Laplace Stieltjes Transform

Let X be a non-negative random variable with distribution function

F(x) = PrIX <x] (1.36)
then Laplace Stieltjes transform (L.S.T.) of F(x) is defined, for s > 0 by

F**(S) = J‘ eXd F(X) (137)
0
Therefore, we have

Fo(s) = j e (x) dx = F*(s), (1.38)
0
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dF(x)
where f(X) = ——+
(x) ax
1.10.3 Convolution

Let f(t) and g(t) be two real valued non-negative continuous functions of t, then the

integral
If(t u)g(u)du —jg(t u)f(u)du = f(t)(©g(t) = L*[ f*(s).g%(s)]

(1.39)
is called Laplace convolution of the functions f(t) and g(t).
If F(t) and G(t) be two real valued distribution functions defined for t > 0 the resulting

convolution is again a distribution function and the integral
jf(t u)g(u)du —jg(t u)f (u)du = f(t) s)g(t) (1.40)

is known as Stieltjes convolution of F(t) and G(t).

1.11 Distribution Used

The family of exponential distribution is the best known and most thoroughly
explored, largely through the work of Epstein (1958) and his associates. Exponential
distribution plays an important role in reliability studies. Besides a number of desirable
mathematical properties, it has a very important memory less property i.e. if the life length T
of a structure has the exponential distribution, previous use does not affect its future life
length. For example, an electric fuse whose future life distribution is practically unchanged as
long as it has not yet failed. In the present work, the failure time/repair time is assumed to
follow an exponential distribution.
Exponential distribution is defined as follows:
A continuous random variable having the range 0 < t < oo is said to have an exponential
distribution if it has the probability density function of the form

reM, 0<t<ow

ft) = 0, t<0 (1.41)

where A is a positive constant. The corresponding distribution function is
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Ft) = 1-e™, 0<t<ow
0, t<0 (1.42)

The hazard rate ‘A’ is constant. The laplace transform of p.d.f. of exponential distribution is
A

A+s

In order to meet the objectives of the thesis, reliability models are developed using
regenerative point technique keeping in view, the functioning of rice manufacturing plant.
Therefore, it is important to discuss the working behaviour of Kohinoor Rice Plant situated at
Ganaur, Sonipat, Haryana. Actual data on failure rates, repair rates and various other

parameters is collected from rice plant.

1.12 Kohinoor Rice Plant — Paddy to Rice Converter:

Husk and brown rive are main components of paddy or rice grain. Brown rice
contains bran which consists of outer layer and the edible portion. Rice milling is removal of
husk and bran to provide the portion of rice which is edible. The process has to be done with
care to prevent unnecessary breakage of the kernel and increase recovery of paddy or rice.
The by-products come out in mixed or separated form as per the different rice mills. The
process is usually done in case of dry paddy. Rice is considered to be staple food diet in most
parts of India including the North-East states. Paddy is the most important agricultural
commodity in Andhra Pradesh. The main objective of the Rice Mill is to remove husk, bran,
clean and polish to obtain edible portion. One can easily achieve maximum reliability of the
system by using standby component. For this purpose, one should have the knowledge which
component of the system is more sensitive, depending on that one can mend the system or
that particular component.

Paddy to rice converters consists of following components:

1. Elevator

Elevator (or lift) is vertical transport equipment that efficiently moves people or goods
between floors (levels, decks of a building, vessel or other structures). Elevators are generally
powered by electric motors that either drive traction cables and counterweight systems like a

hoist, or pump hydraulic fluid to raise a cylindrical piston like a jack.
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2. Cleaner

Paddy cleaner is suitable for cleaning and classifying the grain. It removes big or small
impurities and stones from raw grain, rice, wheat, corn, soybean, sesame, etc. It is the ideal
machine for grain processing plant or flour mill. There are three kinds of paddy cleaner
according to its usage, Combined Cleaner, Rotary Paddy Cleaner, Vibration Cleaner, among
this three, combine paddy de-cleaner is the most popular one.

3. Husker

Rice huskeris anagricultural machine used to automate the process of removing

the chaff (the outer husks) of grains of rice.

4. Paddy separator

It is feasible for separating brown rice from paddy efficiently under reciprocating movement
of sieve plate according to different bulk densities, specific gravities and surface friction
coefficients between paddy and brown rice. It is particularly suitable for separating mixed or

low uniformity grain to improve the purity degree of brown rice.

5. Destoner
A destoner is a machine that removes stones and clods from soil ridges and moves them to
the furrow so that the ridges are free from stones. This also helps when harvesting in wet

conditions as the harvester can drive on a row of stones which helps improve traction.

6. Whitener
The function of Whitening unit is to remove all or part of the bran layer and germs from

brown rice.

7. Polisher
This subsystem improves the appearance of milled rice by removing the remaining bran

particles and by polishing the exterior of the milled kernel.

8. Grader
Q) Thickness grader: The machine used to separate grains of different thickness is
known as Grader. The material is passed through cylindrical screens, which
revolves for separating oversized and undersized grains. This machine is highly

efficient for separating the mixture of oversized or undersized grains.
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(i) Length Grader: The machine used to separate the different length grainsis knows
as length grader which is highly efficient for separating the mixture of different
length grains. This can also be used to separate immature grains.

If the failure exists due to all the above eight subparts then we have standby i.e. we can
connect the system to line running in parallel.
9. Colour sorter

A colour sorter machine separates rice grains according to differences in colour of
rice grains. For colour sorting, the rice mixture will traveled through an elevator belt into a
hopper on top of the machine, from which it will flow down along chutes in the colour sorter,
streamlining their flow to so that they may be scanned by CCD sensors. The moment the
camera detects any defect in colour, it instructs ejectors fitted in the machine to open the
nozzle. The nozzle is connected to valves containing compressed air. This air is used to shoot
out the defected material. If the failure exists due to this machine then we have no standby i.e.

we cannot connect the system to line running in parallel.

In our research, we have considered 2 unit and 3 unit standby systems of Paddy to
rice. Both similar and dissimilar units in the system have been considered. The system under
consideration is assumed to have two shifts of working and the whole system undergoes for
scheduled preventive/corrective maintenance before starting the second shift. Each unit has
two types of failure-one due to failure of the component colour sorter having no standby
which is referred as Type —I failure and the second due to failure of any of the other
component- elevator, destoner, husker, paddy separator, polisher and grader having its
standby referred as Type — Il failure. The processing done on each of the components of the
unit before the component with no standby is transferable to the corresponding component of
the other unit. But the processing in pending due to failure | is completed only on the
concerned unit after that component is repaired. One, two or all three units are made

operative depending on the need. Otherwise after repair unit is made standby.
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1.13 Present Work

The objective of the present work is to bridge the existing gap between reliability
theory and practical applications in the field of reliability engineering. The present work deals
with the reliability analysis of some complex industrial systems. We, in the present thesis,
collected data on failure/repair times and on some other measures of a 2 and 3 unit paddy to
rice converter system — Kohinoor Rice Mill Sonipat and analyse it by doing reliability
modeling for practically existing situation in the plant and also for some other relevant
situations/assumptions. Comparative study among these different situations has also been
carried out to arrive at very important/useful conclusions. The thesis has been divided into six
chapters The attempt has been made to solve the real life problems experienced by the
industries using regenerative point technique. An effort has been made in the present work to
improve the profit of the industries. A brief summary of work presented in succeeding
chapters is as:
Chapter 2
Reliability and Economic Analysis of a System Consisting of Two Dissimilar Units With
Variation in Production

In this chapter we discuss the behavioural analysis of a two dissimilar unit standby
system working in a rice plant by making one or both units operative depending upon the
demand. The system is discussed with two types of failures. The processing done on each of
the components other than colour sorter is transferable to component of other unit but the
processing pending due to failure of colour sorter is completed only on concerned unit after it
is repaired. Regenerative point technique has been used to analyse the system.
Chapter 3
Cost Analysis of a Two Dissimilar Unit System With Goodwill Loss When Demand is
More Than Production

It describes a standby system which comprises of two dissimilar units one is of eight
ton capacity and another is of four ton capacity. In this chapter, we have considered the
different stages where production is less than demand or at least equal to demand and system
is analysed. Failure time and repair time both assumes exponential distribution. Repair
facility is always available for every failed unit i.e. no unit waits for repair. It is assumed that
in case of production greater than or equal to demand, if one unit is under repair and other is
operative then no other event can take place except decrease in production. Effect of revenue
of different capacity on profit is also discussed along with effect of failure rate on availability
of different capacities.
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Chapter 4
Analysis of a Three Unit System with Demand Dependent Operability of Units

This chapter is devoted to a stochastic model for a three-unit standby system wherein
one, two or all the units may be made operative depending upon the load/demand. The
system to be considered comprises of three units of paddy to rice converters having different
capacities. One is of eight ton capacity and another two are of four ton capacity. Priority of
operation is given to line of capacity eight ton instead of four ton. Rest processing of the
system and assumptions are same as in the preceding chapters. Effect of revenue of different
capacity on profit, effect of failure rate on MTSF and availability of different capacities has
been discussed in this chapter. Graphical study has also been carried out.
Chapter 5
Cost Analysis of a Two-Unit Standby Industrial System with Varying Demand

In this chapter a two similar unit (eight ton capacity) standby system is analysed with
variation of demand and two types of failures. In this chapter, we have considered a single
unit of eight ton capacity in place of two similar units of four ton capacity each as in the
preceding chapter. Keeping in mind the installation cost of one big unit in place of two small
units here, we have analysed a two similar unit standby system with varying demand and two
types of failures. We have considered arbitrary distribution for repair rate. Effect of failure
rates on availability and MTSF has been carried out. Effect of revenue and cost of busy
period on profit has also been discussed.
Chapter 6
Comparative Analysis of the Models Discussed Under Different Situations

In this chapter, the comparative study of effectiveness of models discussed in the
chapters 3, 4 and 5 with respect to profit evaluation has been discussed. In this chapter, we
have also analysed the suitability of models discussed in previous chapters in different
situations.
Chapter 7
Summary and Conclusion

This chapter is concluding chapter of thesis. The industrial significance along with the
limitations and future scope of the present work has also been briefly discussed in the

conclusion.
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CHAPTER 2

Reliability And Economic Analysis Of A System
Consisting Of Two Dissimilar Units With Variation
In Production

The Reliability of a system is an important parameter which measures the quality of
its consistence performance over its expected life span. With the development of modern
technology and the world economy, the reliability aspect has been attracting imperative
attentions. There is a lot of contribution in the field of reliability by various researchers
including Nakagawa [76], Tuteja and Taneja [111], Gupta et al [36], Attahiru and Zhao [4],
Taneja et al [105], Gupta et al [34], Minocha [66], Sarhan [90], Mathew et al (2011), Pham
[82], Wang and Pham [120], Li and Jian [56], Parashar and Bhardwaj [81] and Yusuf [123]
etc. Various situations have been taken into consideration by these researchers like different
repair policies, k out of n systems and degradation. The concept of varying demand is
important to be studied. This concept of work with varying demand has been done by
Malhotra and Taneja [59, 60]. However, sufficient work has not been carried out for varied
production in accordance with demand. Moreover many other aspects need to be taken into
account along with fluctuating demand like considering systems with different types of
failures, different shifts of working and concept of scheduled maintenance after each shift etc.
As such situations may be observed in many systems, a paddy to rice converter is one of such
systems. Thus incorporating the concepts of two types of failures along with variation in
demand, we in the present chapter analyse reliability and cost benefit for the collected data
from a rice manufacturing plant. In this chapter we develop a stochastic model for two unit
standby system of a Rice Plant by making one or both the units operative depending upon the

load/demand.

This chapter has been organised as follows: Section 2.1 is about description of
a rice manufacturing system and assumptions of two-unit standby system are also discussed
in this section. The various notations are presented in section 2.2. The mathematical
formulation for stochastic model determining, transition probabilities and mean sojourn

times, are developed in Section 2.3. Section 2.4 — 2.7 deals with the formulation of Mean
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Time to System Failure, availability, busy period analysis and expected down time of the
system. Cost Benefit analysis is done in section 2.8. Conclusions based on the present study

are finally drawn in Section 2.9.

2.1 System Description and Assumptions

The system comprises of two dissimilar paddy to rice converters with different
capacities i.e., of eight ton and four ton. The system under consideration is assumed to have
two shifts of working and the whole system undergoes for scheduled preventive/corrective
maintenance before starting the second shift. Mathematical formulation of the problem
determining the transition probabilities of various states are developed considering two types
of failure (Type -1 which has no standby and the Type - Il which has standby) for each unit.
In case one unit is under repair and the other is working then after the repair, the unit is kept
in standby mode or made operative according as the demand is less or more than the capacity
of production by the working unit. Various reliability metrics such as MTSF, availability,
busy period and profit have been discussed for measuring the system effectiveness by using
semi-Markov process and regenerative point technique. Initially the system is in the working

condition with both units operative. The failed unit is undertaken for repair immediately.
The following assumptions have been considered for the model:
Assumptions:

(i)  After every repair the unit behaves like a completely new one.
(i)  After getting repaired the unit can be made operative or standby according to the
need.
(iii)  Repair facility is always available for every failed unit i.e. no unit waits for repair
(iv) Both Failure times as well as repair times follow exponential distribution.
The system is observed at suitable regenerative epochs by using regenerative point technigque

and the following reliability characteristics have been obtained:

(i) Mean time to system failure (MTSF)
(i)  Availability with full capacity
(iii)  Availability with reduced capacity
(iv) Expected busy period of repairman in (0,t]
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v)
(vi)

2.2 Notations

Expected downtime

Expected profit incurred in (0,t]

Following notations have been used through out this chapter:

o

Unit with eight ton capacity in standby mode

Unit with eight ton capacity in operative mode

Unit with four ton capacity in operative mode

Unit with four ton capacity in standby mode

Unit with four ton capacity in pending operation state.

Unit with eight ton capacity in pending operation state.

System is at rest

Unit having Type —I failure is under repair

Unit having Type —II failure is under repair

Rate of Type -1 failure for big unit i.e. of eight ton capacity
Rate of Type -1l failure for big unit i.e. of eight ton capacity
Rate of Type -1 failure for small unit i.e. of four ton capacity
Rate of Type -11 failure for small unit i.e. of four ton capacity
Rate with which the system is made operative from rest

Rate with which the system goes to rest from operative state

Rate of Type — | repair for big unit i.e. of eight ton capacity
Rate of Type — Il repair for big unit i.e. of eight ton capacity
Rate of Type — I repair for small unit i.e. of four ton capacity

Rate of Type — Il repair for small unit i.e. of four ton capacity

p.d.f of time to complete pending process of material at colour

sorter for big unit
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H(t)

h(t)

P1

P,

Ps

A

Ps

Pe

c.d.f of time to complete pending process of material at colour

sorter for big unit

p.d.f of time to complete pending process of material at colour

sorter for small unit

c.d.f of time to complete pending process of material at colour

sorter for small unit

Probability that the unit is not made operative after repair

depending upon demand.

Probability that the unit is made operative after repair

depending upon demand.

c.d.f. of time to make operative state to standby or standby

state to operative (as per demand)

c.d.f. of time to make operative state to standby or standby

state to operative (as per demand)

Probability that system is made operative from capacity of
twelve ton to eight ton

Probability that system is made operative from capacity of
twelve ton to four ton

Probability that system is made operative from capacity of 4

ton to twelve ton

Probability that system is made operative from capacity of 4

ton to eight ton

Probability that system is made operative from capacity of 8

ton to twelve ton

Probability that system is made operative from capacity of 8

ton to 4ton
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The system of converting paddy into rice of a rice manufacturing plant has the following
states:

()  Regenerative states:

S O(Bovso)’sl(Bolss)' SZ(BrYSr)’ S 3(85180)’ SA(B Frllso)l S S(B Frllso)’ S 6(801 SFrl)’
S7 (Bo ! SFrz)' SB(Bop' So)! SIS(BO ! Sop)

(i)  Failed states:

{59 (BFrl’SFrl)’Slo (BFrl ISFrz )vsll (BFrz ’SFrl)’SlZ (BFrz ’SFrZ )} '

Due to complexity of system and large no. of states transition diagram of two dissimilar

standby unit system is shown in the form of table.

Table 2.1: Possible states of transition

State Status Possible transition to | With failure / repair rates /
S transition probabilities / p.d.f
i=0to13 respectively
. Bo, So 1,2,3,4,56,7 ph(®), ph(®). 1. 4. 4.8, 5
. Bo, Ss 0,2,6,7 P N(0). p h(D). 4. 5,
Br, Sr 0,1,4,5 ph(®), ph() . 4,4,
2
Bs, So 0 7,
3
Bfr,, So 0,89,10 qay, pay, B, f
4
Bfr,, So 0,1,11,12 qa,, pa,, 4, 4,
5
Bo, Sfr, 0,2,10,12 qb, ,pby, 41, 4,
6
Bo, Sfr, 0,9,11,13 ab, , 4,,4,, pb,
;
Bop, So 1 i(t)
8
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9 Bfr,, Sfr, 4,7 b,, a;
10 Bfr,, Sfr, 4,6 by, a
1 Bfr,, Sfr, 5,7 b,, a,
12 Bfr,, Sfr, 5,6 b,, a,

Bo, Sop 2 m(t)
13

2.3 Transition Probabilities
The possible states of transition are exhibited in table 2.1. The epochs of entry into

states 0, 1, 2, 3, 4, 5, 6, 7, 8 and 13 are regeneration points and hence these states are

regenerative states. The transition probabilities P;; can be obtained as:

. * - % —st
Pi j =!|_r)r(1) g (s) =!|_r)rg)£e 5 (1) dt 2.1)

The assumptions discussed in preceding section and using equation (2.1), transition

probabilities can be obtained as follows.

oy = pze—(ﬂﬁﬂfﬁﬂﬁﬂzwz)th(t)  Gop = ple—(ﬂﬁﬂﬁﬂﬁﬂzwz)th(t)

oy =78 A IR, g, = 2 A H(Y

os =Ag¢ A IR | gog =8 AT Rt

Qor =g T R() g = ppe A ()

ho = pie” N o = ARG L g = ARG

Oy = pze_(ﬂﬁﬂz)th(t) y U= ple_(/llﬂz)t h(t), gz = 787"
q40 :qe_(ﬁl+ﬂ2+al)t , q48 — pe_(ﬂl+ﬂ2+al)t , q49 :ﬁze_(ﬂl+ﬂ2+al)t

~

a0 :Igle_(ﬂﬁﬂz*al)t , Oso :qe—(ﬂﬁﬂz)tgz(t) , Oy = pe—(ﬂ1+ﬁ2+az)t
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Os 1, :ﬂze_(ﬂl+ﬂ2+az)t VYA e—(ﬂl+ﬂ2+az)t Ggo = b, e—(/11+/12+b2)t

Ge, = pb o tha+ba )t Uo 1o =LoE ~(A+Az+ba)t
62— PV2 1 U612 ~

O = b, e—(ﬂa+ﬂz+b1)t
70 —

O =/ (A+p by )t
7117

Uo 10= A€ ~(A+A+by)t
1 H610 =

o = pb e—(11+12+b1)t q _ﬂze—(ﬂﬁﬂz”&)t
vy Y79 — 1 'y M713 T

, Ogg = i(t) , Gz, = M(Y)

The non zero elements p;; are obtained as:

Por =Poh (A + 2+ Bi+ Bo+72) o Pop =P (W + 40 + it B +72)

oz =72 (1= (+ Ao+ i+ By +72))  Poa =Au(1-0' (A + 2 + B+ o +72))

os =22 (10" (a+ 2+ B+ By +72)) s Pos =Bo (10" (+ Ao+ B+ By +72))

o7 =B (1N + 2o+ Bi+ Bo+72)) s Pro =P (Bi+ By)  Pra =i (B + )
i =S (1= (Bi+ £2)) + Prz =(L=0"(Bi+ B Pao = Poh" (Au+ 22)

*

Por=Pih (A + %), Pog =Ao(L=N (i + %)) \ Pos=Au(l=h" (4 +%))

P30 =1, Pao :L, p48=L1 Pag :IB—Z
a1+ p+ 5 a+ i+ a+p+ 5
P410 Zﬂ—l, Pso :L1 F’51=L
Toagt At aj+p+ b aj+p+ 5
Ps12 :,3—2 , p511:ﬂ—1, Peo :L
Toayt fr+h TToayt it B by + A1+ 4,
Pe2 = b2 v Pea2 :/1—1, p610:/1—2
by, +A41+4, ‘ by +A41+4, b+ A+ A
P70 = L prL, p711:)b—1
bi+4,+ 1, bi+41+ 4, ’ bi+41+4,
A2
P7,13=m , Pgr=1, pzgp =1

The mean sojourn time 44 inthe | tn regenerative state is

g =E@) =R >t)= [d(Q;®)
0
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1 *
o= T R B )
1 * 1 *
= ﬂl%(l—h (B+B2))  tz = Mﬂz(l—h(ﬂlw))
I S S
S A A Ty T
1 1 v
S ey T ey T O

The unconditional mean time taken by the system is mathematically stated as
mij = Jtinj(t) = jt qj(t)dt = —qi; (0)
0 0

Thus, we get

Moz + Mgz + Mgz + Moy +Mos + Mg + Moz = Lo

Mg +Mypp +Myg +My7 = 4y

Mo + Moy +Moy +Mog = Ly, Mgy = U3

My +My1o +Myg +Myg = Hy , Mg+ Mgy +Mgq9+Mgqp = Ky
Mgg + Mgy + Mg 10+ Mg 12 = K + Myg+Myg+ M7 11 +My13 = U7

Mgy = g » Myzo = Hy3

2.4 Mean Time to System Failure (MTSF)

(2.5)

(2.6)

(2.7)

In order to determine the mean time to system failure (MTSF) of the system, the

failed state are considered as absorbing states, The following recursive relation for ¢, (t)

have been obtained as:
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¢o (t)=Qo1 (1) (8) 1 (1) +Qqz (1) (5) 4 (1) +Quos (1) (8) A5 (1)

+Qo4 (1) (8) ¢4 (t) +Quos (1) (8) 5 (t) +Quos (1) (8) 45 (t) + Qo7 (1) (s) ¢ (1)
¢1(t)=Q1o () (8) o (1) +Qu2 (1) (8) 42 (1) + Q16 (1) () 5 (1)
Q7 (t)(s) ¢ (1)
¢ (t)= on( )(8) ¢ () + Qa1 (1) (8) 1 (1) + Qa4 (t) (5) ¢4 (1)

+Qp5 (1) (s) #5 (1)
Qao (1) (5) o (t
Quo (1) (8) ¢y (t)+Qug (1) (S) 5 (t)+Qug (t) + Qg0 (t)
Qso (1) (8) o (1) +Qs1 (1) (5) 1 (1) +Qs11 (1) + Q512 (1)

#s(t )
)
(t)

Qgo (1) (8) ¢y (1) +Qp2 (1) (8) ¢ (1) + Qo (1) +Qe.12 (1)
Q (t)
(t)

t

()=
(t)
(t
(
é (
s (

&> =

t
t

t)
t3(t)=Q

>

)
)
)=Qz0 (1) (s) o (t)+ Q713 (t)(S) i3 (t)+ Q710 (t) + Q711 (t)

(

Q81

)
t)(s)h (t
32(1) ()¢ (1)

(2.8)

In order to obtain MTSF, we first take Laplace Steltjes Transforms of set of equations

(2.8) and then solve them for ¢, (s) as follows:

Suppose the reliability function for a system is given by R(t) = 1 —F(t), where F(t) is the

failure time distribution function and f(t) = dF(t)/(dt) is the failure time density function. The

mean time to system failure is given by

MTSF = [ t(t) dt = —Tt(dR(t)Jdt =R @]+ [ REY dt
0 0 dt 0o o0

= TR (1) dt= lim R*(s)
0 s—0

Let do(t) be the cumulative distribution function of the first passage time from initial state to a

failed state, then

R*(s) = 1- d)sg* (S)

Thus, we have MTSF = IirTO1 1-¢,(5)
s— S
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o Kk
MTSE = lim 1-p™*(s) _

N _D'(0)-N'(0)

50 S D D'(0)
where
D'(0) = D;+D,+D;
N’(0) = N;+Ny+Nj
Mo3 P30+ Mog Pao+Mos Pspt Mot PosMsy Mo2+ PosMe2+tM o6 Pe2
Mos Peo ¥ Mo7P70+tM30Po3  MosPs1 + Pog Pag M1 +Po7 P7a3 M3
+Myo Pog +MsoPos TMeoPos  + PosaMag Pa1 t Po7 M713 P12t
+M7g Po7 +Moy Pag Pa1 M o7 P713 P132
—P12 = P1sPs2
Dy =| —P10—P1sPeo— P17 P70 1
—P17 P713 P132
—P20— P25 Pso— P24 Pao P Pas P 1
—P24 Psg Ps1
~Po3 P30 — PoaPao — PosPso  — Po1 ~ Pos Ps1 — Po2 = Pos Pe2
~ Pos Peo — Po7 P70 — Pos Pag Ps1 ~ Po7 P7,13 P132
D,= o Mo Peo T bro 0 Tﬁ; ::if 6;132 + Pre Me2
+ Pre Mgo + P17 My ’ '
T P17 M713 P32+ P17 P713Mi32
—P20 = P25 Pso — P2a Pao P Pas b 1
—P24 Psg Ps1
~Po3 P30~ Pos Pao—~Pos Pso —Po1—Pos Ps1 —Po2— Pos P62
~Pos Pso —Po7 P70 ~Pos4 Pag Ps1 —Po7 P7,13 P132
—P12 = P16 Pe2
D3=| —P10— P16 Peo — P17 P70 1
—P17 P7,13 Pi32
Mp1+Mps Psy
Moo +Mos Psg+ Mo Pgo  +Mpg Pgg Pgr+ PosMsy 0
T P24Myg Pg1+ P2og PagMagg
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Pos (Ps12+ Ps11) *+ Pos (Pa10Pag)

+Pos (Peot Pe12) + Po7 (P720+ P713)

=| P15 (P9t Pe12) ¥ P17 (P720+ P713)

Pos(P512% Ps11) + P2sa(P 40P 49)

Pos (P512% Ps11) + Poa(Pg10+Pag)

+Pos (Peot Pe12)+ Po7 (P710% P713)

_ —Mig(Pegt Pe12)—M17 (P710* P7.13)

— P1g (Mgg+ Mg 10)+ P17 (M710+ M7 43)

P25(Ps12%F P511)tP24(P 4,10 TPag)

Pos(Ps512+ P511) + Poa(Ps.101Psg)

+Pos (Peot Pe12)+ Po7 (P710* P713)

=P (Peot Pg12)* P17 (P710% P713)

—My5(P512% Ps11) ~Mog(Pg10+Pag)

—Po5(Mg 10+ M5 19) - Pog(My10+Myg)

~Po1=PosPs1 —Po2—~ Pos Pe2
~PosPsg Pe1 —Po7 P713 P132
1 —P12 = P16 P62
—P17 P713 P132
—P21= P25 P51 1
—P24 Psg Ps1
~Po1—Pos P51 ~Po2~ Pos Pe2
—Pos Pag Ps1 —Po7 P713 P132
My +Myg Pe2
1 +M17 P713 P132
+P1sMe2 + P17 M713 P132
+ P17 P7,13 M3
—P21 = P25 P51 1
—P24 Psg Ps1
—Po1=PosPs1 —Po2— Pos Pe2
~Pos Pag Ps1 —Po7 P7,13 P132
1 —P12 = P1sPs2
—P17 P713 P132
Ma1+Mo5 P51
+Mpg Pag Pg1 + PosMsy 0
+P2gMag Pg1
+P2gq Pag Mgy
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2.5 Availability Analysis

2.5.1 Availability of twelve ton capacity

Let A, (t) be the probability that the system of twelve ton capacity is in upstate at

instant t given that the system entered regenerative state i at t =0. The availability A; (t)

is expressed as the following recursive relations by applying arguments of theory of

regeneration process.

Ay (1)=Mg(t) + Quy (t)(c) A (t)+Qpa (t)(c) Ay (t)+Qua(t)(c) Ag(t)+
Qoa (1) (€) Ay (t)+Qos (t) (©) As (t) +Qos (1) (©) Ag (1) +Qq7 (1) (€) A7 (1)

A (t)= Qo (1) (c) Ag (t)+Qu2 (t)(0) Ag (1) +Qup (1) () As (1) +Qu7 (1) (€) A7 (t)

Ao (t)= Qg0 (1) (€) Ag (t)+Qp1 (1) (€) Ay (1) + Qa4 (1) (€) Ay (1) + Qa5 (1) (©) As (1)

Ag (1)=Qap (1) (c) Ao (t

Ay (t)= Qqo (1) (0) Ag (1) +Qup (1) (0) Ag (1) + Qa9 (1) () Ag (1) + Qa0 (1) () Ao (1)

As (t)= Qs (1) (€) Ag (1) +Qs1 () (€) A (t)+Qs11 (1) (©) Ay (1) + Q512 (1) (€) Ap (1)
As (1)= Qoo (1) (€) A (1)+Qe2 (1) (¢) Ag (t)+ Qoo (1) (€) Ag (1) + Qg 12 (1) (€) Asa (1)
A7 (1)=Qro (1) (€) Ay (1) +Q7.13 (1) (©) A3 (1) + Q710 (1) (©) Ao (1) + Q11 (1) (©) A (1)
Ag(t)= Mg(t) +Qgy (t)(c) A (1)

Az (t)= Mys(t) +Quz, (1) (c) Ay (1)

where

Mo (t) = e 2 Alen )t iy | Mg(t) = T(t) ; Mys(t) = M (t)

H@{t)=1-H@) , 1(t)=1-1(@) , M) =1-M()

2.5.2 Availability of four ton capacity

(2.10)

Similarly, if Al- (t) be the probability that the system of four ton capacity is in

upstate at instant t given that the system entered regenerative state I at t =0 then recursive

relations for availability Ali (t) have been obtained as :
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Al (t)= Qoy (1) () A (t)+ Qo2 () (€) Az (1) +Quz (1) () Ag () +Quq (1) (€) Ay (t)
+Qps (1) () As (1) +Qug (1) (€) As (1) + Qo7 (1) (c) A7 (1)
)= Quo(t)(©) A (t)+Qu2 (t)(c) Ay (t)+Que (1) (c) Ag (1) +Qu7 (1) (c) A (1)
)= Qao(t)(€) Ag (t)+Qa1 (1) (€) AL () +Qaa (1) (€) Ay (1) +Qa5 (1) (c) A5 (1)
) =Qa0 (1) () Aot
)= My () + Qa (1) () Ap (t)+Qug (1) (¢) Ag (1) +Qug (1) (€) A5 (1)
+ Qu10 (1) (©) A (1)

AL (t
AL (t
Al (t

(

1
AL (t

Al (t) = Ms(t) + Qs (1) (€) Ag (£)+ Qs () (€) A (£)+ Q511 (1) () Ay (1) +Qs 12 () (€) Ao (1)
Al (t)= Qgo (1) (0) Ap (1) +Qg2 (1) (¢) Ay (t)+ Qgg (1) (€)Ag (t) +Qp12 (1) (€) Az (t)
A% ()= Qo (t)(©) Ap (t)+Qr13(t)(0) A (1) + Q710 (1) (€) A (1) + Q711 (1) () Ay (1)
Ag(t)= Qe (t)(©)A(t)
Az (t)= Qiz2(t)(©) Ay (t)
(2.11)
where
|V|4(t) _ e—(ﬂl+ﬂ2+a1)t | |\/|5(t) _ e—(ﬂ1+ﬁ2+a2)t

2.5.3 Availability of eight ton capacity

Similarly, if A%, (t) be the probability that the system of eight ton capacity is in

upstate at instant t given that the system entered regenerative state i at t =0 then recursive

relations for availability A i (t) have been obtained as:

A% (t)= Qor (£)(€) A (t)+Quoz (1) (©) Ap (t)+Qos (t) (€) Ag () +Qoa (1) (©) As (1)
+Qps (1) (€) A5 (1) +Qos (1) (€) A () + Qo7 (1) (€) A7 (1)
4= Quo (0 A1)+ (1) 0 A () Qs (10D A 1) +Qu (D) A (1)
A% (t)= Ma(t) +Qa0 (£)(€) Ao (1) +Qax (1) () Ay (t)+Qas (1) (€) Ay (t)
+Qu5 (1) (0) A5 (1)
A% ()=Qao (1) (©) Ao (1)
A4 (t)= Quo (1) (€) Ap (t)+Qug () (c) Ag (t)+Que (1) (©) Ag 1) + Qs10 (1) (©) Ao (t)

42



A%5(t)= Qs (1) (€) Ag (t)+Qs1 (1) (€) Ay (t)+Qs11 (1) () Ay (1) + Qs 12 (1) () A2 (1)
A%s(t)= Mg(t) + Qgo (t)(c) Ao (t)+ Qg2 (1) (c) Ay (t)+ Qo (£) (©) As (1)
+Qg12 (1) (©) A (1)
A%7 ()= M) + Qz (£)(€) Ao () + Q713 (t)(€) Aua (1) + Q710 (1) (€) Ao (1)
+ Q711 (1) © A (1)
A%(t)= Qe (t)(©) Alt)
A%3(t)= Qua2(1)(€) Ao (1)

(2.12)
where

yl+y2+a1) —(21+22+b2)t —(ﬂi+/12 ++b1)t

Mz(t)=e_( L Mg = e CM,(t) e

Availabilities of different capacities can be found out by taking Laplace transform of set

equations (2.8), (2.9), (2.10) and solving them for A, (s), A%, (s) and A%, (s).

A (s) = L.T.(A ) , A'(s) = L.T.(AH®) , A% (s) = L.T.(A%(1)

. N
Ag=lim s Ay*(s) = - 2.1
0=1m S H™) = erivative (D) 213)
ALy =lim s Aly*(s) = Ny, (2.14)
s—0 derivative (Dy4)
. N
A%, =lim s A% *(s) = 13 2.1
0 s 0 ) derivative (Dy;) 219

where
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Mo —Po1 —Po2 —Pos —Pos —Pos —Po7
0 1 —P12 0 0 —P16 —P17
0 —Po 1 —Poy —Pos 0 0
Mg Psg —Pag Pg1 0 1- P40 P104 0 —Pag Pos —P410 P10,7
1-Ps11P115
0 —Psy 0 0 —Ps12 P126  —Ps11P117
—Ps512 P12
1-Ps12 P12
0 0 —Pe2 —Po4 Peg —Ps12 P125 0
—Ps9 Pos
My3P713 0 —P713P132  —P710P104 —P711P115 0 0
0 —Po1 —Po2 —Poa —Pos —Pos —Po7
M, 1 —P12 0 0 —Pi6 —Py7
0 —P2 1 —Poy —Pos 0 0
M, —PygPss 0 1-Pa10P104 0 —PagPos  —P410P107
= 1-Ps511 P115
Mg —Ps1 0 0 —Ps512P126  —Ps511P117
—Ps12 P125
1- P12 P126
0 0 —Pe2 —Pos Peg —P612 P125 0
—Pe9 Pos
0 0 —P713P132 —P710P104 —P711P115 0 0
0 —Po1 —Po2 —Pos4 —Pos —Pos —Po7
M, 1 —P12 0 0 —P1g —P17
0 —Po 1 —Pos —Pos 0 0
0 —P4gPgr 0 1-Ps10 P104 0 —Pag Pos —Pa10 P107
1-Ps11P115
0 —Ps1 0 0 —Ps512P126 —Ps511P117
—Ps12 P125
1-pg12P126
Mg 0 —Pe2 —Poas Peog —Ps12 P125 0
~Peo Pos
M 0 —P713P132 —P710P104 —P711P115 0 0




1-0o3 Gso

—0oa a0
—Gho

=020
—024 Qg0

—0sp

—060

=070

—COo4 Gao

~Oho,4 Ya0

—0o1
—0os Uss

Os1
1

=0y
—0p4

Usg Us1

—0s51

—Qo4

Jsg Ug1

—0O10,4

Jsg Ug1

—0o2

—Oi2

)

—0713 %32

2.6 Busy period of repairman

—0os

—0z5

1
—0511 th15

—0O512 Qi25

—0Os12 tho5

—0711 Qs

—0oe

—046

—0512012,6

1

—0612 U126

0

—0oe

—0o7 0

—Oi7 0
0 —024
Q49

—0s511 0117 0

0 —0so
1
0
—0711 0117
1
0 Qo4
Qa9
—04.10
—Cho,7
Uag

—0O24

Qa0

—0q710

—Cog

Qa0

1

—010,4 94,10

Following the method used in case of MTSF and Availability, recursive relations for
busy period have been obtained as:

Bo (t) = Qg (1) (€) By (t)+Qoz (t)(c) By (t)+Qpz (1) (c) By (t)+Qoq (1) (c) B4 (1)

+Qps (1) (€) Bs (t)+ Qog (1) (c) Bg (1) + Qo7 (t) () By (1)

By (t)
B, (t
By (t

(

B, (t

)
)
)

+ Q410 (1) (©) By (t)
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Qu () €)Bo (£)+ Qup () () B (€)+ Qu (€)1 By €)@y (£) By 1)
Qa0 (1) (€) By (t)+Qpq (1) (€) By (1) +Qa4 (1) (€) B4 (1) + Q5 (1) (c) Bs (1)
Q30 (1) (€) By (1)
W, (t) +Quqo (1) (€) By (t)+Qag (1) (¢) Bg (1) +Que (1) () By ()




Bs (t)= W5 (t) +Qso (1) (c) By (t)+Qs1 (1) (€) By (t)+Qs21 (1) (€) By (1)
+Q5.12 (1) (€) By (t)

Bg (t)= Wi (t) +Qgo (t)(€) By (t)+Qp (1) (€) By (t)+ Qgo () () By (1)
+Qp12 (1) (€) Bya (1)

B; (t)=W; (t) +Qro (1) () By (1) +Q713 (1) (C) By (t)+Qr10 (1) (€) Byo(t) |

+ Q711 (1)(€) By (1)
Bs ()= Qg (t)(©) By (1)
Bis(t)= Quz2(t)(©)B,(t)

where
W, (t) = e_(ﬂl+ﬂ2 +a1)t Gl(t) , Ws(t) = e—(ﬂ1+ﬂ2+a2)t
We (1) = e_(ﬂﬁﬂﬁbz)t , Wo (t) = e_(ﬂ“ﬂﬁbl)t

(2.16)

Busy period have been obtained by taking Laplace Transform of set of equations (2.16) and

solving them for B, (S), we get

) " N
By =limBo(s) =5 (2.17)
where
0 -py —Po2 —Pos —Pos —Pos —Po7
0 1 —P1p 0 0 —P1g —Py7
0 -py 1 —Pos —Pys 0 0
1= pg10 Pro4
W, —Pyg Pgy 0 0 —PagPos  —Pg10P107
~Pag Pogy
Nyp = 1
~Ps11P115
W5 —pg; 0 0 —Ps12P126  —Ps11P117
~Ps12 P15
1-Pg12 Prog
W 0 —Pe2 ~PasPsg P12 P12s 0
P69 Pos
W, 0 ~P713P132  —P710Pw0s  —P711P11s 0 0

D, has been specified.
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2.7 Expected Down Time

Let E; (t) be the expected down time. The recursive relations for expected down

time have been obtained as:

Eo (t) =Qo1 (1) (€) By (t)+Qu2 () () Ex (t) +Qqg (t) (¢) E5 (t) + Qo4 (1) (€) E4 (1)
+Qos (1) (€) Es (1) +Qos (t) (¢) Eg (1) +Qo7 (t) () E7 (1)
E; (t)=Quo (1) (€) Eq (t)+Qu2 () () Ex (1) +Que () () Eg (1) +Qu7 (1) (€) Ex (1)
E; (t)=Q20 (1) (€) Eg (t)+ Qa1 (1) (€) B (t)+ Qa4 (t) (5) E4 (1) + Qa5 (1) () Es (1)
Es (t)=Ws(t) + Qg (t)(c) Eq (t)
E, (t)=Qa0 (1) (€) Eo (t)+Qug (t)(C) Eg (t)+Qug (t) (5) Eg (t) + Qa0 (1) (C) Ego(t)
Es (t)=Qs0(t) (€) Eg (t)+ Qs () (€) Ey (t)+ Q511 (1) (8) Eqq (1) + Q512 (1) () Eg5 (1)
(1)=Q ( )
( (

Es (t)=Qg0 (1) (c) Eo (t)+Qp, (t)(c) Ex (t)+ Qgo (t)(S) Eg(t)+Qg12 (1) (€) Eqa (t)
E7 (t)=Q7 () (€) Eo (t)+Q715(t) (€) Ey3(t)+ Q710 (t)(c) Ego(t)

+ Q711 (1) © Epy(®)
Eg (t)= Qa1 (1) () Ex(t) . (2.18)
E3(t)= Qu2(t)(©) Ex(t)
where

)
)
)
)
)
)

Ws(t) = e/t

Next, taking Laplace transform of set equations (2.18) and solving them for Eo* (S), we get

expected down time as
N
E,=limE; (s) ==L 2.1
o=lmEa(s) =5 (219)

where
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Pz W3 —Po1 —Po2 —Pos —Pos —Pos —Po7
0 1 — P12 0 0 —P1s — P17
0 —Py1 1 —Pog —P2s 0 0
1-P410 Pro4
0 —Pag Pg1 0 0 —Pag Pos —Pa10 Pro,7
—Pag Pog
N3 = 1
— Ps511P115
0 —Ps1 0 0 —Ps12P126  —Ps11P117
—Ps512 P12
1-Pe12 P12
0 0 —Pe2 —Poa Peg —Pe12 P125 0
—Psg Pos
0 0 —P713P132  —P710P104a  —P711P115 0 0

D, ; has been specified.

2.8 Cost-Benefit Analysis
The revenue and cost functions lead to the profit function of a firm. As the profit is
excess of revenue over the cost of production, the profit takes the form

P = Expected revenue in (0,t] - Expected total cost in (0,t]

Using equations (2.13), (2.14), (2.15), (2.17) and (2.19) the expected profit per unit time
incurred to the system is given by

1 2
P = Cp1Ay +Cpa A% +Co3A% — GBy —CyEy, (2.20)
where

C,, = Total revenue per unit time for availability of 12 ton
C,, = Total revenue per unit time for availability of 4 ton

C,; = Total revenue per unit time for availability of 8 ton

C, = costof busy period of repairman.

In order to make system profitable, the lower and upper bounds for revenue/costs are as

follows:
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TABLE 2.2: BOUNDS FOR REVENUE/COSTS

Revenue/Cost | Bound Value

(Lower/Upper)
Cos Lower (ClBO + C,Ey — CopATg —C03A20)/ A
Co2 Lower (0130 + CoEB — Corfy —C03A20)/ Al
Cos Lower (C1Bo + C2Eq — CorAy ~CozA'o )/ A%
Cy Upper (C01'°0 +CopA'y +Co3A% — CoEp )/ Bo
C, Upper (CorPo +CozA' +CosA% — CiBy )/ Eg

2.9 Analysis and Discussion
In this study, data for all Types of failures and repairs of the rice plant was collected in
the units of per hour. Repair times are also assumed to follow exponential distribution. On the

basis of this data, we have computed the failure and repair rates. . In particular case

h,(t)=«, e  The values of various measures calculated and assumed are:
a, = 0.3144 ,a, = 0.2500, b, =0.2346, b, =0.1734 , y, = 0.01736 , y, = 0.0987 , r, =0.01,
q=0.8,p,=0.065, p; =0.85 pg=0.072, p;=1-py, p3=1-p4s, P5=1-pPg

Using the above measures, we have computed the following results of important

reliability indices using the software ‘MATLAB’. By varying 4, (0.015 - 0.045) for distinct
values of A;, the values of mean time to system failure and availability are computed.

Similarly, the profit is also computed by varying C, (510 —525INR) for different choices of

C, and results are presented. Their behaviour is exhibited in figures. Fig. 2.1 shows the

behaviour of MTSF with respect to Type-II failure rate(/lz) for distinct values of Type-I
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failure rate(ﬂi). The graph shows that MTSF decreases with increase in the Type - Il failure
rate (/12) keeping Type - | failure rate (ll) constant and has greater values for lesser values

of Type - Il failure rate (4, ).

550 T T T T T T T T

a

o

o
1

450

N

o

S
1

w

a

o
1

300

Mean Time to System Failure

250 —T T T T T T T T T T T T T T
0.014 0.016 0.018 0.020 0.022 0.024 0.026 0.028 0.030 0.032

Type 1l failure rate (7\,2)

Fig. 2.1 - Effect of Type-II failure rate on Mean time to system failure for distinct
values of Type-I failure rate.

Behaviour of total availability and availability of different capacity with respect to

A5 (0.015-0.045) for distinct values of A, has been shown in Fig 2.2, Fig 2.3, Fig 2.4, and

Fig 2.5. These graphs indicate that total availability, availability of eight ton capacity and

availability of twelve ton capacity of the system decreases with increase in the 4, and has
greater values for lesser values of A;. Availability of four ton capacity of the system

increases with increase in the 4, and has greater values for lesser values of 4.
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Total Availability

0.0I16 I 0.(;18 I 0.(;20 I 0.(;22 I 0.(;24 I 0.(;26
Type 11 failure rate of big unit - A,

Fig. 2.2 - Effect of Type-II failure rate on total availability for
different values of Type-I failure rate.
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Type |1 failure rate - A,

Fig. 2.3 - Effect of Type-II failure rate on Availability of four ton for

different values of Type-I failure rate
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Fig. 2.4 - Effect of Type-II failure rate on Availability of eight ton for
different values of Type-I failure rate
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Fig. 2.5 - Effect of Type-I1 failure rate on Availability of twelve ton for
different values of Type-I failure rate
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The behaviour of profit with respect to cost of repairman(c,)for distinct values of

Type - | failure rate is shown in Fig. 2.6. It is observed from this graph that

Q) Profit decreases with the increase in both cost of busy period of repairmanC, and

Type - | failure rate.

(i) For A4, = 0.05, the profit is negative or zero or positive according as C; < or >

6200. Hence, cost of busy period of repairman should be fixed greater than 6200

(i) For 4, = 0.07, the profit is positive or zero or negative according as C; < or >
5250. Hence, cost of busy period of repairman should be fixed greater than 5250
(iii) for 2, = 0.09, the profit is positive or zero or negative according as C, < or >
4250. Hence, cost of busy period of repairman should be fixed greater than 4250.

400 - —e— k1= 0.05
300 —— )\,12 0.07
200_- —h— 7Ll= 0.09
= 100+
Y
5 ]
0 T T T T T T T T T 1
a 2000 3000 4000 0 6000\' 7000
1 Cost of repairman (C,)
-200
-300 -

Fig. 2.6 - Effect of cost of busy period of repairman on profit achieved by

the system for distinct values of Type - | failure rate .

Fig 2.7 shows the behaviour of profit achieved with respect to revenue of four ton
capacity for distinct values of probability of switching to eight ton capacity from twelve ton
as per the requirement. This shows that profit increases as revenue for four ton increases and
decreases as the probability of switching to eight ton capacity from twelve ton increases. On

comparing graphs, it reveals that

(1) Profit decreases for increasing value of revenue and has lesser value for greater value
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of probability of making system from twelve ton to eight ton capacity.

(if) For p; =0.1, the profit is negative or zero or positive according as Cy, < or > 514.3.

Hence, revenue per unit time should be fixed greater than 514.3 INR.

(if) For p; = 0.9, the profit is positive or zero or negative according as C,, < or >

514.6. Hence, revenue per unit time for four ton capacity should be fixed greater than
514.60 INR.

15

10 +

— T T — T T T T T T T
508 510 512 4 516 518 520 522 524 526

5 Revenue for 4 ton (Cy,)

-10 4

Fig. 2.7: Effect of revenue of four ton on profit achieved by the system for
different values of probability of making the system at eight ton
capacity from twelve ton capacity.

The behaviour of profit achieved with respect to revenue of four ton capacity for
distinct values of probability of switching to twelve ton capacity from eight ton as per the
requirement is shown in Fig 2.8. This shows that profit increases as revenue for four ton
increases and increases as the probability of switching to twelve ton capacity from eight ton
increases. On comparing graphs, it reveals that

(i) Profit decreases for increasing value of revenue and has lesser value for greater value of

probability of making system at twelve ton from four ton capacity.

(i) For p; =0.1, the profit is negative or zero or positive according as C, < or > 514.3

hence, revenue per unit time should be fixed greater than 514.3 INR.
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(ili) For p5 = 0.9, the profit is positive or zero or negative according as C,, < or >

514.25. Hence, revenue per unit time for four ton capacity should be fixed greater than
514.25 INR.

3.0

2.5 —=—p3=0.1

2.0

1.5+

1.0

Profit

0.5

0.0

T T T T T T T T 1
514, 514.5 515.0 515.5 516.0 516.5
-0.5

Revenue for 4 ton (Cg,)

Fig. 2.8 - Effect of revenue of four ton on profit achieved by the system for
different values of probability of making the system at twelve ton
capacity from four ton capacity.

CHAPTER 3
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Cost Analysis Of A Two Dissimilar Unit System
With Goodwill Loss When Demand Is More Than
Production

In the preceding chapter, cost benefit has been carried out for a system having two
dissimilar units of eight ton and four ton capacities. We have analysed a two dissimilar unit
standby system with variation in production and two types of failures by considering that
demand can never be more than production in the preceding chapter. Thus in this chapter, we
have analysed reliability and cost benefit for the system comprising of two dissimilar unit

standby units by incorporating following concepts:

(i) Dissimilar standby units

(if) Two types of failures

(iii) Variation in demand — production less than demand/production greater than or equal
to demand.

This chapter has been organised as follows: Section 3.1 is about description of a rice
manufacturing system and assumptions of two-unit standby system have also been discussed
in this section. In section 3.2 the various notations are presented. The mathematical
formulation for stochastic model determining, transition probabilities and mean sojourn

times, have been developed in Section 3.3. Formulation of Mean Time to System Failure,

availability (p = d and p<d ), busy period analysis and expected down time of the system

are presented in section 3.4 — 3.7. Section 3.8 deals with the analysis of Cost Benefit of the

system. Conclusions based on the present study have been finally drawn in Section 3.9.

3.1 System Description and Assumptions

This system comprises of two dissimilar paddy to rice converters with capacities of
eight ton and four ton. One or both the units are made operative depending on the demand.
Mathematical formulation of the problem determining the transition probabilities of various
states has been developed by considering two types of failure (Type -1 which has no standby
and the Type - 1l which has standby) for each unit as in the preceding chapter. Availability

analysis have been carried out by taking both cases into consideration
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(i)  When production is less than demand
(i) When production is at least equal to demand.

In case if production is greater than or equal to demand and if one unit is under repair
and other is operative, then no other event can take place except decrease in production.

Other assumptions are same as in the preceding chapter.

The system is observed at suitable regenerative epochs by using regenerative point

technique and the following reliability characteristics have been obtained:
(i)  Mean time to system failure (MTSF)

(i)  Availability with full capacity (p >d)

(iii) Availability with reduced capacity (p >d)

(iv)  Availability with full capacity (p < d )

(v)  Availability with reduced capacity (p < d)

(vi) Expected busy period of repairman in (0,t]

(vii) Expected downtime

(viii) Expected profit incurred in (0,t]

3.2 Notations
Following notations have been used through the chapter:

BS ; Unit with eight ton capacity in standby mode

B, : Unit with eight ton capacity in operative mode

So . Unit with four ton capacity in operative mode

S . Unit with four ton capacity in standby mode

B, S, ; System is at rest

Frl : Unit having Type — | failure is under repair

Fr2 Unit having Type — Il failure is under repair

Aq : Rate of Type - | failure of big unit i.e. of eight ton capacity
Ay : Rate of Type - Il failure of big unit i.e. of eight ton capacity
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B
B

71

V2

73

Rate of Type - | failure of small unit i.e. of four ton capacity

Rate of Type - 1l failure of small unit i.e. of four ton capacity
Production

Demand

Rate with which system is made operative from rest (P < d )

Rate with which system goes to rest from operative state
(p=d)

Rate with which system is made operative ( P < d ) from
operative (p >d)

Rate of Type — I repair for big unit i.e. of eight ton capacity
Rate of Type — Il repair for big unit i.e. of eight ton capacity

Rate of Type — I repair for small unit i.e. of four ton capacity

Rate of Type — Il repair for small unit i.e. of four ton capacity

c.d.f. of going from P >d to p < d when big unit is under
Type — | failure
p.d.f. of going from P >d to P < d when big unit is under

Type — | failure
c.d.f. of going from P >d to p < d when big unit is

under Type — Il failure
p.d.f. of going from P >d to P < d when big unit is under

Type — Il failure

c.d.f. of going from P >d to p < d when small unit is

under Type — | failure

p.d.f. of going from P >d to p < d when small unit is

under Type — | failure

c.d.f. of going from P >d to p < d when small unit is
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under Type — Il failure
h, (1) ; p.d.f. of going from P >d to p < d when small unit is

under Type — Il failure

The system of converting paddy into rice of a rice manufacturing plant has the following
states:

Q) Regenerative states:
So(Bo So:P=20d),S1(Brr, So:p=d) Sy(Brr,Se:p=d) S5(By, Sy, i p2d)
S4(Bo.Skr,iP2d),S5(B,.S) S(By,Se:p<d), S7(Brr,,So:p<d]
Sg (Brr,  So:P<d),So(By. Spr, ip<d), Sig(By, Sky, i p<d]

(i) Failed states:

{Sll(BFrl’SFrl)’ SlZ(BFrl’SFr2)1 313(BFr2’SFr1)' 814(BFr2'SFr2)}

Table 3.1: Possible states of transition

State Status Possible transition to | With failure / repair rates /

(Si) transition probabilities /
.d.f respectivel

i=0to 14 P P y

. By, S, p=>d 1,2,3,4,5,6 .42, 81, 82.72:73

) Brry:So:ip=d |7 h, (1)

, Brr, So:p>d |8 h, (¥

. By, Ser,ip2d |9 hy (t)

: 1
. By, Sk, P>d |10 h, (©
B.,S 6 71
5 r r
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A B,,S,:p<d 7,8,9,10 1,42, 51, B2
, Ber, Soip<d 11,12 B1.Bs
; Ber,, Soip<d 13,14 B1.Bs
9 By, Sgr, i p<d 11,13 1,2,
10 By, Skr,:p<d |12,14 Az
11 BFrl’SFrl 7,9 by, a;
12 |3Fr1,s':r2 7,10 b,, a;
B BFr21SFr1 8,9 b, a,
14 |_D,Fr2,sFIr2 8,10 b,, a,

3.3 Transition Probabilities and Mean Sojourn Time

The epochs of entry into states 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 are regenerative

points. The transition probabilities p;; have been obtained using the following formula.
o0
pij = lim g5 (s) =lim [e”*q; ;(t) it (3.1)
s—0 s—0 3 '
The transition probabilities have been obtained as follows:

Go1 :ﬂle—(iﬁﬂzﬂLﬂﬁﬂzﬂ’z +73)t Qo2 = e_()‘1+/12+:81+ﬁ2+72+73)t

_ o (At Bt Botra+ys)t ~(At Ao+ Bt Potya+ya)t
Qoz =/ @ poe

v los =

qo&_J :7/2 e_(ﬂ’l+ﬂ’2+ﬂl+ﬂ2+72+}/3)t , qOG :7/36

Gz =hy(t) , Oy = hy(t) | dzg=hs(t)

n(t
q694_,10 b Qn((/ﬁ)rﬂq +Bs6 75 %yﬁtylf )%8 =1, ettt Bt

~( A+ 2+ Pt Potya+73)t

Ueo = /3, o~ (atho+ B+ B+ ya)t L Us10=/% o~ (tho+ B+ B+ 7a)t

—(B+py +at —(B+fr+apt —(fy+ P, +a)t
O76 = a4€ 2 Oy = pie 26" 0710 =56 Prefores

—(f+po+ao)t —(f1+f,+a))t —(f+pfy+a))t
Ogg = @€ 2, dg14 =/ Prefatas , Og13=/51€ freforae
O = Db, e—(ﬂa”fz +bq)t O = A e—(ﬂffﬂz +bq)t O :/Le—(ﬂﬁﬂﬁbl)t



(3.2)

The non zero elements p;; have been obtained as:

A2
Po1 = &l v Poz2 =
Mt +Bi+Br+y2+73 Mth+Bi+Br+y2+73
P B
Po3 = Pos4 =
At +Bi+Br+y2+73 At +Bi+Br+yat73
V2 73
Pos = v Pos =
M+t B+ Bo+ya+ys M+ + B+ Bty
M
Pi7=1, Pog=1, P3g=1, Pg1o=1, Psg=1, Pg7= Wi Bt
Ay B B>
Peg = v Peg = v Pe10=
A+hH+ b+ B h+h+ b+ 5 A+H+ B+ 5
o = a; - B o= B
P ar g By, T ey agt pyt By
Doe = a, Dasa = b1 Daq = B>
B At By R g, M e gt p,
b, A Ay
Pos = by +A;+A, pg’ll_b1+ll+/12 ’ pg‘ls_b1+/11+12
b, A4 Ay
Pros = by + A+, plo‘lz_b2+/11+/12 ' p10‘14_b2+/11+22
b, a; a; by
I011,7—allerz ' p11,9—alerz , p12’7_a1+b1’ plZ,lO_a1+b1
o a 8y LY B b,
p13’8_az+b1 , F’13,9—aerbl , p14,8_a2+b2’ p14'10_az+b2 (3.3)

The mean sojourn time g; in the I th regenerative state is as follows:
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i =E® =P >0 = [d(Q, 1)

1

Ho = = —h'0) =1, 1, =—h(0) =1
SV S Ry Y L

*® *® 1
3 =_h3(0)=11/u4=_h4(0) =1, 4y =—

Y41
" W+t L+BB T a BB a+ B p,
B 1 B 1

o oA a T A

The unconditional mean time taken by the system is mathematically stated as

m;; = Ttinj(t) = Tt qij(t)dt = _Qij*(o)

Thus, we get

My + Mgy + Mg + Mgy + Mg + Mg = L4y, M7

=My, My = 4

My = Hy v Myyo = Hy s Mgg = s, Myg +My ) + My 3 = 14

Mgy + Mgz + Mg +Mgg + Mgyg = Llg, Mg+

Mg + Mgy +Myy3 = Ly

3.4 Mean Time to System Failure (MTSF)

Mg, + Mgy, = L

My g+ Mgy, + Mgy = Ly

(3.4)

(3.5)

(3.6)

3.7)

In order to determine the mean time to system failure (MTSF) of the system, the

failed states are considered as absorbing states, The following recursive relation for @; (t)

have been obtained as:

éo (1) =Qoq (1) () 1 (t)+Qoa () (5) b (1) + Qo3 (1) () b (t) + Qs (1) (5) 4 (1)

+Qps (1) (5) s (t) +Qos (1) (5) 5 (1)
)
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¢5 (1)=Qs0 (1) (5) o () + Q7 (1) (5) 7 (1) + Qeg (1) (S) 45 (1)
+Qeo (1) (8) iy (t)+Qp20 (1) (8) Ao (1)
¢7 (1)=Q76 (1) (8) s (t) + Q721 (t) + Q713(1)
¢ (1)=Qg6 (1) (5) 5 (1) + Qa2 (t) + Qa4 (1)
(t)=Q (t)(s) s () +Qoa1(t) + Qoa3(t)
1o (1)=Quo,6 (1) (8) 5 (t) +Qio12 (1) + Qo1 (t)

(3.8)

Following the method used in section 2.4 MTSF has been obtained from set of equations

(3.8) as:
MTSF = limi=% ) _N_D(0)-N0)
s—0 S D D'(0)
where
D'(O) =D, + D,
N’(O) =N, + N,

M o5 Pso+ M s5q Pos

0 1-pg7 P76 — Peg P —

~Pos Pso ~Peo — Po2 P2g Pgs —

271 9

Mo1 Pr7 (P7a1+ P712) + Moz Pog (Pg13+ Pga)
+Mog Pag (Pg11+ Po13)+Moa Pazo (Prog2 + Proga)
Po1 M17 (P711+ P712) + Poz Mag (Psa3+ Pgaa)
| PosMsg (Po11+ Po13)+ PoaMa1o (Prog2 + P1o14)
Po1 P17 (M711+M712)+ Po2 Pog (Mg13+Mg14)
+ Po3 Pag (Mg11+Mg13)+ Poa Pazo (M1g12 +Mig14)
—Pe7 (P711+ P712) — Peg (Pg13+ Pg14)

— Pgg (Po11+ Pg13)— Ps10 (Pro12 + Pro14)
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Mego + Moy Pog Pgg +Mo3 P3g Pos +Mos Ps10 Pioe + Mo1 P17 P7e
+ Po2 Myg Pgs + Po3 M3g Pog + Poa Ma10 Pro,e + Po1 M7 Prs
+ Po2 P2g Mgg + Po3 P3g Moe + Poa Pa10 Mioe + Po1 P17 M7

P9 Pog —

Posz P39 Pog — Pos P10 P1oe —

— P67 P76 —

(3.9)

Ps10 P10,6

Po1 P17 P76

Mg7 P7g +Mgg Pgg +Mgg Pog + Mg 10 P10,6 T Pe7 M7 + Peg Mgs + Peg Mos + Ps10 M106

Moe + Mgy Pog Pge +Mo3 P3g Poe
+Mog P10 Pro,e +Mo1 P17 P76

+ Po2M2g Pgs + Po3M39 Pos

* PoaMy10 P1o,6 + Por M17 P76

+ Po2 P2g Mgg + Po3 P3g Mog

+ Poa Pa10 M10,6 + Po1 P17 M76

Psg Pge — Pso Pos — Ps10 Pio,6




— Po1 P17 (P721+ P712) — Po2 P2s (Pg13+ Ps14) — Pos — Poz2 P2g Pss — Po3 P3g Pos
— Po3 P3g (Pg11+ Pg13) — Pos Pa10 (Pro12 + Pro14) — Pos P410 P1o,6 — Po1 P17 P76

Mg7 (P711+ P712) +Meg (Pg13 + Pg14)

+Pgg (Mg11+Mg13)+ Pg10 (M1g12 +Mig14)

3.5 Availability Analysis
Availability for different capacities with production greater than or equal to demand

and production less than demand has been obtained as:

3.5.1 Availability with full capacity (p > d)
Let A, (t) be the probability that the system of twelve ton capacity is in upstate

when production is greater or equal to demand at instantt. The availability A, (t) is

expressed as the following recursive relations:

A (t)=Mg(t) + Qq (t)(c) A (t)+Qy (1) (€) A, (1) +Qps (1) (€) A (t)+
Qus (1) (©) A, (t) +Qus (1) () A (1) +Qqs (1) (€) As (1)
At)= Qs (t)©) A (1)
A, (t)= Qu(t)(€) A (1)
A ()= Qi (1) (©) A (1)
A (t)= Qi (1) (©) Ao (t)
A (t)= Qs (1) ©) A (1)
As(t)= Qp (1) (€) Ay (1)+Qq (1) (©) A, (1) + Qe (1) Q) ALD) +
Quo (1) (©) A (1) +Qq.0 (1) (©) A (1)
A ()= Qu (1) (€) A (t) + Quu (1) (©) AL (1) +Qr 5 (1) (€) A ()
A ()= Qg (1) (©) Ay (1) + Quz (1) (©) AL (1) + Qe (1) (©) A (1)
A (t)= Quo (1)(5) Ag (t) + Quuy (1) () A1) +Qy s (1) (€) A ()
Ay (t)= Qi (1) (€) A (1) + Quoo (1) (©) Ax (1) +Qyg 4 (1) (€) A (1)
AL ()= Qu, () (©)A (1) +Qu, (t) () A (1)
A, (t)= Q- (1) (©)A, (1) + Qo (1) (€) Ay (1)
A (1)= Qe (1) (©) Ay (1) +Qua (1) () A (1) (3.10)
A, (t): Quas (t) (©A() + Q10 (t) (© A, (t)
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where

MO (t) = e—(/11+42 + P+ Potratra)t

3.5.2 Availability with full capacity (p < d )
If Ali (t) be the probability that the system of twelve ton capacity is in upstate with

production less than demand at instant T then recursive relations for availability Ali(t)

have been obtained as:

Ao (t)= Qo (t)(©) A’y (t)+Qua (t) () A (t)+ Qo () () A'5 (1)
+Qoa () (€) A4 (£)+Qos (1) (©) A's (1) +Qps () (€) A5 (1)

AL (D)= Q7 (t)(©) A (1)

A (t)= Qg (1) (c) A'g (1)

A3 (t)= Qso (1) (0) Ay (1)

A, ()= Qq10(t)(c) Ao (1)

A5 (t)= Qs (1) ©) A5 (1)

Alg(t)= Mg (t)+Qgo () (€) AT (t)+Qg7 (1) () A% (1) +

Qgg (1) (€) Alg(t) +Qgo (1) (€) Ay (t) + Qg 10 (1) () A'yo (t)

A% (t)= Que (1) () Al (t) + Q711 (1) (©) A1 (1) +Qr 13 (1) (€) A'ya (1)
Al (t)= Qgs (1) (€) A'g () + Qg2 (1) (€)A't2 (1) + Qg4 (1) (€) A'ya ()
Aly (t)= Qg (t ) (

)
)
)(©) Al (t) + Qo1 (1) (©)A'11 (1) + Q13 () (€) A3 (1)
Al (t)= Qipe (1) (€) A% (t) + Qua2 () (©) A (t) + Q14 () () Ay (1)
(

(t) )
A1 (t)= Quy t)(c)Al7(t)+Q119( )(©) A (1)
Az (1)= Quz7 (1) (©)A' (1) +Quz10 (1) (0) Ay (1) (G40
Aa(t)= Quag(t)©)As (t)+Quze(t)(0) Ag(t)
Al (t)= Quag (t) (€A (1) +Qua10(t)(©) Ay (1)

where

Mg (t) = oAt t Bt o+ ya)t
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3.5.3 Availability with reduced capacity for eight ton line operative (p > d)

Similarly, if A2i (t) be the probability that the system of eight ton capacity is in

upstate at instant t provided the system entered regenerative state 1 at t =0 then recursive

relations for availability A” i (t) have been obtained as:

A% (t)= Qup (t)(€) A% (1) +Qua (1) (€) A% (t)+Qoa (1) (€) A% () +

Qua (1) (€) A%, (t)+Qqs (1) (€) A% (1) +Qgs (1) () A% (1)
A% (D)= Q(t)(c) A% (1)
A% (t)= Qop () () A% (1)
A%3(t)= M3 (t)+Quq (1) (c) A% (1)
A4 (t)= My(t) +Qq10(1) () A% (1)
A% (t)= Qss (1) (0) A% (1)
A% (t)= Qeo (1) (€) A% (1)+Qe7 (1) (0) A% (1) +Qeg (t) () A% (1)

+Qgo (1) ©)A% (1) +Qp.10 (1) (©) A% (1)
A% (t)= Qs (1) (c) A% (1) + Q711 (1) () A% (1) + Q745 (1) (€) A% 5 (1)
A (t)= Qa (1)(€) A% (t) + Qa1 (1) ()A"5 (1) + Qg4 (1) €) A4 (1)
A% (t)= Qgs (1)(C) A% (t) + Qo1 (1) (€)A% 4 (t) + Qg3 (1) (C) A%5 (1)
A% (t)= Qige (1)(€) A% (t) + Quo12 (1) () A%12 (1) +Qug 14 (1) (6) A%4 (1)
A%1(t)= Qui7 (1) (0)A? 7(t)+Q119( )(c) A% ()
A5 (1)= Quz7 (1) (©) A% (t)+Qua10 (1) (€) A%y (1) (512
A%3(t)= Qizg (t)(C)AZ (t)+Quao (1) () A% (1)
A% (t)= Quag (1) (©)A% (1) +Quaz0 (1) (0) A%4 (1)
where

M,(t) = Hy(t) , M, (1) = H, (1)

Hy(t) = 1-H; (1) , H,(t) = 1-H,(t)
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3.5.4 Availability with reduced capacity for four ton line operative (P > d)

If A3i (t) be the probability that the system of four ton capacity is in upstate when

production is greater or equal to demand at instant t then recursive relations for availability

A%, (t) have been obtained as follows:

A% ()= Qor (1) () A% (t)+Qqy (1) (c) A% (t)+Qos (1) (c) A% (1)
+Qoa (1) (€) A% (1) +Qus (1) (€) A% (1) +Qug (1) (c) A% (1)
A% (t)= My(t)+ Q7 (1)(c) A% (1)
A%, (t)= M, (t)+Qup(t)(c) A% (1)
"3(t)= Qao (1) (©) A% (1)
A% (t)= Quu0 (1) (©) A’ (1)
(t)
(t)

>

(t
A% (t)= Qsg (t)(c) A’ 6(t)
A% (t)= Qg (1)) A o( )+Qg7 () (c) A%, (t)+Qes (t)(c)A38(t)
+Qgo (1) (©) A% (1) + Qg 10 (1) () A% (t)

A% (t)= Qz6 (t)(©) A% (1) + Q741 (1) (© A’ () +Q745 (1) (€) A5 (1)

A% (t)= Qgs (1) (0) A% (t) + Qaz2 (1) (©)A (1) + Qg4 () (€) A4 (1)

A% ()= Qus (1) (©) A% () + Qo1 (1) (©) A1 (1) + Qo3 (1) (€) A5 (t)
Ao (t)= Quoe (1)(€) A% (t) + Qig12 (1) (€) A% (1) +Qig1a (1) (€) A%p4 (1)
Ay (t)= Qll?(t)(C)A3 (t)+Quro (1) (€) A% (1)

A1 ()= Quz7 () (©)A% (1) +Qua10 (1) (©) Ao (t)
A'ja(t)= Q138(t)(C)A3 (1)+Quae (t)(©) A% (t)
A (t) Q148(t) ( )+Q1410( )(C) A314 (t)
where

My(t) = Hi(t) , Mo(t) = Ho(t), Hy(t) = 1— Hy (1) ,

(3.13)

H,(t) = 1-Hy(t)

3.5.5 Availability with reduced capacity for eight ton line operative ( P < d)

Let A4i (t) be the probability that the system of eight ton capacity is in upstate

when production is less than demand at instant. The recursive relations for availability

A*; (t) have been obtained as:
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A% ()= Qou (1) () A% (t)+Qua (1) (€) A*; () +Qua (1) () A4 (1)
+Qoa (1) (€) A4 (t) +Qos (1) () A% () +Qug (1) () A% (1)

A (t)= Qi (1) (©) A% (1)

A% ()= Qus(t) () A%5(t)

A%3(t)= Quo(t)(0) A% (1)

A4 (t)= Qu10(t) () A% (1)

A5 (t)= Qs (t)(©) A5 (1)

A5 (t)=" Qoo (t)(0) A% (t)+Qer (£)(€) A, (t)+ Qg (1) () A% (1)

+Qpo (1) (©) A%y (1) +Qp10 (1) ©) A%y (1)

A (t)= Qrs (1)(€) A (1) + Q11 (1) (©) A% (1) +Q7 13 (1) (€) A3 (1)
Alg(t)= Qas (1)(c) A% (t) + Qa1 () () A'11 () + Qg4 (1) (€) A’ (1)
Alg(t)= M

o(t) + Qgg (1) (0) A% (1) + Qg 11 (1) (€)A%1 (1) + Qo135 (1) (c) A5 (1)
A’ (t)= Myg(t) + Qo (1) (€) A% (1) + Quo1p (1) () A%, (1)
+Qio14 (1) () Al (t)

A% ()= Qi (1) @A ) +Qire (1) (©) A% (1)

A1 (t)= Qup7 (1) (€A% (1) +Quz10 (1) () Ao (1) 19
A'13(t)= Quzg (1) (A% (1) +Quz9 (1) (©) A% (1)

A*14(t)= Quag (1) (©) A% (1) +Quaz0 (1) (€) A4 (1)

where

My(t) = e—(/11+/12 +b1)t My(t) = e—(/11+/12 +b2)t

3.5.6 Availability with reduced capacity for four ton line operative (P < d )

Similarly if A5i (t) be the probability that the system of four ton capacity is in

upstate when production is less than demand at instant t The recursive relations for

availability A%; (t) have been obtained as:

#Qop (1) (©) A% (1)+Qes (1) ©) A%3 1)

A% (t)= Quu(t)() A (t)
>4 (1) +Qgs (1) (€) A% (1) +Qug (1) (€) A% (1)
)

+Quq (t )(C)A
A% (t)= Qu7 (t)(©) A% (t
A% (t)= Qu(t)(c) A% (t)
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A5 (t)= Qao () () A% (1)

(t)= Qa0 (t)(©) A% (1)
A% (t)= Qss (1) (©) A% (1)
A% (t)=" Qoo (t)(€) A% () +Qe7 (1) (©) A" (1) +Qeg (t) () A% (1)

+Qpo (1) (€) A% (1) +Qp 10 (1) () A°p0 (1)

A7 (£)= M7 (t) + Qs (1) (€) A% (t) + Qr1 (1) (€) A% 1 (1) + Q715 (1) (€) A% (1)
A% (t)= Mg(t) + Qgs (1) (c) A% (t) + Qg2 (t) () A% (1) + Qg4 (1) (€) A%4 (1)
A% (t)= Qqg(t)(c) A% (t) + Qo1 (1) (€) A% (t)+Qq 13 (1) (€) A5 (1)

5

>

10(t)= Qo (1)(©) A% (1) + Qi1 (1) () A%, (1) +Qu14 (1) (€) A% (1)
A (t)= Qi1 (t)(C)A57 () +Quy (1) (©) A% (1)
A (1)= Qa7 (1) (€A% (1) +Qu210 (1) (©) A (1)
A3 (t)= Quzg(t) () A% (1)+Quz (1) (c) A% (1)
(t) (t)

A1 (t)= Quag (1) (©) A% (1)+Qua10 (1) (€) A4 (1)

where

M7(t) — e_(ﬂl+ﬂ2+a1)t ’ Ms(t) — e_(ﬂl+ﬂ2+a2)t

(3.15)

Next, for obtaining availabilities of different capacities can be found out by taking Laplace
Transform of set of equations (3.10), (3.11), (3.12), (3.13), (3.14), (3.15) and solving them

for A, (s), A, (s), A%, (s), A% (s), A%, (s) and A%, (s), we get

Ag=lims Ay*(s) = — Ny
s—0 derivative (D,,)
N21

Aly=lims Aly*(s) = -
s—0 derivative (D,;)

: N
50 derivative (D,;)
O_IlmsA3 *(s) = - l\.|41
s—0 derivative (D,,)
Ns

Aty =lims A' *(s) = ———
s—0 derivative(D,;)
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(3.16)

(3.17)

(3.18)

(3.19)

(3.20)



ASOZ!msA%*(s):

where
Mo —Pos — Pos Pse
0 1
0 —Pre
N11 =1 0 _p86
0 —Pos
0 —Pro g

0 —Pos—Pos Ps

0 1

0 —Pre
Ny =| Mg —Pgs

0 —Pog

0 —Prog

N61

derivative (Dy,)
—Po1P17 —Po2P2g
—Pe7 —Pesg
I-p7pp
711 P17 0
—P712 P27
0 1-Pg 14 Prag
—Pg13 P13
“Po11P117  —Po13Pi3s
P02 P27 —Pio14 Pisg
—Po1Pr7 —Po2P2g
—Pe7 —Pesg
I-p7pp
711 P17 0
—P712 P27
1-pg1s P
0 8,14 P14 8
—Pg13P13s
“Po11P117  —Poi13Pisg
“Pro12 P27 —Pio14 Prag
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~Po3P3g

—Peg

—P711P119

—Pg 13 P139

1-pg 11 P11 g

— P13 P139

0

~Po3P3g

—Peg

—P711P119

—Pg 13 P139

1-Pg11 P11 g

— P13 P139

0

(3.21)

~Po4P4,10

—Pe10

—P712P1210

—Pg 14 P14,10

0

1-P19.14 Pra 10

— Pro,12 Pr2,10

~Po4 P4,10

—Ps.10

—P712 P12,10

—Pg14 P14.10

0

1-P1014 P14 10

~ Pro,12 P12.10




N3 =

N4l =

PosM3

—Pog — Pos P

oM, 06— Pos Psg

0 1

0 —Ps

0 —Pgs

0 —Pg

0 —P1og
Py Do = Pog D
F M, 06— Pos Psg

0 1

0 —Prg

0 —Pgs

0 —Pog

0 —P1o6

~Po1Pr7

—Pe7
1-p71a Py

—P712 P27

0

—Pg11 P17

—P1o.12 P12 7

~Po1P17

—Pe7
1-p741 P17

—P712P127

0

—Pg 11 P117

—P10.12 P127
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~Po2P2g

—Pes

0

1-Pg14 Prag

—Pg 13 Pi3s

—Po13P138

—P10.14 Prsg

~Po2P2s

—Pss

0

1-Pg14 Prag

—Pg13 P13

—Pog13P138

—P10,14 Prag

~Po3P3g
—Pgo

—P711P119

—Pg13P139

1-pg11 P11 g

— Po,13 P139

0

~Po3P3g
—Peog

—P711P119

—Pg 13 P139

1-Pg11 P11 g

— P13 P139

0

~Po4Ps 10
—Ps10

—P712P1210

—Pg 14 P14,10

0

1-P1o.14 Pra10

~ P1o,12 P12.10

~Po4P4,10
~Ps10

—P7.12P12,10

—Pg 14 P14.10

0

1= P1014 P1a 10

— Pro,12 P12.10




o

—Pos — Pos Pss
1

Pz

—Pgs

—Pos

—Prog

—Pos — Pos P56
1

—P7s

—Pgs

—Pos

—Prog

~Po1Pr7

—Pe7
1-p711 P17

—P712P127

0

—Pg 11 P117

—P10.12 P12 7

—Po1 P17
—Pe7
1-p741P117

—P712P127

0

—Po11P117

—P10,12 P17

~Po2P2s ~Po3P3g ~PosPs 10
—Pes —Peg —Ps10
0 —P711P119  —P712P12.10
1-Pg1s Prag
—Pg13Pize  —Pg14 P1s,10
—Pg13 P13g
1-pg11Pi19
~Po13P138 0
~ Po 13 P139
1= P1014 P1a10
~P10,14 Prag 0
~ P1o,12 Pr2,10
—Po2P2g —Po3P3g ~Pos Pa0
—Pes —Peo —Ps10
0 —P711P119  —P712P1210
1-Pg14 Prag
—Pg13Pizg —Pg14 P14,10
—Pg13P13g
Do 1-pg11 P11g 0
~Pog13P138
—Pg,13P139
1= P1014 P1a10
~P10,14 Prag 0

— P10,12 P12.10
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1 “Oos Us6 —0o1 Gu7 —0o2 O2g —0o3 U39
— 00 1 —Oe7 —Oes —Oeg
1-0711017
0 —Q7g 0 —0711%1,9
—07,12012,7
1-051404s
D,y=| 0 —Ogs 0 —0g,13 %39
—0Og.13%h38
1-0911%1 9
0 Oos  ~O911%h17  ~Ooasthzs 0o 13010
,13M13,
0 —O106 —%012G27 —%ho14%4s 0

3.6 Busy period of repairman

The recursive relations for busy period have been obtained as:

Bo (t)= Qox (1) () By (t)+Qpz (1) (€) By (t)+Qos (1) (€) B3 (t) +Qos (t) () B4 (t)
+Qus (1) (€) Bs (1) +Qqg (1) (c) Bg (t)
)=Wi(t)+ Q7 (t)(c) B ()
)= W, (t)+Qug(t)(c) Bg(t)
)=W3(t)+Qaq (1) () By (1)
)
)
)

By (t
B, (t
By (t )
By (t)= W4 (1) +Qu10 (1) (€) Byo (t)
(t)= Q5 (1) (©) Bs (1)
(t)= Qeo (t)(c) By (t)+Qe7 (1) () By (t)+Qgg (1) (¢) Bg(t) + Qgg (1) (¢) Bo(t)
+Qp10 (1) (€) Byo(t)
W7 (£)+Qzs (1) (€) B (t) + Q711 (1) (€) Bya (1) + Q713 (1) (€) Bys (1)
W (1) +Qgg (1) (¢) Bg (t) + Qa2 (1) (€) Bya (t) + Qg4 (1) (€) Bra (1)
W (t) +Qgs (t) (€) Bg (t) + Qo1 (t)(¢) Bra(t) + Qg3 (t) (€) Brs(t)
Wio (1) +Qio,6 (1) (€) Bg (t) + Qiga2 (1) (€) Byy (1) +Qig14 (1) (C) Bya (1)
Wiy () +Quz.7 () (€) B7 () +Qu 0 () (€) By (1)

B (t
B (t

B, (t)
Bs (t)
By (t)
Byo (t
By (t

Bis(t

)

)

)= Wip (1) +Qiz7 (1) (©) By (t) +Qiz10 (1) (©) By (t)
)= Wi (t)+Qu38(t)(c) Bg(t) + Q39 (t)(c) By (t)

) (t)

(
(
By, (t
(
(t)= Wig () +Quq8(t)(c) Ag(t) +Qug10 (t)(C) By (1)

Bia (t
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~0oa Ya,10

—Us.10

—07.12%2,10

—0g,14%4,10

0

1-0ho14%4 10

—010,12912.10

(3.22)




where

Wi (t) = Hy(t) , Wa(t) = Ho(t) , Wa(t) = Ha(t) , Wy(t) = Hy(t)

W, (t) =e fefo+ )t , Wg(t) = e—(,B1+,82+a2)t , Wo (t) = e_(llﬁ%z +by )t
Wi (t) = e_(lﬁﬂﬂbz)t » Wi (1) = e_(a1+b1)t » Wip (1) = e_(aﬁb2)t
Wis(t) = e (3z+bu)t » Wig (D) = o (32+b2)t

Hy(t) = 1— Hy(t) , Hy(t) = 1-Hy(t)
Ha(t) = 1— Ha(t) , Hy(t) = 1-Hy(t)

Busy period has been obtained by taking Laplace transform of set equations (3.22) and

solving them for B, (S), we get

) N
B.=limB (s)=——"4 , 3.23
© 550 0 (5) derivative (D,,) (329
where
0 —Po1 —Po2 —Posa —Pos —Pos —Po7
0 1 —P1o 0 0 —P1s —P17
0 —Pa 1 —Pog —Ps 0 0
W, —Pyg Pg1 0 1-P410 P10,4 — Pag Pos 0 —PagPos  —Pa410P107
N, = 1-Ps11 P15
Ws —Ps1 0 0 —Ps12P126  —Ps511P117
—Ps512 P12
1-Pe12 P12
We 0 —Pe2 —Pos Peg —Ps12 P125 0
—Ps9 Pos
W; 0 —P713 P32 —P710P10,4 —P711P115 0 0

D,; has been specified.

3.7 Expected Down Time

The recursive relations for finding expected down time are given by:
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E,(t)= Qu(t)(c) E,(t)
E, (t)= Q0 (t)(C) Ep (t)
E (t)=W,(t)+Qq (t)(c) Eg (t)
Eq (t)= Quo (1) (©) Eo (1) + Q7 (1) (0) E, (1) + Qs (1) () Eq (1) + Qg (1) (€) Eo (1)
+Qp10 () (€) Eo (1)
E, (t)= Qs (t)(C) Es(t) + Quy (1) (€) Epy(t) +Q; 15 (1) (€) Eps (1)
Eq (t)= Qus (1) (©) E5 (1) + Qa2 (1) (€) Eyy (1) + Qg4 (1) (©) By (1)
Eg (t)= Qus (1) (©) Eq (1) + Quy (1) (€) Eny (1) +Qq4 (1) (©) Exs (1)
Eyo (t)= Qu6 (1) () Es (t) + Qi1 (1) (©) By (8) + Q4 () (€) Euy (1)
. (t)= Qu (1) () E, () +Quq (1) (€) Eg(t)
Ep, (t)= Qu; (t)(C)E,(t)+Quu0 (1) (©) Ey (t)
Eis(t)= Qug(t) () Eg(t)+Quq (1) () Eg (1)
Eis(t)= Qus(t)(©) Eg(t)+Qu 0 (1) (€) E (1)
where
W5 (t) =e

(3.24)

Next, taking Laplace transform of set equations (3.24) and solving them for Eo* (S), we get

expected down time as:

E,=limE; (s) = et

s—0 - D21 '
where
Po3W3 —Po1 —Po2 —Pos —Pos
0 1 —P12 0 0
0 —Poy 1 —Pos —P2s
1-Pa10 P10
0 —Pag Pg1 0 ' ’ 0
N ~Pag Pos
81=
1-pgyp
0 P 0 0 511 P115
—Ps12 P125
0 0 —Pe2 —Po4 Peg —Pe12 Pi25
0 0 —P713P132 —P710P104 —P711P115
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(3.25)
—Pos —Po7
— P16 —P7
0 0
—Pag Pos —Pa10 P107
—Ps12 P2 —Psi1P117
1-pe1o P
612 P12,6 0
—Pesg Pos
0 0




D, has been specified.

3.8 Cost-Benefit Analysis

It is an important fact for any firm that the revenue and cost functions lead to the

profit function. As the profit is excess of revenue over the cost of production, the profit takes

the form

P = Expected revenue in (0,t] - Expected total cost in (0,t]

Using equations (3.16), (3.17), (3.18), (3.19), (3.20), (3.21), (3.23) and (3.25) the expected

profit per unit time incurred to the system is given by

P = Cy, A, +Cy, A, +Cy A%, +Cy A% +C A% +Cy A%, — C,B,—C,E, —L (3.26)

where

Co; = Total revenue per unit time for availability of twelve ton (p > d)
Coo = Total revenue per unit time for availability of twelveton (p < d)
Coz = Total revenue per unit time for availability of eight ton (p > d)

O
oS
EN

I

Total revenue per unit time for availability of four ton (p > d)

Cos = Total revenue per unit time for availability of eightton (p < d)
Cog = Total revenue per unit time for availability of four ton (p < d)

C, = Costof busy periodof repairman

C,
L

Goodwill Loss

Cost for expected down time

Hence the bounds for revenue/costs for the system to be profitable are:

TABLE 3.2: BOUNDS FOR REVENUE/COSTS

Revenue/Cost | Bound Value
(Lower/Upper)
Cos Lower (C1 By + C,Eq+L — CgpAly ~CyA% —Cy, A% —Cs A’y —Cyq Aso)

A
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C,, Lower (CIBO +C,E, + L— CyA —C,, A% —Cy A%, —C A’ —Cye Aso)
A,
Cos Lower (CIBO + C,E, - C,A, —-C,, Alo -C,, A30 —Cys A4O _CoeASO)
A2
0
Cy, Lower (ClBo + C,E, + L-C,,A, — C,, A’y —C,, A%, —C, A%, —C,, Aso)
A30
Cye Lower (ClBo + C,E, + L-C,A — C,,A!, —C,,A% —C,,A°, —Cy Aso)
A4
0
Cys Lower ((3150 + C,Ey +L —Cyy A, — Cpp Ay —Cyy A%y —Cy A% —Cp A, )
A5
0
C1 Upper (C01A0 +C02Alo +C03A20 _C04A30 _C05A40 _C06A50 - GCE -L )
B0
C, Upper (001'6\0 +Coy Al +Cg A% —Cy, A% —Cos A’y —~Coe A% — CB, — L )
E

3.9 Analysis and Discussion

In this study, data for all types of failures and repairs of the rice plant was collected in
the units of per hour. On the basis of these data, we have computed the failure and repair

rates. . In particular case h,(t)=a e , h,()=a,e™ ™ h,()=a,e™™ , h,(t)=a,e ™

The values of various measures calculated and assumed are :
a, = 0.3144 , b, =0.2346 vy, =0.01736 y, =0.0987 , a, =0.01 , o, =0.001

a, =001 , «,=0.001
We have computed the following results of important reliability indices using the

software ‘MATLAB’. By varying A, for distinct values of A, the values of mean time to

system failure (MTSF) and availability are computed. Similarly, the profit is also computed
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by varying C, for different choices of C; and results are presented. Their behaviours are
exhibited in figures. Fig. 3.1 shows the behaviour of MTSF with respect to A, for distinct
values of ;. The graph shows that MTSF decreases with increase in the 4, keeping A;

constant and has greater values for lesser values of A .

0 2 4 6 8 10
T T T T 10
D 800 -
S
— 48
(qv]
LL 700 -
8 16
& 600 -
>
v
&) 44
+ 500
=
— 400 - 12
c
(qe)
D
S 300 0

0.000 ' 0.(;02 ' 0.(;04 ' 0.(;06 ' 0.608 ' O.OI1O ' 0.612 ' O.OI14
Type - |l failure rate of big unit - A2

Fig. 3.1 - Effect of Type-II failure rate on Mean time to system failure for distinct
values of Type-I11 repair rate.

Behaviour of total availability in full and reduced capacity with respect to failure rate
for distinct values repair rate has been shown in Fig 3.2, Fig 3.3, Fig 3.4, Fig 3.5, Fig 3.6 and
Fig 3.7. Fig. 3.2 indicates that availability of full capacity i.e. twelve ton when production is

greater than or equal to demand decreases with increase in A4, and has greater values for

higher value ofa,. Behaviour of availability in full capacity when production is less than

demand is shown in Fig. 3.3 which indicates that availability in full capacity i.e. twelve ton

when production is less than demand decreases with increase in A, and has greater values

for higher value of a, . Fig. 3.4 indicates that availability in reduced capacity - four ton when
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production is less than demand increases with increase in 4, and has lesser values for higher

value of @, . Fig. 3.5 shows the behaviour of availability in reduced capacity - four ton when

production is greater than or equal to demand which indicates that availability decreases with

increase in Type Il failure rate of line of four ton capacity B, and has lesser values for

higher value of Type - II repair rateb, . Behaviour of availability in reduced capacity — eight

ton when production is greater than or equal to demand is shown in Fig. 3.6 which indicates

that availability of capacity eight ton when production is greater than or equal to demand

decreases with increase in 4, and has greater values for higher value of Type - Il repair rate
a,. Fig. 3.7 indicates that availability in eight ton capacity when production is less than
decreases with increase in 4, and has greater values for higher value of Type - Il repair rate

a,.

0 2 4 6 8 10

> 0.70 . : . : . : . : . 10
= ]
O _
< 0.68
o 1
1] 0.66 18
(&) ]
c 0.64 -
S ]
- d6
[aB) 0.62
= 1
L T35 0.60
E Al 1 44

0.58
= & ]
= 0.56 -
= =] 1,
'_5 0.52
CU T T T T T T T T T T T T T T T T T T 0
T—U 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014 0.0016 0.0018 0.0020
Z Type - 1l failure rate of big unit - A 2

Fig. 3.2 - Effect of Type-I1I failure rate on Availability of twelve ton capacity (full
capacity p > d) for distinct values of Type-I1 repair rate.
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Z Type - 11 failure rate - A,

Fig. 3.3 - Effect of Type-II failure rate on Availability of twelve ton capacity (full
capacity — p < d) for distinct values of Type-II repair rate.
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Fig. 3.4 - Effect of Type-II failure rate on Availability of four ton capacity
(reduced capacity — p <d) for distinct values of Type-I1 repair rate.
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Fig. 3.5 - Effect of Type-II failure rate on Availability of four ton capacity

(reduced capacity — p > d) for distinct values of Type-I1 repair rate.
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Fig. 3.6 - Effect of Type-I1 failure rate on Availability of eight ton capacity
(reduced capacity —p <d) for distinct values of Type-II repair rate.
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Fig. 3.7 - Effect of Type-II failure rate on Availability of eight ton capacity
(reduced capacity —p >d ) for distinct values of Type-II repair rate.

The behaviour of profit with respect to revenue for twelve ton capacity when
production is greater than or equal to demand ¢ , for distinct values of cost of repairman ¢,

is shown in Fig. 3.8. Values of various measures considered are:
a, = 03144, b, =0.2346 ,a, = 0.1736, b,=0.2500, 4,=0.0084 , 1,=0.0036, 3, =0.0028
S,=0.0012,vy,= 0.01736 ,y, = 0.0987 ,a, =0.01 , o, =0.001 &, =0.01 , «,=0.001

C,,=1800INR , C,=1200INR , C,,=600INR , c:%:%co1 , c:m,:%c:01

L =3500INR, C,=1500INR
It is concluded from this graph that profit increases with the increase in revenue ¢, and

decreases with increase in cost of repairman. On comparing graphs, it reveals that

(i) For C; =2000INR , the profit is negative or zero or positive according as

C, S0r=1252.97 . Hence, revenue for twelve ton capacity when production is

greater than or equal to demand should be fixed greater than 1252.97 INR to attain the
profit.

(if) For C; =2500INR , the profit is negative or zero or positive according as

C, <0r>1287.03 . Hence, revenue for twelve ton capacity when production is
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greater than or equal to demand should be fixed greater than 1287.03 INR to attain the
profit.
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-400

%09 - Revenue per unit time for twelve ton
capacity (p > d) (Co,)

Fig. 3.8 - Effect of revenue of twelve ton capacity (p > d) on profit for different
values of cost of repairman.

The behaviour of profit with respect to revenue for twelve ton capacity when

production is less than demand C, for distinct values of cost of repairman C; is shown in

Fig. 3.9Values of various measures considered are:

Co, =1650INR , C,,=1100INR , C,, =550 INR , co&.,:éco2 , c%:%co2 , C,=1500INR

It is concluded from the graph that profit increases with the increase in revenue C,, and
decreases with increase in cost of repairman. On comparing graphs, it reveals that
(i) For C; =2000 , the profit is negative or zero or positive according as
C,, £0r=1062.5. Hence, revenue for twelve ton capacity when production is greater
than or equal to demand should be greater than 1062.5 INR to attain the profit.
(i) For C; =2500 , the profit is negative or zero or positive according as
C,, <0r=1125.5. Hence, revenue for twelve ton capacity when production is greater

than or equal to demand should be greater than 1125.5 INR to attain the profit.
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Fig. 3.9 - Effect of revenue of twelve ton capacity (p < d) on profit for different
values of cost of repairman.

Fig. 3.10 shows the behaviour of profit with respect to cost of repairman for distinct

values of Type Il failure rate 4,. Values of various measures are:

v, = 0.0987,8,=0.0012, C,,=1650INR , C,,=1100INR , C,,=550INR , C,,=1800
Co =1200INR , C,,=600INR , C,=1500INR

It is observed from this graph that profit decreases with the increase in cost of

repairman ¢, and Type Il failure rate. On comparing graphs, it reveals that
(i) For A, =0.0045 , the profit is negative or zero or positive according as

C, <or=4710. Hence, repairman should not be paid more than 4710 INR to attain
the profit.

(ii) For A, =0.006, the profit is negative or zero or positive according asC, <or>967.

Hence, repairman should not be paid more than 967 INR to attain the profit.
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Fig. 3.10 - Effect of cost of repairman on profit for distinct values of Type I1
failure rate.

CHAPTER 4

ANALYSIS OF A THREE UNIT SYSTEM WITH
DEMAND DEPENDENT OPERABILITY OF
UNITS

In the preceding chapter we have analysed a two dissimilar unit standby system in
which one unit is of 8 ton capacity and other is of four ton capacity, which were made
operative depending on the demand. In this chapter profit analysis has been done by taking
both the situations when production is less than demand or at least equal to demand with

consideration of goodwill loss when production is less than demand. In the present chapter
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we have considered an additional unit of four ton capacity in the two dissimilar unit standby
system to overcome the situation of goodwill loss. In the present chapter the cost benefit of of
three unit standby system is obtained by considering two types of failures, variation in
demand.

4.2 System Descriptions and Assumptions

System Description

This system comprises of three units one is of eight ton capacity and another two are
of four ton capacity each is considered. One, two or all the three units are made operative
depending on the demand. In this chapter, along with mathematical formulation of the
problem determining the transition probabilities of various states by considering two types of
failure for each unit, availability in full capacity and availability in reduced capacity both
have been obtained by using semi —markov process and regenerative point technique. Rest
processing of the system is same as in the preceding chapters. Thus incorporating the
concepts of dissimilar standby units, two types of failures, variation in demand and
production, we have analysed reliability and cost benefit for the system in the present chapter.
Initially the system is in the working condition with both units operative. The failed unit is
undertaken for repair immediately as it fails. After getting repaired the unit can be made

operative or standby as per the requirement.

The following assumptions have been considered for the model:
Assumptions:
(i)  After every repair the unit behaves like a totally new one.
(i)  After getting repaired the unit can be made operative or standby according to the
need.
(i)  Repair facility is always available for every failed unit i.e. no unit waits for repair
(iv)  Both Failure times as well as repair times are assumed to follow exponential
distribution.
(v)  Incase of repair priority is given to line of 8 ton capacity instead of two 4 ton capacity
lines when there is requirement of 8 ton.
The system has been observed at suitable regenerative epochs by using regenerative point

technique and the following reliability characteristics have been obtained:

(i)  Mean time to system failure (MTSF)
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(i) Availability with full capacity — sixteen ton
(iii)  Availability with capacity — twelve ton

(iv) Availability with reduced capacity — eight ton
(v) Awvailability with reduced capacity — four ton

(vi) Expected busy period of repairman in (0,t]
(vii) Expected downtime

(viii) Expected profit incurred in (0,t]

4.3 Notations

The following notations have been used throughout this chapter:

BS : Unit with 8 ton capacity in standby mode

B, : Unit with 8 ton capacity in operative mode

S, : Unit with 4 ton capacity in operative mode

S, : Unit with 4 ton capacity in standby mode

B,.S;,S, ; System is at rest

I:r1 : Unit having Type — | failure is under repair

ry Unit having Type — Il failure is under repair

Aq ; Rate of Type - | failure of big unit i.e. of eight ton capacity

Ay : Rate of Type - Il failure of big unit i.e. of eight ton capacity

B : Rate of Type - | failure of small unit i.e. of four ton capacity

B : Rate of Type - Il failure of small unit i.e. of four ton capacity

i(t) : p.d.f of time to complete pending process of material at colour
sorter of big unit

(1) : c.d.f of time to complete pending process of material at colour
sorter of big unit

V1 ) Rate with which system is made operative from rest

V2 : Rate with which system goes to rest from operative state
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P

Ps3

Py

Ps

Pe

Py

Pg

p.d.f of time to complete pending process of material at colour
sorter of small unit
c.d.f of time to complete pending process of material at colour

sorter of small unit

Probability that after repair unit needs not to be made

operative.

Probability that after repair unit is made operative .

Rate of Type — I repair for big unit i.e. of eight ton capacity
Rate of Type — Il repair for big unit i.e. of eight ton capacity
Rate of Type — I repair for small unit i.e. of four ton capacity
Rate of Type — Il repair for small unit i.e. of four ton capacity

Probability of making the system operative with capacity from
sixteen to four ton as per requirement.

Probability of making the system operative with capacity from
sixteen to eight ton as per requirement.

Probability of making the system operative with capacity from
sixteen to twelve ton as per requirement.

Probability of making the system operative with capacity from
four to sixteen ton as per requirement.

Probability of making the system operative with capacity from
four to eight ton as per requirement.

Probability of making the system operative with capacity from
four to twelve ton as per requirement.

Probability of making the system operative with capacity from
eight to 16 ton as per requirement.

Probability of making the system operative with capacity from

eight to four ton as per requirement.
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P

P10

P11

P12

P7

Pg

P

P10

P11

P12

P13

P14

P15

Probability of making the system operative with capacity from
eight to twelve ton as per requirement.

Probability of making the system operative with capacity from
twelve to sixteen ton as per requirement.

Probability of making the system operative with capacity from
twelve to four ton as per requirement.

Probability of making the system operative with capacity from
twelve to eight ton as per requirement.

Probability of making the system operative with capacity from
eight to sixteen ton as per requirement.

Probability of making the system operative with capacity from
eight to four ton as per requirement.

Probability of making the system operative with capacity from
eight to twelve ton as per requirement.

Probability of making the system operative with capacity from
twelve to sixteen ton as per requirement.

Probability of making the system operative with capacity from
twelve to four ton as per requirement.

Probability of making the system operative with capacity from
twelve to eight ton as per requirement.

Probability of making the unit of four ton capacity in operative

mode from standby mode when another same unit undergoes

Type-I failure.
Probability of making the unit of four ton capacity in operative

mode from standby mode when another same unit undergoes

Type-II failure.

Probability of not making the unit of four ton capacity in
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P16

P17

P1g

P19

P2

P21

P22

P23

P24

operative mode from standby mode when another same unit

undergoes Type-I failure.
Probability of not making the unit of four ton capacity in

operative mode from standby mode when another same unit

undergoes Type-II failure.
Probability of making the unit of eight ton capacity in operative

mode from standby mode when one unit of four ton capacity
undergoes Type-I failure.

Probability of making the unit of eight ton capacity in operative

mode from standby mode when one unit of four ton capacity
undergoes Type-II failure.

Probability of making both the units of four ton capacity in

operative mode from standby mode when unit of eight ton

capacity undergoes Type-I1 failure.
Probability of making both the units of four ton capacity in

operative mode from standby mode when unit of eight ton

capacity undergoes Type-I failure.
Probability of making one of the units of four ton capacity in

operative mode from standby mode when unit of eight ton

capacity undergoes Type-I failure.
Probability of making one of the units of four ton capacity in

operative mode from standby mode when unit of eight ton

capacity undergoes Type-I1 failure.
Probability of making unit of four ton capacity in

operative mode from standby mode when unit of eight ton

capacity undergoes Type-I failure.
Probability of making unit of four ton capacity in

operative mode from standby mode when unit of eight ton

capacity undergoes Type-I1 failure.
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Pos

P2

Po7

Pog

P29

P30

Probability of making unit of four ton capacity in

operative mode from standby mode when another unit of four

ton capacity undergoes Type-I failure.
Probability of making unit of four ton capacity in

operative mode from standby mode when another unit of four

ton capacity undergoes Type-11 failure.
Probability of not making unit of four ton capacity in

operative mode from standby mode when unit of eight ton

capacity undergoes Type-I failure.
Probability of not making unit of four ton capacity in

operative mode from standby mode when unit of eight ton

capacity undergoes Type-I1 failure.
Probability of not making unit of four ton capacity in

operative mode from standby mode when another unit of four
ton capacity undergoes Type-I failure.

Probability of not making unit of four ton capacity in

operative mode from standby mode when another unit of four
ton capacity undergoes Type-I1I failure.

The system of converting paddy into rice of a rice manufacturing plant has the following

states S;,i=01to 37,:

(i)

Regenerative states
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S0(Bos So S0):51(Bs: S5.S0), S2(Bos Ss. S5 ). S3(Bos So. Ss) Sa(Br, S, Sy )
S5(Brri: So+ So0):S6(Brra: Sor So)s S7(Bos Skri So)s Ss(Bos Skra So)

59(801 Ss Skr2 ) S10 (Bo’ Ss» SFrl)’Sll(Bs’ SkEr1:S0): S12(Bs, SEras So)
S13(Brr2: S0 Ss)y S14(Brr1r Sov Ss) S15(Brr1s Skr1r S6):S16(Brr1y Skr2: So)
S17(Brr2, Skr1yS0), S18(Brray SEr2: So) S19 (Byy Spr1y Sgra)

S20 (B SEr2s SEr1):S 21 (Byy Sopy o) S22 (Boy Skr1s Sera)s S23(Bs, Sgps S)
S24(Bsy SopiS0):S25(Bopr So1S6):S26(Bopr Sor SEr1): S27 (Berw Sopy Ss)
S36(Bos Sops SEr1) s S37(Boy Sopy SEr2)s S30(Bop: SoiSEr2)

(ii) Failed states

S4(Br’ Sr' Sr )7528 (BFrl' SFrl’ SFrl)' SZQ(BFrl’ SFer SFrl)
S31(Brr1y Skr2: Skr2) S32(Brra Sopr So)i S33 (Brray Skr1 SkErd) g
S34 (BFrZ’ S'Frlv SFrZ) ’ SSS(BFer SFer SFr2)

In this Model we have considered the states which fulfill the

requirement of four ton to sixteen ton.

Table 4.1 : Possible states of transition

State Status Possible With rate / probabilities respectively
S, transition

i =0to to

37
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By: So: S 1, 2,3, 4| pyh(t), psh(t) ph(t), 72,41, 42.281,25,
0 5,6,7,8
. Bs, Sq, Sq 0,2, 3, 7, | pah(t), psh(t) pgh(t), P13 B1. P14 B2
8, 9, 10, | pi5B1, P16 B2: P17 B1, P1g B
11, 12
, By, S, S¢ 0,1, 3,5 | pyh(t), pgh(t), pgh(t), pig A1, P20 42
6,13, 14 Pa1 A1, Pa2 42
5 By, So» Ss 0,1, 2,5 | pyoh(t), pyah(t) p1o h(t), Pz A1, P2g A2, Pos By
6, 7,8 9, | PasB2, P2z A1, P2ag Az, P2g B P30 B2
10, 13, 14
Rest 0 71
4
BFrl: So1 So 0, 2, 15 qa,, pa‘l’zﬂl’zﬁZ
5 16
BFrZ’ So’ So 0, 2, 17, ga,, pazizﬂw Zﬁz
6 18
7 Bov SFr1’ SO 0, 15, 17, qbl'ﬂl’ﬂQfﬂli ﬂZ'pbl
19, 20, 21
8 Bo’ SFr2’ So 0, 3 16 qby, pby, 4, 42, B, B
18, 20, 22
9 BO! SSlSFI’Z 2, 3, 16, pr' qbZ’ ﬂ’l’ 2“2
18
10 B,, S., S¢p 3, 15, 17, | qby, A4, 4,, pby
23
11 Bs, SEr1r S 2,19, 20, | qby, By, B2, pby
24
12 Bs, Skros S ;2 2, 20, | gby, pby, 1, B,
Bera, Soi S 1, 3, 17,| pay,qay B, f
13 18
14 Be 1 So» S 2;5 15, 16, | qay, A1, B P2y
15 Ber1s Ser1s So 5 7, 26,| qby,qay, pby, pag, p1, B,
27,28, 29
16 BFrl’ SFrZ' SO 5, 8, 14, qbz,qal, pb2’ ﬂl, pal ,ﬁz
29, 30, 31
17 6, 7, 11,| qb;,qa,, pay, pby, B2, 51

BFrZ’ SFrl7 So
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32, 33, 34

18 Ber2, Spr2r So [ 6 8 12,1 qby,qa,, pay, pby, 1, B,
13, 34, 35

19 Bos Skr1s Ser ;6 28, 33, | qby, 4y, 4, pby

20 BO’ SFFZ’ SFrl 7, 8, 10, qbZ'qbl’pr'//{l’ﬂ’Zf pbl
29, 34, 37

21 B, Sop So 3 m (t)

22 By, Skr1» Skr2 §’5 9, 31,1 qby, pby, 4,4,

23 By, Sop» Ss 2 m(®)

24 Bs, Sops So 1 m (t)

25 Bop: Sov So 1 i(t)

26 Bop:So.Sern | 1L i (©)

27 Bryr S,y S 14 m (1)

28 Brr1 Sere Ser | 1919 by, ay

29 Brr1: Skr2s Spry | 151620 1 by by,

30 Bop:So.Srrz | 12 i (0)

31 Brri Skr2, Spra| 1622 b\ &

32 Brrzs Sopr So | 23 m (t)

33 Brra, Ser1s Sprp| 171820 | byby 2,

34 Brro, Sery Sprg| 17019 b, a;

35 Beros Seros Serpt® 22 by, ay

36 By, Sopr Spr1 | 10 m (1)

37 Bo’ Sop’ SFr2 9 m(t)

4.3 Transition Probabilities
The epochs of entry into states 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 are regenerative

points. The transition probabilities p;; can be obtained as:
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p,; = lim ;" (s) =lim [e g, (t) it (4.1)
0

The transition probabilities have been obtained as follows:
Go1 = Ps h(t) e—(il+/12+2,61+2ﬂ2+y2)t . Ggo = P3 h(t) e—(/11+/12+2ﬂ1+252+y2)t

Qo = pih(De" e 228t | o it 2Bs2 )t )
Gos =4 o~ (At t2fi+2 5 +72)t H(t), Uo7 =75 o~ (At t2fi+2 5 +72)t H (t)
qu :Zﬂl e—(/11+/12+251+2ﬂ2+72)t |__|(t) , qu :Zﬂz e—(ﬂi+ﬂg+2ﬂl+2ﬁ2+}/2)t H_(t)

- t - t - t
Qo = P4 N (t)e ehalt | G2 = psh(t)e ieha) » Oi3 = Pgh(t)e Vreh2)

ti7 = P13 A1 g uth2lt H(t), o5 =Pub g (PPt H (1)

tho = Pis B € I H () 010 = P16 A1 e AN (1)

Q11 = P17 A e Pl H Gu12 = P1g f2 e PN ()

Opo = Py h(©)e At g, = pah(t)e At | g0 = py h(t)e (A2
H(t) , dx=Paoe

(4 At
(fa+42) H®), Go1a=Pp 4 e

—(ﬂ.l'f'ﬂ.z)t —(ﬂlﬁ'ﬂz)t

H (t)
—(Ag+ At

Oz5=P1g A€
U213 =P 4se H (t)

- (A4 t —
g = Ppp h(t)e (h+2)t Oas = Poz Ay € (it Ao+ Bt Ba)t )
(A4 t —
U3 = Pas A€ ardzthrePat (), U37 = Pos B8
= Pos B e—(/11+12+/31+ﬂ2)t I-_|(t) Gso = Py By e—(ﬂl+ﬂ,2+ﬂl+ﬂ2)t g (t)

—(A+ A2+ P1+ Bt

_(ﬂl+ﬂ“2+ﬂ1+ﬂ2)t H_ (t)

O3g

H(t), Gag = Pog Age 221/ g gy

h (t) e—(ﬂ1+/12+ﬂ1+ﬂz)t ’

U310 = P2g fr1€

_(/7*1+/12+ﬁl+,62)t |__| (t) ’

it
U314 = P3g 42 € J30 = P1o Qa0 = € n

- —(@,+2B+2p,)t —(@, +2p1+2p)t
h(t)e (M+2p+B1+Bo)t sy = Ay € (@, +25,+2p5) Gep = page (@, +2p,1+2p,)

—(@, +28,+28,)t (@ +28,+2,)t
, OUs16 = 28,€ S gg =qae 2 T

~(8,+26+2f)t

O31= P11

—(@, +2B,+28,)t
Us15=201€ s

(@, + 28,428t
Gep= Pase 2 =7, Os17 = 231 €

~(A+ A+ B+ B +D)t

(@, +28,+28,)t
, Us1g=28,¢€ 2

—(Aq+Ag+By+ By + D)t —(Ag+Ag+Br+ By +0)t

dzo=qb,e yO7ai7=41 € yO7a7=42 €

U7 10=f1 e*(/11+/12+ﬁ’1+/32+bl)t G 20= S e*(/11+/12 +B1+ B, +0)t G701 = Gy e*(ﬂﬁﬂz*ﬂﬁm*bl)t
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~(Ag+Ag+Py+ B+ b
)t
—(Ag+ Ay +Py+ B+ 0,)t (A +4
—(Ag+ g+ P+ B+ D))t

Jgo =qb, e
, Ogg =pby e

Og18 = 42 ot Az +Bi+ B+ Do)t
, Ug,20 =11 o=t 2o+ B+ + Do)t

pb, e_(llﬁ’z’“bz)t
, Og3=0b e—(ﬁi+ﬂg+b t
3=4P; 2t Jo16 =/ g~ (D)t

) q8’16 :ll e

y Og oo = Bo e_uﬁ’l?*ﬂﬁﬂz*'bz)t

Qoo =

Og1g =4 e—(ﬂ:l+/12+b)t
8 2 2t q10‘3=(1b1 e—(ﬂ,l+/12+b1)t
, 010,15= ph, e—(/11+/12+b1)t

e Y7 1023=4 e~ (A + byt
B o~(A+f+ byt

v 01119 =

~(B+p,+b
e )t
B 2P0t gy, = qble—(ﬂl+ﬂ2+b1)t
p b]. e_(ﬂ_ﬁ'ﬂz +b1)t

Q11,20 =
U121 =0Db; e~ (Bi+B+by)t v U124 =
’ q12,2 = pb2 e_(ﬂ_|_+ﬂ2+b2)t B
U122 =F5> o~ (Atfa+bo)t , Q220 =P1 € (B+Po+Do)t
. Qugq = qa, e Attt
Q1317 =p e~ (Bthr+ @)t v Q133 =Pa, e~ (Bithr+ar)t
' ql3,18=[82 e—(ﬂ1+ﬁ2+a2)t
d1415 = P e_(ﬂ1+ﬂ2+al)t » a3 =02a, e~ (Atfr+3)t
» G1416 =52 R L
q15,5 =( b1 e‘(ﬂ-L+ﬂ2+b1+ a)t ( ! ,25=pa,e b +ag)t
, Ohs7 =Ppb, e Py byt (By+P+0
Ois07 = 0@, e_(ﬂl+ﬂ2+bl+ at , Ous6 =Pa, € p-at
, Og508 =51 e_(ﬂﬁﬂz +by+apt esoab
q]_6’5 = qb2 e—(ﬂ1+ﬁ2+b2+al)t ' q]_5’29 :ﬂz e 2t + al)t
v Oieg =0da,; e_(ﬂ1+,82 +h,+a))t i fy b
q16’29 =IB1 e—(ﬂ1+ﬂ2+b2+al)t ) q16’14 = pr e~ Bo+Dy+ al)t
» Oie30 = P&y e_(ﬂl+ﬂ2+b2+al)t " .
ql7,6 = le e_(ﬂl+ﬂ2+bl+a2)t ’ q16131 =ﬁ2 e~ +ho+ 2+al)t
- Ghr7 =92, o APt bir )t (
th732 = Pb e_(ﬂ1+,b’2+b1+ a,t , 711 =Pa, e Bu+Pr+0y+ @)t
| 1 » O1733 =F1 t°._(ﬁl+ﬂ2+b1*a‘z)t (
q1816 = qb2 e—(ﬂl_+ﬂ2+b2+a2)t ' q]_7’34 zﬂz e Pi+Bo +b1+ az)t
v tigg =03, e_(ﬂ+ﬂ2+b2+ a,t (
q18,13 = pb e_(’ﬂ-L+ﬁ2+b2+a2)t ) qlgylz = pa, e~ ﬂl+ﬂz+b2+a2)t
? ) q18,34 :ﬂl e_(ﬂl+ﬁ2 +b2+a2)t (
Q19,7 = 0by e_u’l‘MQJ’bl)t , Oigss =Pr € Pt Br+0y+ @)t
. Ghgag = pby e AT TE! (
Oho,33 =42 o~ (At +byt , Ohoog =41 € Qo +by)t
» Uo7 =Qb, o~ (At +bo+by)t
U010 = Pb; o~ (A Dy byt , Op0g =0db; o~ (a2 +by byt
, U020 =41 o~(a+Aa+by+by)t
20,37 = pbl e‘(ll”2+bz+b1)t q » U20,34 =15 e_(ﬂi+’1’2+b2+b1)t
' H213=m(t) U8 = Qb e_(’11+/12+b2)t
Op.31 =4 g~ (a+ha+b2)t ) 2 , Op29 =Pb o~ (aththa)t
! ! q22 35 :iz e_(21+22+b2)t 2
, L q
a i 232=m (t) , %241- .
2611=1 (t) , q27,14 -m (t) ’ q28,15 — bl e—(a1+bl)t g . Cansbyt m (t) ) q25,1: i (t)
1 M2 = 1
8,19 ]_e , q29’15 — bl e—(al+b2+bl)t
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—(ag+by+by)t —(ag+by+by)t

U916 = by e » O2920 =81€ , Ogp12 =1(1)

—(a;+bo)t | —(a;+by)t _
U116 = by € ;v Os120 = @18 , O3213 =M (1)

*(az+b2+bl)t *(az+b2+b1)t 7(a2+b2+bl)t
Os317 = b€ , Osz18 =bje » U330 =Q2€

—(ay+by)t —(ay+by)t _ —(az+by)t
Usq17 = b€ v Og19 = a2€ , U518 = b€

_a e*(az+b2)t

35,22 = @2 » Uzg10=m (t) + B7.9-m (1)

(4.2)

The non zero elements pj; have been obtained as:

p01=p2h*(/11+12+251+2ﬂ2+7/2) ’ p02=p3h*(ﬂ1+12+2ﬂ1+2ﬂ2+y2)

Poa =PiN (Mt +28+2,+72) » Poa =12 N (A + 2 +2/ 420 +72)

pos = A (1-0" (A + 22 +2B1+2B,+72) )+ Poo=Aa (10" (A + Ao+ 281+ 28, +72) )

por =2 (L0 (A + 2 + 2428, +72) )+ Pog =255 (11 (A + Ao +2/+ 28, +72) )

Pro = P (Bt Bo+72)s Pz = Psh (Bi+Batr2) v Pia= Psh (Bi+Ba+72)

Py = Pis A (10" (A+52) )+ Pra = Pra o (1= (B+ o) ) s Prg = Pus B (1= (Bi+ o) )
P110 = P16 A1 (1_h*(ﬂ1+,32)), Pra1 = P17 A (1—h*(ﬂ1+ﬂz)) » P12 = P1g fo (1_h*(:31+,32))
pao=P7h (A+2) » Pau=Pgh (A+4) , P2s=Poh (A+7%), Pos=Pio(l-n"(+2))
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Pas = P20 A2 (1N (A1 +22)) s Pogs =Para(1-h (4 +4))

Posa= Pa2 22 (1-0"(A+22)) Pao =Proh (Aa+ 42+ 1+ B2)

Pa1=Puah (A+A+Bi+ S5 ). Par=Piah (A + 4y + B+ )

pss = P2 A(1-0 (A + 22+ B+ B2)) s Pas = Paa Ao (1= (A + 2+ B+ )

Psr = Pas Au(1-0 (A + 2o+ Bi+B2)) . Pas = Pas B2 (1-N (A + Ao + Br+ B2 )

Pso = Por Ao (10 (A + Ao+ Bi+B2)) . Psno = Pas Bu(L- (A + 2+ B+ B2))
Pags = Poo (10 (A + 2+ B+ B2)) s Paga = Pao Az (1= (4 + 2+ By+By))

0,0 =1 . DPey = ga; Ds, = pa; 0 _ 25

O B0 128428, P a+2p,+2B, P a +2B,+2p,
0ere = 28, 0o = qa, 0o, = pa,

MO T a 28428, 0 T Ay 428,428, 2 a,+2B,+2p,
N 2, Dars 28, 0. = qb,

O e, 128,428, T T a, 128,428, U0 At A, + B+ By4D,y
0= A 0 = Ay - B

i A+ Ag+ Byt Bo+by i A+ g+ B+ Po+by o A +Ay+ B+ By +by
- B - qb, Do = ab,

.20 A+ A+ P+ By+by n A+ Ao+ P+ By+by % A +Ay+ B+ By +by
0 _ A Daq = pb, Dg1a = Ay

540 A+ Ao+ P+ Py+by % A+ A+ P+ Py+by S48 A+ + B+ B+,
P20 & Pa 22 = ik Qo =—— -2 —

5:20 A+ Ay+ B+ Po+by 822 A+ g+ B+ Po+by % A+, +by
OO L S S S OV A P L
B Mt dgrny U Ay T A dprn, T A ity
T P S
TR 1017 PEwRT 10,23 PR 1119 Bt B+,
pllzozL P12 = _ % p1124:L plleL

' B+ B+ ' B+ fr+by = Bt Bty T Pt Brthy
o, PP A P 9%
122 B+ Po+by 1220 B+ Po+by 1222 B+ Potby 13 B+ pr+a,
Dyaq = pa, 0 _ b1 D13,18= B> Digs = gqa,

133 BitPr+a, 137 Bi+pota, T Bt petay 143 Bt P+
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B B pa, qb,

p14,15:m » P1a16 :m v Pra2s Zm v Pis5 = B+ fp+by+ a
P157 = Pbs » P1526 = e v P1s27 = 1%
Y P+ fPo+bi+ag ’ P+ Po+bi+ ay ’ P+ Po+bi+a
P15,28 = a v P1529 = P » Piss = .
’ P+ Po+bi+ag ’ P+ Po+bi+ ag T B+ By+by+ ag
Pi6s = 15 » P11 = P v P1629 = d
S B+ Potby+ay ’ P+ Po+by+ag : P+ Po+by+ay
P16,30 = 1% v P1631 = P2 v P17s = i
’ P+ Po+by+ 3y T B+ fo+by+ag T B+ frt+bi+ay
P77 = 19 v P71 = he. v P1732 = PO
T P+ fr+bi+a, B+ Po+bi+a, ’ P+ 5, +bi+ a,
P1733 = & » P1734 = P2 » Pige = -
’ P+ P+bi+a, ’ B+ P+bi+a, T B+ fy+by+a,
Pigs = 19 v Pi1g12 = Pa: v P11z = PP
© Pt Botby+a Bt Btbytay T Bt Btbytay
P1g34 = & » P1g3s = P v P1o7 Zq—bl
T Bt Btbytay T Bt Btbyta T At A+h
P19,36 =p—b1 » P1g,28 =L , P1933 =L
’ M+ A +by ’ M+ A +bg ’ M+ +bg
P207 = b v Poog = i v P2oao = b2
Y+ A +by+Dby T+ A +by+by =+ +by+Dby
A Ay pby
p20‘29=/11+/12+b2+b1 ’ p20’34=21+12+b2+b1 '+ Paog7 = Ay + Ay +by+by
Poi3-1 p228=L ) P229=L1 P2231=L
CT T A+ A+b, T A+ +by T A+ Ap+by
A2
P22,35 :m v Pozo-1, Posr-1, Posi-1, Pos1i-1 , Poraa-1
b a b b
Pogis = al+1b1 » Pag1g = a1+lb1 » P291s Zm » P2916 :aszerl
a by ap
P 29,20 Zm v Paog2 =1, P3ige = a,+b, ' P31,22 = a,+b, ' P3213 =1
by by a;z by
P3317 = m » O3318 = m v O3320 = m, P3a17 = a,+b;
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ar b, ap

, — , =< 1, B 4.3
P3518 a,+h, P 35,22 a,+b, P3s10=1 + Pa79-1 (4.3)

P3419 =
’ a,+b;

The mean sojourn time 4 in the ith regenerative state is given as:

i =E® =P = [d(Q,0) wa)

(
(

Hg :(1_h*(a2+2ﬁ1+2ﬂ2)) v Mg = (1_h*(b1+ﬂ1+/12+ﬂ1+ﬂ2))
(

) s =(1-0" (24 A4 5,))
) 7R (l—h*(a1+b1+,81+ﬂ2))

Hy :1_(h*(b1+b2+ﬂﬂ+ﬂz)) oy == (0) , gty :1_(h*<b2+ﬂl+/12))
My = -m(0), Moy = -m(0) , Haps = -i’(0) , Hae = -i’(0) , Hy = -m’(0)

1 3 1 3 —i*(O) 1
Hog a,+b, v Hag a,+b, 1D, v Mg v Mgy a,+b,
x 1 1 1
= —| 0 , = , = , =
Haz ) s a,+b, +b, Ha a,+h, Has a,+b,

Mg = —m*(O) v M3z = —m*(O)
(4.5)

The unconditional mean time taken by the system is mathematically stated as:

m; = [tdQ;® = [tq,;®)dt = —q; (0) (4.6)
0 0
Thus, we get
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Moy + Moy + Moz + Mgy + Mg + Mo +Myz +Myg = £,

Myg + My + My + My +Myg + Myg + My + Myyy + My, = 44

m,, +M,; + My, + My, +M, +m213+m214:,u2

Myy +Myy + My, + Mg + Myg +Myy + Mag +Myg +My 55 +My 3+ My, = L4
= My Mgy + Mgy + Mg 5+ Mgy = Ly, Mgy + Mgy +Mg g7 +Mg g = L4

Mg+ My g5+ My g7 + My gg + My + My = 4

Mg + Mg + Mg 16 +Mg1g +Mg 59 +Mg 5, = L

Mgy + Mgz + Mg 15+ Myg = Ly 5 Mygz+Myg 5+ My, +Myg 55 = L4

My 5 +Myyg9 + My o0 + My o0 = Aoy s Mypy +Myp 5 +Myy 50 +Myp 00 = L,

Myzy +Mygg+Myggz +Mygyg= Lhz 5 My g+ My g5+ My g6+ My 5 = L4,

m15,5 + m15,7 + m15,26 + m15,27 + m15,28 + m15,29 - lulS

m16 5 + m16 8 + m16 14 + m16,29 + m16 30 16 31 /u.LG

m17,6 + m17,7 + m17,11 + m17,32 + m17,33 + m17,34 = lul7

m18 6 + m18 8 + m18 12 + m18,13 + m18 34 18 35 lu18

Myg 7 +Myg g+ Mg a3+ Mg s = Loy Myzo = Moy » My = Ly
Myy 7 + My g + Moy Mg o9 +Myg 3y +Myg 07 = Llygy My 3= Ly
Mg+ Myy g+ My gy ¥ Mypas = Ly y Moyg1 = Mys » Myg = Hyg

Myr1a= Moy v Mgy = Mgy s Mag10= Lgg » My 9= Ly

4.4 Mean Time to System Failure (MTSF)
In order to determine the mean time to system failure (MTSF) of the system, the

failed states are considered as absorbing states, The following recursive relation for g; (t)are

obtained as:

¢ (1)=Qo1(t) (5) 1 (1) + Qo2 (1) (5) (1) + Qo (1) () ¢ (1) + Qo (1) (S) B4 (t)+Qos (1) (5) 45 (1)

+Qos (1) (5) 5 (1) + Qo7 (1) (5) B/ (1) +Qog (1) (s) 5 (1)

¢ (t)=Q10 (1) (S) o (1) +Qu2 (1) (8) 2 (1) +Qu3 (1) () A3 (1) +Qu7 (t) (5) b (1) +Qug (1) (8) 5 (1)

+Qug () (S) g (t) + Quaz (1) (S) Ay (t)+Qu1z () (S) o (1)

¢ (1)=Qq0 (1) (5) o (1) + Qa1 (1) () 4 (1) + Qa3 () (8) 3 (1) + Qa5 (1) (5) s (1) + Qa5 (1) (S) i3 (1)

+Qp14 (1) (S) g (1)
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B3 (t)=Qs0 (1) (5) o (t) + Qaz (t) ()1 (t) + Qa2 () (8) o (t) +Qas (1) (5) 5 (t) + Qa6 (1) () ¢7 (1) +
Qs (1) (5) 5 (1) + Q39 (1) (5) o (1) + Q310 (1) (S) hio (1) + Q313 (1) (S) F313 (1) + Qa4 (1) (S) B34 (1)
10 (1) () ¢ (1)
(t)(5) o (t)+Qs2 (1) (S) 42 (1) + Q515 (1) (5) ths (1) + Qs 16 (1) (5) 16 ()
60 (1) (S) o (1) + Qg2 (1) () 42 (1) + Qg17 (1) (8) 7 (1) + Qg 15 (1) () g (1)
70 (1) (8) o (1) +Q7.15 (1) (8) s (1) +Q7.19 (1) () g (1) + Q7,20 (1) (8) oo (1)
+Q7,21( )(8) (1)
i (t)= Qao () (5) ¢ (t)+ Qg3 (1) () s (£) + Qa6 (t) (5) 6 (t) + Qa8 (t) (5) s (1)
+Qg 20 (1) (8) Bop () +Qg 22 (1) (8) bz (1)
¢9(t = Qo2 (1) (5) 4, (1) + Qo3 (1) (8) 3 (1) + Qo .16 (1) (8) dhs (1) +Qo.15 (1) (5) i (1)
= Quo3 (1) (8) A3 (t)+ Q015 (1) (8) 5 (1) +Quoa7 (1) (S) A7 (1) + Qi1 (1) (8) i (1)
1 (t)= Qu12 (1) ()42 (1) + Quaag (1) (5) Ao (1) +Qua.20 (1) () oo (1) + Q1,24 (1) (5) ha (1)
1(D) () A (1) +Qu22 (1) (8) 42 (1) + Q2,20 (1) (8) hao (1) + Q2,22 (1) () 42 (1)
= Q31 (1) (8) A (1) +Quz3(t)(5) 45 (t) +Quza7 (1) () b7 (t)+Quz18 (1) (S) s (1)
3(t)(5)¢3(t)+Qua15 (1) (5) s (1) +Quaze (1) (8) dhe (1) +Qua 25 (1) (5) s (1)
s (1 Q15,5( )(8) 5 (1) +Qus.7 (1) (5) 7 (1) +Qus.26 (1) (5) o (1) +Qus 27 (1) (8) 7 (1)
+Qy5,28 (1) + Qy5.29 (1)
¢ (1)=Qu6,5 (1) (3) 5 (1) + Que g (1) (5) s (1) + Qupaa (1) (S) dha (1) +Qug 30 (1) () B0 ()
+Qu6,31(t) + Qup 20 (1)
d7 (1)=Qu76 (1) () s (1) +Qu77 (1) (5) B7 (1) +Qu7.11 (1) (8) g (1) +Qu7.32 (1) (S) i (1)
+Qp7,33(t) + Qu7,34(t)
g (1)= Qug s (1) (S) s (1) +Qug 6 (1) (5) 5 (1) + Qugaz (L) (5) dis (1) +Quga2 (1) (8) i (1)
+Qug 34 () +Qug 35 (t)
tho (t)= Qg7 (1) (5) ¢ (t)+Quo36 (1) (S) 6 (t)+Qug 28 (t) +Quoz4(t)
#0 ()= Qa07 (1) (3) ¢7 (1) +Qa0,8 (1) (S) 5 (1) + Q010 (1) () Ao () + Q20,37 (1) () #37 (1)
+Q20,29 )+ Q20,34 (t)
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26 (1)=Qa621 (1) (5) A1 (1)

7 (1)=Qz724 (1) (3) 4 (1)

#30 (t)= Qa022 (1) (s) 2 (1)

32 (1)= Qa213(t)(8) s (1) (4.8)
#30 (1)= Qa012 (1) (8) A2 (1)

#36 (1)= Qs6.10 (1) (8) Ao (1)

#32 (1)= Qa13(t)(S) (1)

(
37 ()= Qaz,0(t)(S) ()

In order to obtain MTSF, we first take Laplace Steltjes Transforms of set of equations
(4.8) and then solve them for ¢, (S) . Thus, we get

MTSF = limi=% ) _N_D(0)-N(0)

=—= (4.9)
50 S D D’'(0)
where
D'(0) = derivative(D,)
N’(0) = derivative(N,)
where

a;; A 3 Ay a5 e 0 0 0 0 an ai12 8113 A4

an 1 dp1 @p3 dp4 Ap5  Aps 8y dpg  Apg 0 0 0 0
d31 Az dzz Ay 0 0 0 0 0 0 dz11  az12 4313 A3y
Qg1 Qg 843 Qg4 A5 Ays Q47 Ay 0 0 411 Q412 d213 Qa4

as; 0 0 as ass 0 0 asg 0 0 as511 0 as513 0
3 0 0 ag 0 @ ag ag O 0 0 ag12 0 apus
0 0 a3 Ay 0 0 1 0 0 0 0 az12 0 a7

Di=lo 0 a4y amw 0 0 0 1 0 0 agy 0 agy O

0 gy Agz 0 Ags Agg Ag7  Agg 1 0 0 0 0 0

0 a2 a3 O A5 @06 07 3a108 O 1 0 0 0 0

a;p A2 a3 apg 0 0 0 apg apg O ajy;n Ay 0 0

Q121 A1p2 A3 24 O 0 0 0 0 apge 0 CIPEPIEY 0
131 Q32 A3z ;34 ;s 0 0 a3 0 0 0 0 aj313 314
A41 A4 A3 a94 0 apg O 0 apy O 0 0 a3 a4
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11 =1-04 a0 —Uo5 50~ Gos Y60 + A12=""C01 » @13 = U2 — U 5952~ UoeU 62

814=" 0oz » &5=—0g7 s 816 =~ Uog » 111 =~ YosUs15 » @112 =~ YosUs16

a113= ~UoeU617 » Y14="UoeUe18 » A21=—U10 » 823=— U1z, @24 =—0y3

A5 ="0y7,82%="0U18,827="019, A28=— P110» @20 =111+ 220=" U112

a31=~ 020 026060 ~U25U50 » @32 =~ U21 ~U2130131 — U214Y14,25U 251

A33=1-0505, 026062 + 34 =—023 — 02130133 ~ 02140143

a311 =~ 0250515 021401415 » @312 =" 0250516 U 21401416

a313=~ 021301317 0269627 » 8314 =7 021301318 ~U26Y6.18

a41=" 030 ~U36860 ~U35050 » @42 =~ U31 ~U3130131 ~U314014,250 251

43=—035052 —O36U62 » Aas=1—0U3130133 ~ 03140143

A5 =—0gz7 »846= ~0O3zg s 47= U39 » 48= 0330

a411 = U35U515 ~U31401425 » 422 =~ U350516 —U314Y1416

a413=" 031301317 —U369627 + @424=7 031301318 0360628

a41=" 030 ~U36d60 ~U35050 » @42 =~ U31 ~U3130131 ~U314014,259 251
A43=—03505, — 36062 + 851=—070 » 854 =~ 07210213 » 855=1-07190197
a5g=~071901036U3610 » @511 =~ U715 » A513=— U717, 861="0gp » @ps = Ug3

ags =1—0g 200208 ~Ug 220228 » 867 =—Ug 2002037937, ~ g 22U 229 » @68 = ~Usg,200 2010
Ag12 = Ugae » Ap14="Ug1g» @73 = Ug2 » 874 = 0oz 87120 == Uog16 » 714="0o3s
dg3 =~ 010239232 » 8g4 == U103+ 8g11 == U015 + A813="U1027 » Q92 =" 01124024,
Ag3=—0112 s 895 == 011100197 ~U11209207 » @96 = ~U11,200208 » 97 = ~U1120920,37U37,9
A9g =~ 0112082010 791119 919,36 43620 + @102 =" U121 » @103= ~ U122

A105 = ~ 012200207 » 10,6 = — 012,209 208 ~ 12,220 228 + A108= ~ U12,209 20,10

810,7= ~U12,20920,37937,9 ~U12,220229 » @111= ~U155050 » Q112 = ~U1527927,14 U14,25U 251
A113= ~U155052 » A114= —U152792714 U143 » Q118= —U15260 26,11

81111 =1-015 279271491415 —Y1550515 + Q1112 == 015,270 271401416 — U155 516

A121= ~U1e59s0 + 8122~ ~U1614 14,250 251 » @123= —U165052 + Q124= ~U1614 U143
8199= ~ 0163003012 » 81212 = 1= 0161401416 ~ 1659516 » @131= —U17,6%60

A132= ~ 0173203213131 » @133 = ~U176062 » Q134 = —U17,32032130133

135=—0177 » @138= ~ 01711 » @1323= 101760617 — A17,320321301317

Q1314 = — 017,606,218 —U17,320321301318 » @141= —U186U60 + R142= —U18130131
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3= —Uigele2 + A144= ~U1813U133 » Q146= —U1gg » A149= —Uig12

81413= —U1869627 —d181391317 » 1414 =1~ 01560618 — U181391318

where

a01
ann
o1
a131

a141

o O o o

agy
a10,2
ay2
a2
a132

a142

a103
a3
a3
a133

a143

0

ai14
a12.4
a134

A14.4

dgs

a105
0

0

a135
0

0

agp

a10,6
0

0
0

a146

0
dg7

ay0,7
0

0
0
0

dogg

daiog

ais
0

di3g
0

105

o

job)
N
(e ]

O kb O O O O o o

a9
0

0

a149

D
N
©

O kb O O O O o o o

a1210
0

0

0
0

a1

az12

ag12

ag12

a712

a1112

a1212
0

0

aj13
a313

a413

as513

ag13

o O o

d1313

a1413

ay14

a3z14

ag14

ag.14

a714

o O o o

21314

a1414




A12=" (o1 » @13 == Qo2 ~Uos9s2 ~doeUe2 + @14=—Uo3 » 45 ="Ug7 s 816 =" Uog

111 =" UosUs15 » @112 =~ UosUs16 + @113 ~UoeUe17 » A4 =~ Uosle18 » @23=—U12
Aps=—013 » @ps=—017,8%="0Q1g,8p7="019 8= P110 1 @29="0111»8210=" U112
Q37 =—0Op1 —02130131 ~ 0214914250251 + 833=1—02505, —U26062

834 =03 02130133 = U2140143 » @311 =" U 250515 = U214Y1415

a312 =" 0250516 ~U214U1416 » @313 =" 021301317 ~U260617 + @314 = U21301318 ~U26U 6,18
42 =7 U031 —03130131 — 4314014250251 + A43="035052 —U3eUpp 1845 =—U37 » Q46 = —U3g
a44=1-03130133 ~ 3149143 » 847=—039 » Aag=—0310 » 8211 == U350515~ 031401415
A412 =" U35U516 — 031491416 + @413=~ 031301317 —U36U617 + @414 =" U31301318 ~U36d618
42 =031 —U3130131 — 931491425 251 ; @43 =—035052 —U36Ue2 + @51 =0719(%h0.25 + tho 33)
Q54 =—07210213+ 8s55=1-07190197 853 =—0U719019 3603610

Q511 == 0715 » @513=—0U717 , g1 =—Ugo , Aes =—Ugg » 8g6=1—Ug 200208~ Us.220228
Qg7 =—0g2002037937,9 ~Ug 22U 229 » 26g = —Ug 2002010 » @612 = Ug16 » A14="Ug1s

a73 == 0gp s @74 =—0Ug3 s 8712 = Ug16 » @714 =" U918 » 8g3 =~ 10239232 » @84 = U103
Ag11 =—U1015 5 g13=—01017 » Q91 ="Ch119(019.28% %o 33) + G120(U2020 +02034)

Agp == 011240241 » A93= — 0112 » Qg5 =~ 011100197 — 011209207 » Q96 = —011200 208

897 = —U11,20020,37937,9 + Q98 = ~ 112002010 — Y1129 919,36 36,20 + A10,2 =122

8101 =0h2,20 (02029 + U20,34) + Oh2,22(Up2 31 + Up235)  + A103=—U122 » Q105 = —U1220020,7
a10,6 = ~U12,200 208 ~Y12,22Y9 22,8 + 8107 = ~U12,20020,37037,9 ~U12,229 22,9 » @111 = Gh528 + U529
a108 = ~U12,2002010 + @112~ ~U152702714 Q14,250 251 » A113= ~U155Us2

Q174= — 1527927124 Q143 + Q118= ~ 152602611 + @1111= 1~ 015270 271401415 — 1550515
A1112 =~ U152702714%1426 ~Y155U516 + 8121= Uie 20 T the 31 + @122 = ~ U164 U14,25U 2521
8123= ~Uie59s52 + @124 = —U1624 U143 + @129= ~U1630U30,12

Q1212 =1- 0161491416 —Y1659516 + @131= th733 + Ch73a » Q132= — 1732032130131

A133= ~U176962 » A134= ~U17,3203213133 + @135= ~U17,7 » A138= ~ U711
Q1313=1-01760617 — A17329321301317 + @1314 = —U1760618 — U17,3203213%1318

A141= Ohg3s T thg3s + Q142= ~ 018130131 + @143= ~UigeUe2 + A144= —U1g130U1333

A146= ~ U188 + Q149= ~U1g12 » 31413~ ~U186U617 ~ U1813U1317

a1414=1-01860618 —d1813U1318

106



4.5 Availability Analysis

4.5.1 Availability with full capacity

Let Ali (t) be the probability that the system of 16 ton capacity is in upstate when at

instant t given that the system entered regenerative state I at t = 0.The availability Ali (t)

is expressed as the following recursive relations:

Ay (1)=M o () +Quoq (t) (c) Ay (t)+Quoz (1) (€) A (t)+Qua () (€) A'3 (t)+ Qoa (1) (0) A'y (1)
+Qus (1) () A's (t)+Qos (1) () Al (£)+ Qo7 (1) (¢) A'7 (t) +Qug (1) () A5 (1)
A (1) =Quo (1) (©) Aly (1)+Qua (1) () A, (1) +Qu3 () () A () + Q7 () (€) A7 (1)
+Qug (1) (€) Ay (1) +Quq () (€) Ay (1) + Quaq (1) (©) A'yy (1) +Qupo (1) (€) Az (1)
A (1)=Qa0 (1) (©) A'g () + Qa1 (1) (©) Ay () + Qa5 (1) (€) A'y () + Qa5 (1) (€) A's (1)
+ Q13 (1) (€) A'ga (1) + Qa4 (1) () A'yy (1)
A3 (t)=Qso (1) (©) Ay (t) + Qay () () A4 (t) +Qap (1) (€) A5 () +Qas (1) (€) A's (1)
+Qs5 (1) (€) A'7 (t)+ Qg (1) (€) A'g (£) +Qag (1) (©) Ay () + Qa1 (1) (©) A'po (1)
+ Q313 (1) (©) A's15(t) + Q314 (1) (€) A4 (1)
Ay (t)=Qqo (t)(c) Al (t)
A5 (1) =Qso (1) (€) Ay (t)+ Qs (1) (€) A (t)+Qs 15 (1) (€) A'ys (1) + Qs 16 (1) (€) Ay (1)
A5 (£)=Qg0 (1) (©) A'g (t)+ Qg2 (1) (©) A2 (t)+ Qa7 (1) (©) A'y7 (1) + Qg5 (1) (€) A (1)
A7 (1)=Qyo (1) (€) A'p (1)+Q7 15 (1) (€) A'is (1) +Qy 19 (1) (€) A'yg (1) + Q.20 (1) (€) A'yg (1)
+Q721 (1) (€) A (1)
Al (t)= Qgo (1) (c) A’y (t)+Qqs (1) (€) A5 (t)+Qg 16 (1) (€) A'yg (t)+Qg1g (1) () Ayg (1)
+Qg .20 (1) (€) A'y (1) +Qg 22 (1) (6) Ay (1)
Ay ()= Qgp (1) (©) A’ (t)+ Qg (t) () A'3 (1)+ Qg6 (1) (€) A'ts (1) + Qo 1 (1) (€) A'yg (1)
()= Qio (1) (©) A'3 (t)+Quo5 (1) (€) A'ys (1) +Qug17 (1) (€) A't7 (1) +Qin18 (1) () Ay (1)
()= Quu2 (1) (€) A% (t)+ Quy10 (1) (€) A'tg (t)+ Q1,20 (£)(€) Ao (1) +Quy 00 () (€) Apg (1)
A1z (t)=Quz1 (1) () A"y (1) +Quz2 (1) (€) A’y (1) +Qup20 () (€) Ay (1) +Quz 20 (1) (€) Ay (t
(t)
(t)

t

(
= Qu31 (1) (©) Ay (t) +Qug5 (1) (©) A'3 (1) +Qugz7 (£)(€) Ay (1) +Quazs (1) (€) Alsg (1)
Al (1)=Qua3 (1) (©) A'3 (1) +Quaas (1) (©) A'ts () +Qua6 () (€) At (t)+Qua o5 (1) (€) A'ys (1)
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A5 (1) =Qis5 (1) (©) A's (1) + Qs 7 () (€) A'7 (1) +Qus 26 (1) (€) Az (1) +Qus o7 (1) (€) A7 (1)
+ Q15,28 (£)(C) Alpg () + Q5,29 (1) (€) A'gg (1)
A6 (1) =Ques5 (1) (©) A's (1) +Quep (1) () A'g (1) +Qup 1 (1) (€) Aa (1) +Qup.30 (1) (€) A'yo (1)
+Qup31(1)(€) A3y (1) + Qi 29 (1)(C) Alpg (1)
A7 (1)=Qu76 (1) (©) A'g (1) +Qu77 (1) () A7 (1) + Qu711 (1) () A'yy (1) +Qu7.22 () (€) A3 (1)
+Qu7.33(1)(S) Algg (1) + Qu7 34 (t)(5) A3 (t)
Ag(t) = Qigg(t)(©) A'g (1)+Qig6 (1) (€) A'g (t)+ Qugaa () (€) Atz (t)+ Qg (1) () A'pa (1)
+Qig34 (1) (€) A'3y (1) +Qug 35 (1) (€) Als (1)
Ao (t)= Quo7 (t)(€) A%y (t)+Qug 36 () () A'sg (t)+Qug.26 (1) () A'g (t) +Qug 34 (1) () A'zy (1)
Al (£)= Qao.7 (1) (©) A'7 (1) + Qa0 (1) (€) A'g (1) +Qao10 (1) (€) A'io (1) +Qao37 (1) (0) A'y7 (1)
+Qy0.29 (1)(€) Alg (1) + Q0 34 (1)(C) A3 (1)
(t)= M 2 ())+Qp13(t) (©) A3 (1)
Ay (1)=Qpg (1) (€) A'g (t)+Qpp0 (1) (6) A'g (t) +Qup 31 (1)(€) A'ay (1) + Quz,35 (1)(€) A'gs (1)
Ay (t)= Qas1 (1) (€) A2 (1)
(
(
(

ALy (t)=
)
)
Ay (1)=Qaa1 (1) () A (t
)=M
)=
)=

1
1

)
25(t) +Qps4 (1) () AY (t)
26 (1)=Qu611 (1) (€) A4 (1)
L7 (1)=Qy 14(t)(© Ala(t)

Algg (1) = Qag15(1)(€) A'ts (1) + Qa0 (1)(€) A'yg (1)
Algg (1) =Qas15(1)(€) A'ts (1) + Qag 10 (1)(€) A'yg (1)
Alzo (t)= Qa2 (1) (c) Ay, (1)
g1 (t) = Qag 15 (1)(€) A'is (1) + Qag 10 (1)(C) A'yg (1)
A'zy (t)= Qap13(t)(c) Ay3(t)
Alg3(t) = Qaga7 (1)(C) A'y7 (1) + Qaz 15 (1)(C) A'tg (1) + Qaa 20 (1)(€) Ao (1)
Algy(t) = Qaq17 (1)(€) A'y7 (1) + Q10 (1)(C) A'yq (1)
Algs(t) = Qa515(t)(€) A'ig () + Qas.22 (1)(C) Ay (1)
Als ()= Qag10 (1) () Ay (1)
Ay (t)= Qa7 (t)(€) Alg (1)

>

(4.10)

where
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Mo (t) = e At irlerzslt M (D)= M (1) , M () =T (1)
M(@t)=1-M (1) , T (t)=1-1(1)

4.5.2 Availability with twelve ton capacity

Similarly if A2 i (t) be the probability that the system of 12 ton capacity is in upstate
at instant t given that the system entered regenerative state | at t=0 then recursive

relations for availability A i (t) have been obtained as:

A% (t)=Quox (1) (€) A% (1) +Qua () (©) A% (t)+Qus (1) (©) A% (1) + Qo (£) ©) A% (t) +
Qus (1) (€) A% (t)+Qos (t) (€) A% (t) +Qo7 (£) (€) A% (t) +Qug (1) (€) A% (1)
A% (1) =Quo (1) (€) A% (t)+Quz () () A% () +Qu3 (1) (€) A% (1) +Qi7 (1) (0) A% (1) +
Qus (1) (€) A% (1) + Quq (1) (€) A% (1) + Quaq (1) (€) A% (1) +Qua2 (1) () A%, (1)
A%, (1) = Qa0 (t) (€) A% (£)+ Qa1 (1) (€) A% (1) + Qa3 (1) (€) A% (t) +Qz5 (1) (©) A% (1)
+ Q13 (1) (€) A%3 (1) + Qo4 (1) (€) A%4 (1)
A% (1) =M 5(t)+Qap () ©) A% (t) + Qap (1) (5) A% (1) +Qaz (1) (€) A% (t) +Qs5 (1) (€) A% (1)
+ Qg (1) (€) A% (1) +Qag (1) (c) A% (1) +Qgq (1) (€) A% (1) +Qs10 (1) (€) A% (1)
+ Q313 () (€) A1 (t)+ Qa4 (1) (€) A%314 (1)
(£)=Quo (1) (©) A% (1)
A%5 (1) =Qsp (1) (6) A% (1) +Qs (1) () A% (1) + Q15 (1) (€) A%5 (1) +Qs 16 () (¢) A% (t)
A% (1)=Qgo (1) (c) A% (t)+Qgy (1) (€) A%, (t)+ Qg7 (1) (€) A%7 (1) + Qg5 (1) (c) A%4 (1)
A% (1) =M 7 (1) +Qr (1) (€) A% (1) +Q7 15 (1) (€) A%5 (1) +Q; 10 () (€) A% (1)
+Q720 (1) (€) A% (1) + Q7 20 (1) (€) A% (1)
A (t)= Mg () +Qgo (1) (c) A% (t)+Qgs (1) (c) A% (1) +Qg 16 () () A% (1)
+Qa15 () (€) A%45 (t)+Qg 20 () (€) A% (1) + Qg 22 (1) () A%, (1)
A% (t)= Qgz (1) () A% (1) + Qa3 (1) (€) A% (1) + Qo 16 () (€) At (t)+ Qo5 (1) (€) A%5 (1)
%10 (1) = Quo3 (1) () A% (t)+Quo5 (1) (€) A% (1) + Qo7 (1) (€) A%z (1) + Qo5 (1) (€) A% (1)
Qu12 (1) (€) A% (t)+ Quigg (1) (€) A%yg (1) + Qa1 20 (1) (€) A0 (1) +Quy 04 (1) (€) A4 (1)
Quz1 (1) (€) A% (1) +Qup2 (1) (€) A% (1) + Qi 50 (8 )(C)A 20( )+ Q2.2 (1) (€) A%, (1)
= Qua1 (1) (©) A% (t) +Qu33 (1) (€) A% (t) +Qua17 () (€) A% () +Qua18 (1) () A%g (1)
Qua3 () (€) A% (1) +Quass (1) (€) A%5 (1) + Quass (t)(C)A 16 (1) +Qua 05 (1) (€) A% (1)

2
A%, (t

2

(
(
A, (t
(
(

2

)
)
)
)
)=

>
N

14 (t
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A%5 (1) =Qis5 (1) (€) A% (1) +Qus7 (1) (€) A% (t)+Qus 06 (1) (€) A%55 (1) +Qus 07 (1) (€) A%z (1)
+ Q1528 (1)(€) A%25(t) +Qi5 29 (1) (€) A% (1)

A%16 (1)=Qug 5 (1) (€) A% (1) + Qi (1) (€) A% (1) + Qo1 (1) (€) A4 () +Qup 30 (1) (€) A% (1)
+ Q1631 (1)(C) A%31 (1) + Qi 29 (1)(€) A%59(1)

A%17 (1) =Qu76 (1) (€) A% (£)+Qu7,7 (1) (€) A% (1) +Qu744 (1) (€) A% (1) +Qi7 32 (1) (€) A%, (1)
+Q17.33(1)(€) A%33(t) + Qu7.24 (1)(C) A%34 (1)

A%ig(t)= Qa6 (t) () A% (t)+Qugp (1) (€) A% (t) + Qugs (1) (€) A3 (1) +Qugaz () (©) A% (t)
+Qig.34 (1) (€) A%4 (1) + Qi 35 (1) (6) A%35(1)

A?g(t)= Qug7 (1)(C) A% (t)+Qig 35 (1) (C) A6 (t)+Qug 25 (1) (€) A%55 (1) +Qug 34 () (€) A%34 (1)

A% (t)= Quo7 (1) (€) A% () +Qu08 () (€) A% (t) +Qao10 (1) (€) A%y (1) +Qap 37 (1) (€) A% (t)

+Qp0,20 (1) (€) A% (1) + Qa0 34 (1) (€) A% (1)
2

A% (t)= Quu5(t) () A1)
A% (1) =Qa2 (1) () A% (t)+ Qa0 (1) (€) A% (t) + Q.51 (t) (€) A%31 () + Qo235 (1) (€) A5 ()
A%53(t)= Qa1 (1) (€) A% (1)
A%54 (1)=Qpa1 (1) () A% (1)
A%55 (1) =Qas1 (1) () A% (1)
A226 (t)=M 26 (1) +Qu611 () () A% (1)
227 (t)=Qu7.14 (1) (€) A%4 (1)

A% g (1) =Qpg15(t) (€) A% 5(t) + Qug 10 (t) (€) A% (t)
A2 5q (1) =Qgg15(t) (€) A% 5(t) + Qag 10 (t) (€) A% (1)
A (t)= M 3o(t)+Q3012 (t)(C) A, (t)
A3 (1) = Qa15(t) (€) A%5 () + Qag 1o (1) (€) A%yq (1)
A5, (t)= Qs13(t)(C) A, (t)
A?33(t) = Qaz17(1)(€) A%7 (1) +Qaa15(1)(€) A% (1) + Qa3 20 (t) (€) A% (1)
234 (t) = Qaa17(1)(0) A%7 () + Qaq 10 (1) (©) A% (1) , (4.11)
APy (t) = Q3515(t) (C) A% (1) +Qs522(t) (C) A%, (t)
Ay (t)= M 35(t)+Qz610(t)(C) A%, (t)
APy (t)= Mg (t)+Qs7,9(t)(c) A (t)

where
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M3(t) _ e—(ﬂi+ﬂz+ﬂl+ﬁ2+y2+y3)t ’ M7(t) _ e—(ﬂi+22+ﬂ1+ﬂz+y2+y3)t ’ Ms(t) _ e—(/11+/12+ﬂ1+ﬁz+b1+b2)t

Mzs(t)zl_(t) ’ Mze(t):r(t) , Mg (t) = M 1), My ()= M(t)
M@®)=1-M () , T (t)=1-1(t)

4.5.3 Availability with eight ton capacity

If A3i (t) be the probability that the system of 8 ton capacity is in upstate at instant
t given that the system entered regenerative state | at t =0 then recursive relations for

availability A3- (t) have been obtained as:

A% (£)=Qo1 (1) () A% (t)+Qop () (€) A% (t) +Qqa () (€) A% () +Qoa () (€) A% (t) +
Qus (1) (€) A% (t)+Qog () (€) A% (t)+ Qo7 (1) (€) A% (t) +Qos (t) (€) A% (1)
A% (1)=Quo (1) (€) A% (1) +Quz (1) (€) A% (1) +Qu3 (1) (€) A% (1) + Q7 (1) (c) A% (1) +
Qus (1) (©) A% (1) + Qi (1) (©) A% (1) + Qug4 (1) (0) A4 (1) +Qupp (1) (€) A%, (1)
A% (1)=M 5 (t) +Qyo (1) (6) A% (1) +Qyy (1) () A% (1) + Qa3 (1) () A% (1) +Qus () (c) A’ (1)
+ Q213 (1) (€) A% (t) +Qp14 (1) (©) Ay (1)
A% () =M 5(t) +Qap (1) (€) A% (1) + Qag (1) () A% (1) +Qap (1) (€) A% (1) +Qu5 (1) () A% (1)
+Qa6 (1) () A% (1) +Qag (1) () A% (1) +Qag (1) (€) A% (1) + Qa0 (1) (€) A% (1)
+Qa13(1) (©) A% 13 (£) + Qaa (1) (8) A4 (t)
=Quo (1) (©) A% (t)
=Qso (1) (€) A% (1) + Qs (1) (©) A% (£)+Qs 15 () (€) A°s5 (1) + Qs 16 (£) (€) A6 (t)
=Qgo (1) (©) A% (t)+Qez () (€) A% (t)+ Qg7 (1) (€) A7 (1) + Qg1 (£) (€) Ap3 (1)
M 7(t) + Qg0 (1) (€) A% (1) + Q.15 () (€) A%5 (1) + Q7 1 (1) (€) A% (1)
+Q7.20 (1) (€) A% (1) + Q7 21 () (€) A4 (1)
A% (t)= M g(t)+Qgo (1) () A% (t)+Qgs (t) (¢) A% (1) + Q16 (1) (¢) A’ (1)
+Qg1 (1) () A’3g (1) + Qg 20 (1) (€) A% (1) +Qg 2 (1) (€) A’ (1)
A (t)= M g(t)+Qqy (1) () A% (t)+Qqg (1) (c) A% (1) +Qq 16 (1) (€) Ayg (1) + Qg5 (1) (c) A5 (1)
Ao (£)= M 10(t)+Quo3 (1) (©) A% (£) +Qu015 (1) (€) A%ss (t) + Quo7 (1) (©) A7 (1) +Quoas (1) (€) A (t)
A1 (t)= Quuz (1) (©) A% (t)+ Quizg (£)(€) Ag (t)+Qu 20 (1) (€) A0 (1) + Qua o4 (1) (€) A4 (1)

A, (t
A (t
(
(

3
A3 (t

\-/\-/\_/\-/

3
A%, (t)=
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3
A’ (t

(1)=CQu21 (1) (©) A% (t)+Q12,2(t)(C)A32(t)+Q12,20(t)(C)A320(t)+Q12,22(t)(C)A 22(t)
A5 (t

(

(

)
)= Qua1 (1) (©) A% (t) +Quz3 (1) (€) A'3 (1) +Quaa7 (£)(€) A%7 (t)+Qua18 (1) (©) A (1)
)=Qua3 () (©) A% (t)+Qua15 (1) () A5 () +Quass (1) (€) A%g (t)+Quq 25 () () A325 (t)
A5 (1) =Qus5 (1) (€) A% (1) +Qis.7 (1) (€©) A% (1) +Qus 26 (1) (€) A5 (1) + Qus 27 (1) (€) A% (1)
+ Q15,28 (1)(€) A5 (t) + Qu5.29 (1) (€) A5 (1)
A6 (1) =Qup5 (1) (€) A% (1) +Qig8 (1) (€) A% (1) +Qup 14 (1) (€) A%y (1) +Qup 30 () (€) A% (1)
+Qu631(1)(©) A%31(1) + Qu6.20 (1(€) A9 (1)
A7 (1) =Qu7,6 (£)(©) A% (t)+Qu7 7 (£) (€) A% (t)+ Q71 (£) (€) A1 (1) +Qu7 32 (1) (€) A%, (t)
+Qu7.33(1)(C) A’55(t) + Q754 (1)(€) A4 (t)
A (t)=Quge(t)(0) A (t)+Qugs(t)(0) A (t) + Quga3(t)(c) A (t)+Qig12(t)(0) A%y (t)
+Qig 34 (1) (€) A4 (1) + Qug 35 () (€) A5 (1)
Aoy (t)= Mg () +Que7 (£)(€) A% (t)+Qug 36 (1) (€) A3 (£) +Qug 25 () (€) A55 1)
+Qug34 (1) (0) A%, (1)
A%y (t)= M g0 (1) + Qa7 () (€) A% (t)+Qag () (€) A% (1) +Qa010 (1) (€) A’ (1)
+Qu0.37 (1) (€) A7 (1) +Qu0,29 (1)(C) A9 (1) + Qpg 34 (1)(€) A% (1)
A1 (1)= Quia (1) (€) A% (1)
A2 (1) =M 25 (1) + Q28 (£) (€) A% (t) +Qap.9 (£) (€) A% () + Qo231 (1)(€) A1 (1)
+ Q.35 (1)(0) A%35(1)
A3 (t)= Qaas (1) (©) A% (t)
Ao (t 24 (1) +Qpq1 (1) () A% (1)
A5 (1) =Qus (1) (€) A% (1)
A326 ()= Qa1 (1) (©) A% (1)
S (t Q714 (1) (©) A (1)
A5 (1) =Qag15 (1)(©) At (1) + Qa9 (D)(0) A'sg (1)
A5q (1) =Qa5.15 ()(©) A’ss (1) + Qa0 (D(C) A'1o ()
Ay ()= Qao12 (1) (€) A% (1)
A5 (1) = Qag15(1)(€) A5 (1) + Qag 10 (1)(C) A0 (1)
A5 (t)= Mgy (1) +Qsp13 (1) (€) A5 (1)
A'g3(t) = Qua17 (1)(©) A7 (1) + Qa5 ((0) A'sg (1) + Qa3 20(1)(€) A5 (1)

3
AL (t

)
)=M
)
)=
)=

(4.11)
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A3 (1) = Qaq17(1)(C) A7 (1) + Qa1 (1)(0) A% (1)
A5 (1) = Qas18 (1)(€) At (1) + Qa5 20 () A’ 1)
Ao ()= Qas10 (1) () A’ (t)
Ay (t)= Qa7(t)(c) A% (1)

where

Mz(t) = e_(ﬂﬁﬂz)t l__| (t) ,Mg(t) — e_(ﬂ1+ﬁq+bz)t ’ Mlo(t) _ e—(ﬂi+ﬂ2+b1)t
MZO(t):ei(ﬂlJrﬂQvalerz)t ’ Mzz(t):ef(/luﬂﬁbz)f . M 24(t)= M (t) , Msz(t)zm (t)

M () =1-M (t)
4.5.4 Availability with capacity of four ton

If A4i (t) be the probability that the system of 4 ton capacity is in upstate when at

instant t given that the system entered regenerative state I at t =0 then recursive relations

Rt ) ) ST 1)5) A () Qa ()9 A% 1)+
Qus (t) (8) A's (t)+Qus (1) (8) Al () +Qu7 (t) (5) A% (t) +Qos (£) (5) A5 (1)
A% (1)=M 1 (1) +Quo (1) () A (1) +Quz (1) () A%, (1) +Qu3 (1) (8) A% (1) +Qu7 (1) (s) A%, (1) +
Qug (1) (s) A% (1) +Quo (1) (8) A% (1) + Qi (1) (5) A%y (1) +Quaz (1) (5) A%, (1)
A% (1)=Qu (1) (5) A% (1) + Qa1 (1) () A% (1) +Qps (1) (5) A3 (1) + Qs (1) (5) A5 (1)
+ Q13 () (8) A'i3 (1) + Qa4 (1) (5) A%y (1)
A%3(t)=Qqo (1) (5)A% (t) + Qar () (5) A (1) + Qs (1) () A%, (t) +Qgs (1) (5) As (1)
+Qa5 (1) (5) A% (1) +Qgg (1) (5) A%g (1) + Qs (1) (s) A% (1) + Q310 (1) (5) A% (1)
+ Q313 (1) (5) A% 13 (1) + Q314 (1) (5) A%314 (1)

=Quo (1) (5) A% (1)

A%, (t ) (

=Qs0 (1) (5) A% (1) +Qs2 (1) (5) A%, (1) + Q515 (1) (5) A5 (1) +Qs16 (1) (5) A5 (1)
) (
) (

4
51t

(
(
4('[
(

>

)
=Qgo (1) (5) A% (1) + Qg2 (1) (5) A%, (1) + Qg7 (1) (5) A*17 (1) + Qg5 (1) (s) A'ig (1)
=Qr0 (1) (s) A% (1) +Q7 15 (1) (5) A'y5 (1) +Qr10 (1) (s) Ao (1)
+Q7.20 (1) (5) A%y (1) +Q7 21 (1) (3) A% (1)

>

6

N S S N

4
A% (t
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Ag (t)= Qgo (1) (€) A% (1) + Qa3 () (©) A% (1) +Qgas (1) (€) A5 (t)
+Qg15 (1) (€) A'1g (1) + Qg 20 (1) (€) A5 (1) + Qg 22 (1) (©) A2 (t)
A%y (t)= Qgp (1) () A%, (1) +Qag (1) (c) A% (t)+Qg 16 (1) (€) A'ig () +Qq 15 (1) (€) A5 (1)
Ao (1)=Quo (1) (©) A% (1) +Quo15 (1) (€) A%4s (1) + Qo7 (1) (©) A'i7 (1) + Quoas (1) (€) A*ig ()
(t)= M3 )+ Q12 (1) (©) A% (t)+ Quize (£)(€) A'ig (t)+Quy0 (1) (©) A (1)
+Qu1.24 (1) (€) A4 (1)
A1 (1)=M 15 () +Qup1 (1) (€) A% (1) + Qa2 (1) (©) A% (t) +Quz 20 (1) (€) Ao (1)
+Qup.22 (1) (€) A%, (t)
A1 ()= M3 (6)+Qua1 (1) (€) A% (t) +Qug (1) (€) A%5(t) +Qua17 (1) (€) A%y (1)
+Qu318 (1) (€) A% (t)
A4 (1)=M 14 () +Qua3 (1) (©) A% (t)+Quazs (1) (€©) A'is (t) +Quass (1) (€) A (t)
+Qug25 (1) (©) A5 (1)
A5 (1)=M 5 (1) + Qi55 (1) (©) A5 (1) +Qus 7 (1) () A% (1) +Qu5 26 (1) (©) A’ (1)
+Qis.27 (1) (€) A%57 (1) +Qi5 28 (1)(€) A*55 (1) + Qu5,29 (1) (€) A5 (1)
A6 (1) =M 1 () +Que5 (1) (©) A5 (t)+Qug8 (1) (€) A% (1) + Qo 14 (1) (€) A'i4 (t)
+ Q.30 (1) (€) Ao (1) + Q.31 (1)(€) A1 (1) + Qi 20 (1)(C) A0 (1)
A7 (1)=M 17 (1) +Qu76 (1) (©) A% (1) +Qu7 7 (1) (©) A% (1) +Qi7,04 (1) (€) A% (1)
+ Qi3 (1) (©) A% (1) +Qu7,33(1)(©) A'33 (0) + Qu7,34 (1(©) A'aa (1)
Al (t)= Mg (1) + Qg6 (1) (€) A%s (1) + Qg6 (t) (€) A (t) + Qg (1) (€) A (t)
+Qua12 (1) (©) A% (t) +Qugaa (1) (©) A3 (1) +Qug 05 (1) (€) A'ss (1)
Al (t)= Quo7 (£)(0) A% (t)+Qig36 (1) (€) A*sg (t)+Qug 28 () (€) A5 (1) +Qug 54 () (€) A3a (1)
Ay (t)= Qa7 (1) (€) A% () + Qa0 (1) (€) A% (t) +Qa010 (1) (€) A'yg (1) + Q037 (1) (€) Ay (t)
+Qy0.29 (1)(€) A g (1) + Qa0 34 (1)(C) A7 (1)

A1 ()= Qa3 (1) (©) A%5(1)

A% (1)=Qpg (1) (€) A% (1) + Qa9 (1) () Ag (t) +Qpp31 (1)(C) A1 (1) + Qap 35(1)(C) A'as (1)
Ay (t)= M 55 (1) + Quas (1) (€) A%, (1)

A2 (1)=Qaa1 (1) ©) A% (1)

Ass (t)=Qas1 () (€) A% (1)

A%ss (t)=Qap11 (1) (€) A%y (t)

A'57 (1) =M 57 (1) +Qyy14 (1) (€) A% (1)
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A58 (1)=Qpg15(1)(C) A'i5 (1) + Qag.19 (1)(C) A'iq (1)

A9 (1) =Qag15(1)(C) A5 (1) + Qog 19 (1)(C) A'iq (1)

Az (t)= Qao12 (1) (©) A, (1)

A31(1) = Qug15(1)(€) A5 (1) + Qa0 (1)(€) Ao (1)

A'g; (t)= Qapu3(t)(0) A'5(t)

Az3(t) = Qaa7 (1)(C) A% (1) + Qaz15(1)(€) A'yg (1) +Qaz20 (1)(C) A0 (1) 1
A3 (1) = Qaa17(1)() A'47 (1) + Qag19 (1)(€) A'yq (1)

A%35(t) = Qa515(1)(€) A'1g (1) + Qa5 25 (1)() A% (1)

A (t)= Qsp10(t)(c) Al (t)

A'g (t)= Qg7 (t)(c) A% (1)

(4.13)

where

M, (t) = o (Ath)t g (t), Ms(t) = ot thtB)t (t)

My, (1) = o ot At My ()= g P2rhrse)! M3 ()= oAt At )t

My4(t) = e_(a1+ﬁl+ﬁ2 ) Mys(t) = e_<al+bl+ﬁl+ﬂ2 )t ~(ar+by + A+ )t

—(a2+b1+ﬂl+p’2 )t

, Mig(t) =€

M17 (t) =e y M18(t) = e_<a2+b2+ﬂl+ﬂ2 )t

M ()= M (£)=M (1), M ()=1-M (t) , H ()=1-H (1)

Next, for obtaining availabilities of different capacities can be found out by taking Laplace
transform of set equations (4.10), (4.11), (4.12), (4.13), and solving them for

Al (s), A% (s), A% (s), and A*(s), we get

50 derivative(Dy;)
_ N
N2 i s A2 k() — 21 4.15
070 0" () derivative (Dy;) Y
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A3, = lim s A3, *(s) =

derivative (Dy;)
) N
A*y=lim s A% *(s) = 4l ,
50 derivative (Dy;)
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N,y = A1 Qg Ag3 Ay A 0 0 agg ag 0 0 ag;p agz O
agy Ay agg agg 0 0 0 agg ag 0 0 0 agys aguy
0 a1900 @03 0 aps 0 a;p; O 0 ajpi0 @011 21012 21013 0
aj33 a2 apz aps 0 0 apy 119 1110 Q1111 Q1112 Q1113 Q1124
aiz1 0 a;;  apg aps 0 0 apg 0  apio apn apir a3 0
a3y 0 a;; apzg ais 0 0 a;zg &g a1z Azyr A3 @3z 0
0 0 ayg ayy 0 0 0 0 ayy 0 ayy O 0 ap

a1,==Po1 Q13 == Po2 — PosPs2— PogPe2 » A14=—Posz s 35=— Po7 » d18=— Pos P55

819 == PosPs16 » A110=~ PosPe17 + 821 = P112M1z + P111M11P110 P10 2sM 23 + M,y

31117~ PosPeas ~ PosPsas + 822 =1~ P112P121 ~ P111P1124P2as

3=~ P12 = P111P112 = P19Po2 = P112P122 = P110P10,23P 232 + 824 == P13 = P19Pg3 ~ P110P103
Qp5== P17 » 828=— P10 Proa5 + 829 =" P18Ps16 ~ P19Po16 + 8210 == P110P1017

a211=~ P1gPg18 = P19Po1s » 8212 =7 P111P1119 + @213 =7 P111P11,20 = P112P12,20

814 ="P112P1222 + A31=P214M1s s B3 == P21~ P214P1425P 251834 == P23 ~ P214P1433
33=1-Py5Psy ~ P26Pe2 » 838=— P25Ps515— P214P1a15 » 839 == P25Ps16~ P214P1416

310= ~ P26Pe17 » 83117~ P2sPe1sr 841 = P31aM1g +P310P1023M23 + 8gp == Pa1 ~ P314P14.25P 251
A43== P32~ P35P50 — P3sPs2 = P3gPo2 = P310P1023P232 » Qa5 == P37+ A47=— P31z
4=1-P3gPg3 — P39Po3 — P310P103 ~ P314P1a3 + Aag == P3sPs515~ P314P1a15

A49 == P35P516 ~ P39Po16 ~ P314P1416 + @410= ~ P3sPe17 » @411=— P39Pg18 ~ P3gPg1s » @51==P1o
5=~ P721P23 s 8s5=1,858=—P715 » 8510=—P717 » 8510 == P71 + A513=— P7,20 » 871=My3

a7 == P131 8710 == P1317 + @711=— P1318 + 8g1=My5+ P1527P27214M 14
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Agr == P1527P2714P14,25P 251 = P1526 P2611P11,24P 241 » @83 == P155P52 = P1526 P 2611 P11,2

Agg =~ P1527P2714P1435 8gs =~ P157 + @913= ~ P16,29P 29,20 ~ P16,30 P 3012 P12,20

Agg =1— P15,27P2714P1415 — P155P515 — P15,28 P 2815 — P15.29 P 2915

Agg == P1527P2714P1416 — P155P516 — P1529P 2916 + @812 == P1528P 2819 — P1526 P 2611P1119

Ag13 =7 P1529P 2920 ~ P1526 P2611P1120 + 892 =~ P1614P14,25P 251 — P16,30P3012P121

A93= ~ P165P52 ~ P16,30P3012P12,2 + @94 — P1614P16,3 + 898 =7 P165P515 = P1614P1415 — P16,29 P 2915
g9 =1— P1g5Ps516 — P1614P1416 — P16,20P 2916 — P16,31P 20,16

Q914=~ P1631P31,22 ~ P1630P3012P12,22 » @101 =M17+ P1721M11 » @10 = = P1711P1124 P 241

103 =~ P176P62 ~ P1711P112 » R105=7 P177 + 8109= ~ P1732P3213

81010 =1— P176P617 — P1733P3317 — P17:3aP3417 + @1012= — P17,6P618 ~ P17.33P 3318

Q1013 = ~ P1711P11,20 ~ P17,33P 3320 » @111 = Mag+ Pag1o My 8119 =— P1g12P121

113~ ~ P1gePe2 ~ P1812P122+ A114= ~ P1ggPs3 » @11,7= ~ P1g13 » 119 P13gPs16

81110 ="P186P617P1834P3417 + 81121=1— P1g6P618 — P1gsPs1s— P1g3s5P3s1s

Q1112 == P1834P3419 » A1113= ~ P1812P12,20 = P1834P34,20 » Q1114 =~ P1812P11220 — P18 35 P 3522

8191 =M19+ P1936 P3610P1023M10 + @123=— P1936P3610P10,23P 232 + 8124 =~ P1936P3610P103
A125= ~P197 » 3128= ~ P1928P 2815 = P1936 P3610P1015 » 81210 = ~ P19,33P3317 — P19,36 P3610 P1017
81211= ~ P19,33P3318 + Q1212 =1 P2g19P19,28 » Q1213 = — P19,33P 33,20

A133= 7 P2010P10,23P 232 = P2037P37,9P92 » @134= ~ P2010P103 = P2037P37,9P03 s @135=~P207
Q138 = ~ P20,20P 2915 = P2010P1015 » 8139= ~ P20,29P 2916 = P20,37 P37,9P916

21310 = ~ P2010P1017 = P20,34P3417 » @1311= — P 20,37 P37,9P918 » @1312= ~ P20,34P3419
Q1313=1-P2020P 2020 + 8142="P229Po2 » A143=~P229Pos + 149=~ P229Po16 ~ P22,31P3116

81411=— P229Po1s — P2235P3518 » 81414 =1— P2231P 31,20 — P22:35P 3522

4.6 Busy period of repairman

The recursive relation for busy period B; (t) can be obtained as:

B (t)=Qo1(t)(€) By (t)+Qu; (1) (€) B (t)+ Qo3 (1) (€)B3 (t)+Qos (t) () B4 (1) +
Qos (1) (€) Bs (1) +Que (1) (c) B (t) + Qo7 (1) (€) B7 (t) +Qos (1) (c) B (1)

By (t)=Qu0(t)(C) B (t)+Qi2 (1) () B, (t)+Qu3(t)(c) B3(t)+Qu7 (1) (c) By (t)+
Qig(t)(c)Bg(t)+Qig(t)(c)Bg (t) + Qua1(t)(€) Byy (t)+Qu12 (1) (5)B1o (1)

B, (t)=Qz0(t)(€) Bo (t)+Qa1(t)(c) By (t)+Qp3(t)(c) B3 (t)+Qys(t) (c) Bs(t)
+Qp13 (1) (€) Byg (1) +Qp14 (1) (€) B4 (1)
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B3 (t)=M3(t)+Qg () (€)By (t) + Qa1 (1) (c) By (t) +Qsp (1) (c) B, (t) +Qs5(t)(c) Bs (1)
+Qz (1) (€) B (t)+Qsg (1) (c) Bg (t)+Q39 (1) (€) By (t)+Q310 (t)(c) Byg (t)
+Q313(t) (€) B33 (t)+ Q314 (1) (©) B4 (1)

B, (1)=Qso(t)(€) By (1)

Bs (t)=Qs0 (t)(€) Bo (t)+Qsz (1) (¢) By (t)+ Q515 (1) (€) Bys (t) + Q516 (t) () By (1)

B (t)=Qgo (t)(c) B (t)+Qgz (t)(€) B, (t)+ Q17 (t)(€) B17 (t)+Qp18(t)(C) Byg (t)

B7(t)=M7(t)+Q7(t)(€) Bo (t)+ Q745 (t) () Bys (t)+Q719 (1) (€) Byg (1)
+Q7.20 (1) (€) Bo (1) + Q721 (1) (€) B (1)

Bg (t)= Mg(t)+Qgo (t)(c) By (t)+Qs3(t)(c) B3 (t)+ Q16 (1) (c) By (t)
+Qg15 (1) (C) Byg (1) + Q5,20 (1) (€) B (1) +Qg 22 (1) (€) B (1)

Bg (t)= Qo (1)(c) By (t)+Qo3(t) () B3 (t)+ Qg6 (t) () By (t)+Qug (1) (C) Bag (1)

B1o(t)= Quo,3(t)(€) B3 (t)+Quo15 (1) (€) Bys (t) +Quga7 (1) (€) By7 (t) +Qug18 (t) () B1g (1)

B11(t)= Qu12(t)(€) B2 (t)+ Qui10 (1) (€) B1g (t)+Qu1 20 (1) (€) Boo (1) +Qu1 24 (1) (C) B (1)

B1p (1)=Q121 (1) (€)By (1) + Q122 (1) (C) B3 (t) +Quz20 (1) (C) Bg (1) +Quz22 (1) (€) B (1)

B13(t)= Qu31(t)(€) By (t) +Qi33(t)(€) B3 (t) +Quza7(t)(C)Byy (t)+ Q18 (1) (C) Byg(t)

B4 (t)=Qua3(t) () By (t)+Quans (1) (C) Bys (t)+Qusn6 (1) (C) Byg (t)+Qua 25 (1) (€) Bos (1)

(t)=Qu55(t) () Bs (t)+Qus5.7 (1) (€) By (t) +Qus,26 (1) () Bog (1) + Q15,27 (1) (€) Bz (1)

+Q15,28 (1)(C) Bog (t) + Qy529 (1) (€) Byg (1)

B1s (1)=CQi65 (1) (¢) Bs (t)+Queg (1) (€) Bg (t)+Qip 14 (1) (€) Bia () +Qig.30 (1) (€) Bao (1)
+Qug.31(1)(C) B3y (1) +Qyg 29 (1)(C) B g (1)

B17(t)=Qu76 (t)(C) Bg (t)+Qu77(t)(€) B7 (t)+Qu7.11 (1) (8) By (t)+Qu732 (1) (C) Bz (1)

+Q17.33(1)(C) B33 (t) + Qy7 34 (1)(C) B34 (1)

B1g (t)= Qug s ()(C)Bs (t)+Qug6 (1) () B (t) + Qugaa(t)(C) Bya(t)+Qug12 (1) (€) Bya (1)
+Qig,34 (1) (€) B34 (t) + Qg 35 (1) () Bas (1)

B1g(t)= Qig,7(t)(€)B7 (t)+Qig36(t)(€) Bag (t)+Qug.28 (1) (C) Bog(t) +Qig34 (t)(C) Baa(t)

B0 (t)= Qa0,7 (1) (€) B7 (t)+ Qa0 (1) (€) Bg (t)+Qz010 (1) (€) Byo (1) +Qz0,37 (1) (€) B3y (t)
+Q20,29 (1)(€) Bg (1) + Qqp 34 (1)(C) B37 (1)

B, (t)=Qu13(t)(c) B3 (t)

B2z (1)=Qaz4 (1) (€) B () +Qa20 (1) (€) Bo (t) +Qz31(1)(€) Bar (1) + Qo2 35(1)(€) Bs (1)
Bas (t)= Qa3 (1) () B, (1)

B2 (1)=Qa41(t)(c) By (1)

Bos (t)=Qas51 (1) (€) By (1)

B o6 (t)=M 26(t) + Q611 (1) (€) By ()

126



B,7 (1)=Qa74 (1) (€) By4 (1)

Bog (1) =Q25.15(1)(€) B1s(t) + Qug19 (1)(C) B1g(t)

B g () =Q2g15(t)(C) Bys5(t) + Qg9 (t)(C) B1g(t)

B3o (t)= M30(t)+Qs012 (1) (C) Byo (1)

B31(t) = Qug15(t)(C) Bys(t) + Qag19(t)(C) B1o(t)
B3, (t)= Qs213(t)(C)Bys(t)

Bs3(t) = Qs317 (1)(C) By7(t) + Q315 (t)(C) B1g(t) + Qa3 20 (1)(C) B o (t)

B3 (t) = Qz417(1)(C) B17(t) + Q34.19()(C) B1o (1)
Bss (t) = Q35.15(1)(C) B1g(t) + Q35 25 (1)(C) B, ()
B3 (t)= M 35(t) +Qsg10 (1) (C) Byo (1)

Ba7 (t)= M7 (t)+Qq7,9(1)(c) By(t)

where

Wl(t) = I__Il(t) ; Wz (t) = |__|2 (t)
W3 (t) = I__Is (t) ; W4 (t) = I__|4 (t)
W, (t) = e A1 G (1) s W (t) = A G, (1)

W, (t) = e R (1) 5 Wy (t) = e R, (1)

(4.18)

Hit) = 1-H, (1) ; Hy(t) = 1-H,(t); Hy(t) = 1-H,(t) ; H,(t) = 1-H,(1)

Busy period can be obtained by taking Laplace transform of set equations (4.17) and solving

them for B, (s), we get

_lim B () = Vst
B =limBo(s) = o,

where

D, has been specified.
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agy agp a;3 ay a5 0 0 &y A A Ay 0 0
a A A Ay ax 0 0 &y ax axp ay; A a3
a1 A;p Ak ay 0 0 0 azp ag agp a0 0
a4 a4 a;; Ay ag 0 ag A Ay Ay A 0 0
gy 0 0  ag 1 0 0 ag 0 a5y 0 as1p 8513
0 0 0 0 0 1 0 0 0 0 0 0 0
an a;, 0 0 0 0 1 0 0 azp amn 0 0
No1 = dg; A@g; Agy A ag 0 0 agg agp 0 0 &g agm
ag1 ag2 dg3 @y 0 0 0 agg ag 0 0 0 ag
aj01 02 A03 0 aps 0 apy O 0 a0 @011 1012 1043
apg Ay ang apmg 0 0 apy 0 ape A0 Aum A 21113
apn 0 apg apg aps 0 0 apg 0 Ao Apn 212 21213
a0 a;; 34 35 0 0 aj3g Az9 A;330 Az 2132 A313
ag41 0 ay; ayp, 0 0 0 0 aye 0 ayy O 0

a; =PosWs+ PosWs+ PogWs » @15=—Po1 + 813 == P2 — PosPs2 ~ Pos Pe2 » 814 = Pog

815==—Po7 » A18=" PosPs15 » 819 == PosPs16 » A110= ~ PosPe17 » &11=— PosPe1s ~ PosPsis
;= P110Wig+ P1gWo + P1gWaP11aWas + P11aWip s @2 =1—P112P121 = P111P11,24 P 241

83=" P12 = P111P112 = P19P92 = P112P122 = P110P10,23P 232 + @24 =~ P13 = P19P93 = P110P103
8y5==P17» 828=— P10 Progs » @820 == P18Pg16 ~ P19Pa16 + @210="P110P1017

8211=7 P1gPg18 ~ P19Poas » @212 =~ P111P1119 » @213=~ P111P1120 ~ P112P12,20

8214="P112P12,22 » 831=P2sW5+ PosWe+ P214Wis s 83 == P21~ P214P1425P 251

A33=1-P5Ps, — P2sPe2 » 834 =—Pas — P214P143 + 833=—P25Ps15— P214P141s

A39=" P25Ps16~ P214P1416 » @310= ~ P26Pe17 » A311= ~ P26 Ps1s

84p=""P31~ P314P1425P 251 » 841 =P3s W5+ P3gWe + P314 Wiy P3g Wy + P3gWs

Qg5 == P37, 847=— P33 843=~ P32~ P35Ps52 — P3sPer —P3gPg2 — P310P10,23P 232

Q43 == PasPs15— P314P1415 » A4 =1—P3gPg3 ~ P3gPo3 —P310P103 ~ P314P143

849="P35P516 ~ P39Po16 = P314P1416 + @410= ~ P3Pe17 » @421~ P39Po1s ~ P3sPsis

a5 =Wy, 85=—P721P213,855=1, 85 == P715, 8510=— P717 » 8510 == P79

A513=— P70 A71=Wag, 87 == D131, 8710 == P1317 + A711=— P131s

agy =Wis5 + P155Ws + P15.7 W7 + P15.27 Wo7 + P15,28Wog + P15,20 Wag + P15.27 P 27,14 Waa + P15,.26 P 2621 Wis
Agp =~ P1527P2714P1425P 251 — P1526 P 2611 P1124P 241 » 884 == P1527P2714P143, 8g5 =~ P157

Agg == P155P52 — P1526 P 2611 P112 + Bgg =1~ P1527P 2714 P 1415 — P155P515 — P15,28P 2815 ~ P15,20P 2915
Agg =~ P1527P2714P1416 ~ P155P516 — P1529P 2016 + 8812 =" P1528P 2819 ~ P15,26P2611P1119

8813 =" P1529P 29,20 = P15,26 P 2611 P11,20+ @92 =" P1614P14,25P 251 — P16,30 P3012 P 121
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g1 =Wig + P15 Ws + P1g14Wig + P16 20 Wag + P16,30 Wao + P1s,31 Was
Ag3= —P165P52 — P16,30P3012P12,2+ Q94 — P1614P163 7 Qg =~ P165P515 — P1614P1415 — P16,29P 2915

899 =1— P1s5Ps516 — P1614P1416 — P16,29P2916 — P1631P 2916

8913= ~ P16,20 P29,20 — P16,30 P3012P12,20» 8914 = — P16,31P31,22 — P16,30P 3012 P12,22

a101=Wi7 + P176Ws + P171aWh1 + P17,320Waz + P17.33Wag + P17.34Wag 18102= — P1711P11.24 P 241
a103 =~ P176P62 = P1711P112 » 8105=7 P177 » 109= — P17,32P3213

81010 =1 P176P617 — P1733P3317 — P1734P3417 » 81012=— P17,6P618 — P17,33P 3318

A1013= ~ P1711P1120 — P17,33P3320 +&112 = — P1812P121 » @113= —P1gesPe2 — P1g12P122

8117 =Wig + P1gsWe ++ P17gWg + P1g10Wip + P1g34Was + P1g 35 Was 18114 = — P1ggPss
A117= — P1g13 » @110=" P18gPgie » A1110 = P18,6P617P1834P3417 131112 =" P18 34 P 3419
81171=1—- P1g P61 — P1ssPsi1s— P1s35P3s18+ 81113 = — P1812P12,20 — P1s,34 P34.20

A1114=—P1812P1122 — P1835P3520 s @121 =Wig + P19 28 Wog + P19 .36 Was + P19.33Waz + P19.36 P3s10 Wio

8123= ~ P19,36P3610P10,23P 232 + @124= — P1936P3610P103 + @125= ~P197

A128= ~ P19,28P 2815 ~ P19,36 P3610P1015 + 1210 = ~ P19,33P3317 — P19,36 P36.10 P1017

@1211= — P10.33P3318 » 81212 =1~ P2g19P19,28 » @1213= — P19,33P33.20

131 =Wy + P20,20Wag + P 2033 Was + P20.37 Wa7 + P2o 37 PazgWe

8133= ~ P2010P10,23P232 = P2037P37,9P92 » @134 =~ P2010P10,3 = P20,37P379P93 » Q135= ~P207

A138= ~ P20,290P 2915 = P2010P1015 + @139 = ~ P20,20P 2016 — P20,37P379P916 » @1312= ~ P20,34 P3419

81310 =~ P2010P1017 — P2034P3417 » 81311= — P2037P379P918 » @1313=1— P 20,20 P 29,20

147 =Wy + P31 War + Po23sWas , @142=—P229Po2 + @143= —P229Pe3 »8149=— P229Pg16 — P22,31P311
81411= ~ P22,9P918 ~ P2235P3518 + A1414=1— P2231P31220 — P22,35P 35,22

4.7 Expected Down Time

For expected down time E; (t) the recursive relations are given by:

Eo (t)=Qo1 (t)(c) E; (t)+Qoz (t) () Ex (t) + Qo3 (t) () E3(t) +Qos (1) () E4 (1) +
Qos (1) (€) Es (t)+Qos (1) (€) Eg (t)+ Qo7 (1) (€) E7 (t) +Qog (1) (C) Eg (1)

Ey (t)=Quo(t)(€) Eg (t)+Qu2 (1) () Ex (t)+Qu3 (1) (€) Eg (t)+Qu7 (1) (©) E7 (t)+
Qug (t)(€) Eg(t)+Qug (t)(€) Eg (t) + Qua1 (1) (€) Eqq (t)+Qua2 (1) (©) Epp (1)

E (1) =Qu0 (1) (€) Eg (t)+Qz1 (1) (€) Eq (1) + Qa3 (t)(c) 5 (1) +Qps (1) () Es (t)
+Q213(1)(€) Ey3 (1) +Qz14 (1) () Eqq (1)

E; (t)=Qs0 (1) (©)Eq (t) + Qa1 (1) () Ey (t) +Qs2 (1) (€) Ex (1) +Qs5 (1) () Es (1)
+Qs6 (1) (€) E7 (t)+Qsg (1) (c) Eg (t)+Qs9 (t)(C) Eg (t)+Qs10 (1) (C) Exo (t)
+Q313 (1) (€) B33 (1) + Q314 (1) (€) B34 (t)
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t
t
t
t

E,
Es
Es
E7

M 4 () +Quo (1) (€) Eo (1)
Qs (1) (€) Eg () +Qs2 (1) (c) Ex (1) +Qs15 (1) (€) Eqs (1) + Q516 (1) (€) Egs (1)
Qo (1) (0) Eg (t)+Qe2 (1) (€) Ex (t)+ Qg7 (t)(c) Ey7 (1) +Qp15 (1) () Egg (1)
Qzo/(t)(€) E (t)+ Q715 (1) (€) Es (1) + Q710 (1) (€) Exg ()
+Q7,20 (1) (€) Ego (1) +Q7 21 (1) (©) Eq (1)
Eg (t)= Qgo (1) (¢) Eo (t)+ Qa3 (t)(c) E5 (t)+Qg16 (1) () Egg (1)
+Qg15 (1) () Eqg (t)+Qg 20 (t) () E (1) +Qg.22 (1) (€) Exz (1)

Eq (t)= Qg2 (1) () Ex (t)+Qq3 (t) () E5 (t)+ Qo6 (t) () Exq (1) + Q15 (1) () Esg ()
Exo(t)= Quo.3(t)(€) Es(t)+Qu015 (1) (€) Exs (t)+Qu017 (1) (€) Ev7 (1) +Quo18 (1) (C) Esg (1)
Ey1 (t)= Quu2 (1) (€) Ex (t)+ Qu119 (1) (€) Exg (t)+ Q11,20 (1) (C) Epo (1) + Q1,04 (1) (C) E4 ()
Ex2 ()=Qu21 (1) (©)Ey (1) + Q22 (1) () Ex (1) + Q12,20 (1) (€) Egp (1) +Quz.22 (1) (€) Exo (1)
13(t)= Q31 (1) (©) By (t) +Qu33(t) (€) Eg(t) +Qiza7 (1) (€) Er7 (1) +Quz15 (1) (€) Eyg (1)

( (t) )

(

)
)
)
)=

A~ N /N~

m

E4 (t)=Quaz(t)(€) Eg(t)+Quazs (1) (€) Eas (t)+Quaze (1) (€) Eag (1) +Qua o5 (1) (C) Eps (1)
Eys (t)=Qus5 (1) (€) Es (1) +Qus.7 () (€) E7 (1) +Qus,26 (1) (€) Egs (t) +Qus,07 (1) () E7 (1)
+Qy5,28 (1)(C) Egg (1) + Q5,29 (1) (€) Eng (t)
Ey6 (t)=Que5 (1) (€) Es (t)+Qugg (1) (€) Eg (t)+Qus4 (1) (€) Eaa (1) +Qug.30 (1) () Ego (1)
+Qy6,31(1)(C) Ez1(t) + Qup 29 (1)(C) Exg (1)
Eq7 (t)=Qu7,6 (1) (©) Eg (1) +Qu7,7 (1) (€) E7 (1) +Qu7.21 (1) (€) By (1) +Qu7,32 (1) () Ego (1)
+Qp7.33(1)(C) Ez3(t) + Q7,34 (1)(C) By (1)
Eyg(t)= Qug(t)(C) Eg(t)+Qug e (t)(C) Eg(t) + Qugaz(t)(C) Exg(t)+Quga2 (1) (€) Exa (1)
+Qig.34 (1) (C) Egq(t) + Qug 35 () (C) Egs (t)
Eyg(t)= Quo7(t)(C) E7 (t)+Qig 36 (t)(C) Egg (t)+Qig 28 (1) () Egg(t) +Qug 4 (1) (C) Esa(t)
Ezo (t)= Qa7 (t) () E7 (t)+Qz0,8 (1) (€) Eg (t)+Qz010 (t) (€) Eqo (t)+ Q0,37 (t) (€) Esz (1)
+Qp0.29 (1)(C) Exg (1) + Q034 (1)(C) E57 (1)

)
)
)
)=
)=

E1 (t)= Qa13(t) (€) Es(t)

E2s (t)=Qa08 (1) () Eg (t)+Qa0,9 (1) (€) Eg (t) +Q20,31 (1)(C) Esy (t) + Q.35 (t)(€) Ess (t)
Eas(t)= Qa3 (t)(€) Ex(t)

Eq (1)=Qa41 (1) (©) Er (1)

Eas (t)=Qas54 (1) (©) Er (1)

E6 (t)= Qo611 (1) (€) Eaa (1)

Ep7 (t)=Qz714 (1) (©) Esa (1)

E g (t) = Q2815 (t)(C) Eq5(t) + Qag.19 (1)(C) Egg (1)
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Eg (1) =Q2g15(t)(C) Eq5(t) + Qg9 (1)(C) Egg(t)

Ezo (t)= Q012 (1) (€) Epp (1)

E31(t) = Qag15(t)(C) Eq5(t) + Qpg19(t)(C) Eqg(t)

Esp ()= Qa213(t)(0) Eqs(t)

Ea3(t) = Q3317 (t)(€) Eq7 (1) + Q3315 (t)(C) Eqg(t) +Qs3.20 (1)(C) Exo(t)
Ez4(t) = Q3417 (t)(C) Eq7(t) + Qg419(1)(C) Eqg (1)
Eas(t) = Q3515 (t)(C) Eqg(t) + Qa5 22 (1)(C) Ex(t)

Eg (t)= Qss10(t)(€) Exo (1)
Ea7(t)= Qs70(t)(C)Eq(t)

where

W, (@) = e

(4.20)

Next, taking Laplace transform of set equations (4.19) and solving them for EO* (S), we get

expected down time as:

N
- %k
E,=limE;(s)=—
where
a1 ap a3 Ay
0 a3 Az Ay
0 dzz Az Am
0 as a1 Ay
0 0 0 as,
0 0 0 0
0 ap 0o 0
0 dgy  dgz  Agy
Ngp =
0 agp g3 dgg
0 apy, aps O
0 a1 a113 A114
a;; Ay
0 0 a;;  Aizg
0 0 a1 A1a2

D, has been specified.

s

aizs

o © O O r O O O o o

o

o O

0 asg 0
0 0

1 0 0
0 ag ag

0 312'8 0

0  ajzg aag
0 0 auy
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a0
a210
a310
8410

as10

arzio

210,10

1110

anio

a1310

a1
1311

a1

a1212

ajzp
0

(4.21)

a1113

an13

a1313
0

as14

o O O O o

8914

a1114

1414




11 =PosWy , 19==Po1 813 == Po2 — PosPs2— Pos Pe2 » 14 == Pos

&5="Po7 » A18=—PosPs15 » 819 == PosPs16 » A120= ~ PosPe17 » 411="PosPs18 ~ PosPsis
9 =1—P112P121 ~ P111P1124P241 » 823 == P12 = P111P112 ~ P1oPo2 ~ P112P12.2 ~ P110P1023P 232
824== P13~ P19Po3 — P110P103 » @25=— P17+ 828 == P110 Pio15 +» 829 == P1gPg16 — P19Po16
8210 =" P110P1017 » 8211=7 P18Ps1s ~ P19Poas » 212 == P111P11219

8213=7 P111P1120 = P112P1220 + 8214 =7 P112P1222 » @32 =" P21~ P214P14,25P 251
A33=1-P2sPsy — PogPe2 + B34 == P23 — P214P143 + 838 == P25Ps515— P214P1435

A39 =" P25Ps516 = P214P1416 » @310= ~ P26Pe17s @310= ~ P26 Pe1s » @42=" P31~ P314P1425P 251
843== P32 = P35Ps52 = P3sPe2 = P39Po2 = P310P10,23P 232 » a5 == P37 1847 =~ P3ys
a40=1—P3gPg3— P39Po3 — P310P103 — P314P143

848 == P35Ps15~ P314P1415 » @49 == P3sPs16 = P39Po16 = P314P1416 + @410~ ~ P3sPea7

8411=— P3gPg1s — P3gPsis » 854=—P721P213+ @s5=1,858=—P715, @510=— P717

8512 == P719 » 8513== P7,20 » 872 == P131» 8730 == P13a7 » 8711=~ P13s
Agy == P1527P2714P14,25P 251 = P1526 P2611P11,24 P241 » 8gs = = P15z
Agz =~ P155P50 — P1526P2611P112 » Qg4 == P1527P2714P143

Agg =1— P1527P2714P1415 — P155P515 — P15,28 P 2815 — P15,20 P 2915

Agg == P1527P2714P1416 — P155P516 — P1529P 2916 + 8812 =" P1528P 2819 ~ P15,26 P 2611 P1119

Ag13 =" P1529P 20,20 = P1526 P2611P11,20 + @92 =~ P1614P14,25P 251 — P16,30 P3012 P121

A93= ~P165P52 = P16,30P3012 P12,2+ @94 — P1614P163 + 398 =~ P165P515 = P1614P1415 = P16,20 P 29,15
g9 =1— P1g5Ps516 — P1614P1416 — P16,20P 2916 — P16,31P 2916 » @913 =~ P16.29P 29,20 — P16,30 P30:12 P12,20
8914= ~ P1631P31,22 ~ P16,30P3012 P12,22 + @101 =~ P17,6 P60 + Q102= ~ P1721P1124 P24

a103 = ~ P176P62 = P1711P112 » 8105=— P177 » 8109 = ~ P17,32P3213

1010 =1— P17,6P617 — P17.33P3317 — P17,34P3417 + @1012=~ P176P618 — P1733P3318

81013 = ~ P1711P1120 = P17:33P3320 » @112 = ~ P1812P121 » @113= —P186Pe2 — P1g12P12.2

A124= ~ P1ggPs3 s @11,7= ~ P1ga3 » A119=7 P18gPs16 » @1110 =~ P186P617P1834P 3417

a1111=1- P1g6Ps1s — P1sgPs1s — P1s3s5P3s518+ Q1112 =— P1g34 P340

1213~ ~ P1812P12,20 ~ P18:34 P34,20 » 31114 =~ P1812P1122 = P1835P 35,22

A123= 7 P1036P3610P10,23P232 » 4124 = ~ P1936P3610P103 + A125= ~ P19

A128= ~ P19,28P 2815 ~ P19,36 P3610P1015 + 81210 = ~ P19,33P 3317 — P19,36 P3610 P1017

81211= ~ P19,33P3318 + Q1212 =1~ P2g19P19,28 » @1213= — P19,33P 33,20

@133= ~ P2010P10,23P232 — P2037P379P92 » 134=~ P2010P103 ~ P2037P37,9Pe3

A135=~ P27, A138= ~ P20,29P 2915 = P2010P10215

A139= ~ P20,29P 2016 = P2037P379P016 » @1310= ~ P2010P1017 — P20,34P 3417
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A1311= — P2037P37.9Po18 » Q1312 = — P2034P3419 + @1313=1— P20.29P 29 20
Q142= = P20oPo2 » A143= —P229Po3 A149=—P229P916 — P2231P3116

@1411=— P22.9Pg18 — P2235P3518 » Q1414 =1~ P2231P3122 — P2235P 3522
4.8 Cost-Benefit Analysis

The revenue and cost functions lead to the profit function of a firm. As the profit is
excess of revenue over the cost of production, the profit takes the form

P = Expected revenue in (0,t] - Expected total cost in (0,t]

Using equations (4.13), (4.14), (4.15), (4.16), (4.18) and (4.20) the expected profit per unit

time incurred to the system is given by

P = Cyy A’ +CpA% +Cps A’y +Co, A’y — CBy ~C,E, (4.22)
where
C,, = Total revenue per unit time for availability of 12ton (p > d)
C,, = Total revenue per unit time for availability of 12ton (p < d)
C,; = Total revenue per unit time for availability of 8ton (p > d)
C,, = Total revenue per unit time for availability of 4 ton (p > d)
C,, = Total revenue per unit time for availability of 8ton (p < d)
C,, = Total revenue per unit time for availability of 4ton (p < d)
C, = Costof busy period of repairman
C, = Cost for expected down time

Hence the bounds for revenue/costs for the system to be profitable are:
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TABLE 4.2: BOUNDS FOR REVENUE/COSTS

Revenue/Cost | Bound Value
(Lower/Upper)
Co, Lower ((3150 + C,E, — Cy, Ay —Cyy A% —Cy, A’ —Cy A% _Co6A50)
A
Cyy Lower (ClBO + C,E, — Cy A, —CyuA% —Cp A% —C A —CoeASO)
Al
0
Cos Lower ((3150 + C,E, — C,A, —C,, Ay —C,, A%, —C, A, —CoeASO)
A2
0
o Lower (ClBO + C,E, —C, A, — C,, A, —C,, A% —Cy A’ —Cys A50)
A3
0
Cos Lower (C1Bo + C,E, -C,A, — C,, A", —C,,A’, —C,, A%, _C05A50)
A4
0
Cys Lower ((3150 + C,E; —Cy A, — CppAly —CpyAZ, —C o, A%, —Coe A%, )
A5
0
C1 Upper (C01Ab +C02 Alo +C03 AZo _Co4 A30 _Cos A40 _Coe Aso -G, EO
BO
C2 Upper (C01A\) +C02 Alo .|_C03A20 —C04A30 _(:05A40 _COG A50 - ClBo )

EO

134




4.9 Analysis and Discussion

In this study, data for all types of failures and repairs of the rice plant was collected in
the units of per hour. On the basis of these data, we have computed the failure and repair
rates. Some of measures have been assumed. The values of various measures calculated
and assumed are:
a, = 0.3144 , b,=0.2346 vy, =0.01736 y, =0.0987 q=0.8; p=1-q; S,=0.0036
P2 =0.065; py=035; py =035, p3=1-p—py; Pe=0.22; ps=1-psg—ps; p; =045
pg =0.082; pg =1-p; —pPg; P1g=0.025; py; =0.57; py, =0.035; p13=0.12; py5=0.42
P17 =1=P13— P15 P12 =1-P1o- P11 P1g =0.45; P1g =1-Pyg — P15 =0.34; py; =0.35

P20 =0.065; p1g=1-P21 i P22 =1-P20; P23 =0.35; Ppg =0.55; Pp5=0.75
Pa7=1-P23: P2s=043; Ppg=1-Ppg; Pog=1-Po5; P3o=1-Py4; £,=0.0084

Based on these measures we have computed the following results of important reliability
indices using the software ‘MATLAB’. By varying A, for distinct values ofa,, the values
of MTSF. Availabilities of different capacities are computed by varying A, for distinct
values of a;and by varying £, for distinct values of b, . Similarly, the profit is also

computed by varying C, for different choices of C; and results are presented. Their

behaviours are exhibited in figures. Fig. 4.1 shows the behaviour of MTSF with respect to

A, for distinct valuesa, . The graph shows that MTSF decreases with increase in 4,

keeping &, and has greater values for greater values ofa, .
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Type - | failure rate of big unit (A4)

Fig. 4.1 - Effect of Type-I1 failure rate on Mean time to system failure for
distinct values of Type-I1 repair rate.

Behaviour of availability in different capacities with respect to failure rate for

distinct values repair rate has been shown in Fig 4.2, Fig 4.3, Fig 4.4 and Fig 4.5. Fig. 4.2

indicates that availability of full capacity i.e. sixteen ton decreases with increase in A, and
has greater values for higher value ofa;. Fig. 4.3 indicates that availability of twelve ton

capacity decreases with increase in A, and has lesser values for higher valuea,. Behaviour

of availability of eight ton capacity is shown in fig. 4.4 which indicates that availability of

capacity eight ton decreases with increase in A, and has greater values for higher value ofa;

. Fig. 4.5 shows the behaviour of availability of four ton capacity which indicates that

availability decreases with increase [, and has lesser values for lower value ofb,.
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Fig. 4.4 - Effect of Type-I failure rate on Availability of eight ton capacity
for distinct values of Type-I repair rate.
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Fig. 4.5 - Effect of Type-I1I failure rate on Availability of 4 ton capacity for
different values of type-11 repair rate.
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The behaviour of profit with respect to revenue for 4 ton capacity C,, for distinct

values of cost of repairmanc, is shown in fig. 4.6.

Values of various measures considered are:

a, =0.3144 ; b, =0.2346 ;a, = 0.1736, b,=0.2500 ; q=0.8; p=1-q; vy, = 0.01736

h (t):001 , 'Yz = 00987 Cz=1200|NR , C01=4C04 , C02 :3C04 ;C03 =2C04

P2 =0.065; p;=035; py=035; p3=1-p,—pPy; Ps=022; ps=1-psg—py; p; =045
p8 :0082 , pg :1— p7 - p8 , plo 20025 , pll 2057 , p12 :0035 , p13 :012 , p15 :042
P17 =1-P13— P15 P12 =1-P1p- P11 P1g=0.45; Py =1-pyg —P1g=0.34; py; =0.35
P20 =0.065; p1g=1-P2 i P22 =1-P2p; P23 =0.35; ppg =0.55; pps=0.75

Po7=1-Po3; Ps=0.43; Prg=1—Pyy; Pag=1—Pos; P3p =1—Pyy ; $1=0.0084
f,=0.0036 ; 4,=0.0007 ; A,=0.0003

It is observed from this graph that profit increases with the increase in revenue C,,
and decreases with increase in cost of repairman. On comparing graphs, it reveals that

(i) For C; =3500 INR, the profit is negative or zero or positive according as
Co4 <0r=1013.80. Hence, revenue for 12 ton capacity when production is greater

than or equal to demand should be fixed greater than 1013.80 INR to attain the profit.

(i)  For C; =4000 INR, the profit is negative or zero or positive according as
Cos <0r=1131.75. Hence, revenue for 12 ton capacity when production is greater

than or equal to demand should be fixed greater than 1131.75 INR to attain the profit.
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Fig. 4.6 - Effect of revenue of 4 ton capacity on profit for distinct values of
cost of repairman.

Fig. 4.7 shows the behaviour of profit with respect to cost of repairman for distinct

values of revenue for 4 tonc,. It is observed from this graph that profit decreases with
the increase in cost of repairman c, and increases with increase in revenue C,,. On

comparing graphs, it reveals that

(i) For Cy, =1000 INR the profit is negative or zero or positive according as

C, 20r<3415.70. Hence, repairman should not be paid more than 3415.70 INR to

attain the profit.

(if) For Cgy, =1500 INR the profit is negative or zero or positive according as

C, 20r<4294.85. Hence, repairman should not be paid more than 4294.85 INR to

attain the profit.
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Fig. 4.7 - Effect of cost of repairman on profit for distinct values of revenue for
4 ton capacity.
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CHAPTER 5

COST ANALYSIS OF A TWO-UNIT STANDBY
INDUSTRIAL SYSTEM WITH VARYING
DEMAND

In the preceding chapter, cost benefit has been carried out for a system having
three units of capacities: eight ton, four ton and four ton with varying demand and two types
of failures. Instead of considering two units of four ton capacity each, we can consider a
single unit of eight ton capacity in pace of two units of four ton capacity each. Keeping in
mind the installation cost of one big unit in place of two small units, we have considered a
system having two similar units of eight ton capacity each. In this chapter a two similar unit
standby system is analysed with variation of demand and two types of failures.

This chapter has been organised as follows: Section 5.1 describes description
of a rice manufacturing system and assumptions of two-unit standby system are also
discussed in this section. Section 5.2 presents various notations used in this chapter. The
mathematical formulation for stochastic model determining, transition probabilities and mean
sojourn times has been developed in Section 5.3. Section 5.4 — 5.6 deals with the formulation
of Mean Time to System Failure, availability, busy period analysis and expected down time
of the system. Cost Benefit analysis has been done in section 5.7. Conclusions based on the

present study have been finally drawn in Section 5.8.

5.1 System Descriptions and Assumptions

This system has two similar paddy to rice converting units of same capacity which are
made operative depending upon demand. Both the units are of eight ton capacity. The system
under investigation considers the situation where the system has two shifts of working and
before starting the second shift the whole system undergoes for scheduled
preventive/corrective maintenance. Initially the system is in the working condition with both
units operative. The failed unit is undertaken for repair immediately. After getting repaired

the unit can be made operative or standby as per the requirement.

The following assumptions have been considered for the model:
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(i) After repair unit behaves as totally new.

(if) After getting repaired the unit can be made operative or standby according to the
need.

(iii) There is a single repair facility.

(iv) Failure times are assumed to follow exponential distribution.

(v) Repair times are assumed to follow any arbitrary distribution.
The system has been observed at suitable regenerative epochs by using regenerative

point technique and the following reliability characteristics have been obtained:

(i) Mean time to system failure (MTSF) (if) Availability
(iii) Expected busy period of repairman in (0,f]  (iv) Expected profit incurred in (0,t]

5.2 Notations:

BS : Unit with eight ton capacity in standby mode

B, ; Unit with eight ton capacity in operative mode

Bop Unit with eight ton capacity in pending operation state.

B, B, ; System is at rest

Frl Unit having Type — | failure is under repair

Fr2 Unit having Type — Il failure is under repair

Fu r Unit having Type — | failure is waiting for repair

erz Unit having Type — Il failure is waiting for repair

FRl Repair of Type — I failure is continuing from previous state
Fro : Repair of Type — I failure is continuing from previous state
Aq ; Rate of Type - | failure

Ay ; Rate of Type - Il failure

¥z : Rate with which the system is made operative from rest

V2 : Rate with which the system goes to rest from operative state
i(t) : p.d.f of time to complete pending process of material at colour
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sorter

c.d.f of time to complete pending process of material at colour

sorter

Probability that the unit is not made operative after repair

depending upon demand.

Probability that the unit is made operative after repair
depending upon demand.

c.d.f. of the repair time of for type — | failure.

p.d.f. of the repair time of unit type - | failure.

c.d.f. of time to make operative state standby (as per

demand)

p.d.f of time to make operative state standby (as per demand)
c.d.f. of time to make standby state operative (as per

demand)

p.d.f of time to make standby state operative (as per demand)

The system of converting paddy into rice of a rice manufacturing plant has the following

states:

()  Regenerative states:

SO(BO’BO)’ Sl(BO’Bs)' Sz(

B, B

/B.), S4(BF By}, S,(BF,,.By) and S(B,, B,

(if)  Failed and non-regenerative states are:

S, (BFRl,BFWRl), S 7(BFR1,BFWr1), SB(B FRZ,BFWrZ)and SQ(BFRZ,BFWH)-
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Table 5.1 — Possible states of Transition

State
(Si) Status Possible transition to | With failure / repair rates /
transition probabilities / p.d.f
i=010 9 respectively
. Bo, Bo 1,2,3&4 h, (t), 7,,24, &24,
. Bo, Bs 0,2,3&4 h, (t), 7., 4, &4,
Br, Br 0 7,
2
Bfr,, Bo 0,56&7 qg,(t), pg, (1), 4 &4,
3
4 Bfrz’ Bo 0,1,8&9 a9, (t)'pgz (t)' /12&/11
i B,,. Bo 1 i©
Bfr,, Bwfr, 3 9, (t)
6
Bfr,, Bwir, 4 g, ()
7
Bfr,, Bwifr, 4 g, (t)
8
9 Bfr,, Bwir, 3 o, (D)

In the light of the system description, notations and assumptions, we present a

statistical model of two unit system here.

5.3 Transition Probabilities and Mean Sojourn Time

A transition table shown in Fig.1 exhibits the various states of the system. The epochs
of entry into states 0, 1, 2, 3, 4 and 5 are regenerative points. The transition probabilities p; ;

have been obtained as:
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p,; = lim q,"(s) =lim [e~"q, ()l
0

Qo = Iy (e V1H2Ar2RIT gy, =y, e (1P2A2R)UH (1)

Uog =24, & WHPATRRINH (1) | qg, =22, 6 1PATRRIUH (1)
to = hy (W) VAT ) =y e (nP2ARRINE (1)

Opg = Ay AR (1) | gy = 2,6 1PPATRRINH (1)
O =1; Gz = qg; (e 2 gy = pg, (e ARt
Ogg = Ay o (i)t 5 Gy(t), Gy = A, o~ (i+Ap)t Gl(t)

U® = SO s’ = e 2" G, (1)

Qao = qg, (e At g, = pg, (He arh)!

Qug = A2 DG, (1) | Gy = 22 ARG, ()

At = gt = .
Q44(8) =e "2 Gy(t) , Q49(3) =e T Gy(t) , g5y =i(t)

The non zero element p;; are obtained as:

Dy = N (4 +24 +24,) , Pos =m2 (10 (n +24,+ 24,))
pgfﬁ(l—hf(m%ﬂ%)), P = % (11 (,+ 24, +22,))
o =N (it A+d) o P = ﬂl %(1 h, (+ 4+ 4,))

Pyo = ﬁ(l—h;(mﬂlw)), P —%(1 (A +20))

Po=1, Pp=00, (h+4) , Ps=p0 (L+4), Ps = ﬂf/lz 9, (4 +4,)

Py = ;j 7 0, (A+4), P =1-0,(4) , py,” =1-0,(4,)

P =049, (h+4) , Pu=P09 (h+4), Py = ﬁ ﬂ/2(1 g, (4h+4))

P = ﬁ T0-6 G m) L p® =10, () L =1-0,(2) Py =1
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By using above equations, it can be verified that

Por+ Poo T Pz +Pos =1+ Po+ P+ P+ Py =1
Py =1 5 Pyy+ Pass+ Pag+ Py =1
Pao+ Part Psg+Psg =1 , Py =1

(®) M _ ® © _
Poo+ Pas+ Pss +Pss " =1 4 Pyt Pyt Py +P 0 =1

If T denotes the sojourn time in the regenerative state ‘i °, then mean sojourn time g,

is obtained as.

#=E@® =R T >t)=[d@Q;W) (5.4)
1 «
o= an T (14 24422)
—;(1—h*( +h+4)) M _1
EEEAVEYA 2
1 . 1 «

; = —(1-0, , s =19,
u ﬂl( 0/ (h)) . u ﬂz( 9, (%))
,usz—i*’(O):l

The unconditional mean time taken by the system is mathematically stated as

m, = [t6Q,® = [ta,®d = -q,© (55)
0 0
Thus, we get
Moy + Moy + My +Myy = £y, My +My +Mz+My, = 44
My =ty o My +Myg +Myg +My; = 14
My +My +Myg +Myg =4, Mgy = L
My, +my +m, @ +m, " =k (say) , m,+m, +m,®+m® =Kk,
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5.4 Mean Time to System Failure (MTSF)
In order to determine the mean time to system failure (MTSF) of the system, the

failed states are considered as absorbing states. We obtain the following recursive relation

forg; (t):

o (1) =Qo1(t) (5) A (t) +Qua(t) (5) 2 (1) + Qus (1) (5) B3 (1) + Qoa (t) (5) da(t)
# (1) =Q10 (1) (5) Ai.(t) + Qu2 (1) () B2 (t) + Qi3 (1) (5) #3(t) + Qua(t)(S) (1)

$o (1) = Qoo (1) + (1)

B3 (1) =Q30 (1) (5) dp (1) + Qa5 (t) (5) 5 (t) + Qg (t) + Q37 () (5.6)
P4 (1) =Qa1(t) (5) A (t) + Qup (1)(S) #2 (1) + Qug (1) + Qug (t)
g5 (t) = Qs1() () A (1)

In order to obtain MTSF using methodology of section 2.4, we first take Laplace Steltjes

Transforms of equations (5.6) and then solve them for @, " (S) . Thus, we get

o k%
MTSF = lim— %) _N 5.7)
s—0 S D

where

N = g (~PraPar — P13Pss +1)~£4 (= Po1 ~ Poa Pa — Po3Pss)
— 15 (=Po2 P12 — Poa P12 P4 — Pr2 Po3P3s — Po2 + Poz Pra Pay)
— 143(=Po3 + Po3Pr4 P41 — Por P13 — PoaPr3Par)
— 14(=Poa + Pos P13Pas — PorPr4 — Po3 P14 P3s)
— #45(— Po3 P35 — Po1 P13 Pas — P13 P35 Poa Pas + Pos P35 Pra Pag

D =1- P14 P41~ P13P35 — Poa Pao — Po2 + Po2 P14 Pa1 + Po2 P13 P3s — Poa P2 + Poa Pao Pi3 Pss
— Po3 P30 + Po3z P30 P14 P41 — Po1P1o — Po1 P14 Pao — Po1 P13 P30 — Poa P41 P12 — Pos P41 P10
— Po4 P13 P41 P30 — P12 Po3 P35 — Po3 P35 Pro — Po3 P35 P14 Pag

5.5 Availability Analysis

Following the method used in preceding chapters, the availability A; (t) is expressed

as the following recursive relations:
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Ay (t) =M (t)+do1 (t) (€) AL(t) + doa (t) (€) Ax (1) +dog () (€) Ag(t) +doa (t) (€) As(t)
A (t) = My (t) +ag0(t) () A(t) + a0 (1) () Ay (1) +aya(t) (C) Ag(t) +ap4 (L) (C) Ay(t)
Ay () = gy (t) (c) Ay(t)
Pg(t) =M3(t) + Uz0(t) () Ag (1) + G5 (1) (0) As (1) + 035™® (1) (€) Ag(t)

Fas | ©0) Ay
A (1) = Qg (1) (©) Ay (1) + Uz (1) () Ap (1) + gy ® (1) (0) Ay (1) + 0145 (1) (©) Ag (1)
As(t) = M (1) +Gs (1) (€) A (1)

(5.8)

where

‘(%*2'12 )t

Mo(t) =€ Hi(t) ; My(t) = g nthra) H, (t)

Ms) =e ARG, ;- M0 =G ¢ M () =T (1)
Gl(t) = l_Gl(t) ; I__Il(t) =1- Hl(t) ) CEz(t) :1_Gz(t) ) H2('[) :1_H2(t)

Next, taking Laplace transforms of equations (5.8) and solving them for AO*(S) , We get

Ny

Ag=lim s Ay ™ (s) = D, (5.9)

where

Dy = 1o{p3o (1— IO44(8))+ P35 P40 (= Pr3) + (Pro + Pr2)
( P35 P41 + P35 p43(9) + p34(7) p41> — P30 P14 Pag + p34(7) Pso}

+ 14 {Po1P3o (1 — p44(8)) + Po4a P30 P41 + P35 P40 (Po1 + Po3)

+ Po1P4o p34(7) + (1= Ppo2)(P35 P41 + P35 p43(9) + Py1 p34(7) )}
+K3{Pg3 P40 + PozPa1 = Poz P14 Pa1 + Po1Pao P13 + (L= Po2 — Po3)

PraPaz — Por(Pro + Pr2) Paz™® + (- Po2) Paz” 3+ Ky {P3sPra
(Poz + Po3) — Po1(Pio + Pr2) p34(7) + (1= Pg2) p34(7) + P35 P04
(1 P13) + P39 Pos + Po1 Pra Paod+ H2{ Por P12 (P3g + Pas + p34(7))
(Pao + Paz + Paz®® — P14 Paz) — PorPr2Pas” Pas™ = PoyPra PraPaz Pas'”

— Po1 P12 Paz'” PraP3s — Po1P12 PisPas (Pag + Par + Pag’)
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Ny = (Mg + PosM1) (A~ Pag®® — prapas — paa'® + paa'® pgs®
+ p33(6) P14 Pa1 + P13 P35 + P13 P35 p44(8) + P13 P35 P14 Pa1)
+(My + PyM1)(Pos p34(7) + Po3 P14 P35 + Posa = Pos p33(6)
— P13 P35 Po4) + M3(—Pg3 p44(8) + Poz = Po3 P14 Pa1 + Poa Pa3
+ Poa P13 Pa1) + Poz P35 — Po3 P35 p44(8) + Po3 P35 P14 Paz
+ Po4 P3s p43(9) + P13 P35 Posa Pa1 + (Po3 + Po1P13)

(P12 P35 Pag + P12 P35 Pag + P12 P3s p43(9) + P12 p34(7) Ps1)
+(Pos + Po1P1a)(P12 P35 p43(9) + P12 P30 P41 + P12 P35 Pas
+ P12 Paa'" P41)}+ 5L (L — Poz — Poa(Pro + Pr2))

(P14 Pas P13 Pa + P1aPasPaz'® + Pr3Pas Pao + Pr3PasPag
+ P13 P35 p43(9)) +(Poz + Po1P13)((P1o + P12) P35 Pag
+ (P10 + Pr2) Pas Pas + (Pro + P12) Pas Paz'™ + Pra PasPao)

+(Pos + Po1P14)(P1o Pas Pas' + Pro P35 Pas'™ + PraPasPao)}

©)

5.6 Busy period of repairman
Following the method used in case of MTSF and Availability recursive relations for

busy period have been obtained as:

By (t) = dgy (t) (c) By (t) +qg, (1) (€) B, () +0ga(t) (€) B3(t) + dga(t) (C)By(t)

By (t) = dyo(t) (€) By (t) + ayo (1) (€) B, (1) + 03 (t) (€) Bs(t) + g (1) (€) By (1)

B, (t) = tpo (1) (€) By (1)

By (t) = Wa (1) +Ugo () (€) By () + s (1) (€) Bs () + A3 (t) (c) Bs(t)
+z (1) () By (1) (5.10)

By (t) = W 4 () + Qgs (t) (€) By (1) + g2 (1) (©)B (1) +045® (1) (€) B4 (1)
+0,52 (1) (€)B5(t)

Bs(t) = ds. (1) (C) By (t)

Finally, again taking Laplace transforms of equations (5.10) and solving them for B, (s) we

get

N3(s)

By (s) = B, (5)

(5.11)
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In steady-state, the total fraction of time for which the system is under the service of assistant
repairman is given by
N3

B,=limB.(s)=—, 5.12
° 550 0() D, ( )

where

Pag + Pag +Wy — Pg1 P14 (Pgg + Pag +Wy)
— P13P35(Pag + Pag +Wy)
+(Poz+ Pos + P13+ Prg + PosPay + PozP3s) (P3g + P37 +W3)

N3 = (Po3 + Pos)

and Dy is already specified.

5.7 Cost Benefit Analysis
One of the objectives of reliability analysis is to optimize the profit incurred to the
system. To achieve this, profit model is defined by subtracting all expected maintenance

liabilities from the total revenue. Using equations (5.10) and (5.12), we get
P=C,A - CB,, (5.13)

where C, is total revenue per unit time and C, is cost of busy period of repairman.

5.8 Conclusion and Discussions
Following particular cases are considered for analyzing the behaviour of the system.

gl(t):}’e_Yt 5 gz(t):(xle-m1t > hl(t):“e_oLt ; hz(t):Be_Bt

In this study data for all types of failures and repairs of the concerned industry was
collected in the units of per hour.

On the basis of these data, we have computed the following rates:

y =001, o =0.0123, y, =0.01736 and y, = 0.0987. Assuming «=0.01, #=0.01 and
q=0.8; p =1-q, we have computed the following results of important reliability indices
using the software ‘MATLAB’. By varying 4, (0.01 — 0.024) for distinct values of 4, the

values of MTSF and availability are computed and their behaviours are exhibited in graphs
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(Fig 5.2 and Fig 5.3). Similarly, the profit is also computed by varying Co for different

choices of C; and results are presented in Fig 5.4.

Fig. 5.2 shows the behaviour of MTSF with respect to A, for distinct values of ;.
The graph shows that MTSF decreases with increase in the A4, keeping A, constant and has

greater values for lesser values of A;.

0 2 4 6 8 10

300
280

260;
240;
220;
200;

MTSF

180;
160;
140;
120;

100

— T - T - T T T T T 1T T T T T 0
0.010 0.012 0.014 0.016 0.018 0.020 0.022 0.024 0.026 0.028

Type-II failure rate (A ,)

Fig. 5.1 - Effect of Type-II failure rate on Mean time to system failure for distinct
values of Type-I failure rate.
Fig. 5.3 shows the behaviour of availability with respect to Type Il failure rate (,12)

for distinct values of Type - | failure rate(/il). This graph indicates that availability of the

system decreases with increase in the Type - 11 failure rate ( 12) keeping Type - | failure rate

constant and has greater values for lesser values of Type - | failure rate ( 11) :
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0.45

0.40

0.35 H

0.30

Availability

0.25

0.20 H

0.15

T T T T T T T T T T T T T T T T T 0
0.008 0.010 0.012 0.014 0.016 0.018 0.020 0.022 0.024 0.026

Type-I1 failure rate (2 ,)

Fig. 5.3 - Effect of Type-I1 failure rate on availability for distinct values of
Type-I failure rate

The behaviour of profit with respect to revenue C, for distinct values of cost of

repairman C, is shown in Fig. 5.4. It is observed from this graph that profit decreases with the
increase in revenue per unit time C, and has greater values for lesser values of cost of

repairmanc, .
On comparing the graphs, it reveals that

M For Cl =850 INR, the profit is negative or zero or positive according as CO <or=>

1449.6458.50 INR. Hence, revenue per unit time should be greater than 1449.6458
INR.

(i)  For C; = 900 INR, the profit is positive or zero or negative according as Cy < or

> 1534.9166 INR. Hence, revenue per unit time should be fixed greater than
1534.9166 INR

(ili)  For C1 =950 INR, the profit is positive or zero or negative according as CO <or=>

1620.1960 INR. Hence, revenue per unit time should be fixed greater than 1620.1960
INR.
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Fig. 5.4 - Effect of revenue per unit time on Profit achieved by the system
for different values of cost of busy period of repairman.
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CHAPTER 6

COMPARATIVE ANALYSIS OF THE MODELS
DISCUSSED UNDER DIFFERENT SITUATIONS

The various reliability models have been developed and analysed for two-unit and
three-unit standby systems working at “Kohinoor Foods”. These models have been analysed
in terms of performance measures and cost benefit of the system considering various
conditions of the system like two type of failures and variation in demand.

A system working under some specific situations cannot be considered as good as
compared to other similar systems working under some different situations. A particular
system may be better in one situation and may be not as good in other situation. Hence,
comparison of various models studied in chapters 3, 4 and 5 by considering different
situations for a system is necessary. In this chapter, we compare these models to find which

model is better than the other in which particular situation.

6.1 Comparative Analysis Description and Notations
Comparative analysis of the models is done by taking two at a time. Various
conclusions have been drawn observing the trend of the graphs as well as the cut-off points.

For making the comparative study between two models MTSFs, Availability and Net Profit

are needed.

M; : Model discussed in i chapter

MT;, ; MTSF of the model discussed in i chapter

A; : Availability of the model discussed in i chapter
P, ; Profit of the model discussed in i chapter

IC : Installation cost of additional unit

NP; ; Ps

NP, ; P,—IC

NP ; P;—IC

L ; Goodwill Loss
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Ciy ; Cost of repairman
Cos : Revenue for four ton capacity

Co1 ; Revenue for twelve ton capacity

Comparative study between the models is described as follows:

6.2 Comparison Between the Models Discussed in Chapter 3 and Chapter 4

Model with two standby units and three standby units are discussed in chapter 3 and
chapter 4 respectively. The model discussed in chapter 3 has two units, one is of eight ton
capacity and other is of four ton capacity. In chapter 3 both cases are discussed when
production is less than demand and at least equal to demand. One additional unit is taken in

chapter 4 keeping in mind goodwill loss which can occur in model considered in chapter 3.

The behaviour of the MTSF with respect to Type — | failure rate of eight ton capacity unit for
both models M5 and M, is shown in Fig 6.1.

In order to analyse the MTSF with respect to Type — | failure rate of eight ton capacity unit

for both models M3 and M, the following values of various measures are considered.

a, = 0.3144/hr , b,=0.2346/hr , a, = 0.1736/hr , b,=0.2500/hr , q=0.8, p=1—q

v, = 0.01736/hr h (t)=0.01/hr ; y, = 0.0987 /hr

P, =0.065, p; =035, p, =035, p3=1-p,—py, Pg=0.22; p5s=1-pg—Ps, p; =045
pg =0.082, pg =1-p; —pg; P1p =0.025; p;; =0.57, p;» =0.0385, py3=0.12, p;5=0.42
P17 =1=P13— P15+ P12 =1-P1o- P11, Prs =045, P1g =1-P1g —P1g =034, pp =0.35
P20 =0.065, P1g=1-Py; , P =1-Pyy . Pr3=0.35, Ppy =0.55, Pps=0.75

P27 =1-P23, P2s=0.43, Pog=1-P2g , P29 =1- P25, P3g =1— P24 , #1=0.0084/hr
B,=0.0036/ hr
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Type - | failure rate - A,
Fig. 6.1 — Effect of Type — | failure rate on MTSF of Model M, and Model M4

From Fig. 6.1 it is clear that MT, > MTj3 for any value of 4;, hence Model My is better than

Model Mjfor any value of Type — | failure rate.

Fig. 6.2 indicates the behaviour analysis of difference in profits NP; and NP, of the Models
Msand M, with respect to cost of repairman for distinct values of revenue.

The values of various measures considered are:

a, = 0.3144/hr , b,=0.2346/hr ,a, = 0.1736/hr , b,=0.2500/hr , q=0.8, p=1—q
v, = 0.01736/hr , h (t)=0.01/hr , y, = 0.0987/hr

ICZSOOINR y C2:1500|NR y L:3500|NR, C01:4CO4 f C02:3C04 y CO3:2CO4

P, =0.065, p;=0.35, p, =035, p3=1-p,— Py, Pg=0.22; p5s=1-pg—Ps, p; =045
pg =0.082, pg =1-p; —pg; P1p =0.025; p;; =0.57, p;, =0.0385, py3=0.12, p;5=0.42
P17 =1=P13— P15+ P12 =1-P1o- P11, Prs =045, P1g =1-P1g —P1g =034, pp =0.35
P20=0.065, p1g=1-Py1 , P2 =1-P2y, P23 =035, Ppg =0.55, P25 =0.75

P27 =1-P23, P2s=0.43, Pog=1-P24 , P29 =1- P25, P3g =1— P24 , $1=0.0084/hr
B,=0.0036/hr , 4,=0.0007/hr , 2,=0.0003/ hr
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Fig. 6.2 — Difference of profits (NP3 -NP, ) versus Cost of repairman for
different values of Revenue.

From Fig 6.2 it has been concluded that:

(i) The difference NP;—NP, decreases as the cost of repairman increases. The
difference becomes greater for greater values of revenue.

(i) For Cy, =1000, NP;—NP, > or = or < 0 according as C4 < or = or > 4587.22
INR. Hence Model Mjis better when C;; < 4587.22 INR and the Model M, is

better whenever C; > 4587.22 INR. Both the models are equally good if C;; =

4587.22 INR.
(iii)y ForCy, =1050, NP;—NP, > or = or < 0 according as C4 < or = or > 7719.35

INR. Hence Model Mjis better when C;; < 7719.35 INR and the Model M, is

better whenever C; > 7719.35 INR. Both the models are equally good if C; =

7719.35 INR.

Fig. 6.3 indicates the behaviour analysis of difference in profits NP; and NP, of the Models

Msand M, with respect to revenue for distinct values of cost of repairman.
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Fig. 6.3 — Difference of profits (NP3 -NP, ) versus Revenue for distinct values of
Cost of repairman.

From Fig 6.3 it has been concluded that:

(i) The difference NP;—NP, increases as the revenue of four ton increases. The
difference becomes greater for lesser value of cost of repairman.

(ii) ForC,; =4000, NP;—NP, > or = or < 0 according as C, > or = or < 990.30
INR. Hence Model Mjis better when Cy, > 990.30 INR and the Model M, is

better whenever C, < 990.30 INR. Both the models are equally good if Cy, =

990.30 INR.
(iii) ForC,; =5000, NP;—NP, > or = or < 0 according as C,, > or = or < 1006.32

INR. Hence Model Mjis better when C, > 1006.32 INR and the Model M, is

better whenever C, < 1006.32 INR. Both the models are equally good if C, =
1006.32 INR.

Fig. 6.4 indicates the behaviour analysis of difference in profits NP; and NP, of the Models

Msand M, with respect to installation cost of addition unit for distinct values of goodwill

loss.
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The values of various measures considered are:

a, = 0.3144/hr , b,=0.2346/hr ,a, = 0.1736/hr , b,=0.2500/hr , q=0.8 , p=1—q

C11:4OOOINR y CZ :1500|NR y C04:1000|NR ' C01=4C04 f C02 =3C04 f C03=2C04

P, =0.065, py =035, p; =035, p3=1-p,-p;, Pe=022; ps=1-pg—ps, p; =0.45
pg =0.082, pg =1-p; —pPg; P1g =0.025; p;; =057, p;» =0.035, p;3=0.12, p;5=0.42
P17 =1-P13— P15+ P12 =1-P1o- P11, P1g =045, P1g=1-pyg — P13 =0.34, p3; =0.35
Pog =0.065, P1g=1-Py; , Pop=1-Pyy, Pz =0.35, pyy =0.55, py5=0.75

Po7=1-Po3, Prs=0.43, Prg=1—Pyy, Pag=1-Po5, P3g =1—Pay , $1=0.0084/hr
S,=0.0036/hr, A,=0.0007/hr, 2,=0.0003/hr, y; =0.01736/hr , y, = 0.0987 / hr

600 = L = 3500

400

200

T T T T T T T T T T
( 100 200 400 500 600 700 900

-200

NP3-NP4

-400 4

-600

-800 -

- Installation Cost for additional Unit - IC

Fig. 6.4 — Difference of profits (NP3 -NP, ) versus Installation Cost for different
values of Goodwill Loss

From the Fig 6.4, following conclusions have been concluded:
(i)  The difference NP;—NP, increases as the installation cost ( 1C ) increases. The
difference becomes greater for lesser values of goodwill loss (L).

(i) For L =3500, NP;—NP, >or=or <0accordingas IC >or =or<397.440 INR.

Hence Model M is better whenever IC > 397.440 INR and Model M, is better
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whenever IC <397.440 INR. Both the models are equally good if 1C =397.440
INR.

(iiif) For L =4000, NP;—NP, >or =or <0 accordingas IC >or = or < 865.368 INR.

Hence Model M3 is better when IC > 865.368 INR and Model M, is better

whenever IC < 865.368 INR. Both the models are equally good if IC =865.368
INR.

Fig. 6.5 indicates the behaviour analysis of difference in profits NP; and NP, of the Models

Msand M, with respect to goodwill loss for distinct values of installation cost of addition

unit.

NP3 - NP4

3000 +

] —=—[C =400
2000 - —e— |C =800

1000

UL
8000 9000

—
7000

—
6000

—T—
5000

— T T T 1
[ 1000 2000 3000
-1000

2099 Goodwill Loss - L
-3000 -

-4000

-5000

Fig. 6.5 — Difference of profits (NP3 -NP, ) versus Goodwill Loss for different
values of Installation Cost

From the Fig 6.5, it has been concluded that:

(i)

(ii)

The difference NP; —NP, decreases as the goodwill loss (L) increases. The difference

becomes greater for greater values of installation cost (1C ).

For IC =400 INR, NP;—NP, > or = or < 0 according as L < or = or > 3497.0469
INR. Hence Model M is better when L < 3497.0469 INR and the Model M 4 is better

whenever L > 397.440 INR. Both the models are equally good if L = 3497.0469 INR.
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(iii) For IC =800 INR, NP;—NP, > or = or < 0 according as L < or = or > 3886.052
INR. Hence Model M;is better when L < 3886.052 INR and Model M, is better

whenever L > 3886.052 INR. Both the models are equally good if L = 3886.052 INR.

6.3 Comparison between the Models Discussed in Chapter 3 and Chapter 5

In both Models Model Mj; and Model Mg two standby units are discussed. The
model discussed in chapter 3 i.e. M3 has two units one is of eight ton capacity and other is of
four ton capacity. In Model M5 both cases are discussed when production is less than
demand and at least equal to demand. In Model Mg both units are of eight ton capacity.
capacity of system is increased in Model Mg keeping in mind goodwill loss which can occur
in Model M5 when production is less than demand. Installation cost is considered for
increased capacity in Model Ms.

In Model M; both failure and repair rate are assumed to follow exponential
distribution while in Model Mg failure rate follows exponential distribution and repair rate

are arbitrary. For making the comparison between the two models, various conclusions have

been drawn through graphs as follows:

Fig.6.6 indicates the behaviour of the MTSF with respect to type — | failure rate of unit of
eight ton capacity for both models M; and M;.

a, = 0.3144/hr , b,=0.2346/hr ,a, = 0.1736/hr , b,=0.2500/hr , q=0.8, p=1—q
v, = 0.01736/hr h (t)=0.01/hr , y, =0.0987/hr , B,=0.0084/hr , 3,=0.0036/hr
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Fig. 6.6 — Effect of Type — | failure rate on MTSF of Model M; and Model Mg

From Fig. 6.6 following conclusions have been concluded:

(i) For A, >0.003062 MT5 > MT; Hence Model Mgis better than the model M.
(i) For A, <0.003062 MT5; > MT5 Hence Model Mjis better than the model Ms.

(iii) For A, =0.003062 MT;=MT5 Hence Model M;and Mg both are equally good.

Fig. 6.7 indicates the behaviour analysis of difference in profits NP; and NP5 of the Models

Msand Mg with respect to cost of repairmen for distinct values of revenue in twelve ton
capacity.

a, = 0.3144/hr, b,=0.2346/hr ,a, = 0.1736/hr , b,=0.2500/hr , =08, p=1—q

y, = 0.01736/hr h (t)=0.01/hr , y, = 0.0987/hr

IC =500INR , C,=1500INR , L=9000INR , Cq;=4Cy; , Cy,=3Cqs , C03=2Cqy4
B,=0.0084/hr , B,=0.0036/hr, A,;=0.0007/hr, A,=0.0003/hr
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Fig. 6.7 — Difference of profits (NP3 -NPs ) versus Cost of repairmen for different
values of Revenue in twelve ton capacity.

From Fig 6.7 it can be concluded that:

(i) The difference NP;—NP; increases as the cost of repairman increases. The difference

becomes greater for greater values of revenue.

(i) ForCgy; =1500, NP;—NP;5 > or = or < 0 according as C; > or = or < 5795.0019
INR. Hence Model M;is better when C;, > 5795.0019 INR and the Model My is

better whenever C,; <5795.0019 INR. Both the models are equally good if C; =

5795.0019 INR.
(iii) ForCgy, =2000, NP;—NP; > or = or < 0 according as C;, > or = or < 4166.2429

INR. Hence Model Mjis better when C; > 4166.2429 INR and the Model M5 is
better whenever C; < 4166.2429 INR. Both the models are equally good if C;; =

4166.2429 INR.

Fig. 6.8 indicates the behaviour analysis of difference in profits NP; and NPy of the Models
Msand Mg with respect to cost of repairman for distinct values of revenue in twelve ton

capacity.
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Fig. 6.8 — Difference of profits (NP5 -NPs) versus Revenue in twelve ton capacity
for distinct values of Cost of repairman.

From Fig 6.8 it can be concluded that:

(iv)

v)

(vi)

The difference NP; —NP5increases as the revenue increases. The difference becomes
greater for greater values of cost of repairman.

ForC,; = 4000, NP;—NP;5 > or = or < 0 according as C, > or = or < 1851.3717
INR. Hence Model Mis better when C, > 1851.3717 INR and the Model Mg is

better whenever C, < 1851.3717 INR. Both the models are equally good if Cy; =

1851.3717 INR.
ForC,; =5000, NP;—NP; > or = or < 0 according as C, > or = or < 1544.50

INR. Hence Model Mjis better when C, > 1544.50 INR and the Model Mg is

better whenever C 5, < 1544.50 INR. Both the models are equally good if C, =

1544.50 INR.
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Fig. 6.9 indicates the behaviour analysis of difference in profits NP; and NP5 of the Models

Msand Mg with respect to goodwill loss for distinct values of installation cost. The values of

different measures considered are:

a, = 0.3144/hr , b,=0.2346/hr , a, = 0.1736/hr , b,=0.2500/hr , q=0.8, p=1—q
v, = 0.01736/hr h (t)=0.01/hr , y, = 0.0987/hr

C11:4500|NR ’ C2 :15OOINR y C02:15OOINR ' C01=4C04 f COZ =3C04 f C03:2C04
B,=0.0084/hr , B,=0.0036/hr, 4,=0.0007/hr, 1,=0.0003/hr

8000 -
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4000 +

2000

NP3 - NP5

T T T T T T T T
2000 4000 6000 8000 \‘8300

Goodwill Loss (L)

-2000 -

Fig. 6.9 — Difference of profits (NP3 -NP5) versus Goodwill Loss (L) for
different values of Installation Cost (IC).

From Fig 6.9 it has been concluded that:
(i) The difference NP;—NP;decreases as the goodwill loss increases. The difference
becomes greater for greater value of installation cost.

(ii) For IC =300, NP;—NP; > or = or < 0 according as L < or = or > 9301.4069 INR.
Hence Model Mg is better when L > 9301.4069 INR and the Model M is better
whenever L < 9301.4069 INR. Both the models are equally good if C;; =

9301.4069 INR.
(iii) For IC =300, NP;—NP; > or = or < 0 according as L < or = or > 9701.4042 INR.

Hence Model Mg is better when L > 9701.4042 INR and the Model Mjis better
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whenever L < 9701.4042 INR. Both the models are equally good if L = 9701.4042
INR.

Fig. 6.10 indicates the behaviour analysis of difference in profits NP; and NP5 of the Models M

and Mg with respect to goodwill loss for distinct values of installation cost by considering the

following values of measures.

a, = 0.3144/hr , b,=0.2346/hr ,a, = 0.1736/hr , b,=0.2500/hr , q=0.8, p=1—q
v, = 0.01736/hr h (t)=0.01/hr , y, = 0.0987/hr

C11:4500|NR y C2:1500|NR ’ C02:15OOINR y C01:4C04 f 002:3C04 f C03:2C04
B,=0.0084/hr , 3,=0.0036/hr, 1,=0.0007/hr, A,=0.0003/hr
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Fig. 6.10 — Difference of profits (NP5 -NPs) versus Installation Cost (IC) for
different values of Goodwill Loss (L).

From Fig 6.10 it has been concluded that:

(i)  The difference NP;—NP; increases as the installation cost increases. The difference

becomes greater for lesser value of goodwill loss.

(i) ForL =9500, NP;—NP; > or = or < 0 according as IC > or = or < 498.6146 INR.

Hence Model M is better when IC > 498.6146 INR and the Model M5 is better
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whenever IC < 498.6146 INR. Both the models are equally good if IC = 498.6146
INR.

(iii) For L =10000, NP;—NP; > or = or < 0 according as IC > or = or < 698.6146 INR.
Hence Model M3 is better when IC > 698.6146 INR and the Model M5 is better

whenever IC < 698.6146 INR. Both the models are equally good if IC = 698.6146
INR.

6.4 Comparison between the Models Discussed in Chapter 4 and Chapter 5

In chapter 4 model with three unit standby system is discussed while in chapter 5 two

unit standby system is discussed. The model discussed in chapter 4 i.e. Model M, has three

units one is of eight ton capacity and other two are of four ton capacity each. In chapter 5

Model Mg has two units of eight ton capacity each. Instead of considering two units of four

ton capacity each as in Model M,, in Model Mz we considered a single unit of double
capacity in place of two units. Keeping in mind installation cost of a single unit and two

units, comparison of Model M, and Model M; is done. 1C; is taken as installation cost of
single unitand 1C, is taken as installation cost of single unit.

In Model M, both failure and repair rate are assumed to follow exponential

distribution while in Model Mg failure rate follows exponential distribution and repair rate

are arbitrary. For making the comparison between the two models, various conclusions have

been drawn through graphs as follows:

Fig. 6.11 indicates the behaviour of the MTSF with respect to Type — | failure rate of unit of eight ton

capacity for both models M, and Mg by considering the following values.

a, =0.15/hr, b,=0.2346/hr ,a, =0.1736/hr , b,=0.2500/hr , q=0.8, p=1—-q
v, = 0.01736/hr h (t)=0.01/hr , v, = 0.0987/hr
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p2 :0065 y p1:035 y p4 2035 y p3 :1— p2— pl y p6 :022 y p5 :1— p6_ p4 y p7 2045
pg =0.082, pg =1-p; —pPg, P1g=0.025, py; =057, py, =0.035, p;3=0.12, py5=0.42

P17 =1-P13— P15+ P12 =1-P1o- P11, P1g =0.45, P1g=1-pP1g — P15 =0.34, pp; =0.35
P20 =0.065, p1g=1-Pa1 » P22 =1-P20 . P23 =0.35, Py =0.55, Pp5=0.75

Po7=1-Po3, P2s=043, Pog=1-Pos, Pag=1-Po5, P3p=1-Pyg , $1=0.0084/hr
S,=0.0036/hr

12000 N —
11000 4
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Type - | failure rate - xl

Mean Time To System Failure

Fig. 6.11 — Effect of Type — | failure rate on MTSF of Model M, and Model Mg

From Fig. 6.11 it is clear that MT, > MTg for any value of A; hence Model M, is better than

Model Mg for any value of Type — | failure rate.

Fig. 6.12 indicates the behaviour of the total availability with respect to Type — | failure rate of unit of

eight ton capacity for both models M, and Mg by considering the following values.

a, = 0.3144/hr , b,=0.2346/hr , a, = 0.1736/hr , b,=0.2500/hr , q=0.8, p=1—q
v, = 0.01736/hr h (t)=0.01/hr , y, = 0.0987/hr
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P, =0.065, p; =035, p, =035, p3=1-p,— Py, Pg=0.22; p5s=1-pg—Ps, p; =045
pg =0.082, pg =1-p; —pg; P1p =0.025; p;; =0.57, p;, =0.0385, py3=0.12, p;5=0.42
P17 =1-P13— P15+ P12 =1-P1o- P11, Prs =045, Pyg =1-P1g —P1g =034, pp =0.35
P20=0.065, p1g=1-Po; » P2 =1-Pzg . P23 =035, Py =055, pp5=0.75

P27 =1-P23, P2s=0.43, Pog=1-P2s , P29 =1- P25, P3g =1— P24 , $1=0.0084/hr
S,=0.0036/hr
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Fig. 6.12 — Effect of Type — | failure rate on MTSF of Model M, and Model Mg

From Fig. 6.12 it is clear that A, is always greater than Ay i.e. availability is greater in case of

Model M, whatever be the value of A, hence Model My is better than Model Mg for any value of

Type — | failure rate.

Fig. 6.13 indicates the behaviour analysis of difference in profits NP, and NP; of the Models M,

and Mg with respect to cost of repairmen for distinct values of revenue for four ton. The values of the

measures considered are:
a, =0.3144/hr , b,=0.2346/hr ,a, = 0.1736/hr , b,=0.2500/hr , q=0.8, p=1—-q
Y. = 0.01736/hr h (t):001/hr y Yo T 0.0987/ hr C01:4CO4 ) C02:3C04 ) C03:2C04
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P, =0.065, p; =035, py =035, p3=1-p—py, Pg=022; p5s=1-pg—Ps , P; =0.45

pg =0.082, pg =1-p; —pg ., P19 =0.025, p;; =0.57, p;, =0.035, py3=0.12, p;5=0.42
P17 =1-P13— P15 P12 =1-P1o- P11+ P1g =045, P1g=1-p1g —P1g =034, pp =0.35

P20 =0.065, P1g=1-Pp1 , P22 =1-Pao, P23 =035, Py =0.55, Pp5=0.75 , pp7 =1-Py3
P2s=0.43, Pog =1-Pog . Pag =1- P25, P3o =1-Paq , $1=0.0084/hr, 5,=0.0036/hr
4,=0.0007/hr, 1,=0.0003/hr, 1C;=1000INR , C,=15001INR , IC, =500 INR
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ICost of Repairman (Cq4)
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NP5 - NP4

-40 -

Fig. 6.13 — Effect of cost of repairmen on difference in profits NP ;NP , )for
different values of revenue for four ton.

From Fig 6.13 it has been concluded that:

(i) The difference NP;—NP, decreases as the cost of repairmen increases and has

higher value for higher value of revenue.

(i) For Cy, =975, NP;—NP, >or =or <0 according as C,, <or = or > 2286.5409
INR. Hence Model M 4is better when C,; > 2286.5409 INR and the Model Ms is

better whenever C,; < 2286.5409 INR. Both the models are equally good if C4;

=5795.0019 INR.

(iii) ForCg, =1000, NP;—NP, > or =or < 0 accordingas C,, <or=or >

3056.6811 INR. Hence Model M 4is better when C; <3056.6811 INR and the
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Model Mg is better whenever C,; >3056.6811 INR. The models M, and Mg are

equally good if C; =3056.6811 INR.

Fig. 6.14 indicates the behaviour analysis of difference in profits NP, and NP; of the

Models M, and Mg with respect to revenue for four ton for distinct values of cost of

repairman. The values of the measures considered are:

a, = 0.3144/hr , b,=0.2346/hr ,a, = 0.1736/hr , b,=0.2500/hr , q=0.8, p=1—q
'Yl = 001736/hr h (t):001/hr ’ Yz = 00987/hr CO]_:4CO4 y C02:3C04 y C03 :2C04

P, =0.065, p; =035, py =035, p3=1-p,—py, Pg=0.22; p5s=1-pg—Ps , P; =0.45

pg =0.082, pg =1-p; —pg ., P19 =0.025, p;; =0.57, p;, =0.035, py3=0.12, p;5=0.42
P17 =1-P13— P15 P12 =1-P1o- P11+ P1g =045, Py =1-p1g —P1g =034, pp =0.35

P20 =0.065, P1g=1-Pp1 , P22 =1-Pao, P23 =035, Py =0.55, Pp5=0.75 , pp7 =1-Py3
P2s=0.43, Pog =1-Pog . Pag =1- P25, P3o =1-Paq , $1=0.0084/hr, 5,=0.0036/hr
4,=0.0007/hr, 1,=0.0003/hr, IC;=1000INR , C,=15001INR , IC, =500 INR
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Fig 6.14 - Effect of on difference in profits NP ¢NP ,) for distinct values of
cost of repairmen
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From Fig 6.14 following conclusions have been concluded:
(i)  The difference NP;—NP, increases as the revenue increases and has lesser value for
greater value of cost of repairman.

(i) ForCyy =2500, NP;—NP, > or = or < 0 according as C, > or = or < 971.854
INR. Hence Model Mjis better when C, > 971.854 INR and the Model M, is
better whenever C, < 971.854 INR. Both the models are equally good if C; =
971.854 INR.

(iii) ForC,q = 3500, NP;—NP, >or =or <0 according as Cy, >or = or < 986.80
INR. Hence Model Mg is better when C ,, < 986.80INR and the Model M is
better whenever C, > 986.80 INR. The models M, and M5 are equally good if

C o4 = 986.80 INR.

Fig. 6.15 indicates the behaviour analysis of difference in profits NP, and NP; of the
Models M and Mg with respect to IC, for distinct values of IC,.

The values of the measures considered are:

a, = 0.3144/hr , b,=0.2346/hr , a, = 0.1736/hr , b,=0.2500/hr , q=0.8, p=1—q
v, = 0.01736/hr, 3,=0.0084/hr , B,=0.0036/hr , A,=0.0007/hr, 1,=0.0003/hr

h (t):OO]./ hl’, 'YZ = 00987/hr y C04:1000|NR ' C01:4CO4 f C02:3C04 f C03:2C04

p,=0.065, py =035, ps =035, p3=1-p,—py, Pg=0.22, p5s=1-pg—Ps, P, =0.45
pg =0.082, pg =1-p; —pg, P1g=0.025, p;; =0.57, p;, =0.0385, py3=0.12, p;5=0.42
P17 =1- P13~ P15 P12 =1-P1o- P11+ Pig =045, P1g =1-Pig —P1g =034, P2 =0.35
P20 =0.065, P1g=1-Pp1 , P22 =1-Pap, P23 =035, Py =0.55, Pp5=0.75, o7 =1-Po3
P26=043, Pog =1- P24, P29 =1- P25, Pgo =1- P2y, C;=3000INR, C,=1500INR
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Fig. 6.15 — Difference of profits (NP5 -NP, ) versus Installation Cost (IC1) for
different values of Installation Cost ( 1C2).

From Fig 6.15 following conclusions have been concluded:

(i) The difference NP;—NP, decreases as the installation cost IC; increases. The
difference becomes greater for greater value of installation cost IC,.

(i) For IC, =500 INR, NP;—NP, > or = or < 0 according as IC; < or = or >
1165.9766 INR. Hence Model M, is better when IC; > 1165.9766 INR and the
Model Mg is better whenever IC; < 1165.9766 INR. Both the models are equally
good if IC; =1165.9766 INR.

(ilf)  For IC, =700 INR, NP;—NP, > or = or < 0 according as IC; < or = or >
1565.3120 INR. Hence Model M, is better when IC; > 1565.3120 INR and the
Model Mg is better whenever IC; < 1165.9766 INR. The models M, and My are

equally good if IC; =1565.3120 INR.
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Fig. 6.16 indicates the behaviour analysis of difference in profits NP, and NP; of the
Models M and Mg with respectto IC, for distinct values of IC; .

The values of the measures considered are:

a, = 0.3144/hr , b,=0.2346/hr ,a, = 0.1736/hr , b,=0.2500/hr , q=0.8 , p=1—q
v, = 0.01736/hr , 8, =0.0084/hr , B,=0.0036/hr , 4;=0.0007/hr , 1,=0.0003/hr

h (t):OO]./ hl‘, 'Yz = 00987/hf y C04:1000|NR ' C01:4C04 f C02:3C04 f C03:2C04

P> =0.065, p; =035, ps =035, p3=1-py—py, Pg=0.22; p5s=1-pg—Ps, P, =0.45
pg =0.082, pg =1-p;—pg; P1p=0.025; py; =057, p;, =0.035, p13=0.12, py5=0.42
P17 =1-P13 = P15 P12 =1-P1o- P11+ P1g =045, P1g =1-P1g —P1g =034, P2 =0.35
P20 =0.065, P1g=1-Pp1 , P22 =1-P2p, P23 =035, Ppg =0.55, Pp5=0.75, o7 =1-Po3
P26=0.43, Pog =1—P2g , P29 =1-Po5 ., P3p =1-Pog , C;=3000INR, C,=1500INR
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Fig. 6.16 — Difference of profits (NP5-NP;, ) versus Installation Cost (IC2) for
different values of installation Cost (I1Cy).

From Fig 6.16 following conclusions have been concluded:

(i) The difference NP;—NP, increases as the installation cost IC, increases. The

difference becomes greater for lesser value of installation cost IC; .

175



(i)

(iii)

For1C, =700, NP;—NP, >or =or <0 according as IC, > or = or < 206.4776 INR.
Hence Model Mgis better when IC, > 206.4776 INR and the Model M, is better

whenever 1IC, < 206.4776 INR. Both the models are equally good if IC, =

206.4776 INR.
For1C, =1000, NP;—NP, > or = or < 0 according as IC, > or = or < 506.4776

INR. Hence Model Msis better when IC, > 506.4776 INR and the Model M,is
better whenever 1C, <506.4776 INR. The models M, and My are equally good if

IC, =506.4776 INR.
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CHAPTER 7

SUMMARY AND CONCLUSION

7.1 Summary

In the present thesis, we have primarily developed reliability models considering
different situations as variation in demand, Variation in production, production less than
demand and at least equal to demand. Two unit standby and three unit standby systems are
analyzed in the thesis considering these situations and two types of failures.

The present thesis entitled “Stochastic Modeling and Cost Analysis of Some
Industrial Systems” contains analysis of various stochastic models for two unit and three unit
rice to paddy converters. As standby units are in great demand and rice to paddy converter is
one of such systems, we observed such a system working in Kohinoor foods, Sonipat. After
understanding the process of paddy to rice converters, different models in different situations
are developed which have been analysed as similar and dissimilar paddy to rice converters.
Various measures of system effectiveness are obtained using Markov process and
Regenerative point technique. Comparative study of different models is also done to identify
which model is better in which situation than another model working under different
situation. Measures obtained are:

1. Mean Time to system failure (MTSF)

2. Auvailability in different capacities

3. Availability in both case when production is less than demand and at least equal to
demand
Expected busy period of repairman
Expected down time of the system

Profit achieved by the system

N o g &

Graphical study is also done to understand the system behaviour in better way. For
programming MAT LAB is used. Graphs are made in ORIGIN.
8. Various lower and upper bounds for failure rate, revenue per unit time and cost of

repairman are obtained to analyze the behaviour of profit.
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9. The lower and upper bounds are also obtained to analyze which model is better in
which situation for various measures as :
e Cost of repairman
e Installation Cost of additional unit (IC)
e Installation Cost of a single unit (1C,)
e Installation Cost of two unit (I1C,)
e Good Will Loss (L)

In the present study we have analysed two and three unit standby systems with
concept of varied production depending upon the demand. In case of production less than
demand, we have analysed a model by considering goodwill loss. In the next model we
considered a three unit standby system to fulfil the complete demand. In the chapter 6, we
have also done the comparison of models working in different situations. The main emphasis
IS on cost benefit, minimization of operational cost and variation in demand. Such type of
study is very useful for the industries. The work done is useful to study life times, reliability

and profit analysis of standby units working in different situations.

The models discussed in the thesis are not bound to rice to paddy converters only.
These models can be applied to any industry where such types of standby systems are used.
As we computed all results considering the data provided by the industry, we can suggest
them which model will be better in which situation. We can share the analysis done on the

basis of data with them so that they can set up their system as per the requirement.

7.2 Limitations of Research Work
There are some constraints faced during the research work done which are listed as:

(1)  Itwas a very difficult task to collect real data of industry as financial constraint due to
some privacy. Kohinoor Foods provided some data for rice plant which in turn is used
for finding failure/repair rates. Due to non availability of some data, some measures
were to be assumed.

(i)  The models discussed in this thesis may not meet all the requirements of the industry,
hence may need further modifications.

(iii))  For computing the various measures of system effectiveness, we have tried to solve
the system of differential equations using Laplace transform method. This method is

easy when the system of differential equations is small but it becomes complex for big
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system of differential equation. In this thesis it is seen that a system of very large of

differential equations is formed during its behavioural analysis.

7.3 Industrial Significance of the present Study

For any industry to make any system profitable, some unpleasant activities may
happen in the whole process. Some equipment may undergo repair, customer may demand
less or some parts may come out to defective. These kind of activities may effect the
performance of the system. The study in present thesis can help to analyse some unpleasant
factors which reduces the performance of the system. The present thesis provides the lower
and upper bounds of minimum revenue and maximum cost of repairman which will help the

industry to make the system profitable.

The present work helps the industry to analyse the various important measures of
system effectiveness which in turn help to increase the profit. Our study is based on standby
systems. The models developed in present study can be applied to any industry where such
types of standby systems are used. Our suggestions based on this study may help these type

of industries to analyse the sensitivity of the subparts of the system.

7.4 Future Scope of Study

In the present study reliability and cost benefit analysis have been carried out using
regenerative point technique. The lower and upper bounds for various measures are obtained
which reveal maximum possible cost of repairman, minimum revenue, minimum installation
cost and minimum goodwill loss as to have a profitable system lower and upper bounds for
other measures of interest may also be obtained. The models discussed in the present thesis
can be applied to any industry where such type of standby systems is used. The users of such
systems may fit our model to their systems may fit our model to their systems taking
whatever distributions: Weibull, Gamma, Erlang distribution etc. instead of exponential
distribution. Due to non availability of complete real data hypothetical values of some
parameter were considered. In future we can try to collect actual data for all parameters to

avoid hypothetical values.

In the present thesis, we have considered the repair and failure rates of the units as
independent with each other and constant. Work on variable and dependent failure and repair
rates can be done. The maintainability of the system can also be taken into consideration
which is not being taken into consideration in this thesis.
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