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Abstract

The reliability parameters of a Mathematical model are analyzed for a system
with three identical units and a standby. In this study, the primary unit is considered
more important due to its high cost and working in two types of degraded conditions
before a complete malfunction. Under the concept of preventive maintenance, the states
of deterioration are reversed. The working of the system under two different efficiencies
is discussed. The reliability of the Mathematical model, depending on the availability
and working time, has been optimized using the Mathematical tool “Genetic
Algorithm”. The optimum values of all parameters based on the exponential
distribution are considered to optimize the reliability, and thus provide maximum
benefits to the industry. Sensitivity analysis of the availability and the working time is
carried out to understand the effects of changing parameters. Graphical and tabular
analyses are presented to discuss the results and to draw conclusions about the
system’s behavior.
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Acronym

-full working state © -Degraded state -failed state

a — Malfunction time from So to Sz and A to (A).

o2 — Malfunction time from B to b.

a3 / o4 — Malfunction time from D to D,, and D; to Dz respectively.

os — Malfunction time from D> to d.

S — Rate of preventive maintenance from S; to Spand (A) to A.

> — Rate of preventive maintenance from b to B.

B3/ Ba/ fs— Rate of preventive maintenance from D; to D, D, to D4, and d to D

respectively.

e g, j(t) — Probability density function (p.d.f.) for change in states, i.e. from state
‘i’ to state ‘j” in the time interval (0, t].

* pi-j— qi-;(0), where * denotes the Laplace transformation.

e R;(t) — Reliability of the system in state i.

e u; — Mean sojourn time in state i, i.e. y; = fow R; (t)dt.

e u! — Time gap in starting preventive maintenance work in the regenerative state
i.

e GA — Genetic algorithm.

e RPGT — Regenerative point graphical technique.

e ATSF — Average time to system failure.

l. Introduction

The majority of industrial production is contingent on the reliability of systems
used for testing the final product's quality. From the industry’s perspective, it is
unsettling to have an unexpected system failure or work stoppage. For this reason, the
reliability parameters are enhanced by employing the concept of corrective
maintenance thus reducing the collapse chances of the system. In this paper, we have
employed the concept of degradation based on preventive maintenance with two states
of poor effectiveness. The Mathematical framework contains three units: A (with a
standby), B (with a perfect preventive maintenance facility), and D (with two states of
degradation). The operational effectiveness of unit D was reduced to 70% after the first
deterioration, whereas it worked at a 50-55% efficiency after the second deterioration.
The standby used here is not in perfect condition, i.e., it functions at a decreased level.
Unit ‘B’ can break down in one mode of operation, i.e., complete collapse. The standby
is called right away, without any hesitation. The preventive maintenance concept is
implemented in two degraded states: D; (first degraded state) and D, (second degraded
state). Flawless fixing and perfect switching of the standby system result in an effortless
operation. In the previous investigations, the majority of research was based on
corrective maintenance of the units comprising the system with an increasing
malfunction rate and repair frequency. In this study, the computations are optimized to
obtain the most appropriate parameters for achieving a progressively more reliable
system under preventive as well as corrective measures.
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Bhunia and Sahoo [I] applied two different real-coded GA to optimize the reliability in
an interval environment and compared the results over different operations used in GA.
Naithani et al. [VI11] examined the induced draft fans with a standby thermal plant to
check their reliability over failure and repair time using semi-Markov processes. The
overview of reliability analysis of different manufacturing industries, such as sugar,
milk, petroleum, etc., was discussed by Kumar et al. [11]. Kumari et al. [I\V] analyzed a
harvester plant to find its benefits for agribusinesses using a technique called RPGT.
The mist group of a coal-fired thermal impact shrub was optimized by Malik et al. [V1].
RPGT was further utilized to understand the effect of malfunctioning units on the
reliability of systems by Singla and Dhawan [X]. Semi-Markov processes and
regenerative point techniques were applied by Naithani et al. [VI1] to understand the
behaviour of a system consisting of a main unit that works with the property of
substituting two sub-units on demand after a failing process, arranged in parallel mode.
To optimize the cost of rubber plants, a nature-inspired algorithm for particle swarm
optimization was addressed by Kumari et al. [V]. Taj and Rizwan [XI] performed the
reliability analysis of a three-unit parallel system with a single maintenance facility.
Kumari and Poonia [I11] focused on the availability parameter regarding the reliability
of a cast iron industry using the genetic algorithm tool to depict the behaviour
concerning the number of generations and population size.

Model Description
The state transformation diagram of the system is shown in Figure 1.
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Fig. 1. State transformation diagram of the system.
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The arrangement of units in various states is given as follows:

So=ABD

S1=(A)BD

S, = ABD,

Sz = ABD;

S.=(A)BD;

Ss = (A)BD:

Se = (A)bD

S; = AbD

Sg = (A)bD:

So = AbD;

S10 = AbD;

S11 = (A)bD:

S12 = (A)Bd

S13=ABd
Note that:

o Small letters denote the malfunctioning units.
o Capital letters within brackets denote the standby units.

I1l.  Mathematic Modelling
Transformation Probabilities

The steady-state probabilities of transformation from one state to another are
given in Table 1.

Table 1: Transformation probabilities.
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where,
k=a+t+a,tasz, l=f+a,+a3, m=a+p;3+a,+ay,
n=pF+at+a,+as, r=PFz3+L+a,+a,, s=L+PB+a,+as.
Mean Sojourn Times
The mean sojourn times in various states are given in Table 2.

Table 2: Mean sojourn times.
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Path Probabilities

Using Tables 1 and 2, the transition probabilities from state Soto other states can be
written as follows.

Vo—o = 1 (verified)
Vo—=1 = po—1 = [a/k]
Vo—=2 = p1—2 = [aslK]
Vo3 = 2000 (1+a3)(B fs))/[Ikn’]
Vo4 = [@faa(3+202) (1+Pa) ) [(k+o?+2p3) (5+4a2+357)]
Vo—s = [(azas B fa)(2p+30°))/[(Botaz+) (Ba+az+Ahas+k)*(az+os)]
Vooss = [(a) K]/ (oA
Vo—7 = p1—=7 = [a2/K]
Vo—s = (0,1,4,8)/[(1-Ls)(1-La)] = (po—1p1—4pa—s)/[(1-p1—6ps—1)(1-P1—4ps—1)]
= [(2a+3p4+a>+2P)I(1+02+L)*(4o2+3as)’]
Vo9 = (0,2,9)/[(1-L4)(1-L2)] = (Po—2p2—9)/[(1-Po—7P7—0) (1-p2—4ps—2)]
= [asaa)km]/[(o+as)k{(t/3az}]
Vo—10 = (aat+az+oua?)(f+2as+az+4p4)*(3a+54)]
Vo—11 = (s+8)/(Ba+oz+3a+as)®
Vo—12 = (0,1,4,5,12)/[(1-L3)(1-L5)]+(0,2,3,5,12)/[(1-L4)]
= (20%+pa+30+as)/(3o+Ps)(3f2+ 305+ 40)*
Vo—13 = (0,2,3,13,)/[(1-L1)(1-Ls)(1-Ls)]
= (Po—2 p2—3P3—13)/[(1-po—7 Pr=0)(1-p2—4 Pa—2)(1-p2—9 Po—2)]
= 2o+ fatfo+503)/(0%+Pat 9Pa+Pas)
IV. Modeling System Parameters

For evaluating the reliability parameters, the process of RPGT is implemented
with exponentially distributed malfunction and preventive maintenance times under the
consideration that the standby unit is available for operation without any elapsed time.

Average Time to System Failure

Taking the base state as i = 0, the average time of working of the system in the good
state (i = 1, 2, 3, 4, 5) is given as follows.
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o)

sr(sff)
(L
ATSF (To) = | o ——— 2= = |1-
isr sr nmg;g{l'vmzmz}

M, g {1-Virimy )
= [(0,0) o] +[{(0,0) s}/ (1-Ls)]+[{(0,2) 2}/ (1-L1))/[{1-(0,1,0) }/(1-Ls)(1-LA)]
= [Mo+{(Po—1M1)/(1-La) }H{(Po—2M2)/(1-L1) /[ 1-{(Po—1p1—0)/(1-Ls)(1-La)}]
= [Bloz+as+a)?1+[(2o0+Patas)/(3a°+3p+Posta3)]

Availability of the System

The system is available in the states 0, 1, 2, 3, 4, and 5, in which it performs its intended
function under the fuzzy logic, so we get the following.

{pr&° " }.uj {pr&T i
S e e el N M e el
j.st nm“E 1 Vm1m1 i,s 1'Im2==E 1 szmz}
=[S Vess fomg] = [Zi Vot £ 1]
= (X Voifiki)+ (zvoﬁjfjp.j), where /<i <5, fi =1 and 15 <13, =0, for i #j.

=1k+/aK(Pstoztatos)]+[ 202 af (1+03)(BBs)]/[(02+03+p) (02t as+a) (a+oa+
as+fa)°1[1/n]

+[{aZou(3+202) (1+Pa)(r+a+3) (5+4az+ 32 Hr1+[{ (0aasps) (2p+30°)}
{(Boutaz+p)(Pat202+503+a)(az+as)}l/s
= 3oz +5p+asfat+da)/[Soat(B+p4)*+3ajf+40p2)]

V. Methodology

In computer science and operations research, agenetic algorithm (GA) is
a metaheuristic inspired by the process of natural selection that belongs to the larger
class of evolutionary algorithms. Genetic algorithms are commonly used to generate
high-quality solutions to optimization and search problems by relying on biologically
inspired operators such as mutation, crossover, and selection.

In this research, GA is used to optimize the ATSF and availability of the two-unit
system. GA is a computational tool used to arrive at an optimal solution for constrained
and unconstrained problems. This algorithm follows the natural process of biological
evolution. GA is experimented with the concept of population which corresponds to a
subset of solutions in the current generation. After the selection of the initial population,
several iterations are carried out which are referred to as the generations. In generations,
various genetic processes such as selection, crossover, and mutation take place. These
processes are identical to natural selection, reproduction, and genetic variation as
observed in biological evolution to find offspring. Figure 2 shows a general flowchart
that illustrates how genetics can be applied to biological evolution.

Shakuntla Singla et al


https://en.wikipedia.org/wiki/Computer_science
https://en.wikipedia.org/wiki/Operations_research
https://en.wikipedia.org/wiki/Metaheuristic
https://en.wikipedia.org/wiki/Natural_selection
https://en.wikipedia.org/wiki/Evolutionary_algorithm
https://en.wikipedia.org/wiki/Optimization_(mathematics)
https://en.wikipedia.org/wiki/Search_algorithm
https://en.wikipedia.org/wiki/Mutation_(genetic_algorithm)
https://en.wikipedia.org/wiki/Crossover_(genetic_algorithm)

J. Mech. Cont. & Math. Sci., Vol.-19, No.-01, January (2024) pp 1-14

| g Selection  Produce
’ o) Select cluldren for
Population N T 3
P Parents e next
Matation generation

Fig. 2. Application of genetics to biological evolution - flowchart.

In this study, the decision variables are confined by initial and final bounds. Various
bounds for the decision variables are given in Table 3. Following the choice of the
population, the objective function (expressions for ATSF and availability) is optimized
to achieve its maximum for various parameter values by altering the number of
generations.

Table 3: Bounds for decision variables.

00l<a<1 0.02<B<0.99

002<a,<08 0.03<p, <0.98

0.025<a; <097 |0.05<p,<0.96

0.03<a,<0.9 0.04 < B, <0.97

To help comprehend the reasoning behind the outcome, the methodology's flow chart
is shown in Figure 3.
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Create Initial random population

Evaluate fitness for random population

Store best individual parameters

Selection

Crossover

Create next generation

Fig. 3. Flowchart of the methodology used.
Table 4 shows the effect of the number of generations on the ATSF of the system.

Table 4: Effect of number of generations on ATSF.
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Table 5 shows the effect of the number of generations on the availability of the system.

Table 5: Effect of number of generations on availability.

Graphs portraying the variation in ATSF of the system and availability of the system
concerning the number of generations are shown in Figures 4 and 5 respectively.
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Fig. 4. Variation in ATSF w.r.t. no. of generations.
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Fig. 5. Variation in availability w.r.t. no. of generations.

Sensitivity Analysis

Sensitivity analysis is a novel approach for examining the level of impact a
parameter has on a derived measure (Sachdeva et al. [1X]). As the parameters may have
a wide range of numerical values, relative sensitivity analysis is also performed to
compare the effects of various parameters. A relative sensitivity function is a
standardized version of a sensitivity function. The sensitivity function A, and the
relative sensitivity function y, are defined as follows, respectively:

_ oo

ax
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and

where
M and x are the derived measure and parameter respectively.

Sensitivity analysis for the ATSF of the system for different parameters is shown in
Table 6.

Table 6: Sensitivity analysis for ATSF.

Sensitivity analysis for the availability of the system for different parameters is shown
in Table 7.

Table 7: Sensitivity analysis for availability.

VII. Results and Discussion

o From Table 4 it can be observed that the ATSF of the system is maximum when
the number of generations is 140.

e From Table 5 it can be observed that the availability of the system is maximum
when the number of generations is 30.

e From Table 6 it has been confirmed that the ATSF of the system is substantially
influenced by as.
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e From Table 7 it has been confirmed that the availability of the system is
substantially influenced by a,.

e Sensitivity analysis shows that the order in which various parameters impact the
ATSF and availability of the system is as follows:

ATSFiaz; >3 >a, > >a, >«
Availability: a, >a, > B, >8> B, >«
VIIl.  Conclusion

Using a genetic algorithm, the reliability optimization of a degraded system
under preventive maintenance has been discussed in this paper.

Relationships between the number of generations and reliability characteristics have
been depicted. The effects of various genetic algorithm boundaries such as populations,
generations, and crossover functions, have been presented. It has been observed that
the ATSF and availability of the system maximize when the number of generations is
140 and 30 respectively, for optimized values of various rates. Thus, the industry may
adopt these values to achieve higher levels of ATSF and availability.

Sensitivity and relative sensitivity analysis have been conducted to measure the level
of impact of various parameters on the reliability characteristics. It has been observed
that the ATSF and availability of the system are most affected by the malfunction times
from D to D1, and B to b respectively. Thus, the industry may review its maintenance
policies to reduce these rates to increase the ATSF and availability.
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