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Abstract

Reliability, Awvailability, Maintainability, and Dependability (RAMD) study of Tube-wells Integrated with Underground
Pipelines (TIUP) is crucial as they are the backbone of the irrigation system. This study is carried out with an objective
to perform RAMD analysis, and Failure Modes and Effects Analysis (FMEA) unified with the development of a novel sto-
chastic model using Markovian approach to estimate the Steady-State Availability (SSA) of the TIUP. A real case study of
a conventional TIUP system has been performed to validate theoretical and practical results of the proposed model. The
failure and repair rates of all subsystems followed exponential distribution, and their impact on system/subsystem’s avail-
ability and other reliability measures has been investigated. All the repairs are perfect and random variables associated
with failure and repair rates are statistically independent. The centrifugal pump and power supply units are the most crit-
ical components as far as reliability and maintainability aspects. The labor also plays a critical role in the operation of the
TIUP system.
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Introduction

Agriculture is one of the oldest professions done by
human beings after the inception of civilization. In the
current age, a large portion of the population is involved

in agricultural activities either directly or indirectly. The
production of any crop depends upon irrigation, fertili-
zers, and improved varieties of seeds. The irrigation com-
ponent is one that influences most the whole yield of the
crop. Irrigation to crops in India is done from ancient
times through wells, ponds, etc. In 1912, the first attempt
was made in Punjab to draw water with the help of a
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tube-well." During the last three decades, tube-well engi-
neering emerges rapidly and now in northern part of
India including Punjab, Haryana, etc., most of the farm-
ers have their own tube-wells for irrigation. Tube-wells
are installed in the fields, and then through the under-
ground pipelines, water is transported to the fields. In
this process, many components are involved that makes
tube-wells integrated with underground pipelines (TIUP)
a complex system.

The Tube-well with Integrated Underground Pipeline
(TIUP) is a prominent source of irrigation in agricultural
fields. Underground water is withdrawn and transported
through the pipelines for irrigation purpose, as shown in
Figure 1. The TIUP system comprises five main subsys-
tems, they are: power supply unit, borewell unit, centrifu-
gal pump, pipeline, and labor. All these units can be
considered as series structure as failure of anyone causes
the complete system failure, while at component level
various type redundancies also utilized to increase the
reliability and availability of the system.

Kaneda and Ghaffar® presented some empirical
results on the effects of tube-wells on the agriculture of
Punjab. The operation of TIUP with high reliability is
highly required as failure of its cause’s crucial economic
effects on farmers including loss of income. Lack of irri-
gation can spoil the crops either partially or completely.

Several studies have been carried out to estimate the
reliability of agricultural machinery. For instance, Najafi
et al.®> conducted a study on reliability investigation of
agricultural machinery, namely sugarcane chopper har-
vester. Durczak et al.* established a mathematical model
for reliability analysis of farm tractors based on actual fail-
ures data collected from a manufacturer. Soltanali et al.’
proposed a sustainable production process in automotive
manufacturing through reliability, availability, and main-
tainability methodologies. Da Silva et al.® proposed a

methodology to diagnose the failure in the transmission
system of agriculture tractors. This approach is based
upon predictive maintenance-based software.

Hashimoto et al.” developed a criterion based upon
reliability, resiliency, and vulnerability for water resource
systems for performance evaluation. Feng et al® used
Markov Chain to forecast the agricultural water trajec-
tory. Li et al.” estimated the reliability of village-level sup-
ply facility of groundwater irrigation in rural China.
Mazumder et al.'® performed reliability estimation of
water distribution systems incorporating physical prob-
abilistic pipe failure approach. Afsharnia et al.'' sug-
gested a model for the optimization of sugarcane
harvester machine based on fault tolerance Bayesian net-
work reliability by applying the concept of preventive
maintenance. Alsharqawi et al.'? suggested a model for
water distribution network’s reliability prediction.
Darvini et al."? carried out the performance estimation of
water distribution systems by incorporating the leakage
and temporal variability of water demand. Masciopinto
et al.'* discovered the applications of quantitative micro-
bial risk assessment (QMRA) for safe agricultural water
reuses in coastal areas. Elshaboury et al.'> adopted a
minimal cut set approach for the reliability estimation of
water distribution networks.

Failure Mode and Effect Analysis (FMEA) is a well-
known methodology for risk assessment and is rapidly
used in complex systems. Stamatis'® explained FMEA
from theory to execution. Smaranda et al.'” used FMEA
in water supply systems. Arabian-Hoseynabadi et al.'®
used FMEA for wind turbine’s reliability evaluation.
Hwang et al.'” proposed resilience-based Failure Mode
Effects and Criticality Analysis (FMECA) for regional
water supply system. Patil and Kothavale®® conducted
FMEA analysis of CNC Turning Center. Kumar et al.?!
performed Reliability, Availability, Maintainability, and

Figure I. TIUP system under consideration: (a) TIUP line, (b) shaft of TIUP, and (c) redundant energy units.



Kumar et al.

Dependability (RAMD) analysis and FMEA analysis of
soft water treatment and supply plant.

Another popular approach for reliability evaluation
of industrial systems when failure and repair rates follow
memoryless property is the Markovian approach.
Chiquet et al.** developed a mathematical model for a
stochastic dynamic system and estimated the reliability
with Markovian approach. Barak et al.>* proposed a sto-
chastic model for reliability analysis of a single-unit sys-
tem with inspection subject to different weather
conditions. Barak and Barak® studied the impact of
abnormal weather conditions on various reliability mea-
sures of a repairable system with inspection. Adumene
and Okoro® proposed a Markov model for reliability
evaluation of offshore wind energy system under harsh
environments. Aggarwal and Kumar®® proposed a sto-
chastic model for availability optimization of a crushing
system of a sugar plant and optimized it using the
Particle Swarm Optimization (PSO) algorithm.

RAMD analysis approach used extensively by
researchers on time to repair and time to between failures
data. Aggarwal et al.”’ carried out performance modeling
of the skim milk powder production system of a dairy
plant using RAMD analysis. Aggarwal et al.”® performed
mathematical modeling of the serial processes in refining
system of a sugar plant using RAMD analysis. Saini and
Kumar® conducted RAMD analysis for performance
analysis of evaporation system in the sugar industry.
Choudhary et al.*® proposed RAM methodology for the
cement industry and discovered the most sensitive com-
ponent. Goyal et al.>! evaluated the reliability, maintain-
ability, and sensitivity of the sewage treatment plant’s
physical processing unit to investigate the plant’s perfor-
mance. Gupta et al.>? carried out the analysis of cooling
tower in steam turbine power plant using RAMD investi-
gation. Patil et al.>* used Markov chains in RAM analy-
sis of a Computerized Numerical Control Turning
Center. Velmurugan et al.** used RAMD approach for
performance Analysis of Tyre Manufacturing System in
the Small and Medium Enterprises (SMEs). Recently,
Saini et al.*>> performed the availability optimization of
condenser of STPP using metaheuristic methodologies.
Kumar et al.*® suggested an efficient model for opera-
tional availability optimization of cooling towers. Kumar
et al.’” suggested an efficient computational model for
performance optimization of e-waste management plants
(Table 1).

The extensive literature review reveals that the relia-
bility evaluation of tube-wells integrated with under-
ground pipelines has not been explored so far. There is
also a need to study the effects caused by failures of
such systems. Therefore, the objective of this work is to
perform RAMD analysis, and FMEA unified with the
development of a stochastic model using Markovian
approach to estimate the long-run availability of the
TIUP system. The effectiveness and adequacy of the

proposed model is assessed and compared with a case
study of a conventional TIUP system.

The remainder of this paper is structured as follows. In
Section 2, material and methods are presented and illu-
strated. Specifically, RAMD and their statistical measures
are described. In Section 3, the real TIUP case study is dis-
cussed in terms of system description, subsystems, nota-
tions, and assumptions. In Sections 4 and 5, the RAMD
and the availability analysis are stated, respectively. In
Section 6, system level FMEA is described and applied to
the system under study. In Section 7, the overall analysis
results are reported and discussed. Finally, some conclu-
sions are drawn in Section 8.

Material and methods

Reliability

According to Billinton and Allan,”*“reliability is the
probability of an equipment performing its task ade-
quately for a specified period intended under specified

operating conditions.” Reliability can be calculated by
using the following formula:

38«

t

R(t)=1- J f(t).dt =

0

[roa

where R(¥) is the reliability (i.e. survivor) at time ¢, and
f(#) is the failure Probability Density Function (PDF)
at time ¢.

If the failure PDF is exponentially distributed, then:

(2)

where A is the rate parameter related to the failure rate.

R(t) = e

Availability

According to Billinton and Allan,***availability is defined

as the probability that a component or system is performing
its required function at a given time when it is used under
stated operating conditions.” In simple words, availability is
the probability of finding any product in operating state. It
is classified as point, steady-state, and interval availability.
Mathematically, the availability function is given by:

MTBF

A= — "=
MTBF + MTTR

(3)
where A4 is the steady state or long-run availability,
MTBF is the Mean-Time Between Failure, and MTTR is
the Mean-Time To Repair.

Maintainability

“Maintainability is defined to be the probability that a
failed component or system will be restored to a speci-
fied condition within a period of time when mainte-
nance is performed in accordance with prescribed
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procedures” Billinton and Allan.*® In simple words, it
is the probability that the failed system will be repaired
to its working state. Maintainability function for expo-
nential distribution is given by:

!
M(t) = J pe Mdt=1—e M (4)
0
where M(¢) is the maintainability at time ¢, and w is the
repair rate of the component or the system.

Dependability

It is a measure of the degree of consistency of perfor-
mance. It provides a single measurement to assess the
performance based on reliability and maintainability. If
failure and repair rates followed exponential distribution,
then dependability is the ratio of failure and repair rates.
Mathematically, the dependability ratio is given by:

nw

d== (5)
Availability function can be expressed in terms of
dependability as 4 = d/1 + d. The value of depend-
ability will be high if the availability is larger than 0.9.
The minimum value of dependability can be calculated
using the following expression:

where d is the dependability ratio, and D,,;, is its mini-
mum value Aggarwal et al.*®.

Mean-Time Between Failure (MTBF)

The average of the times between failures is called the
Mean-Time Between Failures (MTBF) Aggarwal
et al.?®. Mathematically, it can be found by:

t
MTBF = J (1)t = +
0 A

Mean-Time To Repair (MTTR)

The average of the repair times is called the Mean-Time
To Repair (MTTR) Aggarwal et al.”®. Mathematically,
it can be found by:

!

1
MTIR = J tg(t).dt = —
0 m

(8)

where g(#) is the repair function.

Real case study: System description,
assumptions, notations, and flow chart

System description

The configuration and working procedure of the compo-
nents of TIUP system is described here. Figure 2 presents
the configuration (i.e. the Reliability Block Diagram
(RBD)) of the TIUP system. The failure and repair data
required for the analysis are collected from the owner of
the TIUP system. It is reported that all the repair facili-
ties are available within 5km range of the system. The
information is given on following heads: subsystems,
type of failures, number of failures, time to failure, time
to repair and component failed for a period of 2 years.

The system mainly suffers due to electrical and
mechanical failures. The subsystem’s description is
given as follows:

Power supply unit (PSU). PSU is a significant component
to operate the TIUP system. Farmers have various options
of power, such as electricity (EL), diesel engine (ES), and
tractor (TR). The economic condition of the farmer deci-
des the number of power sources that can use to run the

Electricity (EL) |
Primary
——>

Borewell (P)

Engine (ES) i
Secondary
Borewell (S)

Tractor (TR) —

Centrifugal Pump
Unit (CPU)

Pipeline
Unit (PLU)

Manpower Unit
(MU)

Figure 2. Flowchart of TIUP system.
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TIUP system. In the presented case, the farmer has all
three sources of power to operate the TIUP system and
can be used on standby as and when required. As the
power supply from the state electricity board is very irre-
gular, and it is generally available between 6:00 P.M. and
6:00 A.M. So, for the rest of the time, the electric power
generated by the diesel engine or the tractor are used.

Borewell unit (BU). In most of the TIUP systems, only one
pipe is dragged into land up to water level. But in the con-
sidered system, two non-identical systems have been hauled
into the ground at different depths. The primary pipe (P) is
hauled up to 80 ft, while the secondary pipe (S) is dragged
up to 35 ft approximately. Both of the pipes are connected
through flanges. After that, a single pipe appears on the
ground, and on its upper part, a T-type socket is fixed. On
the one-part, an electric motor is fixed, while the end is
fixed for the tractor/engine. In practice, the usage of two
non-identical pipes would increase the amount of water.

Centrifugal pump unit (CPU). 1t is the main component in
tube-wells. It has several components, such as glen,
router, shaft, bush, and bearing. Failure of any of these
components causes the failure of the complete system.
In practice, the centrifugal pump faces the highest num-
ber of failures and, thus, without a proper maintenance
intervention, it will be very difficult to effectively oper-
ate it. In the present analysis, TIUP system have a
SWV440C nominal head model centrifugal pump is
used by the farmer. Its prime mover rate is 7 HP, speed

1500 rpm, and efficiency at 75%. It is connected to a
power supply unit with a shaft.

Pipeline unit (PLU). Tt is the underground line of PVC
pipes buried below 3 ft of the surface. It connects the
tube-well source point, and at a terminal point, there is
a valve to release the water into the fields.

Labor unit (MU). To operate the whole system successfully,
a dedicated person (called labor) is required. Sometimes,
in the absence of labor, or if the farmer stays far from the
system, there is a chance that the pump runs dry due to
the unavailability of the water in the well, and due to this,
the electrical/ mechanical failures may take place.

Assumptions

The following assumptions have been made to carry
out the analysis of the present work:

more than one failure will not occur at a time;
failure and repair rates of all components are
exponentially distributed;

switch devices are perfect;

unit works as-good-as-new after every repair action.

Notations

The following notations have been utilized to develop
the models:

S. no. Sub-system Code Failure rate/h (A;) Repair rate/h y;
Operative mode Failed mode
| Electricity & electric motor (EL) A a A o
2 Standby diesel engine (ES) B b Ay My
3 Standby tractor (TR) C c A3 3
4 Primary Borewell (P) D d A4 My
5 Secondary Borewell (S) E e As s
6 Pipeline Unit (PU) F f A e
7 Centrifugal Pump Unit (CPU) G g A7 My
8 Labor Unit (MU) H h Ag Mg
Y, i=0,1,2,...,7: Probability that system is in i state

Po(t), : At time t, the system at O state

O: Operative state

U: Failed state

1/(I — m) Repaired by ordinary/ expert repairman
v/(l — y)Repaired by ordinary/ expert repairman

Mo: Repair rate of both borewell units simultaneous
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Solve mathematical
model by analytical

methods

A

Identify the failure
and repair rates of the
subsystems

Develop Markov
model for the whole
system

Derive the
mathematical model
for each subsystem

|

Obtain RAMD
Measures

Is steady state
availability required %

Y

Obtain the steady
state availability of
the system

Yes Assign label and

functions of each
subsystem

Is rick assessment required?

h 4

Prepare list of failure
modes and their
effects

Make policies to
reduce risk

1 v

Determine severity,
probability and
detection rate of
failures

Assign RPN

Y

Figure 3. Flow chart of reliability evaluation procedure.

Flow chart

In this section, the methodology used for reliability
evaluation of TIUP is presented with the help of flow
chart appended in Figure 3. Initially, the configura-
tion of the TIUP system is investigated. The failure
and repair rates of various sub systems is derived
from the collected failure and repair data. The relia-
bility, availability, maintainability, and dependability
measures of all the subsystems are derived through
developing the time dependent mathematical model
for each subsystem. By using probabilistic arguments,
the transient behavior of RAMD measures for whole
system is derived. After that, to identify the steady
state availability and most sensitive component of the
TIUP system Markov analysis is performed. The
Chapman-Kolmogorov differential-difference equa-
tions derived and simplified using algebraic methods
for above stated rate of parameters. The risk assess-
ment of the system is performed by using failure mode
and effect analysis. The labels and function of all the
components defined initially. The type of failures and
their impact on system is analyzed. The severity,
probability and detection frequency of the failures
determined and RPN number is obtained. On the
basis of RPN number, the policies are formulated to
reduce the risk of failures.

RAMD analysis

The required data for RAMD analysis has been
obtained with the help of the TIUP system owner. The
data has been collected for the following questions:
(i) Number of subsystems, (ii) number of failures of
each subsystem, (iii) time to failures, (iv) time to
repair, (v) type of failure, and (vi) name of the
failed subsystem, for 2 years. The major failure faced
by farmers are electrical, mechanical (related to rou-
ter, bearing), and human. Based on the given infor-
mation, the values of the various parameters are
obtained and summarized in Table 2. By incorporat-
ing the above-stated assumptions and notations,
changeover diagrams associated with each subsystem
have been prepared and shown in Figure 4(a) to (c).
By applying the Markovian birth-death process,
Chapman-Kolmogorov differential equations Saini
and Kumar® have been derived to obtain the
RAMD measures of these systems.

Power supply unit (PSU)

PSU has three units EL (i.e. Electricity and equipment),
ES (i.e. Diesel engine), and TR (i.e. Tractor). Initially,
the EL unit is operative while ES and TR are kept in
cold standby. In practice, the failure of all three units
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Table 2. Failure and repair rates of various subsystems.

Subsystem name Failure rate Repair rate
Electricity and A =01 w; = 0.0625
equipment (EL)

Diesel engine (ES) A = 0.000457 my, = 0.5
Tractor (TR) A3 =0.00001142  py =1
Primary borewell (P) A4 =0.00001427  u, = 0.0208
Secondary borewell (S) As = 0.0000381 ms = 0.125
Pipeline (PU) Ae = 0.0001142 we = 0.1667
Centrifugal pump A7 = 0.0002283 ny = 0.1667
unit (CPU)

Labor unit (MU) Ag = 0.001142 mg = 0.5
Comeplete borewell system g = 0.1458

Repair probability:
n=06A=07

causes a complete system failure. The state changeover
diagram of the PSU system is appended in Figure 4(a).
The differential equations associated with the state
changeover diagram are given as follows:

l/f;)(t) = = Mi(t) + muathy () + oy (2) + yuss ()
Ui () = — (g + A (6) + Aad (1) + (1 = )ty (1)
Po() = = (a + X3 (1) + Mgy (1) + (1 = )ty (1)
W3(1) = — mais () + Aty (1)

©)

Letting ¢ — o and applying initial conditions, equation
(9) shown above become:

— MW + uy¥y + Wyt oyusWs =0

— (g + )P AW+ (1=, P2 =0
— A3t )V + 1Y+ (1= y)usP3 =0
— ¥ AP, =0

(10)

Since ¥, + ¢, + ¥, + 3 =1, solving equation (10),
one can get:

Aok !
3 {As + uy) — (1= Y3}

Ak
A3+ pp) = (1 —yAs

wherek = Ay [ (A, + )7M 1
1 2T M Mt ) — (= ks

‘P0:|:1+k+

Similarly, expressions i; and ¢, have been derived.
Based on the state changeover diagram, the availability
of the system model is Apsy = ¥, + ¢, + ¥, = 0.97086.

Other measures of system effectiveness are as
appended below in Table 3.

Borewell unit (BU)

BU has two non-identical units, P (i.e. primary borewell)
and S (i.e. secondary borewell). Initially, both units are

in operative mode. In practice, the failure of both units
causes a complete system failure. The state changeover
diagram of the BU system is appended in Figure 4(b).
The differential equations associated with the state chan-
geover diagram are:

Uo(t) = — (a + X)) + gty (0) + pstha(t) + otz (t)
Wi(0) = — (g + A (1) + Aao(0)

Uo(t) = — (s + Aa)ihy (1) + Asih (1)

Ys(0) = — motis (1) + Asyr (1) + Aaghr(0)

(11)

Letting t — o and applying initial conditions, equation
(11) shown above become:

— (A T As)o () + pgthy (1) + sy (2) + poifs(t) = 0
— (g T As) (1) + Aathy(1) = 0
— (s T Aa)i () + Asi(t) = 0
— Motp3 (1) + Asthy (1) + Aaihr (1) = 0
(12)

Since ¢, + ¢, + ¢, + Y3 = 1, solving equation (12),
one can get:
A4As 1 1 !

Ay + As }
Bo (g +As) (ms + Ag)

=1+
Yo (kg T As5) (s +As)

Similarly, expressions ¢, and ¢, have been derived.
Based on the state changeover diagram, the availability
of the system model is Agy = ¥y + ¢ + ¥, = 0.99991.

Other measures of system effectiveness are appended
in Table 3.

Pipeline unit (PLU)

PLU has only one unit, and its failure causes the com-
plete system failure. The state changeover diagram of
the PLU system is appended in Figure 4(c). The differ-
ential equations associated with the state changeover
diagram are:

Po(t) = — Aeo(1) + pethy (0)

: (13)
(1) = — pethy (1) + Aeio(2)

Letting t+ — < and applying initial conditions, equation
(13) shown above becomes:

— Xty + pglhy = 0
6o T Mo (14)
— Mty T Asthy =0

Since i, + ¢, = 1, solving equation (14), one can get:

o]

l/fo_[l"‘—
Mg




Kumar et al.

nH2
(1 -n)p2
(L —7)pa
T3 S3 a
b
c
(a)
] S$1
o A
DE dE
My
s
" s2 As S8
De M SF
(b)
A
I
M
A
e
Kt
(©)

Figure 4. (a) Changeover diagram of PSU, (b) changeover
diagram of BU, and (c) changeover diagram of PU, CPU, and
MU.

Based on the state changeover diagram, the availability
of the system model is Ap; .y = thy = 0.998632.

Other measures of system effectiveness are appended
in Table 3.

Centrifugal pump unit (CPU)

CPU has only one unit, and its failure causes the com-
plete system failure. The state changeover diagram of
the CPU system is appended in Figure 4(c). The differ-
ential equations associated with the state changeover
diagram are:

bo(t) = — Mgty (t) + pathy(2)
9[/1 (1) = — pqthy (1) + Agio(0)

Letting t — o and applying initial conditions, equation
(15) shown above become:

— A7y + pqpy =0
— My + A7y =0

Since i, + ¢; = 1, solving equation (16), one can get:

(16)

-1
1+

M7

by =

Based on the state changeover diagram, the availability
of the system model is Acpy = ¥y = 0.998632.

Other measures of system effectiveness are appended
in Table 3.

Labor unit (MU)

Labor is a very critical component in the irrigation sys-
tem, and its failure causes complete system failure. The
state changeover diagram of the MU system is
appended in Figure 4(c). The differential equations
associated with the state changeover diagram are:

lﬁ/o(’) = — Ast(t) + psth (0)
l///l(t) = — At (2) + pstho()

Letting t — o and applying initial conditions, equation
(17) shown above becomes:

—Asthp T ugtpy = 0
— Agthy + gy = 0

Since i, + ¢; = 1, solving equation (18), one can get:

A1
= 1 + =
Yo { MJ

(17)

(18)

Based on the state changeover diagram, the availability
of the system model is Ay = ¢y = 0.997721.

Other measures of system effectiveness are appended
in Table 3.

TIUP system time dependent system
availability analysis

Among the RAMD measures, availability is a char-
acteristic that can be used to identify the most sen-
sitive components of the TIUP system. The
operational procedure of TIUP is highly influenced
by failure and repair rates. Thus, the impact of fail-
ure and repair rates on time dependent system
availability has been investigated by mathemati-
cally analyzing the system. Using the assumptions
and notations described above, a changeover dia-
gram has been prepared and appended in Figure 5.
It is observed that transition from one state to
another state with some rate parameter. Here, ,(¢)
is transition probability from state i at time ¢ and
Yl(1) is the derivate with respect to time. Using sim-
ple probabilistic arguments and changeover
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Table 3. Important reliability characteristics of various subsystems.

System characteristics Power supply Borewell unit (BU) Pipeline Centrifugal pump Labor unit (MU)
unit (PSU) unit (PLU) unit (CPU)

R(t) o —0.10046842t o—0.00005237t o—0.0001 142t o—0.0002283¢ e—0.001142¢

M(t) | o334 | _ e—05818t | _ e—0.1667t | _ e—0.1667t | _ e05t

MTBF 9.95338 hrs. 19094.902hrs. 8756.567hrs 4380.2015hrs 876.657hrs

MTTR 0.2994 hrs 1.7187 hrs 5.9988 hrs 5.9988 hrs 2 hrs

D 33.244 11109.4137 1459.7198 730.18 437.828

Din 0.973017 0.99991 0.999318 0.998643 0.997748
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Figure 5. Changeover diagram of TIUP system.

diagram, the mathematical model has been devel-
oped. The differential equations have been described as
follows:

ORI TAG R ACEAL
by (1) + pathyp (1) + psihy () + pethio(?)
(19)

w0+ {m + )

i=2

ACER TR S

i=1,3

At = X0 + it (0)

+ oo (1) + patls (£) + pagthys () + msifyg(6) + peihys(0)

(20)

N JUs(0) = Aoty )+ puai ()

T atus(t) + pathag(t) + psthgs () + peba(t)

(1)
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i)+ {ms D00 A ) = At )+ (1)
T pothsg (1) + pytfso(t) + psirao(t) + pethy ()
(22)
. 6.8
s (1) + {M7 + Z }‘ﬁs( ) = Aap(t) + s (1)

+ mptg (1) + pgihyo(2) + psihis(t) + meth7(2)
+ pgih6(2)
(23)

Uo(t) + {ia + 370 M) = Asus )+ Asun()

+ pgilng (1) + pathy (1) + pathny (t) + psihs(2)
+ pethoa(t)
(24)

Uh) + s+ 0 () = M)

T Ay (8) + pgilng(t) + potn (£) + g (2)
+ wsths(t) + peng(t)
(25)

W)+ { + g+ D00 AP (0) = Astho(0)
+ Ao (8) + pgihng (1) + patlsg () + gty (6
+ s (?) + petpss(0)
(26)
(1) + {P«z Tyt Z } = M)

+ Aoty (t) + pats(t) + :U«3¢34( )+ gifss(0)
+ wsise(t) + pethss (1)

(27)
Po() + methio(r) = Asth (1) (28)
P (1) + psib (6) = Asy (0) (29)
o (1) + padbia (1) = Aathy (0) (30)
i3 (0) + pethiz(0) = Asthy(0) (31)
1a(0) + psiia(t) = Asiy(0) (32)
Pns(0) + pais(6) = Aathy(0) (33)
i6(t) + psibis(t) = Asihs(0) (34)
17 (0) + pedhia () = Asths(0) (35)
Png(1) + psibis(6) = Ass(0) (36)
Pio(1) + pabio(£) = Aaths(0) (37)
Pool1) + mgthno() = st (1) (38)
Py (1) + paan (£) = Aaihi(0) (39)

U () + pathn (1) = Aath (1) (40)
U (1) + msias () = st () (41)
Una (1) + Bethaa(t) = At (1) (42)
Pos (1) + Bathas (1) = Aty (1) (43)
Uns (1) + it (1) = Aath (1) (44)
Ung(6) + pasthns (1) = Asihr (1) (45)
Uns (1) + s (1) = At (1) (46)
Yo (1) + mgthag (1) = Asths (1) (47)
Uso(r) + mahso (1) = st (1) (48)
U1 (1) + maths () = Aaths (1) (49)
Usa () + st (1) = Asip (1) (50)
U3 (6) + gt (1) = Astbs (1) (51)
Usa () + mathsa(r) = Astho(0) (52)
Us(6) + maths (1) = Aatho (1) (53)
Uso () + msthsg(r) = Astho(r) (54)
Usa(6) + gthsa (1) = Astho(r) (55)
Us (1) + maths (1) = Aath(1) (56)
Uso(1) + Matbhsg (1) = Aatha (1) (57)
Wao(t) + mshag () = Astha (1) (58)
Wt (1) + mathar (1) = Aetha(0) (59)
Van(0) + st (1) = Aot (1) (60)
Wa (1) + msihas () = Asihy (1) (61)
Yaa (1) + Bathaa () = Aathy (1) (62)
Was(6) + mathas (1) = Asihs (1) (63)

The initial conditions associated with the model are:

ifi=1
if i #1

As the mathematical model of the TIUP system for
time-dependent system availability is a very complex,
and analytical solution of it is very difficult to obtain.
So, using MATLAB R2019a the Runga-Kutta method
of fourth order has been implanted to get the numerical
solution.

The following formulation provides the numerical
values of SSA for the TIUP system:

(64)



12

Advances in Mechanical Engineering

Table 4. Severity, occurrence, and detection rating.

Rating Severity (S) Occurrence (O) Detection (D)
| No damage happened Inaccessible failure. lunit fail in 100,000 Surely detectable
2 Very minor loss Low. | unit fail among 10,000 Very high chance
3 Minor loss High chance
4 low Mild. | unit fail among 100 Mild
5 Mild
6 Low
7 High High. Failures occurs repeatedly. | unit fail among 10 Very low
8 Very high Remote
9 Hazardous loss with cautioning Very high. Very frequent failures. | unit fail out of 2 Inaccessible
10 Hazardous loss without cautioning Totally uncertain
9 helps in deciding which kind of maintenance is
IDSA = Z H(t) (65) required; On the existing failure modes there is no
e current control except maintenance planning and
detection rate is high in the FMEA matrix;
FMEA analysis iii. Risk Priority Number (RPN) has been calculated

Failure Modes and Effects Analysis (FMEA) is an
extensively used methodology in reliability engineer-
ing. Generally, FMEA is classified into three cate-
gories namely: design FMEA, process FMEA and
system FMEA. Because of RAMD and steady state
results of TIUP system, system level FMEA is
applied here. In practice, it helps in identifying the
probable failures, evaluate their effect on the opera-
tion of system and suggest solution processes to
overcome those effects.”” The FMEA outputs are
helpful to rectify the errors in the design and produc-
tion phase of any item. It involves examination of
hardware, software, human and functional compo-
nents of any system/process. The qualitative mea-
surements of severity, occurrence, and detection are
appended in Table 4.

In our investigation, maintainability is the issue of
concern as the system operates in different environ-
mental conditions under the open sky. Sometimes
the system sinks in water also due to heavy rainfall
and high level of seepage in the fields. Therefore, we
visited the site of the tube-well and discussed the
challenges faced by farmers to operate and maintain
such systems. The data is collected from the farmer
on the number of failures and time to repair. On the
basis of that, FMEA at the system level has been per-
formed as given below:

i. The system and its components were described
carefully, and probable failure modes and their
effects were determined. It is observed that the avail-
ability of operating equipment’s, labor and mainte-
nance scheduling are the key factors affecting the
TIUP system;

ii. The key cause of failure is also identified and
appended in FMEA sheet, as shown in Table 4. It

for each mode by multiplying severity (1-10), occur-
rence (1-10) and detection (1-10) ranges between 1
and 1000. The smaller value of RPN is better. RPN
helps in identification that which problem must be
solved on priority basis rather than focusing the
whole;

iv. After observing the RPN values an action plan is
suggested for the failure modes which have high
RPN value.

v. It is observed that the disruption in electricity sup-
ply, unavailability of standby units like engine/ trac-
tor, electronic item failure and mechanical failures
are the factors responsible for the current maintain-
ability level of TITUP unit.

Results and discussion

The failure of any component causes the complete fail-
ure of system that motivated to consider it as a series
system. The reliability, availability, maintainability,
and dependability expressions of series system can be
derived by using the following expressions:

Rrup(t) = Hf: 1 Ri(f) = 0102005291 (66)

Arup(t) = Hf:  Ai(r) = 0.965912 (67)
Mpp(t) = f: 1 M(t)=1— o 47552 (68)
Doinnor®) = T Duin, (£) = 096876 (69)

i=1

From Table 5, it is revealed that reliability of system
decreases with respect to time for all subsystems as well
as system. The power supply unit, labor unit and cen-
trifugal pump attain minimum reliability that resulted
that after 10h system’s reliability is only 0.130015.
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Table 5. Reliability of various subsystems with respect to time.

Time (h) Resu Reu Rey Repu Rmu Rriup

10 0.36616 0.999476 0.998859 0.99772 0.988645 0.360576
20 0.134073 0.998953 0.997719 0.995444 0.977419 0.130015
30 0.049092 0.99843 0.99658 0.993174 0.96632 0.04688
40 0.017976 0.997907 0.995442 0.99091 0.955348 0.016904
50 0.006582 0.997385 0.994306 0.98865 0.9445 0.006095
60 0.00241 0.996863 0.993171 0.986395 0.933775 0.002198
Table 6. Maintainability of various subsystems with respect to time.

Time (h) Mpsy Mgy Mpy Mcpy Mmy Mrigp
10 I 0.997026 0811187 0811187 0.993262 |

20 I 0.999991 0.96435 0.96435 0.999955 |

30 I | 0.993269 0.993269 | |

40 I | 0.998729 0.998729 | |

50 I | 0.99976 0.99976 | |

60 I | 0.999955 0.999955 | |

After 60 h reliability of system decreases up to 0.002198
that is very crucial. While Table 6 revealed that bore-
well unit have lowest maintainability value and it takes
maximum time to restore in operational condition after
repair. From Table 5, it is revealed that power supply
unit is the most sensitive component of the TIUP sys-
tem and highly influenced the reliability of the whole
system. The repair of pipeline and centrifugal pump
takes time takes time in repairing.

By making some variation in various failure and
repair rates, the impact on time dependent system avail-
ability of system has been observed. A constant change
of 50% has been made in all parametric values associ-
ated in repair rates. From Table 7, it is revealed that
with respect to time steady state availability decrease
slightly but variation in failure rate of some subsystems
like power supply unit, secondary borewell, pipeline,
and centrifugal pump influenced the most. Any change
in failure rate of any subsystem causes the decline in
availability of TIUP system. While Table 8 showed that
any increment in repair rate resulted as the enhance-
ment of the system availability. It is revealed by Table 7
that, the availability of the power supply unit is less in
comparison of all other units in long run. This validates
the results of RAMD analysis.

Conclusions

The key findings of the present study are pointed out as
follows:

e Through RAMD analysis, it is observed that
steady state system availability of TIUP system
is 0.965912 while TDSA is 0.9983249 after 400 h.

e Power supply unit and labor are the less reliable
subsystems which reduces the whole system
reliability.

e The reliability of TIUP system after 60h is
0.002198 only.

¢ The dependability ratio and its minimum value
is greater than 0.9 for all subsystems and system
that indicates that system availability is high.

e [tisrevealed that whole system certainly restored
in working conditions.

e A constant change of 50% in all failure and
repair rates highlighted significant increment of
TIUP system reliability and maintainability,
respectively.

e Centrifugal pump is the most sensitive compo-
nent in sense of variation in failure rate.

e The systems which have provision of redundancy
are highly reliable and available.

e From FMEA analysis given in Table 9, it is
observed that electricity and electric components
and maintenance planning are the main factors
for system failure with high RPN value 720 and
810 respectively.

e The availability results derived by RAMD, and
Markovian approaches shows that power supply
unit is the most sensitive unit in TIUP systems
and need extra care for successful operation.

Finally, it is concluded that the TIUP system can be
made more reliable and available for use by taking care
of most sensitive components through proper mainte-
nance or providing spare units. Though, the present
model is developed for TIUPs but the same methodol-
ogy can be applied for other irrigation systems also.



Advances in Mechanical Engineering

14

957£866°0 957£866°0 97558660 7191+866°0 £755866°0 ST£866°0 STE866°0 75768660 6578660 00%
85758660 85758660 87558660 ¥97+866°0 £755866°0 75768660 75768660 ¥STE866°0 1S7€866°0 09¢
£97£8660 £97£8660 ££558660 69748660 87558660 £57£866°0 £57£866°0 657£866°0 957£866°0 (1143
¥/7£866°0 ¥/7£866°0 ¥55866°0 81¥866°0 87558660 89768660 897£866°0 1£T£866°0 8978660 08¢

££866°0 ££866°0 1558660 L0£+866°0 £55866°0 S67£866°0 S67£866°0 L67£866°0 ¥67£866°0 ot
9££866°0 9€£866°0 1£95866°0 L9£+866°0 9£55866°0 SS£€866°0 SS£€866°0 LS£€866°0 ¥SE£866°0 00t
6678660 6678660 69.5866°0 S05+866°0 85558660 £6+£866°0 £6+£866°0 S61£866°0 6¥£866°0 091
£18£866°0 £18£866°0 18098660 £78¥866°0 S£95866°0 118€866°0 118£866°0 £18£866°0 18£866°0 ozl
8558660 8558660 61898660 55558660 £065866°0 SH866°0 rS+866°0 SPSH866°0 S¥866°0 08

785798660 185798660 917588660 T9¥TL866°0 159898660 975798660 975798660 675798660 615798660 o

tr Jo %05 tr Jo %05 1 Jo %05 571 Jo %05 ¥ Jo %05 &1 Jo %05 U Jo %05 7 Jo %05
s (1 21qeL) aseg (y) suny
4 in 4 in 4 4 S 4 4 & 4 4
‘wi21sAs dN|L Jo Ajiqe|reae s1eIs Apeais uo saied Jiedad snoluea jo 1oedw| °g sjqel
¥7£866°0 ¥£866°0 1£86166°0 1€£18660 1£86166°0 85758660 857£866°0 9578660 6¥7£866°0 00%
18660 H1E866°0 6£86£66°0 £€£18660 9£86£66°0 ST£866°0 S7£866°0 6¥7£866°0 1S2£866°0 09€
L¥TE866°0 L¥TE866°0 ¥+86£66°0 8£/1866°0 £786.660 S57£866°0 S5T£866°0 ¥STE866°0 957£866°0 (143
85758660 857£866°0 $586.660 6¥11866°0 986660 £97£866°0 1978660 S97£866°0 897£866°0 08¢
¥87£866°0 ¥87£866°0 1886660 S/11866°0 66861660 £67£866°0 £67£866°0 167€866°0 ¥67£866°0 ore
YrEE866°0 YPEE866°0 1466660 S£81866°0 68661660 £5€£866°0 £5€£866°0 ISEE866°0 ¥SE£866°0 00t
£81£8660 £8+£866°0 62008660 ¥161866°0 16108660 16+£8660 16+£866°0 6¥£866°0 6158660 091
108€866°0 108£866°0 £6£0866°0 16278660 £/90866°0 608£866°0 608£866°0 808£866°0 18£866°0 ozl
TE5+866°0 TE5+866°0 87118660 £70£866°0 69218660 1¥5¥866°0 1¥5¥866°0 6£5+866°0 SH866°0 08
STHT9866°0 ST¥T9866°0 21878660 YlrL¥8660 061£#8660 605798660 605798660 06¥79866°0 615798660 o
8vJo %09 £vJo %09 Y40 %08 §Y40 %08 Y40 %09 £YJ0 %05 tvJo %09 1vJ0 %05
. (1 @19eL) aull sseg (y) suny
+ 8y + £Y + %Y + Y + ¥y + £y + Y + Y

‘w1sAs ML jo Ajiqe|ieas a1els Apeas Uo saleJ a4n|ie} snolteA jo 1oedw| 7 ajqer



15

Kumar et al.

auop si sa.n|ie} saJn|ie}
paziuedio SduBUMAUIEL [Jmny a1 24mny ploAe
ajeIs 3q p|noys Jeak w)sAs Suresap o1 8ujuued
Jo juswiuedap sdoys>iom |d1 B Ul sown Jo Suipuey Joy paJedaud duBURIUBW 3uiuue|d
y8€ 178 9 8 2um N2y Swos sJawle) Jo4 (|8 ol om1 Alup 6 Jadoud oN 6 IO0N  OUu dAeY JaWLIeY 9duBUAUIEL
swn
[euonesado
Sunp
wsAs
Jesu
9ouasaud sJoJJd
auijedid uou uewny Jojesado pajns
uo Jojesado ‘92ua3)3au 031 anp jo
SHT Vi S Vi Jawey pa|ds e auloddy  oof ol auoN S o18nQg 8 s|iej wasAS  AljIqe|ieA. UON Jnoug|
9|p! urews.
wisAs 1Y)
13 3|qejieAe
syJed aueds
ay3 jpun
JBM JO ||oM
-aqn1 Jayro
J91BM ss3| aJinbau wouy
yo1ym sdoud uonediiJ syied aueds
a3e||1A Jo Jad1Y0 350y 21BAR|ND puews( Joj Jarem jo
T6€ 8 / / 24Ny ndLISy 01 susWliey JeMY  (09€ ol SuoN 8 y3iH 9 aseyaund  Aujiqe|ieAR UON|
awn payads aud e Sulnpayas
JoresadQ J91Je 9dUBUIUIRW SdouBUSIUIBW
(1143 8 s 8 auey sNpaYs 08y ol SUON 9  sadoudoN
AAnoe
Jayio
Aue
juawdinba ul Jo1de.] Jo
ozl 8 € S Jaweyq Jaylo sdueddy  QTE ol SuoN $  2uswasedu]
sa.n|re}
sJaJmoeynuew [edlueyd9)y
paandau jo /24n|1e} sw)| uononpoud Joided]
orT 8 S 9 Jowueq sway Aenb asn oo ol 9 UoN S 31U0J3I33|] douad JENIENE N
Aem J4a119q a3 103ye suun Aqpuels
ul sJuN JuepUNpa.l Ap2auip Jo Ajiqejreae juswdinba
IoM-agn] ays asn ‘uol3daUU0d pue suop -uou |ddns 3upesado
sajesado oym ApLudsPp Ap1dspe jo 99 j0uuEd ApLudsPp jo
SHT Vi S Vi uos.Jad/iawiey [edads aseydzing 07/ ol auoN 6 Ajddns ssa 8 uonesi| ui uondnusiq Ajiqejreay
S|043U0d
wre pue aJnpasoud aJn|re} jo (s) aJn|ie} apow uonouny
NdY 3°Q 220 AsS Aligeaunoddy  suonepuswwodsy NdY  2939Q waaIND  InddQO 9sned A9y]  ASS  JO 10940 Ao aun|iey Aoy a4npadoJd

‘waishs dNIL Jo VAWA °6 dIqeL



16

Advances in Mechanical Engineering

The present study is carried out on limited data and in
future it can be extended by collecting large amount of
data from various sources. Here, labor is only consid-
ered in terms of presence or absence only associated
with considered system, in future study, competence of
the various persons will be considered. The sensitivity
analysis of system performance measures can be con-
ducted in future work. As well as an effort can be made
to achieve the global solution by applying some
advanced metaheuristics, such as genetic algorithm,
Gray-wolf  optimization, and particle swarm
optimization.
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