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ABSTRACT

Energy supply is a key indicator of nation’s development, hence, the need to shift attention towards its sustainability. In
this study, a reliability, availability, maintainability and dependability-(RAMD)-based approach is utilized to determine
subsystem components that impede sustainable water supply. Mathematical models using the Markovian birth-death
process and transition diagrams are developed for each component/subsystem for the energy supply system. Chapman-
Kolmogorov differential equations for each component are also formulated. The failure and repair time random variables
are statistically independent and follow exponential distribution. Three different cases of energy supply system are
considered. The components/subsystems are solar photovoltaic (PV), wind, diesel generator (DG), inverter, pump, and
tank respectively. RAMD analysis result reveals that the subsystem pump is the most critical with minimum reliability
of 0.548811636 after 10 months and availability of 0.92 for all cases. The results also reveal that at a period of
10 months, the reliability of the systems are 0.299778623 for case I, 0.284193481 for case II and 0.257385582 for
case III respectively. Based on the numerical results, it can be inferred that case I is the best among other cases and
subsystem pump is the most critical subsystem component. The findings of this work would be very useful for designers

and maintenance engineers.

Keywords: Reliability, Availability, Maintainability, Dependability, Renewable energy, Water pumping system

1. Introduction

Reliable energy source is next to economic de-
velopment of any nation, hence, RAMD (reliability,
availability, maintainability, and dependability) [1]
assessment of the system is extremely useful in iden-
tifying potential system redesigns to ensure a reliable
energy supply. These amendments in system de-
sign is showcased by RAMD analysis, which would

eventually lead to reliability enhancement [2]. RAMD
analysis enables system designers to identify the most
critical components or subsystems within the entire
system that need an adequate maintenance strategy
in order to improve their performance [3]. In order to
ensure system reliability, professional engineers com-
monly use the RAMD analysis approach. Based on the
above assertion, some researchers have carried out a
few studies on RAMD analysis. Nuryanto et al. [4] did
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a study of RAMD analysis using an NKP fertilizer pro-
duction line as a case study. The study aims to identify
the most critical subsystem using RAMD analysis in
the production line. Kumar et al. [5] established a
RAMD mathematical framework for tube wells linked
to subsurface irrigation pipelines. Gupta et al. [6], in-
vestigated the generator’s performance in a steam tur-
bine power plant using the RAMD technique. For each
subsystem, mathematical models based on the Marko-
vian birth-death process were developed. In addition,
their study identified critical subsystem of the overall
system plant. RAMD analysis of a cooling tower in a
steam turbine was examined by Guptal et al. [7]. The
cooling tower comprises six subsystems configured in
series. obtaining the reliability metrics of an off-grid
photovoltaic system and a comparison of four subsys-
tems using RAMD methodology was done by Maihulla
and Yusuf [8]. RAMD techniques were utilized for
Computer Based Test (CBT) network system and tyre
manufacturing rubber industry with five subsystems
by Sanusi et al. [2] and Velmurugan et al. [9]. Ap-
plication of RAMD in identifying the most critical
component in a Sugar industry was conducted by
Saini and Kumar [10]. Evaluation of a RAMD study in
a series-parallel system was carried out by Danjuma
et al. [11]. Maihulla et al. [12] used the recursive
approach in assessing the RAMD analysis of a Re-
verse Osmosis (RO) machine with five subsystems.
Their study also identified critical subsystem in the
RO machine. Yusuf et al. [13] developed the RAMD
mathematical analysis for a mirrored distributed sys-
tem (Computer network topology) stationed in two
locations. The system comprises of six series-parallel
subsystems between the two locations. Using the
Markovian process, the ordinary differential equa-
tions for each subsystem are obtained and then solved
iteratively. Nurcahyo et al. [14], conducted RAMD
analysis to determine the most crucial component of a
cooling tower.

Using RAMD analysis, Gupta et al. developed a
mathematical model for the steam turbine power
plant’s generator based on the Markovian birth-death
process. Gupta et al. in references [15]. [16], investi-
gated the reliability, availability, and maintainability
of a grid-connected photovoltaic solar PV system with
exponential distribution using a reliability block di-
agram (RBD).. The reliability assessment of the PV
system considering the inverter thermal character-
istics using fault tree theory was studied by [17].
Reliability, availability, and condition monitoring
(RACM) of a grid-connected photovoltaic system with
exponential probability distribution was investigated
by the authors of [18]. Reliability of a large-scale
photovoltaic system using fault tree approach was
carried out in [19]. The long-term, reliability-based

performance of a hybrid wind/solar power system,
considering the reliability of the renewable energy
source components, was investigated in [20]. A study,
which examines the reliability of a photovoltaic sys-
tem with the effect of k — out — of —n components
was conducted by [21]. The current study’s objective
is to determine which pumping system configuration
is most suitable in terms of RAMD analysis and which
subsystem component is the most critical. Each sub-
system’s RAMD is also determined.

The current study’s objective is to determine
which pumping system configuration is most suitable
in terms of RAMD analysis and which subsystem
component is the most critical. Each subsystem
RAMD are also determined.

All the aforementioned studies require a lot of mathe-
matical models, which are very complex in nature

All the aforementioned studies requires a lot of
Mathematical models, which are very complex in
nature. The literature reveals that most of the work
carried out so far focuses only on a particular system,
without a comparative approach. Hence, this study
attempts to assess the RAMD of various energy
sources, both conventional and non-conventional.
The data required for the analysis of this work have
been obtained from maintenance managers in the
relevant industries in Nigeria.

2. Materials and methods
2.1. System description

Provision of water supply for agricultural and
domestic purposes requires an energy source to power
a submersible pump in order to achieve an output
[22, 23]. In this study, renewable energy sources and
the usual DG power sources are utilized for water
pumping applications. The schematic block designs of
the water pumping systems are given in Fig. 1 (Case
D), Fig. 2 (Case II), and Fig. 3 (Case III), which demon-
strate an efficient and simple design configuration to
pump and distribute water.. The components used are
solar panels, wind turbines, diesel generators, invert-
ers, pump, and tank. All the subsystems otherwise
referred to as components are arranged in a series
configuration, with each subsystem having some
internal redundancies as described by each compo-
nent. The detailed descriptions of the subsystems are
as follows:

2.1.1. Solar subsystem

There are two solar configurations that can supply
the pump’s energy requirements. The solar panel is
made up of solar cells that convert sunlight into elec-
tricity, which is then used to power the submersible
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Solar Array Inverter Pump Tank
2 Units: One
operational and 1 Unit . 2-out-of-2 > 1 Unit
one cold standby
Fig. 1. Schematic block diagram for case | (PV source).
DG Pump Tank
2 Units: One
operational and one 2-out-of 2 R 1 Unit
cold standby -
Fig. 2. Schematic block diagram for case Il (DG source).
Wind Turbine Inverter Pump Tank
2 Units: One
operational and 1 Unit 9-out-of-2 > 1 Unit

one cold standby

Fig. 3. Schematic block diagram for case Il (Wind source).

pump for water delivery. If one configuration fails,
the system will continue to function. The system will
only fail if both configurations are shut down.

2.1.2. Wind subsystem

The energy requirements of the pump can be satis-
fied by either of the two wind system configurations.
The submersible pump for water supply is driven by
electricity generated by the wind system. The system
will continue to function even if one configuration
fails. The system will fail only if the two configura-
tions shut down.

2.1.3. DG subsystem

There are two DG configurations, with each capable
of delivering the energy needs of the pump. The DG
is used to supply power directly to the submersible
pump for water supply. If one configuration fails, the
system will continue to function. The system will fail
only if both configurations shut down.

2.1.4. Inverter subsystem
The inverter system converts direct current
(DC) electricity into alternating current (AC),

which is needed to power the submersible pumps.
This converter ensures compatibility between the
renewable energy source and the pumping system.
The inverter subsystem is a single unit; therefore if it
fails, the entire system fails.

2.1.5. Pump subsystem

Two specially designed pumps are buried under-
ground in a water source, such as a borehole or
well. They run on electricity generated by renewable
energy sources or direct current (DG). These pumps
draw water from a supply and transport it to a stor-
age tank. Because the pumps are designed to work
together, the system will fail if any of the pump units
fails.

2.1.6. Tank subsystem

The tank subsystem is used to store water obtained
from the water source. This water stored in the tank
is needed for later use, either for agriculture or for
domestic purposes. The amount of water storage
depends on the capacity of the tank. The tank is a
single system; in which if fails, the system will fail
completely.
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Fig. 4. Transition diagram of solar subsystem.
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Fig. 7. Transition diagram of tank subsystem.

2.2. Assumptions

L. The failure rates and repair rates of each subsys-
tem follow an exponential distribution.
II. There are no simultaneous subsystem failures.

III. Failure and repair rates for each subsystem are
statistically independent.

IV. Repairmen and component replacements are al-
ways available, and repaired components are as
good as new.

V. Standby system switchover devices are perfect.

2.3. Transition states of subsystem

Transition diagrams of all six subsystem compo-
nents are shown in Figs. 4 to 9, and various failure
and repair rates associated with these components

are also presented in Table 1. From these figures
(Figs. 4 to 9), Ey is regarded as full operation for all
subsystem components; E; is regarded as complete
failure of the inverter, pump, and tank subsystems;
and, order-wise, E; is regarded as complete failure of
the solar, wind, and DG subsystems, respectively.

2.4. RAMD analysis

In this section, the mathematical models of
various subsystems are developed. The Chapman-
Kolmogorov differential equations are obtained using
the Markov chain process. Figs. 4 to 9 depict the tran-
sition diagrams of various subsystem components.
The RAMD analysis of the subsystem is explained in
the subsection that follows.
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Fig. 9. Transition diagram of wind subsystem.

Table 1. Failure and repair rate of subsystem.

Component Failure rate (8)  Repair rate (¢)
Solar panel  B; = 0.010 ¢1 =0.48
Inverter B2 = 0.020 @9 = 0.57
Pump B3 =0.030 ¢3 =0.69
Tank Ba = 0.040 ¢4 = 0.78
DG Bs = 0.090 ¢5 =1.18
Wind Bs = 0.067 96 = 0.90

2.4.1. RAMD indices of solar subsystem

The solar subsystem consists of two units, one of
which is operational and the other on cold standby.
If both units fail, the system fails completely. The
transition diagram and its Chapman- Kolmogorov dif-
ferential equations are presented in [6]:

M, (t) = —B1Mo (t) + ¢1 M () @}
My () =BMo(t)— (B1+e) M1 () + o1 M2 (t) (2)
M, (t) = piM (t) — g1 M (t) 3)
Under steady state, Egs. (1) to (3) reduces to:
B1
M, (t) = —Mo (£) )
@1

Substitute M; (t) in Eq. (4) into Eq. (2) under steady
state, we have

My (6) = [,31 (B +<P12)—ﬂ1 (01i|M0 © )
%1
Using normalization condition, we have
My+M; +Mz =1 (6)

Substituting Egs. (4) and (5) into Eq. (6), we have

3

- 7
92 + B1 g1 + B2 @

M,

Availability of component is equal to the sum
of probabilities at operational states. Therefore, the
availability of the solar subsystem is given by [8]:

¢1 (g1 + p1)
AVp=Mo+ M1 = 5 —— (8)
92+ b1+ B7
Maintainability is given by:
M@)=1-e* )

Therefore, the maintainability of the solar subsys-
tem is given by [8]:

Mgp (t) =1 — e 0% (10)
Dependability is given by [8]:
(A [oTm(E
D:=1_.{[¢]’ }[e 1(%4>__e b]l<§1>}}
£-1
B
(11)
Let y; = g—: = dependability ratio of solar subsys-

tem, therefore, the solar subsystem dependability is

given by [8]:
J[eet ']

(12)

1
Dep=1—
5 {[}'1—1

b4l
-1

)

1 11'1(

—e
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The reliability of the solar subsystem is given by
[8]:

Rsp = e M (14 put) (13)
2.4.2. RAMD indices of inverter subsystem

The inverter subsystem consists of only one operat-
ing unit. Failure of this unit will result in a complete
system failure. The Chapman-Kolmogorov differen-
tial equations related to it are as follows [8]:

M (t) = —p2Mi (£) — B2Mo (£)
M (£) = Ba2Mp () — @2M; (t)

14
(15)

Under steady state, Egs. (14) and (15) reduces to:

M © = 2y © 16)
Using normalization condition, we have
My +M; =1 a7
Substituting Eq. (16) into Eq. (17), we have
P2
Mo = @2+ Bo (16)

Therefore, the availability of the inverter subsystem
is given by [8]:

(%)
@2+ P2

The maintainability of the inverter subsystem is
given by [8]:

AViny =My = 19

Mpy (t) =1 —e %7 (20)

The dependability of the inverter subsystem is
given by [10]:

1
DINv=1—”
y2—1

J[er ) - onizz])

(21)

Where y; = g—z = dependability ratio of inverter
subsystem.

The reliability of the inverter subsystem is given by
[10]:

11x1075¢ (22)

Rinvv =€
2.4.3. RAMD indices of pump subsystem

The pump subsystem consists of two units which
must work at the same time for the system to be op-
erational. Failure of either unit will cause a complete

system failure. The Chapman-Kolmogorov differen-
tial equations associated with it are as follows [10]:

M (t) = p3M; (t) — 283M) (t)
M (t) = 2 BsMy (t) — ¢sM; (t)

(23)
24

Under steady state, Egs. (23) and (24) reduces to:

283

M (t) = EMO (®) (25)
Using normalization condition, we have
Mo+M; =1 (26)
Substituting Eq. (16) into Eq. (17), we have
3
M, = m (27)

Therefore, the availability of the inverter subsystem
is given by [10]:

@3

AVpumy =Mo = ——
@3+ 23

(28)

The maintainability of the inverter subsystem is
given by [10]:
Mpym (t) =1 — e 0% (29)

The dependability of the pump subsystem is given
by [10]:

1
DPUM=1—{[
y3—1

J[ee6n) - ez
(30

Where y; = g—z = dependability ratio of pump
subsystem.

The reliability of the inverter subsystem is given by
[10]:

—2pst (31)

Rpym = e
2.4.4. RAMD indices of tank subsystem

The tank subsystem consist of a single unit, which is
operational. Failure of the unit will cause a complete
system failure. The transition diagram and Chapman
Kolmogorov differential equations associated with it
are as follows [8]:

(32)
(33)

M (t) = @aMy (t) — BaM (t)
M (t) = BaMy (t) — paM (t)
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Under steady state, Egs. (23) and (24) reduces to:

M © =m0 34)
P4
Using normalization condition, we have
My+M; =1 (35)
Substituting Eq. (25) into Eq. (26), we have
P4
Mo = @4+ Ba (36)

Therefore, the availability of the tank subsystem is
given by [8]:

)

AV; =M, =
N 0 ¥4+ B4

(37)

The maintainability of the tank subsystem is given
by [10]:
Mray(t) =1 — e 078 (38)

The dependability of the pump subsystem is given
by [10]:

1
DTAN=1_{|:
ya—1

IR
(39)

Where y4 = z—;‘ = dependability ratio of tank sub-
system.

The reliability of the inverter subsystem is given by
[10]:

—0.04t (40)

Rran =e
2.4.5. RAMD indices of DG subsystem

The DG subsystem consists of two units, one oper-
ating and the other on cold standby. Failure of both
units results in complete system failure. The transi-
tion diagram and Chapman-Kolmogorov differential
equations are as follows:

My (t) = —BsMo (t) + @sM; (t) (41)
M; (t) = BsMo (t) — (Bs + @5) My (t) + ¢sM3 (t)  (42)

M, (t) = BsM (t) — ¢sM; (t) (43)
Under steady state, Egs. (1) to (3) reduces to:
_ B
M; (t) = —Mo (£) (44)
(%3]

Substitute M; (t) in Eq. (4) into Eq. (2) under steady
state, we have

Bs (Bs + ¢s5) — Bs @5

M (t) = [ 5 } Moy (t) (45)
5
Using normalization condition, we have
My +M;, +M; =1 (46)

Substituting Egs. (4) and (5) into Eq. (6), we have

2

SR ¢ T— 47)
92+ Bs ¢s + B2

My

Availability of component is equal to the sum
of probabilities at operational states. Therefore, the
availability of the solar subsystem is given by:

¢s (g5 + Bs)
AVpg=My+ M) = F———— (48)
02 + Bs s + B3
Maintainability is given by:
Mt)=1-e* (49)

Therefore, the maintainability of the solar subsys-
tem is given by:
Mpg(t)=1—e ¥ (50)

Dependability is given by:

(51)
Let ys = g—: = dependability ratio of solar subsys-

tem, therefore, the solar subsystem dependability is
given by:

S E

(52)

The reliability of the solar subsystem is given by:

Rpg = e ™ (1+ Bst) (53)
2.4.6. RAMD indices of wind subsystem

The Wind subsystem consists of two units, one op-
erating and the other in cold standby. Failure of both
units causes complete system failure. The transition
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diagram and Chapman-Kolmogorov differential equa-
tions associated with it are as follows:

M (£) = —BsMo (t) + peMy (£) (54)
M (t) = BsMo (t) — (Bs + w6) M1 (t) + psM2 (t) (55)

M (t) = BeMi (t) — psMa (t) (56)
Under steady state, Egs. (1) to (3) reduces to:
M, @)= ﬁMo ) (57)
D6

Substitute M; (t) in Eq. (4) into Eq. (2) under steady
state, we have

M, (t) = [:36 (Bs + wg) — Pe fﬂ6i| Mo (6) (58)
Y6
Using normalization condition, we have
Mo +M; +M; =1 (59)

Substituting Egs. (4) and (5) into Eq. (6), we have

v?

My= - "6
@2 + Po v + B2

(60)

Availability of component is equal to the sum
of probabilities at operational states. Therefore, the
availability of the solar subsystem is given by:

ve (96 + Be)

AVwin =My +M; = ——~——"——""_ (61)
v O T 2+ o vs+ B2
Maintainability is given by:

Mt)=1-e* (62)

Therefore, the maintainability of the solar subsys-
tem is given by:
My (t) =1 —e %% (63)

Dependability is given by:

e [

Let yg = g—z = dependability ratio of solar subsys-
tem, therefore, the solar subsystem dependability is

given by:

1
DWIN=1_{[
Yo —1

=0

The reliability of the solar subsystem is given by:

Ry = e 7 (1 + Bot) (66)

2.4.7. RAMD indices of overall system

Since all components or subsystems are intercon-
nected in series, the system fails if any component
fails. Therefore, the RAMD indices are as follows:

For System Case I

The reliability of the system is given by:
Rsys1 = Rsp X Rinv X Rpum X Rran (67)

Rsvs1 = [e77* (14 i)} x fe 1210 | o {2

x [e-004) (68)
The availability of the system is given by:
AVsys1 = AVsp x AViny x AVpym X AVran (69)
AVeyst = { 2901 (o1 + B1) 2} 9 { ®2 }
o5 + B1 o1+ B @2+ B2
¢3 Z
X{¢3+2ﬁ3}x{¢4+ﬂ4} 70

The maintainability of the system is given by:

Msys1 = Msp (t) x Miny (t) x Mpym () X Mran (t)
(71)

MSYS] = {]_ — 6_0'4&} X {1 _ e—0-57t} x {1 _ e—0.69t}

x {1 —e 7%} 72)
The dependability of the system is given by:
Dsys1 = Dsp x Diny x Dpym X Dran (73)

o= =[] [

x 11— ! eiln(%) — eiyzln(ygiz-l)
L y2—1]L |
W1 1 7 _e—ln(%) _e—ygln(ysy—il)_
Lys—1]1L |
x 11 — 1 e_ln(%> — e_y“ln(}%)
Lya—1]11
74
For System Case II
The reliability of the system is given by:
Rsys2 = Rpe X Rpum X Rran (75)
Rsysy = {77 (14 Bst)} x {e 2P} x {e7%%}  (76)
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The availability of the system is given by:

AVsyso = AVpg x AVpym X AVran 77)
AVsysy = { 2<P5 (g5 + Bs) _ } » { ®s3 }
@5 + Bs ¢s + Bs @3 + 23
x { 4 } (78)
¥4+ Ba

The maintainability of the system is given by:

Msyso = Mpg (t) x Mpyy (t) x Mray (t) (79)
Mgyss = {1 _ e—1.18t} « {1 _ e—0.69t} « {1 _ e—0.78t}
(80)

The dependability of the system is given by:

Dsys2 = Dpg x Dpym X Dran (81)

oo [ ) -
|
pe{lalle -

(82)
For System Case III
The reliability of the system is given by:
Rsyss = Rwin X Rinv X Rpum X Rran (83)

Rgyss = {e77" (14 Bot)} x ieillxm?ﬁt} x {e72Ft}
x {e004) (84)

The availability of the system is given by:

AVsyss = AViwin X AViny x AVpyy X AVran (85)
AViyss = { 2<P6 (96 + Bs) 2} y { ©2 }
(p6+.36€06+:36 @2+ Bo
¥3 %]
x X (86)
{<P3+2,33} {<P4+ﬁ4}

The maintainability of the system is given by:

Msyss = Myn (t) x Miny (£) X Mpyym (t) x Mran (t)
(87)

Mgyss = {1 — e—049t} x {1- e—o.oosn} x {1 - e—0.69t}

x {1 ¢ 078 (88)

The dependability of the system is given by:

Dsys3 = Dwin % Diny x Dpym X Dran (89)

o= [ - )|

x 11— 1 e_ln(%> — e—yzln(}%)
[ Y2—1]L |

x {1 — 1] _e_ln()%) _e—ygln(y;'—il)_
Lys—1]11 |

x {1 - 1] _eiln(%) —e7y4ln(y‘{74*1)_
Lya—1]1L

(90)

3. Results and discussion

To obtain the reliability metric of different sub-
systems and system, an empirical comparative study
was conducted on some energy sources configured in
series, various subsystems were assigned with some
numerical values, as shown in Table 1. Tables 2 to 4
and Figs. 10 to 12 present the reliability of various
subsystems and system over time for different cases.
These Tables and show that reliability decreases with
the passage of time for the various subsystems and
systems for all cases. This decrease in reliability is
due to aging, wear and tear of components which
leads to component failure or overall system degrada-
tion. In addition, the reliability of the system is less
than the reliability of each subsystems for all cases;
this is because of the serial configuration of each
components subsystems. According to the numerical
values in these tables at a period of 10 months, the
reliability of the systems are 0.299778623 for case
I, 0.284193481 for case II and 0.257385582 for case
III respectively. This is a poor reliability value, which
should be investigated. It is observed from the results
in Tables 2 to 4 that subsystem pump has the least
reliability value compared to other subsystems in all
cases considered. Thus, it can be inferred that sub-
system pump is behind the low reliability value of
the systems and calls for adequate preventive main-
tenance in order to mitigate failure occurrence of
the subsystem and enhance its reliability, which will
enhance the reliability of the system.

Tables 5 to 7 and Figs. 13 to 15 reveal the avail-
ability of various subsystems and system for all cases.
The results depict that the availability of the systems
for various cases is less than the availability of each
subsystem; this is also due to the serial configuration
of each subsystem. According to the numerical val-
ues in these tables, the availability of the systems is
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Table 2. Variation of subsystem reliability with time for Case I.

Reliability for Case I

Time (Month)  Rsp Riny Rpum Rran Rsysi
2 0.999058244  0.960789439 0.886920437 0.923116346 0.785887049
4 0.998117374 0.923116346 0.786627861 0.852143789 0.617618454
6 0.997177391 0.886920437 0.697676326 0.786627861  0.485378345
8 0.996238293 0.852143789 0.618783392 0.726149037 0.381452555
10 0.995300079 0.818730753 0.548811636 0.670320046 0.299778623
12 0.994362749 0.786627861 0.486752256 0.618783392 0.235592138
14 0.993426302 0.755783741 0.431710523 0.571209064 0.185148810
16 0.992490736 0.726149037 0.382892886 0.527292424  0.145506052
18 0.991556052 0.697676326  0.339595526  0.486752256 0.114351322
20 0.990622248 0.670320046 0.301194212 0.449328964 0.089867223
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Fig. 10. Variation of subsystem reliability with time for case I.

Table 3. Variation of subsystem reliability with time for case II.

Reliability for Case II

Time (Month)  Rpg Rpum Rran Rsys2

2 0.949689680 0.886920437 0.923116346 0.777540147
4 0.901910489 0.786627861 0.852143789 0.604568680
6 0.856535084 0.697676326 0.786627861 0.470076421
8 0.813442530 0.618783392 0.726149037 0.365503289
10 0.772517976  0.548811636 0.670320046  0.284193481
12 0.733652350 0.486752256 0.618783392 0.220971841
14 0.696742066 0.431710523 0.571209064 0.171814478
16 0.661688750 0.382892886 0.527292424  0.133592655
18 0.628398977 0.339595526  0.486752256 0.103873652
20 0.596784024 0.301194212 0.449328964 0.080765935

0.845097737 for case I, 0.747051082 for case II, and
0.841118171 for case III respectively. It is observed
from the results in the tables that subsystem pump
has the lowest availability value compared to other

subsystems in all cases considered. Thus, it can be said
that subsystem pump is behind the low availability
value of the systems and calls for adequate preventive
maintenance in order to mitigate failure occurrence
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Fig. 11. Variation of subsystem reliability with time for case II.

Table 4. Variation of subsystem reliability with time for Case I.

Time (Month)

Reliability for Case III

Rwin Riny Rpum Rran

Rsyss

2 0.969052974  0.960789439
4 0.939063666  0.923116346
6 0.910002438  0.886920437
8 0.881840569  0.852143789
10 0.854550226  0.818730753
12 0.828104438 0.786627861
14 0.802477068  0.755783741
16 0.777642789  0.726149037
18 0.753577058  0.697676326
20 0.730256089  0.670320046

0.886920437
0.786627861
0.697676326
0.618783392
0.548811636
0.486752256
0.431710523
0.382892886
0.339595526
0.301194212

0.923116346
0.852143789
0.786627861
0.726149037
0.670320046
0.618783392
0.571209064
0.527292424
0.486752256
0.449328964

0.762284068
0.581077000
0.442945740
0.337650480
0.257385582
0.196200928
0.149560842
0.114007847
0.086906365
0.066247338

Table 5. Availability of case | system.

Availability for Case I

AVsp

AViny AVpum AVraN AVsys1

77

0.999575011  0.966101695

0.920000000

0.951219512  0.845097737

Table 6. Availability of case Il system.

Availability for Case II
AVpg AVeum
0.853653680  0.920000000

AVran
0.951219512

AVsys2
0.747051082

of this subsystem and enhance its availability, which
will enhance the availability of the system.

Tables 8 to 10 and Figs. 16 to 18 depict the
maintainability of various subsystems and systems

for different cases with time variations. After 10 days,
according to the numerical values in these tables,
the maintainability of the systems is 0.987051081
for case I, 0.998575399 for case II and 0.995118846
for case III respectively. For various cases, it is
observed that subsystem solar, pump and inverter
have the lowest maintainability value for cases
I-III respectively. This low maintainability value is
mainly due to low repair rate of these subsystems
compared to other subsystem components as shown
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Table 7. Availability of case Il system.

Availability for Case III
AVwin AViny AVpym AVran AVsyss
0.994868477 0.966101695 0.920000000 0.951219512 0.841118171
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Table 8. Maintainability of subsystem for case I.

Time (Month)

Msys1

Mgsp

Minv

Mpym

Mran

Mgsys1

2
4
6
8
10
12
14
16
18
20

0.617107114
0.853393038
0.943865237
0.978506399
0.991770253
0.996848888
0.998793462
0.999538025
0.999823113
0.999932271

0.680180978
0.897715793
0.967287565
0.989537941
0.996654035
0.998929897
0.999657761
0.999890545
0.999964994
0.999988805

0.748421447
0.936708232
0.984077148
0.995994152
0.998992215
0.999746463
0.999936215
0.999983953
0.999995963
0.999998984

0.789863929
0.955842832
0.990720986
0.998050144
0.999590265
0.999913900
0.999981907
0.999996198
0.999999201
0.999999832

0.248132437
0.685928401
0.890114971
0.962510046
0.987051081
0.995443974
0.998369886
0.999408784
0.999783279
0.999919893
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Fig. 17. Maintainability plot of subsystems with time for case II.

in Table 1. Although the maintainability of other
subsystems appears excellent, greater attention to
the subsystem is required by providing additional
redundancy or immediate replacement of the affected
subsystem. Furthermore, the results also depict that

the maintainability of the overall system is lower
than that of the individual subsystem.

Tables 11 to 13 and Figs. 19 to 21 below, reveals the
dependability of various subsystems and systems re-
spectively. The results shows that solar subsystem has
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Table 9. Maintainability of subsystem for case II.

Mgys2

Time (Month)

Mpg

Mpym

Mran

Mgsys2

2 0.905579777
4 0.991084821
6 0.999158227
8 0.999920520
10 0.999992495
12 0.999999291
14 0.999999933
16 0.999999994
18 0.999999999
20 1.000000000

0.748421447
0.936708232
0.984077148
0.995994152
0.998992215
0.999746463
0.999936215
0.999983953
0.999995963
0.999998984

0.789863929
0.955842832
0.990720986
0.998050144
0.999590265
0.999913900
0.999981907
0.999996198
0.999999201
0.999999832

0.535334485
0.887363680
0.974125200
0.993973100
0.998575399
0.999659676
0.999918057
0.999980145
0.999995163
0.999998816

Table 10. Maintainability of subsystem for case III.

Time (Month)

Msyss

Mwin

Miny

Mpum

Mran

Mgyss

2 0.834701112 0.680180978  0.748421447  0.789863929  0.335624750
4 0.972676278  0.897715793  0.936708232  0.955842832  0.781804227
6 0.995483419 0.967287565 0.984077148  0.990720986  0.938793654
8 0.999253414  0.989537941  0.995994152  0.998050144  0.982917895
10 0.999876590  0.996654035 0.998992215 0.999590265 0.995118846
12 0.999979600  0.998929897  0.999746463  0.999913900 0.998570274
14 0.999996628  0.999657761  0.999936215 0.999981907  0.999572542
16 0.999999443  0.999890545  0.999983953 0.999996198  0.999870141
18 0.999999908  0.999964994  0.999995963  0.999999201  0.999960066
20 0.999999985  0.999988805  0.999998984  0.999999832  0.999987606
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Table 11. Dependability of case | system.

83

Dependability for Case I

Dgp Diny Dpym Dran Dsys1
0.986912000 0.978052000 0.972873000 0.968082000 0.909093748
Table 12. Dependability of case Il system.
Dependability for Case II
Dpe Dpum Dran Dsysa
0.952907000  0.972873000 0.968082000 0.897467671
Table 13. Dependability of case Il system.
Dependability for Case III
Dwin Dinv Drum Dran Dsys3
0.954008000 0.978052000 0.972873000 0.968082000 0.878784236
Table 14. RAMD indices for the subsystems.
RAMD of Subsystems
RAMD Indices Solar Wind DG Inverter Pump Tank
Reliability £—00004711t  ,—0.015718t  ,—0.02581t o—0.02 £—0.06t £—0.06t
Maintainability 1— 670‘4& 1-— e*OQt 1-— e*LlSt 1— e70.57t 1-— 670‘69t 1— 670.78t
Availability 0.999575 0.994868  0.8536537 0.966102  0.920000  0.9512195
Dependability 0.986912 0.954008 0.952907 0.978052 0.972873 0.968082
Table 15. RAMD indices for the systems.
RAMD of System
RAMD Indices Case I Case II Case III
Reliability o—0-120471¢ o—012581t o—0-135718¢
Maintainability 1 — e~0-01¢ 1 _ ¢—0.0858t 1 _ ¢—0.01701t
Availability 0.845097737  0.747051082  0.841118171
Dependability 0.909093748 0.897467671 0.878784236
Table 16. Variation of system reliability due to changes in failure rate of subsystem for case I.
Solar Subsystem System Reliability for Case I
Time (years) B = 0.01 B =0.02 B =0.03 B =0.01 B =0.02 B =0.03
2 0.9801987  0.960789439 0.94176453 0.771051586 0.755783741 0.740818221
4 0.9607894 0.923116346  0.88692044  0.594520548 0.571209064 0.548811636
6 0.9417645 0.886920437 0.83527021  0.458406011 0.431710523 0.40656966
8 0.9231163 0.852143789 0.78662786  0.353454682  0.326279795 0.301194212
10 0.9048374 0.818730753 0.74081822  0.272531793  0.246596964  0.22313016
12 0.8869204 0.786627861 0.69767633 0.210136071 0.186373976 0.165298888
14 0.8693582  0.755783741 0.65704682 0.162025751 0.140858421  0.122456428
16 0.8521438 0.726149037 0.61878339 0.124930212 0.106458504 0.090717953
18 0.8352702 0.697676326  0.58274825 0.096327638 0.080459607 0.067205513
20 0.8187308 0.670320046 0.54881164 0.074273578 0.060810063 0.049787068

the highest dependability value for case I and pump
subsystem for cases I and II respectively, this is be-
cause of their dependability ratio and also the system
dependability is less than the individual subsystems.

The RAMD indices, for the systems and subsystems
are summarized in Tables 14 and 15 respectively.

According to the numerical values of these tables,
the solar subsystem has the highest value for relia-
bility, availability, and dependability. It is, therefore,
selected among the energy sources for the system.
Consequently, case I is recommended for selection
among the three cases. Since the maintainability of
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Table 17. Variation of system reliability due to changes in failure rate of subsystem for case II.

System Reliability for Case II

g =0.015

B =0.025

B =0.035

DG Subsystem

Time (years) g = 0.015 g=0025  g=0.035

2 0.970445534  0.95122942  0.93239382
4 0.941764534 0.90483742 0.869358235
6 0.913931185 0.86070798  0.810584246
8 0.886920437 0.81873075 0.755783741
10 0.860707976  0.77880078  0.704688090
12 0.835270211  0.74081822  0.657046820
14 0.810584246  0.70468809 0.612626394
16 0.786627861  0.67032005  0.571209064
18 0.763379494  0.63762815 0.532591801
20 0.740818221  0.60653066  0.496585304

0.794533603
0.631283646
0.501576069
0.398519041
0.316636769
0.251578553
0.199887614
0.158817426
0.126185782
0.100258844

0.778800783
0.606530660
0.472366553
0.367879441
0.286504797
0.223130160
0.173773943
0.135335283
0.105399225
0.082084999

0.763379494
0.582748252
0.444858066
0.339595526
0.259240261
0.197898699
0.151071809
0.115325121
0.088036833
0.067205513

Table 18. Variation of system reliability due to changes in failure rate of subsystem for case lll.

Wind Subsystem System Reliability for Case III

Time (years) g = 0.025 B = 0.045 B = 0.065 B =0.025 B =0.045 B =0.065

2 0.951229425 0.913931185 0.878095431 0.748263568 0.718923733  0.690734331
4 0.904837418  0.835270211 0.771051586  0.559898367 0.516851334 0.477113916
6 0.860707976  0.763379494 0.677056874  0.418951549 0.371576691  0.329558961
8 0.818730753  0.697676326  0.594520548 0.313486181  0.267135302 0.227637688
10 0.778800783  0.637628152  0.522045777  0.234570288  0.192049909 0.157237166
12 0.740818221  0.582748252  0.458406011 0.175520401  0.138069237  0.108609109
14 0.70468809 0.532591801  0.402524224  0.131335521 0.099261252  0.07502004
16 0.670320046  0.486752256  0.353454682  0.098273586  0.07136127 0.051818917
18 0.637628152  0.444858066 0.310366941  0.073534544  0.05130331 0.035793105
20 0.60653066 0.40656966 0.272531793  0.055023220 0.036883167  0.024723526

the solar subsystems appears lower than the other two
energy sources, greater attention to the subsystem
is required by providing additional redundancy or
immediate replacement of the solar subsystem.

Tables 16 to 18 show the behavior of system
reliability with different energy subsystem sources
(solar, DG and wind) with respect to time and
variation of failure rates. From these tables, it can be
seen that as the failure rate increases, the reliability
of these energy source subsystem decreases with
the reliability of the system. The wind subsystem is
the most critical and highly sensitive energy source
subsystem, which requires special intervention to
improve the reliability of the system. Furthermore, if
maintenance personnel properly monitor the failure
rates of subsystems, it will be an effective way to
enhance the reliability of the system.

The outcome of this research is similar to the
work of [24] and [25]. Whereas [24] considered
only one energy source, while [25] did not consider
any energy source. This study assessed the RAMD
of various energy sources for both conventional and
non-conventional energy source.

4. Conclusion

In this paper, an empirical analysis was performed
for various subsystems connected in series in order to

obtain their associated RAMD metrics as presented in
Tables 13 and 14. Tables 2 to 4 and Figs. 1 to 3 present
the reliability of the systems with variation of time
for different cases. These tables and figures show that
reliability decreases with the passage of time for the
various subsystems and systems in all cases consid-
ered. The numerical values for a period of 10 months,
the reliability of the systems are 0.299778623 for
case I, 0.284193481 for case II and 0.257385582
for case III respectively. In addition, the reliability
of the system is less than the reliability of each
subsystems for all cases; this is because of the serial
configuration of each components subsystems. It is
observed from the results in the tables that subsystem
pump has the least reliability value compared to other
subsystems in all cases considered. Furthermore, the
DG subsystem has the least reliability value compared
to other subsystem energy sources. Based on this
study, it can be inferred that case I is the best among
other cases and subsystem pump is the most critical
within each subsystem. Hence, system designers
must develop a maintenance strategy for the pump
subsystem to improve the system reliability. Future
research can consider the RAMD analysis via other
renewable energy sources like biomass, geothermal
or hybrid renewable system to provide more
understanding of the gains and challenges for system
designer’s.
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