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Abstract: This study offers a complete technique for evaluating the reliability
efficiency of medium grid-connected photovoltaic (PV) power systems with
two out of three PV panels, one out of two charge controller, two out of
two batteries and one out of two inverters. State enumeration is used to
examine real-world grid-connected PV systems. A set of reliability indices is
defined to assess the dependability performance of PV systems. The system’s
dependability and availability were analysed and visually shown, as were the
sensitivity parameters. The Gumbel-Haugaard family copula approach is used
to create and solve Chapmen-Kolmogorov differential equations. There include
numerical numbers for availability, reliability, mean time to failure (MTTF),
cost analysis, and sensitivity analysis. The implications of failure rates on
different solar photovoltaic subsystems were studied. To demonstrate the
acquired results and to assess the influence of various system characteristics,
numerical examples are provided. The current study may help companies and
their repairers overcome some of the problems that repairers of specific
manufacturing and industrial systems confront.
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1 Introduction

Over the last decade, there has been a significant increase in the use of solar energy for
electricity and heat energy sources. Photovoltaic (PV) systems, in particular, have
established a vital role in the electricity energy sectors, accounting for more than 10% of
current electricity energy supply. The percentage growth in linked PV can be attributed to
a variety of factors. Such as low installation costs and quick energy and investment
payback, which may include consumer stimulation. Continuous output energy production
must be demonstrated in this instance in order to satisfy the cost benefit analysis of PV
systems. Because of the rapid expansion of PV system capacity on grid systems across
the world, PV system technology is maturing and becoming more competitive in the
power market. As a result, PV system engineers will prioritise the optimisation of PV
operations in terms of reliability, efficiency, and maintenance, including fault
management.

The sun’s energy is one of the oldest and cheapest types of primary energy, and it has
historically been utilised for preservation and fabric drying. Drying agricultural
commodities and it is still employed for this purpose in most impoverished nations today
(solar energy as thermal).

System reliability is a measure of how well a system performs in bad situations.
According to the specifications, most complex systems are made up of components and
subsystems that are linked in series, parallel, standby, or a combination of these. A solar
system analysis can help users make timely decisions to guarantee the system’s optimal
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operation. Since antiquity, the terms ‘reliable’ and ‘reliability” have been used
interchangeably. The importance of reliability and performance evaluation in various
industrial, manufacturing and production settings have caught the attention of many
researchers. To mention few, Singh and Lado (2019) studied the cost assessment of
complex repairable system consisting two subsystems in series configuration using
Gumbel-Hougaard family copula. Singh et al. (2020b) discusses the performance analysis
of a complex repairable system with two subsystems in series configuration with an
imperfect switch. Abubakar and Singh (2019) analyse the performance assessment of an
industrial system (African Textile Manufactures Ltd.) through copula linguistic approach.
Gabhlot et al. (2018) dealt with performance assessment of repairable system in series
configuration under different types of failure and repair policies using copula linguistics.
Singh et al. (2020a) performed the reliability analysis of repairable network system of
three computer labs connected with a server under 2-out-of-3: G configuration. Yusuf
et al. (2020) analysed the reliability of communication network with redundant relay
station under partial and complete failure. Abdilahi et al. (2014) presented feasibility
study of renewable energy-based microgrid system in Somaliland’s urban centres.
Cristaldi et al. (2015) dealt with Markov analysis reliability model for photovoltaic
module encapsulation failures. Ferreira et al. (2016) analysed the reliability of
distribution networks with dispersed generation. Patelli and Beer (2017) analysed of
complex systems with common cause failures, safety, reliability, risk, resilience and
sustainability of structures and infrastructure. Singh and Singh (2015) analysed the
performance of three unit redundant system with switch and human failure. Singh et al.
(2016) analysed the performance of complex system in series configuration under
different failure and repair discipline using copula. Singh et al. (2018) analysed the
performance of repairable system in series configuration under different types of failure
and repair policies using copula linguistics. Singh et al. (2020a) dealt with reliability
analysis of repairable network system of three computer labs connected with a server
under 2-out-of-3: G configuration. Singh et al. (2020b) discussed the performance of a
complex repairable system with two subsystems in series configuration with imperfect
switch. Temraz (2019) studied the availability and reliability of a parallel system under
imperfect repair and replacement. Velasco and Guerra (2016) dealt with reliability
analysis of distribution systems with photovoltaic generation using a power flow
simulator using Monte Carlo approach. Wang et al. (2021) analysed the reliability of a
two-dissimilar-unit warm standby repairable system with priority in use. Xu et al. (2016)
developed the copula-based slope reliability using the failure domain defined by the
g-line. Yang and Tsao (2019) discuss the reliability and availability of standby systems
with working vacations and retrial of failed components. Zhang et al. (2013) discussed
the reliability assessment of photovoltaic power systems. Kumar et al. (2020) analysed
the reliability of a redundant system with ‘FCFS’ repair policy subject to weather
conditions. Sayed et al. (2019) dealt with study of reliability, availability and
maintainability analysis for grid-connected solar photovoltaic systems.

The copula of a multivariate distribution describes not only the correlations of the
random variables, but also the dependence structure. It is uncoupled from the marginal
distributions which can be modelled as empirical distributions or fitted standard
distributions as usual Nelsen (2006).
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Many writers, including Nelsen (2006), have researched the notion of copula.
Copulas are multivariate distribution functions with uniform margins over the interval
[0, 1]. The Gumbel-Hougaard family copula is the bivariate distribution given by:

1
Co (ur,up) = e(‘((“"g”l )6*(‘1"%“2)9)0)

In this case, resides in the interval and determines the dependence between u; and u.
Gumbel-Hougaard copula is a member of the Archimedean copula family. For § = 1 and
6 — oo, respectively, independence copula and comonotonicity copula are special
examples of Gumbel-Hougaard family copula. The Gumbel-Hougaard family copula is
not symmetric and has greater reliance at the right tails Nelsen (2006).

The copula approach is a technique for calculating joint distributions using marginal
distributions in which the variables are non-normal. Copulas can also be used to analyse
pairs of random variables in a non-parametric way. Sklar (1973) is the one who first
introduced copula. Since then, copula analysis has taken on new dimensions and
analyses. Numerous researchers have previously presented copula methods in the field of
reliability and performance analysis of systems by examining system performance under
various conditions. To name a few, relating a multivariate distribution to a
one-dimensional marginal distribution function by employed copula was captured by
Nelsen (2006). Abubakar and Singh (2019) analysed the performance of industrial system
using copula linguistics. Gulati et al. (2016) focus on performance of complex system in
series configuration with different failure and repair. Gahlot et al. (2018) presented
performance assessment of system in serial configuration. Tyagi et al. (2021) presented
copula analysis of parallel system with fault coverage. Chopra and Ram (2021) presented
reliability measures of two dissimilar units in parallel using Gumbel-Hougaard copula.
Sha (2021) presented copula reliability analysis for hybrid systems. The conditional
copula and its application in time series analysis were introduced by Patton (2009). The
application of copula in financial management is the topic of Rodriguez (2007). The
application of copula in multivariate distributions was captured by Trivedi and Zimmer
(2007). Chopra and Ram (2019) analysed the reliability measures of dissimilar parallel
system with two units using Gumbel-Hougaard family copula. Ram and Singh (2008)
dealt with availability and cost analysis of complex system configured in parallel subject
to two types of failures and preemptive resume repair under Gumbel-Hougaard family
copula. Ram and Singh (2010) analysed the MTTF, cost and availability of a system
under preemtive repair using Gumbel-Hougaard family copula.

The present paper is organised as follows: Section 2 gives a brief on literature review
in the area. Section 3 presents notations, assumptions and description of states of the
system. The formulation of the model and model solution are presented in Section 4.
Section 5 describes the analysis of the system for particular cases. Section 6 discussed the
results of this work. Conclusions of the present paper and the direction of future work are
presented at length in Section 7.

2 Literature review

The following material was studied in order for us to have an understanding of the
modelling, photovoltaic, and Gumbel-Haugaard family copula. Firstly, Fashina et al.
(2018a) study the status quo of rural and renewable energy development in Liberia:
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policy and implementation. The study regarding the accurate sizing of residential
stand-alone photovoltaic systems considering system reliability was carried out by Quiles
et al. (2020). Wang et al. (2017) examined the driving factors of energy related carbon
emissions using the extended STIRPAT model. Also, the Motivation for incorporation of
microgrid technology in rooftop solar photovoltaic deployment to enhance energy
economics was a research conducted by Rengasamy et al. (2020). Salah and Fashina
(2019) designed a hybrid solar photovoltaic system for Gollis University’s administrative
block, Somaliland. Uswarman and Rushdi (2021) discussed the reliability evaluation of
rooftop solar photovoltaic using coherent threshold systems. Fashina et al. (2018b)
studied the drivers and barriers of renewable energy applications and development in
Uganda. Sayed et al. (2019) studied the reliability, availability and maintainability
analysis for grid-connected solar photovoltaic systems. Baschel et al. (2018) discuss the
impact of component reliability on large-scale photovoltaic systems performance.
Dynamic performance evaluation of photovoltaic power plant by stochastic hybrid fault
tree automaton model was studied by Chiacchio et al. (2018). Reliability, maintainability
and sensitivity analysis of physical processing unit of sewage treatment plant is research
conducted by Goyal et al. (2019). Gahlot et al. (2018) discussed the performance
assessment of repairable system in series configuration under different types of failure
and repair policies using copula linguistics. Lado et al. (2018) studied the performance
and cost assessment of repairable complex system with two subsystems connected in
series. Yusuf and Musa (2021) analysed the availability study of a complicated system
composed of two subsystems operating in parallel, with replacement in the event of a
breakdown. Manocha et al. (2019) presented modelling and analysis of hot standby
two-unit database system with random inspection of standby unit. Panwar and Kumar
(2021) dealt with performance analysis and modelling of feeding unit in paper plane.
Gupta and Agarwal (2021) focus on cost analysis of system with N-policy vacation time.
Singh and Ayagi (2018) dealt with stochastic analysis of a system under preemptive
resume repair.

Researchers mentioned above have made significant contributions to improving the
efficiency and performance of various systems, as well as investigating the variables that
impede photovoltaic system performance. Little is known about the dependability metrics
used to assess the strength, efficacy, and performance of solar systems. More research is
needed on the dependability measure of measuring the strength, effectiveness, and
performance enhancement of solar systems. Due to the lack of PV system data, the
present work developed a reliability modelling technique to investigate the overall
performance of the PV system. In this study, a novel solar system model comprised of
four subsystems: panel, inverter, battery bank, and control charger is considered in which
the system of partial differential equations is constructed and solved using the transition
diagram to yield system strong reliability characteristics such as reliability, availability,
mean time to failure (MTTF), sensitivity analysis, and profit function. The objective of
this work is to obtain reliability metrics such as availability, reliability, mean time to
failure (MTTF) and cost function in order to assess the strength of the PV system. The
findings of this study will be useful to home, commercial, and industrial plant managers,
as well as industries and manufacturing systems that propose to employ photovoltaic as
energy and power sources.
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3 Notations, assumptions and state of the system

3.1 Notations

t time variable on a time scale

s Laplace transform variable for all expressions

s failure rate of units in the subsystem 1

T failure rate of units in the subsystem 2

3 failure rate of units in the subsystem 3

T4 failure rate of units in the subsystem 4

TTH failure rate of subsystem 2 due to human mistake 1
TTH failure rate of subsystem 2 due to human mistake 2

Bx) repair rate of units in subsystem 1

B) repair rate of units in subsystem 2

Az) repair rate of units in subsystem 3

[A(m)  repair rate of units in subsystem 4

BAv) repair rate for complete failed state of subsystem 2 due to human mistake 1
Bw)  repair rate for complete failed state of subsystem 4 due to human mistake 2
12.0) the probability that the system is in §; state at instants for i =0 to 10

P(s)  Laplace transformation of state transition probability p(f)

Pi(x, t) the probability that a system is in state S; for i = 1, ..., 8, the system under repair
and elapse repair time is (x, f) with repair variable x and time variable ¢

Pi(y, t) the probability that a system is in state S; for i = 1, ..., 8, the system under repair
and elapse repair time is (y, f) with repair variable x and time variable ¢

E(f)  expected profit during the time interval [0, ¢)
K, K, revenue and service cost per unit time, respectively.

Gumbel-Hougaard copula is defined as

Cs (mi. ) :Exp[—((—lognl )’ +(—1og;72)5ﬂ, 1<5 <o

The value of 6 = 1 corresponds to independence copula and as d — o, its correspond to
the comonotonicity copula.

3.2 Assumptions

Throughout the model’s explanation, the following assumptions are made:

1 At first, all subsystems are in good functioning order.
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2 For operational mode, two units from subsystem 1 and two units from subsystem 3
must be used consecutively.

3 For operational mode, just one unit in subsystem 2 is required. In addition, one unit
out of one in subsystem 4 is required for operating mode.

4 If one of the units in subsystem 1 fails, the system will be rendered inoperable. Also,
if one of the units in subsystem 3 fails.

5  The system will also be rendered inoperable if all two components from
subsystems 2 and 4 fail.

6 A system’s failing unit can be fixed when it is in an inoperable or failed state. Copula
repair follows a total failure of a unit in subsystem.

7  Itis believed that a copula-repaired system acts like a new system and that no
damage occurs during repair. As soon as the failed the failed unit gets repaired, it is
ready to perform the task.

3.3 Description of the model

The model depicted in Figure 1 consists of four subsystems A, B, C and D configured as
series-parallel. Subsystem A (the solar panel) has three identical units working as
2-out-of-3, subsystem B (the charge controller) has two units working as 1-out-of-2,
subsystem C (batteries) has two parallel units and subsystem D (the inverter) working as
1-out-of-2. The system has two types of failures which are partial and complete failure.
Partial failure is a failure of a unit in a subsystem which allow the system to continue
working, while complete failure occurs at the failure of any of the subsystem. When
complete failure occurs, the system is repaired using copula. The system has eleven states
in which four states are operational and seven states are complete failure states (see
Figure 2). Brief description of the states is given in Table 1.

Figure 1 Reliability block diagram of the system (see online version for colours)

Human operator Human operator

N i )

20f3 1of2 20f2 1of2
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Table 1 A description of the system’s states

State Description

So Initial state, units A1, A2 are working. And the system is in operational condition. Unit
B1 in the subsystem 2 is in working state. In subsystem 3, the units Ci and Cz are in
operation, while A3 and Bz in hot standby in subsystems 1 and 2, respectively.

Si In this state, the units A1 and B failed and under repair. And the elapsed repair time is
(x, 1). While the units B2, A2, As, C1, C2, and Dy, are on operation and D is on
standby.

Sz The units D has failed. While the units A2, A3, B2, Ci, Cz, and D2, and on operation.

S3 The state Sa is complete failed state due to the failure of subsystem 1.

S4 The state Sa is complete failed state due to the failure of two units in subsystem 2.

Ss The state Ss is complete failed state due to the failure of unit in subsystem 3.

Se The state S¢ is complete failed state due to the failure of two units in subsystem 4.

S7 The partial failure state due to failure of unit in subsystem B

Ss Complete failure state due to failure of subsystem B

SHi1 Complete failure state due to first human operator

Stz Complete failure state due to second human operator

Figure 2  State transition diagram of model (see online version for colours)

. P.z1)

A nH,

n3 || B(2)
mwHy
BW)
P.n.1) T, P,(x1)
Blx)
t7
— Pg(y’t) Po(m’t)
f

Note:|  — complete failure, <~ — partial failure state, ¢ ) _state of perfection,

— complete failure due to human operator.
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4 Formulation of the model and solution

4.1 Model formulation

By the probability of considerations and continuity of arguments as in Nelsen (20006),
Gulati et al. (2016), Singh and Ayagi (2017), Gahlot et al. (2018), Lado et al. (2018),
Lado and Singh (2019), and Singh and Poonia (2019), the system of partial differential
difference equations generated from Figure 2 is shown below:

|:§+7[1 +2m + 73 + 27y + 7y +7TH1:IP0(I)
t

Q)
= [, BORE 0dr+ [ 2P 0dy+ [ BP0z [ 2
0 0 0 0

_%+§—;+ﬂ(x)}l’1(x, =0 2)
(99

—+—+m F2n+ A+ AY) | P(3, 1) =0 3)
[dt oy }

_%+%+ﬂ(y)}l’s(y, n=0 “
_%+§—Z+ ,B(z)}a(z, =0 (%)
(90 }

—+— 4wy + 21, + s+ A(m) |B(m, £) =0 6)
Lot dm

_%+aim+ﬂ(m)}i%(m, =0 (7
(90

bty 2+ Am) ) | P (3, 1) =0 (8)
[dt dy }

_%+%+ ﬁ(y)})g(y, H=0 ©)
_%ﬁu%w(vﬂpm(v, H=0 (10)
_%+a%+ﬂ(w)}PH2(w, n=0 (11)

Boundary conditions:
R(0,1)=mP (1) (12)

P (0, 1) =21, P (1) (13)



38 A.S. Maihulla et al.

Py(0,1) =273 Ry(1) (14)
Pi(0, t) = m3 Py (t) (15)
Pi(0,1) =214 B (1) (16)
Py (0, 1) =27*Py(¢) (17)
P (0, 1) =8mma By (2) (18)
R(0, ) =8m,m} Ry (1) (19)
Py (0,8) =71 (By(0)+ P (0, 6) + P5(0, ) + P (0, 1)) (20)
Pz =(0,0) =22 (B () + B (0, )+ B (0, 1) + P, (0, 1)) @1

4.2  Solution of the model

And with the exception of the starting condition Py(0) = 1, all other transition
probabilities are zero at t = 0. We derived the following results by applying Laplace
transforms on equations (1) to (21):

[S+7Z'1 +27T1 + 73 +27Z'4 + T +7[H1]}_)0(S)
= [, BB s)dv+ [ 0BG v+ [ Pz 5)dz 22)

+r A(m)B(m, 5)dm + j " BB (v, 5)dv+ r BOw) B> (w, 5)dw
0 0 0

_s+i+ ﬂ(x)}l_’l (x,5)=0 (23)
L ox

_s+ai+n2+2n4+z<,+z<y)}1%<y,s>=o @4
. oy

S ~

s+—+ﬂ(y)}1’3(y, 5)=0 (25)
. oy

S }_

s+—+(2) | B(z,5)=0 (26)
L oz
_s+i+7r4 +2m, + s +/1(m)}55(m, $)=0 (27)

om

S }_

s+——+fB(m) | B(m,s)=0 (28)
L om
_s+ai+7r4+/17+i(m)+/1(y)}137(y,s)=0 (29)
. oy
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S+i+ﬂ(y)}ﬁ9(y, 5)=0 (30)
Y

F }_

s+—+ L) | Pyi(v,s)=0 (31)
)Y

-, }

s+—+ B(w) | Pya(w,s)=0 (32)
| ow

Laplace boundary conditions

B(0, s)=mPB(s) (33)
B (0, 5) = 2m Ry (s) (34)
P(0, 5) = 23 Ry (s) (35)
P(0, 5) =m3Ry(s) (36)
P(0,5) = 2ms Ry (5) (37
By(0, 5) =273 Ry(s) (38)
P (0, s) = 8mms Py (s) (39)
R(0, 5) =8mm3 Ry (s) (40)
Pi1(0,5) =z (R (5)+ B3 (0, ) + B (0, $)+ P (0, 5)) (41)
Py2(0,5) =12 (R(5)+ B(0, 5)+ (0, 5)+ P (0, 5)) 42)

Equations (12) to (21) are used to obtained the boundary Laplace conditions in
equations (33) to (42) which are substituted in equations (22) to (32) and with the help of
initial condition and shifting properties in equations (43) and (44) to have equations (55)
to (64).

L""[ . .ef;ﬂx)dx] el {1 —i{(x)} _ I—i{(x) )

j:[e—sx . f(x)e’f;f‘”""‘}dx =L{5, (1)} =5, (%) (44)
We have

R(s)=R(0,5) = {l_g%} (45)

1—@(s+7r2+27r4+/16)} 46)

S+7Tz +27l'4 "r}.ﬁ

132(S)=13z(0,S){
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S

Em=5@w=¥§?ﬂ}

E@=E&w=¥l@9%

S+ 7wy + 27 +/15)

B(s)=P(, S){ LT? + 21, + A
Ty 2 5

E®=Em@]%“ﬂ

Py(s)= P (0, 5)

{1 Sz) S+7T4+/17 }

S+7y+ A7

Em=E&n$"?“%

Emw=Em&w¥'?“ﬂ

Eﬂ®=EﬂQﬂ$_?“%

equations (45) to (54), we have:

E@=m¥;%g%3®

1—§f (S+7'L'2 +2my +}~6)

I_)z(s) =21, {

S+ + 2w, + A

1—3%@9}
S

E(s)=2ﬂ§{

=501,

E(S) =773{

1-S; (s+74 +2m + Js)
S+7T4 +27l'2 +/15

Pi(s) = 2n2 {%}Po( )

Pi(s) =27r4{

1_’7 (s) =8mymy {

S+7Z'4+/17

}

}ﬁom

}E)(s)

1—§21(S+77,’4 +/17)}p0(s)

equations (33) to (42)

(47

(43)

(49)

(50)

(51

(52)

(33)

(54)

into

(35)

(56)

(57

(58)

(59

(60)

(61)
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Ri(s) = 8mon? {%}Rm (62)
5 —54(s)
P (8) =7y (14275 + 274 + 87074 ){ S }P (s) (63)
5 -Sp(s)
PHz(S):ﬂ:Hz (1+27l'2 +2my +87[27l'4){ S }P( ) (64)
For Py (s) = ﬁ (65)

And D(s) = (s+m +2m + 73 + 2704 + 7 + 7T
~[Ss(5)+ 27,8, (5+ 72 + 214 + s )+ w3S5(5)
27,8, (s+my+2m +4s) (66)
+101 (14 2705 + 274 + 87274 ) S (5)
+7p2 (14275 + 274 + 82714 )Eﬁ (s)

The probabilities that the system is working (sum of all operational states for the system)
is obtained as:

Byp(s)= Ry(s)+ P (s) + P (s)+ Py (s) (67)

By substituting equations (56), (59) and (61) into equation (67), we have the }_’up (s)
which is the probability that the system is in operational condition.

By(s)=|1+2m, 128 (s 4 +2m4 + 1) +21, 1-S, (s+7m4 + 275 + 45
S+my +2my + s S+my +2my + s

+87[27'L'4 {I_EZA (S+7f4 +;{7)}:|E)(S)

(68)

S+my+ A7

Equation (68) can also be interpreted by applying equation (65) as equation (69) below:

up(s)_ 1421, 1-S, (s+m + 274 + )
D(s) S+ +2m4 + A
127, 1—SA(S+7[4+27T2+/15) (69)
S+my+2m + s
+87Z'27[4{1_S21 (S+7I'4 +/17)}:|
S+ms+ A7

F_;lp (S) =1- Elown (S) (70)
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5 Analysis of the system for particular cases

5.1 Availability analysis

0 011/0 _
exp[x” +{log p(x)}"] . Bs)= ?  ut
s+exp[x? + {log p(x)}? "¢ s

¢ =1 and 7; = 0.001, 7> = 0.002, 73 = 0.003, =4 = 0.004, 1s = 0.005, 4s = 0.006,
/17 = 0.007, TH1 = 0.008, TH2 = 0.009.

Taking Sao (S) = Sexp[x”+{Iog¢(x)}”]”” (S) =

Table 2 Availability variance with respect to time

Time (in days) P,y (1)

0 1.0000000

10 0.7588687

20 0.5698407

30 0.4278978

40 0.3213117

50 0.2412755

60 0.1811756

70 0.1360461

80 0.1021581

90 0.0767113
100 0.0576031

Table 3 Variation in reliability as a function of time

Time (in days) Reliability
0 0.9999999
10 0.8144529
20 0.6686089
30 0.5529455
40 0.4603992
50 0.3857042
60 0.3249114
70 0.2750407
80 0.2338273
90 0.1995368

100 0.1708303
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Variation of MTTF with failure rates mx

Table 4
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Expected profit as a function of time

Table 5
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And repair rates A(y) = A(m) = BAx) = By) = A=z) = Av) = Aw) = Am) = 1 in
equation (69), and applying the inverse Laplace transform to equation (69), the
expression for system availability is

E,p (¢) =1-0.00004904770570¢ 1011000000 1 () 091603099809 2722649460it
+(~0.006078301855 —0.0014178109921 ) e(~1-014501644-0.00099381113161)¢
+(~=0.006078301855 +0.001417810992T)e(~! 014301644-0.00099381113161)
+1.01 06025526—0.02864725083t

Taking ¢ =0, 10, ..., 100, availability of the system is obtained and presented in Table 2.

5.2 Reliability analysis
Letting all repair rates, A(y) = A(m) = Bx) = Ay) = Kz) =Av) = fw) = Am) = 0 in

equation (69), and taking the values of failure rates and employing inverse Laplace
transformation, the expression is reliability relation.

R(#) =10.002909090909¢ 001100000001 4 () 2352941 176¢~0-016000000001

(72)
+0.3617967914¢0033000000001 4 . 4000000000 0-013000000001 }

Using ¢t = 0, 10, ..., 100 as time units in equation (72), reliability is determined and
shown in Table 3.

5.3 Mean time to failure analysis

Setting repairs to zero in equation (69), the expression for MTTF is defined as follows:
fixing 71 = 0.001, > = 0.002, 73 = 0.003, 74 = 0.004, 15 = 0.005, 16 = 0.006, 17 = 0.007,
7 = 0.008, = 0.009, varying, 7 in equation (60), The MTTF is calculated in relation
to the failure rate, as shown in Table 4.

5.4 Cost benefit analysis

The phrase indicating the anticipated profit in [0, )
t
Ey(0)= K [ Py ()it = Kot (73)
0

Taking fixed values of parameters of equation (69), the subsequent equation (74) follows:

E, (1) =1-0.0000259¢192 +0.00251703¢ 3728442 40.00543761¢ 1035024
—0.0004791¢ 20148015t 1 0,76636171e-0000031151 _0,00214955¢ 20060301} (74)
~Kot

With K; =1 and K> = 0.1, 0.2, ..., 0.5, respectively, and ¢ = 0, 10, 20, ..., 100, units of
time, the predicted profit is calculated in Table 5.
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6 Results discussion

From Table 2 and the graph presented in Figure 3, it is evident that availability of the
system decreases drastically as the time passes and after a long time that the availability
of the system decreases as an increment in the time variable. Where the system
availability decreases as time passes, the quality of the product, the production output as
well as revenue mobilisation will tend to decreases for the fact that maintenance action to
be impose to restore the system to its position prior to failure may tend to be costly which
will be detrimental to plant management. The plant management may as well device a
mean to control such system failure through different adequate preventive and corrective
maintenance strategies in order to maintain the system effectiveness at highest level.
Preventive and corrective maintenance measures such as adding fault tolerant units,
invoking perfect repair in the event of an incomplete failure, replacing the affected
subsystem with a new one in the event of a complete failure, regular inspection, etc. can
assist in maintaining the highest level of system effectiveness.

Figure 3 Availability as a time function (see online version for colours)
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Table 3 and the simulation depicted in Figure 4 presented the system’s reliability with
respect to time ¢. Table 3 and Figure 4 demonstrated that the reliability values fluctuate
between 0 and 1 over time. Table 3 and Figure 4 show that reliability decreases
dramatically with the passage of time. To improve system reliability, techniques
responsible for reducing failure and improving repair can be used to extend the system’s
reliability and lifespan.

The MTTF of the system is depicted in Table 4 and the chart in Figure 5 with respect
to various failure rates. According to Table 4 and Figure 5, the MTTF decreases as the
failure rate increases. The MTTF decreases with each increase in failure rate. Where the
MTTF is decreasing, so is the system lifespan.

The graph in Figure 6 and Table 5 shows that the system’s expected profit/cost
decreases over time. This can be attributed to a decrease in system availability over time.
To maximise profit, plant management may devise a method to control such system
failure via various preventive and corrective maintenance strategies. Results presented in
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Table 5 and Figure 6 show profit against time for different values of K>. From Table 5
and Figure 6, the predicted profit decreases with increase in time for any value of K.
However, the predicted profit increases as the value of K, decreases. The expected profit
can be increased by implementing the above-mentioned replacement and redundancy
suggestions.

Figure 4 Reliability as a function of time (see online version for colours)

Reliability

1.2

0.8

Reliability
o o O
O N

0 10 20 30 40 50 60 70 80 90 100

Time

==@=Reliability

Figure 5 Variation of MTTF with failure rates (see online version for colours)
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From the analysis above, it is evident that the performance of the system can be improved
by incorporating more units on standby, invoking perfect repair in the event of an
incomplete failure, replacing the affected subsystem with a new one in the event of a
complete failure, regular inspection and preventive maintenance, employing more repair
machines, and so on. To improve the system performance, it is worthwhile to utilise fault
tolerant components to boost the system’s reliability, availability, MTTF, profit and
longevity.
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Figure 6 Expected profit against time (see online version for colours)
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7 Conclusions

The performance of a photovoltaic (PV) system comprised of four subsystems A, B, C,
and D arranged in series-parallel configuration was investigated in this paper.
Subsystem A (the solar panel) consists of three identical units that operate as 2-out-of-3,
subsystem B (the charge controller) consists of two units that operate as l-out-of-2,
subsystem C (batteries) consists of two parallel units, and subsystem D (the inverter)
operates as 1-out-of-2. The system has two types of failures: partial failure and complete
failure. Partial failure occurs when a unit in a subsystem fails, allowing the system to
continue operating, whereas complete failure occurs when any of the subsystems fails.
When the system fails completely, copula is used to repair it. The Markovian process,
Laplace transformation, and supplementary variable techniques are used to calculate the
system’s transient probabilities and reliability measures of system performance and
strength. According to the findings of the study, the reliability measures discussed are
time and failure sensitive.

By performing numerical experiments, expressions of reliability metrics for testing
the strength and performance of the system, such as availability, reliability, mean time to
failure, and cost function, are derived and validated. MATLAB was used to simulate the
effect of time and various system parameters on reliability metrics. Where the system’s
reliability strength is strong, it may help the system to withstand some of the obstacles
such as bird dropping deposition, wind speed, and dust, thereby hindering the system’s
performance and increasing the system’s life span. These are the paper’s main
contributions.

The findings of the paper suggest that reliability modelling can be used to evaluate
the strength, efficiency, and performance of a PV system. When the PV system’s
strength, efficiency, and performance are determined, users will be able to serve the cost
of kerosene, gasoline, diesel, and other fuels that expose human hearts to air and land
pollution for their household and commercial uses. As a result, the model’s graphical
representation demonstrates that one can confidently predict the future behaviour of a
complex system at any point in time for any given set of parametric parameters. After the



Reliability and performance analysis of a series-parallel photovoltaic system 49

failure of the second unit in each subsystem, this research will include both online and
offline preventive maintenance. This will be investigated further in our future research.
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