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1. Introduction
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This work provides models and simulation of a stand-alone photovoltaic (PV)
device with a battery bank. The key goal was to create a library of basic
mathematical models for each component of a stand-alone PV device, including
solar cells, batteries, controllers, inverters, and loads. Copula, modeling
software with a graphical interface for constructing models as modular block
diagrams, is used to analyze availability, durability, mean time to failure (MTTF),
and cost benefits. This study addresses the evaluation of component faults of
the PV simulation. The objective of this paper is to obtain an optimal sizing of
the PV system from the economical point of view, by imposing some constraints
related to the desired reliability of the system. This is to guarantee a desired
reliability in the continuity of the supply in the design of PV generation system.
The result was numerically analyzed to extract relevant conclusions about the
design process of PV systems, which reveals that Subsystem A (modules
panels) has maximum effect on the availability of the complete system. In
addition, the failure rate also has maximum effect on availability of complete
system. Other subsystems are almost equally effective. Thus, we can make an
inference that we should take the most care of these subsystems in order to
improve the overall availability of the system.

Keywords: Photovoltaic, Copula, Solar-cells, modules, simulation.

This study provides a variety of models and
simulation of a stand-alone photovoltaic (PV)
device with a battery bank consisting of two units
batteries, which were tested against a system
mounted at the Sokoto State University
Mathematics library in Sokoto, Nigeria. The
architecture of a stand-alone PV system is made
up of blocks to make modeling of other PV
system models easier. Many photovoltaic
systems can run on their own. As seen in Figure
1, such systems include a PV generator, energy
storage (for example, a battery), AC and DC
users, and power conditioning components
stand-alone machine, by definition, does not
interfere with the power grid. A PV generator can
have many arrays. Each array is made up of
several arrays, each of which is made up of
several solar cells. When the energy provided by
the PV modules reaches load requirement, the
battery bank stores it and releases it when the
PV supply is inadequate. A stand-alone PV
system's load can be of various forms, including
both DC (television) and AC (lighting) (electric
motors, heaters, etc.). The power conditioning
system acts as a link between all of the PV
system's components, providing safety and
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control. Blocking diodes, charge regulators, and
DC-AC converters are the most common power
conditioning system components. Yusuf et. At al
[1] analyze the performance of multi computer
system with three subsystems in series using
copula. Singh and Lado [2] dealt with cost
assessment of a system attended by human
operator. For instance, in Idoko et al. [3] multi-
concept cooling technique is used in reducing
the overheating of PV module there by
increasing the life span of the PV module as well
as the system. Similarly, in Charfi et al. [4]
presented experimental study self-cooled PV
panel whose performance was improved in hot
period of the day through natural ventilation.
Gouda et al. [5] presented modelling and
performance evaluation for a PV system based
MPPT through advanced techniques. Jayanth
and Venkatesh [6] analyzed the performance of
solar PV cell through climate data. Ramya el al.
[7] presented an experimental study for
performance analysis of a self-cooled
photovoltaic panel. Ates and Singh [8] analyze
the performance of a rooftop solar photovoltaic
plant. Cavalcante et al [9] dealt with performance
measurement of solar photovoltaic power plant.
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Chiacchio et al [10] studied the performance of
photovoltaic power plant through stochastic
hybrid fault tree automation model. De Lima et al
[11] analyze the performance of a grid
connected photovoltaic system in northern
Brazil. Dondariya et al. [12] presented simulation
modelling for performance of a grid connected
rooftop solar PV system for small household. El-
Kharaza et al. [13] studied different cooling
methods of PV solar performance improvement.
Fetyan and Hady [14] studied the performance
evaluation of on grid PV systems in Egypt. Haji
et al. [15] discuss the performance of installed
solar PV system using homer in Tanzania.
Kassim et al. [16] dealt with the application
reflector in performance improvement of solar
module. Mustafa et al. [17] studied the impact of
environment on the performance of solar
photovoltaic system. Prasad et al. [18] dealt with
performance enhancement of rooftop solar
photovoltaic system. Rehmana and Sahin [19]
studied the distinction in performance between
diesel and solar photovoltaic power systems for
water pumping in Saudi Arabia. Savalia et al.
[20] presented the performance evaluation of
190 k Wp rooftop solar photovoltaic plant. Yadav
and Bajpaj [21] analyze the performance of a
rooftop solar photovoltaic power plant in
Northern India. Zulkafli et al. [22] reviewed the
performance factors of photovoltaic system.

The application of solar photovoltaic (PV)
technology, on the other hand, differs from
country to country. Solar PV technologies were
previously mostly used in rural off-grid areas as
a feasible alternative for providing electricity to
isolated populations. Grid-tied solar PV
electricity generation has become more common
in recent years, thanks to technical advances
and learning that have resulted in lower device
costs and better efficiency, as well as favorable
investment policies and regulatory structures.

Residential customers without access to the
electricity delivery network are rapidly installing
micro-renewable energy sources in rural areas
or remote villages in developed countries (DN).
Off-grid  photovoltaic  (PV) systems for
electrification of single residential households
are the most popular micro-renewables in Spain.
These stand-alone photovoltaic (SAPV) energy
systems generally include batteries for energy
storage [23], [24] and [25].

Self-consumption of energy has recently been
limited by the Spanish government. This
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legislation was issued as a last-minute measure
to promote clean energies and protect
consumers. It has removed regulatory barriers
for small-scale energy plants and, for the first
time, it provides for mutual self-consumption.

This study addresses the evaluation of
component faults of the PV simulation. The
objective of the paper is to obtain an optimal
sizing of the PV system from the economical
point of view, by imposing some constraints
related to the desired reliability of the system.
The objective is to guarantee a desired reliability
in the continuity of the supply in the design of PV
generation system. To validate the results of the
proposed method. The results were numerically
analyzed to extract relevant conclusions about
the design process of PV systems.

Many residential households have installed PV
renewable generation to satisfy its own energy
requirements. This generation is accompanied
by batteries to storage energy when surpluses
are available and to supply energy when the PV
output is insufficient. Figure 1 shows a scheme
of the installation of PV panels and batteries to
supply a residential load without connection to
the grid. The battery has a regulator or battery
controller (BC) to control the maximum current,
both in charge and discharge operations. The
BC decides the power flows between the PV
panel array and the battery. The PV system has
been divided into two sections:

I-The generation section: PV panel array, BC
and batteries.

II-The load section: inverter and loads.

The reliability analysis performed in this work will
take into account the possible failures in the PV
panel array and the BC considering the failure
rate in a given time of these elements. These
failures can be covered by the batteries that also
present a specific failure rate. The possible
failures in the inverter cannot be supported by
other elements in the proposed scheme.
Therefore, to include these failures in the
analysis, this element should be considered in
series with the generation section and the overall
reliability would be the product of the reliability of
both systems.
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Figure I: Block diagram for the system
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Figure Il: System Transition Diagram
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B (0.8) = a, Py(t)

F(0.t) = 3aip(t)
P.(0,8) = 6a,a, P, (t)

P.(0.t) = &, Py (£)

P, (0.8) = a Py (£)

(11)

12)
(13)

(14)

(15)

Initial condition F¢{t} = 1 and other transition

probability at t=0 are zero

Laplace transformation of equation (1) to (15)

A. S. Maihulla et al.

P.(0,s) = &, B (s) (28)

Solving equation (15) to (21) with the help of
boundary condition (22) to (28) and applying the
below shifting properties of Laplace:

1-5y(x)

JFD*[E_HIE—J';;.I.H]M: I {L-r} )

(29)

5

1o ) e W T ax = LS )} | 5i(s)
(30)

And the identity; P() fp Rilxs)dx

W:é have

5430, o tas + @B =1+ [ vORGIg | IR G iRt ey +
] LiRerg = SLAM ]

[, () B, (k, s)dk
(15)

(

a _
(S+5-+ pla)Px,s) =0

(5 +2+v@ +30,) BGs)_g (18)

(5+£+ () Bz =0

{£+i+ az + 29(z) )P (2, 5)

(6)

(5 +ai},+ :p(y])?,-,(y. $)=0

(5 + 2400 )P (ks =0
Boundary conditions
F,(0,5) = 3a,F,(s)

F.(0,5) = 3alF,(s)

B, (0.5) = a; B (s)

P(0.5) = ai B,(s)

P.(0,5) = 6a,a, Py(s)

P (0.5) = &, Byls)
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5+%+Tﬁ"{-ﬂ +”L+”3)FJ.':I'5] =0

(16)

(17}

(19)

(20)

(21)

(22)

(23)

(24)
(25)
(26)

(27)

the following;

1-5 540y +ag l}

F(s) =P 0.9)]

(31)
P.(s) = B 0,92 (32)
B (s) =PR(0.5) {%} (34)
B,(s) = B0, ) (— (35)
B (s)=R(0.9) {%} (36)
B () = B0 37)
P.(s) = B 0.2 (38)

Substituting (22) to (28) into (31) to (38)

B(s) =30, R (S) (39)
_ a L=S5(5]

P.(s) = 3a? 5 1B (s) (40)
F! {S] = o, {H%;?R"I} FE,{S] (41)
P = af 2R ) (42)
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B(s) = a, L_'\Tf = B,(s) (44)
P (9) = ay— 2R () (45)
R(S) =55 (46)
Where D(S) = [O+3@+a+a+ay

3a, 5,5+ a, +a;) +a; 5,5+ 3a,) +
ﬁgns_',_ﬁ{s] + ﬂq_-g_,_ﬁ{-s:l
] (47)

Po(5)= B(8)+P,(5) + B(5) + R(S)

(48)
Fﬂﬂ{‘s‘] = [1 +
1-5 S5+ay +argd 1-8pl5+3m )
3:1']_{ S+ +ag }+ %3 { S+3ay }
L-Sopls+ay y =
ﬁﬂlﬂg {TII}] -FE{S]
(49)

2. Materials and Methods

2.1 Availability

Setting all repairs to 1. i.e. glx) =
wolad = 9 (y) =1 (50)

= 27183 L-5 (%) 1
54080 = ———, =
g 5+2.7183 k) S+

Taking the values of different parameters as

oy = 0,01, &, = 0.02, &y = 0.03, oy = 0.04 In (48)
then taking the inverse Laplace transform, we
can obtain, the expression for availability as:

Full paper

CuDx3 ouoa D.o01e
S+ L0 5+1.03 S+L D!]

P8l =[1+
(52)

002224471975 ¢™ 27804081551 _ 0 003427624317 ¢~ 1001429766 ¢
—0.000003931735619¢™ 0345815157 4 9820494611 0001880564112
— 0.0008626247588 ¢~ >030000000¢

2.2 Reliability Analysis

Taking all repair rate. ¢{x)} =

Wolx) = ¥, (¥) = 0In equation (48) and for
same values of failure rate as

e, = 0.01, &, = 0.02, y = 0.03,cr, = 0.04

And then taking inverse Laplace transform, one
may have the expression for reliability for the
system. Expression for reliability of the system is
given as;

D(S) = S + 0.019

ﬁur_,{.?] =1+ 0.03 ¥ 003 ¥ o.ooLE (53)

F+0.04 5+D.03 5+D.03

For different values of time t = 0, 10, 20, 30, 40,
50, 60, 70, 80, 90, and 100.

Unit of time, we may get different of P, (£}with

the help of (51) as shown in Table 1 and
corresponding Figure.

2.3 Mean Time to Failure (MTTF) Analysis

Taking all repair rate ¢lx) = pylx) = pyly) =0
in equation (60) and taking limit, as x tend to zero
we obtain the expression for MTTF as:

MTTF = ungﬁwisl
x—= ;

Setting the values of failure rate as

§. = 0.002, §; = 0.003 and §, = 0.004 and
varying &, one by one respectively as 0.01, 0.02,
0.03, 0.04, 0.05, 0.06, 0.07, 0.08, and 0.09.

003 0.03 27183 Subsequently, we vary &.. 45 and 4, respectivel
D(s) =S +0.12- [m t st 0.06. ':.w-+: T1E3 ] by fixinqg the i//alues ofyother;. <P !
(51)
Table |. Variation of Availability with respect to time
Time (t) In Days P, Py ()
0 1.000000000 0.0000000000
10 0.9637538974 0.0362461026
20 0.9457993024 0.0542006976
30 0.9281791386 0.0718208614
40 0.9108872371 0.0891127629
50 0.8939174822 0.1060825178
60 0.8772638727 0.1227361273
70 0.8609205184 0.1390794816
80 0.8448816394 0.1551183606
90 0.8291415635 0.1708584365
100 0.8136947239 0.1863052761
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Figure Ill. Availability as function of time
Table Il. Variation of Reliability with respect to time
Time(t) Reliability R(t)
0 1.000000000
10 0.5949502161
20 0.3870568502
30 0.2640253872
40 0.1843688971
50 0.1302634487
60 0.09262766212
70 0.06613280045
80 0.04735790296
90 0.03399788562
100 0.02446146458
12
1
0.8
=
% 06
g
0.4
0.2
0
0 10 20 30 40 50 60 70 80 90 100
Time (t)
Figure IV: Reliability as a function of time (t)
Table lll: Mean Time to Failure (MTTF) Analysis
Failure Rate MTTF &, MTTF &- MTTF &, MTTF &,
0.01 22.16666667 25.54545455 23.93333333 29.55555555
0.02 18.80000000 22.16666667 22.51515152 26.60000000
0.03 18.40740741 19.69230769 22.16666667 2418181818
0.04 18.52380952 17.77551021 22.25641025 22.16666667
0.05 18.75000000 16.23333333 22.53741496 20.46153846
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0.06 18.98765432 14.95833333 22.90000000 19.00000000
0.07 19.20952381 13.88235294 23.29166666 17.73333333
0.08 19.40909091 12.95959596 23.68627451 16.62500000
0.09 19.58641975 12.15789474 24.07070707 15.64705882
120
100
80
60
40
20 >~ ® ® ® o o @ @
0
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
—— al a2 a3 ad
Figure V: MTTF as function of repair rate
Table IV: SENSITIVITY ANALYSIS CORRESPONDING TO MTTF
Repair 8(MTTF) 8(MTTF) 8(MTTF) 8(MTTF)
Rate tP':I] _3]_ _lrj': _lrj'g .'rj‘-'l-
0.01 -837.4999999 -402.6859505 -239.3333333 -328.3950617
0.02 -102.6666666 -284.7222222 -72.1074381 -266.0000000
0.03 -1.8518519 -215.5818540 -6.9444444 -219.8347107
0.04 19.8979592 -170.6997085 21.1045365 -184.7222222
0.05 23.9583333 -139.4722222 33.3819241 -157.3964497
0.06 23.1824417 -116.6377315 38.3055555 -135.7142857
0.07 21.1020408 -99.30795847 39.6122686 -118.2222222
0.08 18.8188705 -85.77186002 39.1003460 -103.9062500
0.09 16.6838135 -74.95383195 37.6849301 -92.04152248

Table below and corresponding graphs shown in the Figure.

500

-500

Sensitivity

-1000

-1500

-2000

Failure Rate

—— 1

a2 a3

a4

Figure VI: Sensitivity analysis corresponding to mean time to failure (MTTF)

2.4
MTTF

The sensitivity in MTTF of the system can be
studied through the partial

Sensitivity Analysis Corresponding to

differentiation of

system. By applying the set of parameters as

o, = 0.001, &, = 0.002 &z = 0.003, &, = 0.004, in

MTTF with respect to the failure rate of the
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the partial differentiation of MTTF, one can
calculate the MTTF sensitivity as shown in the
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3. Analysis of Results

Detailed study of Table | reveals that Subsystem
A i.e. modules panels has maximum effect on the
availability of the complete system. In addition,
the failure rate also has maximum effect on
availability = of complete system. Other
subsystems are almost equally effective. Thus,
we can make an inference that we should take
the most care of these subsystems in order to
improve the overall availability of the system.
Hence, it is recommended that management
should pay more attention to these subsystems
so that the overall performance of the system
may improve.

The result shown in Table Il presents the
reliability of system computed by varying the time
rate of mixture (t) from the initial O t0100 and

fixing other parameters as al = 0.01, a2 = 0.01,

a3 = 0.03, 04=0.04. It indicates that with

increase in time of the system (t) from 0 to 100,

the Reliability of the system decreases

approximately 13.01% whereas the availability
decreases approximately 5.3-3.2% with increase
in the time from 0 day to 100 days.

i. The results shown in the Table Il present
the MTTF of system computed by varying
the Repair Rate ¢(x) of PV system from
0.01 to 0.09 and fixing other parameters as
al =0.01, a2 = 0.02, a3 = 0.03, a4 = 0.04.
It seems that increase in repair rate of the
system from 0.01 to 0.09 increases the
availability of the system by approximately
7.0-10.2%whereas the availability
decreases approximately 3.3—0.01% with
increase in the time from 20 days to 70
days.

4. Conclusion

Thus, we can make an inference that we should
take the most care of these subsystems in order
to improve the overall availability of the system.
Hence, it is recommended that management
should pay more attention to these subsystems
so that the overall performance of the system
may improve.

With the non-availability of data of the PV
system, the present paper introduced a reliability
modelling approach in order to study the overall
strength, efficiency and performance of the PV
system. The strength considered in this paper
can be seen in terms of reliability, availability,
MTTF and profit function. In this paper, we have
introduced a new model of photovoltaic system
consisting four subsystems namely, panel,
inverter, and battery bank and control charger.

CaJoST, 2021, 2, 173-181
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The finding of the paper, reliability modeling can
be used to test the strength, efficiency and
performance improvement of the PV system.
Where strength, efficiency and performance
improvement of the PV system are determined,
the users will be able to serve the cost of
kerosene, petrol, diesel etc. which expose to air
and land pollution hazardous to human hearths
for their domestic and commercial purposes.
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