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Abstract

Solar energy is widely used as a renewable energy source in the world. Photovoltaic mod-
ules are the main components of a photovoltaic system to generate the solar power from
the solar radiation. The photovoltaic modules may have multistate working conditions
and different performance levels depending on the solar radiation. Each component can
be in different states, namely, complete failure, partial working, and perfect functioning.
In this study, we present a model for solar power systems with PV modules having various
levels of operational performance. We develop a reliability model for the system’s power
regarding the m threshold value that is the minimum required total performance level for
the system. This model reflects the performance levels of PV modules and working prob-
abilities of modules. The problem is considered under different conditions regarding the
dependency of two types of multistate PV modules. Two numerical examples are also con-
ducted to evaluate the reliability and power generated by two solar plants located in two
different regions. Beta and Weibull distributions are used for the numerical calculations
to differ solar radiation regimes in the regions.
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1. Introduction

Solar energy has recently become one of the remarkably rising sources of renewable
energy. Photovoltaic (PV) system transforms the solar energy into electricity directly
with no or lower air pollutants. The solar cells of a PV module contain materials that
absorb light particles, emit electrons, and produce an electrical current. The performance
of a PV system depends on the solar radiation that is a random variable. Due to its
stochastic nature, researchers need to use the probabilistic and the statistical techniques
to investigate some characteristics of the system. One of the characteristics of particular
focus is the reliability of the system. The most of the studies in the literature are concerned
with the reliability assessment methods for a PV module as an electronic component of
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a PV system such as, failure mode analysis, life testing, degradation analysis. For some
results and references (see [2,4,13,17,25,26]. Some other studies in the literature are
focused on the evaluation methods of reliability (e.g. Markov process, reliability block
diagram and fault tree analysis) and reliability indices for a PV system (e.g. loss of load
expectation, loss of energy expectation, forced outage rate), see for example [1,28]. The
review studies [23] and [22] can be given for the further information on PV power and the
performance analysis for long term reliability.

The PV system generates power if PV modules work properly and the solar radiation
exists. Assuming that PV modules have different states (working, partially working and
not working) depending on the solar radiation, the contribution of modules to the power
generation of a system will also change. In this case, a PV module has multistate work-
ing conditions in terms of its different performance levels. Here, the term performance
represents the power generated by PV modules. The reliability of a solar system consist-
ing of multistate PV modules can be defined as the probability of the system performing
satisfactorily a required level of power generation under specified conditions. Thus, the
reliability for performance of the PV system should be evaluated by taking into account
both states of PV modules and the solar radiation random variable. Considering each PV
module has a weight according to its state and the system has a minimum required power
level, the reliability for the performance of the PV system can be analyzed by weighted
k-out-of-n system modeling. Wu and Chen [27] proposed an algorithm for weighted k-
out-of-n system and defined the system for n components such that each component has
its own weight. They assumed that the system works if and only if the total weight of all
working components is at least a given threshold k. For more studies concerned with the
weighted k-out-of-n model, one can see, [5,7,9,15,21,29].

For the concept of power modeling, there are few studies related to the energy systems
with components having various levels of performance. Eryilmaz an Kan [8] defined a
reliability model for a particular kind of a multistate system and used the model to evaluate
the power of wind energy system. Also, the number of wind turbines to be built in the
wind plants is optimized by minimizing the total cost under the desired total power. The
only study involving the reliability performance in the PV system context is by [6]. They
consider a hybrid system that consists of a specified number of wind turbines and solar
modules while assuming that the weights of wind turbines and solar modules corresponds
to the mean power produced by the turbine and by the module depending on the energy
source conditions, respectively. They evaluated the performance of a hybrid energy system
using weighted k-out-of-n system reliability equations derived by [11]. They compute the
amount of power generation of a solar module using a linear PV power output model.
Eryilmaz and Kan [10] modeled a wind power system including of two wind farms using
weighted k-out-of-n system when the wind speeds of two farms are statistically dependent.
They used the two methods to model the dependency between wind speeds at two sites,
namely, multivariate normal approximation and copulas based methods. Larsen et al. [14]
defined a new multi-performance weighted multi-state K ~-out-of-n system and used this
model for a power system that produces both electricity and heat. Eryilmaz and Ucum
[12] studied the lost capacity by the weighted k-out-of-n system upon failure and applied
the model to a power system that consists of a specified number of generating units.

Most of the studies in the literature are related to the modeling of the power generated
by the PV system and how to evaluate the reliability indices for the system. To the best
of our knowledge, there is no paper that considers the solar energy system with dependent
components in a multi-state model. In this study, multistate PV modules in a solar system
and power output model consisting of both linear and quadratic relationship between the
solar radiation and the power are combined to evaluate the reliability for the system
performance. In such a system, performance levels of PV modules at their states occur in
a stochastic setting while the components are assumed different dependency conditions.
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It consists of two types of PV modules which are categorized with respect to their state
probabilities and weights for performances. We obtain the reliability model for the system
which are defined as the probability that the total power of the system is at least a given
level, say m, under three cases related to the dependency of the components. We use the
PV power output model given by [19] for the definition of the states of PV modules in our
model. We give examples under two different distribution functions for solar radiation. In
the next section, we give the definitions and preliminaries for the power output model and
the proposed reliability models. In Section 3, we obtain reliability models for the system
considering the state probabilities of components under three different cases. In Section 4,
we give two numerical examples of the theoretical findings assuming that the components
are independent. We used beta and Weibull distributions for solar radiation to evaluate
the reliability and power generated by two solar plants located in two regions. In Section
5, we give the conclusions.

Notation

The following notations will be used throughout the paper:
Gpi: The global solar radiation random variable (W/m?).
Gsta: The solar radiation in a standard environment (W/m?).
R.: The certain irradition point (W/m?).
Pyy,: The rated capacity of a PV module (W).
Ppy: The power generated by a PV module.
Fg,,: The cumulative distribution function (cdf) of Gy,.
fa,;: The probability density function (pdf) of Gy,.
n1: The number of components of Type I.
ng: The number of components of Type I1.
t;: The performance of components of Type I when they are in state j, j = 1,2, 3,4.
t7: The performance of components of Type I when they are in state j, j = 1,2,3,4.
pj: The probability that a component of Type I is in state j, j = 1,2, 3, 4.
p;: The probability that a component of Type I1 is in state j, j = 1,2,3,4.
m: The minimum required total performance level for the system.
T1: The total performance of components of Type 1.
T5: The total performance of components of Type I1.

2. Definitions and preliminaries

Marwali et al. [16] developed a model representing a relationship between the power
output and the solar radiation. Park et al. [19] used this model for the reliability evaluation
indices of solar cell generators and Equation (2.1) represents the relationship between the
power output from a PV module and solar radiation. This model will be used throughout
the paper.

G2,
P — b g< G < R
1 Gstd » RC, S Gy < L,
Ppy = h(Gy;) = psnﬁ7 R. < Gy < Gga, (21)
Gstd
Py, Gri > G,

where Ppy is the power generated by a PV module, Gy; is the global solar radiation
random variable, P, is the rated capacity of a PV module, Ggyq is the solar radiation in
a standard environment and R, is the certain irradition point.
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In this model, the PV module generates power when the solar radiation, Gy, is be-
tween zero and certain irradiation point, R., that is, a quadratic relationship between the
solar radiation and the power is observed. Also, the module generates power when the
solar radiation is between certain irradiation point and the solar radiation in a standard
environment, G4, then a linear relationship between the solar radiation and the power is
observed.

Py [pu'W]
'y

-
Re Gua  Solar radiation[W/m’]

Figure 1. Power output of PV module by [19],

As it is seen in Figure 1, if the solar radiation is greater than the solar radiation in a
standard environment, the module generates power at a constant rate Pk,.

Consider a PV system which consists of n = ny + ne multistate components (PV mod-
ules) classified into two categories on the basis of their performance levels and state prob-
abilities, where n; and nsy represent the number of components of Type I and Type 11,
respectively. According to the model in Equation (2.1), we can define the states for each
PV module as the following: complete failure (state 1), partial working (state 2, state 3),
and perfect functioning (state 4) which are given in the followings:

State 1 : The PV module generates no power, i.e. there is no solar radiation or the PV
module is broken down.

State 2 : The PV module generates power at a rate depending on the solar radiation in
the interval [0, R.).

State 3: The PV module generates power at a rate depending on the solar radiation in
the interval [R., Gstq)-

State 4: The PV module generates power at the rated capacity.

Note that, the model assumes that all PV modules in a system are subject of the same
solar radiation and have the same power curve. However, PV modules consisting of Type
I and Type II have different performances as weights ¢; and t; according to its state,
respectively. In our PV system, the total performance as a weight of components of Type
I can be defined by the random variable

ny 4
Ty = > tI(Xi =), (2.2)

i=1j=1

where X; represents the state of the ith component and I(F) = 1, if E occurs, and
I(E) =0, if else. In a similar way, the total performance of the components for Type I
is written by

na

4
T, =Y S 61X =), (23

i=1j=1
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where X" represents the state of the ith component for Type II. Note that, the power is
not generated when the components are in complete failure state, t; =t = 0.

In this study, our objective is to obtain the reliability model as the probability that
the PV system’s performance is at least m threshold value (the minimum required perfor-
mance level for the system) i.e. P{Ty + T5 > m}, using weighted k-out-of-n system. In
real life problems, when calculating system reliability, it is necessary to consider different
situations depending on how components affect each other. When the two groups of com-
ponents are planted in two regions with various random factors, dependency may exist.
In some situations, in the same plant, the performance of a module can be affected by
another module due to the random environmental effects. Hence, the reliability models are
obtained under the following three cases that could occur statistically for the two groups
of components:

e Case A: All components are considered as dependent.

e Case B: There are dependent components of the same type, but different types are
independent.

e Case C: All components are considered as independent.

3. Reliability models

In this section, we present the reliability models for multistate PV system under the
considerations of the defined cases above. As mentioned in previous section, when PV
modules work properly and the solar radiation exists, PV system produces power. Also,
in our model, PV modules work in different states depending on solar radiation and this
property affects the performance of the system. Therefore, we must pay attention to the
probabilities of being in different states, when we evaluate the reliability of the system.

Now, assume a PV module is working correctly with probability p and it is down for
a fixed period of time with probability 1 — p. Then the probabilities of being in states
1, 2, 3, and 4 for PV modules depending on the solar radiation can be computed by the
followings, respectively.

pro= 1—-p

p2 = pP{0< Gy < Re} =plFg, (R.)]

p3 = pP{R. < Gy < Gaa} = plFa,,(Gsia) — Fa,,(Re)]

pa = pP{Gy > Gaa} = p[l — Fa,,(Gsia)] (3.1)

Then, for the case A, the total performances of Type I and Type II components, T}
and T5 can be written as

4 4
Ty =Y ;8" and Tp = Y 15517, (3.2)
j=1 j=1

where S = Y, I(X; = j) and S = Y02 (X7 = j), j = 1,2,3,4. The joint

probability mass function P,if‘hn2 (c2,c3,c4,da,ds,dy) of the random variables S j(-l) and SJ@)
can be written as follows:

P{SY = ¢5, S5 = ¢3, 81" = 4,88 = do, S = dy, S = du}
B <n1> (nl - C2> <n1 —Co — C3) <n2> <n2 - d2> <n2 —dy — d3>
(&) C3 Cq4 d2 d3 d4
P{Xl - 2,...,X62 - 25X02+1 - 3""7XC2+C3 == 3,

Xeotes+1 =4, s Xegtestes =4, Xeotestesr1 =1, .., X, =1,
* * * * *
Xl :27"‘7ng :27Xd2+1 :3""7Xd2+d3 :3’Xd2+d3+1 :4,...,

X;2+d3+d4 = 47 X2l<2+d3+d4+1 = 17 cevy X:LQ - 1} (33)
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for 0 < co4+c3+cq4 <njand 0 < dy+ d3+ ds < ng. Note that, since 5’(1) = CQ,S(I) =
c;;,Sil) = C4,S§2) = dg,S?()Z) = dg,Sf) = dy implies S§1) = Ny — co — C3 — C4, SP =
ng — do — d3 — d4 with probability 1, we do not need to write Sfl) and S{Z) in the left hand

side of the Equation (3.3). However, Sfl) and SF) are considered in the right hand side
of the equation. Thus, for the case of all components are dependent, the reliability of the
PV system for a given level m is

RA . (m) = P{T1+T,>m}

ni,ne
ni nmi—czni—cz—c3 n2 ng—dz no—do—

= > > > >N Z o na (€2, €3, ¢4, da, d3, dy). (3.4)

co=0 c3=0 ca=0 do=0 d3=0 ds=0
tacottzczttacattido+tids+tyda>m

For the case B, when different types of components are independent, the joint probability
mass function can be defined as

- —cy — —dy\ (ng —dy —d
pB _ ni ny —C2 ny—C2—c¢C3 n2 n2 2 2 2 3
ni,no (027 C3,C4, d27 d37 d4) (CQ) < cs ¢ dQ d3 d4

P{X1=2,...,Xe, =2 Xeyi1=3,.... Xeyres =3,
Xegres+1 =4, .o, Xegtegtes = 4 X(12+(13+C4+1 =1,...., X, =1}
X P{X; =2, ., X} =2, X} 1 =3 s Xisay = 3
Xiprdgr =4 Xy agva, = 4 Xy ragran = L, X, =11 (3.5)
The probability that the performance of the system is at least a given level m is
thnQ( ) = P{T1+T>>m}

ny mi—cani—cg—c3 Nz ng—dz ng—do—

= > 3 > XY ¥ Z Py ., (c2,c3,¢4,d2,d3, dy). (3.6)

6220 C3=0 C4=0 dg 0 d3 0 d4 0
tacottzcattacattida+tids+tida>m
For the case C that is all components are independent, the joint probability mass func-
tion becomes

ny ny —cC2 ny —Ccy —C3 N9 ng—dg ng—dz—dg
P¢ 3, ¢4, da, d3, dy) =
nl,n2(02765,04, 2,d3,d4) <c2> < c3 ) ( cs > <d2) < ds ) ( dy >

X p§2p§3pi4(1 —po—pg — p4)ﬂ1—62—63—04
X (pg)d2(p§)d3(p2)d4(1 — Py —ph —pi)" dy—ds—ds (3.7)

where p; and p; represent the probability that a component of Type I and Type I1 is in
state 7, 7 = 1,2, 3,4, respectively. Thus, the reliability

RC (m) = P{Ty+Ty>m}

ni,n2
ny ni—cgni—ce—c3 ng na—ds no—da—

Z Z Z Z Z Z nl ng CQ,Cg,C4,d2,d3,d4). (3.8)

co=0 c3=0 ca=0 =0 d3z= dy=0
t202+t303+t464+t*d2+t*d3+t*d42m

In order to make the probabilities more clear, additional explanations are required for
all cases given above. Recall that if a PV module operates right depend on solar radiation,
then it generates power. When ¢; denotes the PV module power produced in the states
7 =1,2,3,4, then it is obvious that t; = 0 and t4 = Ps,. Indeed, t2 and t3 indicate the
mean power generated by a PV module when the solar radiation is in the interval [0, R.)
and [R., Gsq), respectively. For the state 2, the power can be written as

R

2
bi
ty= [ P9 (1) s, 3.9
2= | G xR 1(gvi)dgs (3.9)
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where k; is the truncated pdf of the solar radiation on (0, R.) that is

k1(gpi) = ;1((517__?)) and ki(gp;) = 0, otherwise. And for the state 3, it can be written as
(&
Ctd Gbi
ts =/ Pen = k2(gei)dgbi, (3.10)
c std

where ks is the truncated pdf of the solar radiation on (R., Ggyq) that is

B f(gvi)
k2(901) = B Ga) — FIR)

and ka(gp;) = 0, otherwise.

4. Numerical examples

In this section, we give two numerical examples for illustrating the theoretical results
in the case C, i.e., all components are statistically independent, under two different prob-
ability distributions of solar radiation. The probability that the power generated by two
solar plants located in two different locations exceeds a given level m can be evaluated
under the PV power model given in Equation (2.1). Note that, all computations have
been made using Mathematica v.11.3.

4.1. Example 1

Beta distribution is widely used for the statistical modeling of the solar radiation data
(see, [3,18,20,24]). The pdf and the cdf for the beta distribution are given respectively by

_ T+ B) o -
f(s;a,8) = ol (@) 11— )Pt

and
F(s;a,ﬁ) = W = Is(a7/8)7

where 0 < s < 1 is the random solar radiation (kW/m?) and «,8 > 0 are the shape
parameters.

In this numerical example, first we calculated the states probabilities are defined in
Equation (3.1), then we computed the performances of PV modules for each state using
Equations (3.9) and (3.10). Thus, we obtained the reliability of the system defined as the
probability that the PV system provides power for at least the desired level of production.
Our assumptions are as follows: the rated capacities of two solar plants located in two
different locations consisting of Type I and Type II PV modules are Py, = 220,270 W,
respectively. Also, the solar radiation in a standard environment is Ggq = 900 W/ m?, and
the certain irradiation point is R. = 150 W/m? for both types of PV modules. Suppose
that all PV modules work properly with probability p = 0.95 for a set amount of time.
Assume that the solar radiation is distributed as Beta(1.3,2.5) and Beta(1.5,2.3) for one
year period in the regions of plants 1 and 2, respectively. Since PV modules in the plants
were assumed to be independent, we have used Equation (3.8) for all computations. Under
these assumptions, the corresponding state probabilities for two types of PV modules
using Equations (3.1) are given in Table 1. Clearly, p1 = pj = 0.05 for both types of PV
module, as the working probability of all PV modules are 0.95 and p; = 1 — p represents
the probability of the complete failure state. Also, p3 = 0.7315 and p3 = 0.7931 represent
that the probability of the PV module generates power at a rate depending on the solar
radiation in the interval [R., G4q) for the Type I and IT of PV modules in plants 1 and
2, respectively. From Table 1, it is said that the probability of being in state 2 is lower
than the probability of being in state 3 for both types of PV modules depending on the
solar radiation in two regions.
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Table 1. The corresponding probabilities of state j for PV modules, j = 1,2,3,4
when p = 0.95 under beta distribution.

| j=1 j=2 j=3 j=4

Type I  p; | 0.0500 0.2139 0.7315 0.0046
Type II p}|0.0500 0.1478 0.7931 0.0091

Table 2 presents the obtained performances of PV modules using Equations (3.9) and
(3.10) for two types of PV modules. For example, t5 = 0.13375 (kW) indicates the mean
power generated by a Type II of PV module in the plant 2 in any day of the year when
the module is in state 3. It is obvious that, t; = ¢J = 0, because of no solar radiation or
the failure of the PV module.

Table 2. Estimated performances of PV modules (kW) for each state j = 1,2,3,4
when p = 0.95 under beta distribution.

j=1 j=2 j=3 j=4

TypeI t;| 0 0.01373 0.10131 0.220
Type II t;| 0  0.01855 0.13375 0.270

Finally, we give the reliability for corresponding m (kW) values, i.e. Ry, p,(m) =
P{Ty + T> > m}, which are calculated using Equation (3.8) with different working prob-
abilities of PV modules, p, in Figure 2. We assume that plant 1 consists of ny = 5 Type
I and plant 2 consists of ng = 5 Type II of PV modules. As expected, the reliability
values are decreasing while the minimum desired total performance level for the system,
m, is increasing. Also, we can say that if a PV module has higher working probability
value, then we can provide more power for the same level of reliability. If much more level
of power is required, the number of PV modules can be increased or different types of
modules with higher rated capacity can be installed.

1.0 F

oaf

oaf — p=0.90
2 _ p:ﬂ_gﬁ

A p=0.98
06

osf

— et et mikow)
02 0.4 0.6 0.8

Figure 2. Reliability for the performance of PV system under beta distribution.

4.2. Example 2

Weibull distribution is considered by [20] for solar radiation data. Thus, the results of
this paper are also relevant to a region where probability distribution of solar radiation is
different from beta. The pdf and the cdf for Weibull distribution are given respectively by

f@ﬂ%ﬁ):;;(;)WJe—wwﬁ
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and
F(Sa «, B) =1- e—(s/ﬂ)a’

where s > 0 is the random solar radiation (kW/m?) and a, 8 > 0 are the shape and scale
parameters, respectively.

Our assumptions for this example are as follows: the rated capacities of the Type [
and Type II PV modules are Ps, = 25,50 W, respectively. Also, the solar radiation in
a standard environment is Ggq = 1000 W/ m?, and the certain irradiation point is R, =
150 W/m? for both types of PV modules. Suppose that all PV modules work properly with
probability p = 0.95 for a set amount of time and the plant 1 consists of n; = 3 PV modules
and plant 2 consists of ny = 3 PV modules. In addition, we assume that the solar radiation
distributions in the regions of plants 1 and 2 are WE(4.2,1.3) and WE(4.5,0.8) for one
year period, respectively. Under these assumptions, the corresponding state probabilities
for two types of PV modules using Equations (3.1) are given in Table 3. Similar as the
previous example, since the working probability of all PV modules are 0.95, we have
p1 = p] = 0.05 for both types of PV modules. It is seen from Table 3 that Type I of PV
modules have high probability of staying in state 4, while Type II of PV modules have
high probability of staying in state 3. It means that Type I of PV modules in plant 1
generates much more power at the rated capacity, while Type II of PV modules in plant

2 generates much more power at a rate depending on the solar radiation in the interval
[R07 Gstd) .

Table 3. The corresponding probabilities of state j for PV modules, j = 1,2, 3, 4,
when p = 0.95 under Weibull distribution.

| j=1 j=2 j=3 j=4

Type I p; | 0.0500 0.0001 0.2684 0.6815
Type I pj | 0.0500 0.0005 0.8875 0.0620

In Table 4, the performances of each type of PV module are given using Equations (3.9)
and (3.10). For example, t5 = 0.0052 (kW) indicates the mean power generated by the
Type I1 of PV module in the plant 2 in any day of the year when the module is in state
2.

Table 4. Estimated performances of PV modules (kW) for each state j = 1,2, 3,4
when p=0.95 under Weibull distribution.

[j=1 j=2 j=3 j=4

Type It 0 0.0025 0.0198 0.025
Type I ¢ 0 0.0052 0.0353 0.050

Figure 3 represents Ry, n,(m) values calculated by Equation (3.8) for corresponding
m (kW) with different p. We assume that plant 1 consists of n; = 5 Type I and plant 2
consists of ng = 5 Type I of PV modules. It can be understand from the figure that the
reliability of a system is around 0.84 where the minimum required level of performance,
m, is 0.28 (kW) when the working probability of a PV module, p, is 0.98. Hence, the
reliability value is lower for the same performance level when the p is 0.90. As expected,
the reliability values are decreasing while the minimum desired total performance level for
the system, m, is increasing.
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0.6 : —_— p:ﬂ_gﬂ
p=0.95
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Figure 3. Reliability for the performance of PV system under Weibull distribution.

5. Conclusions

By the results of this study, important decisions can be made in terms of both the
number of solar panels and the provision of energy. Considering the statistical distribution
of solar radiation, evaluating the performance of the solar plant supports sustainable and
energy-efficient timing strategies. Our study offers a different perspective on the models
including the multistate PV modules and statistical dependency concept to obtain the
reliability of the system. In this study, we investigate the reliability models constructed for
the defined three cases using the state probabilities of two types of multistate PV modules.
Numerical examples for illustrating the theoretical results are presented assuming that the
solar radiation distributions are beta and Weibull. It has been seen from the numerical
studies that the reliability value of the system varies depending on the solar radiation
distribution, the working probability and the type and number of PV modules. The
defined reliability models can be reconstructed for more than two types of PV modules.
As a future work, the modeling of the power for PV systems in the dependency concept
can be considered in more detail.
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