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Abstract. Due to various incentive programs and local
maket conditions of several European and worldwide
countries, photovoltaic systems are rapidly becoming the most
diffused solution for residential installations. This wide
adoption raises new and important issues related to the
efficiency, efficacy and safety of these highly distributed and
heterogeneous power systems. In particular, as these systems
are often connected to the general power grid so that a system
failure may affect the operation of other interconnected
systems, in their design an accurate dependability analysis
should be performed. Moreover, a dependability analysis
allows establishing a maintenance plan acceptable to the user
for keeping the system operating effectively. However, despite
these reasons, this kind of analysis is often missing manly due
to the lack of specific methodological approaches and related
ready-to-use tools. To overcome this lack, the paper presents a
methodological approach to the reliability analysis of residential
photovoltaic systems which exploits analysis techniques and
models coming from the R.AM.S. (Reliability, Availability,
Maintainability, and Safety) engineering discipline.
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1. Introduction

The rapid climatic change which is characterizing the last
decades is strongly related to the impact of human
activities on the environment and, in particular, to the
carbon dioxide (Cg emissions produced from fossil
fuels [2]. A real reduction of the GGemissions can be
manly obtained by drastically changing the energy
generation mix: from the currently predominant fossil
fuelled energy mix to a nuclear and renewable energy
(solar, wind, biofuels, hydropower, geothermal) mix [1,
8].

In particular, also due to various incentive programs and
local market conditions [6], in several countries as
France, Italy, Germany, Japan, South Korea, and the U.S,
the number of commercial, industrial and residential solar
power systems installations  (Photovoltaic  or
Concentrated Solar Power Systems) is rapidly increasing.
The wide adoption of solar power systems raises new and
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important issues related to the efficiency, efficacy and
safety of these highly distributed and heterogeneous
power systems which are often connected to the general
power grid so that a system failure may affect the
operation of other interconnected systems. However, in
the design of solar power system, and especially in that
of residential photovoltaic systems, a quantitative and
full-fledged analysis of the systedependability is often
missing manly due to the lack of specific methodological
approaches and relatedady-to-use tools [3, 7]. In this
context, the paper presents a methodological approach
which aims to apply analysis techniques and models
coming from the R.A.M.S. Reliability, Availability,
Maintainability and Safety) engineering discipline to the
reliability analysis of residential photovoltaic systems.
Specifically, the approach is centered on a series-parallel
system reliability analysis which allows to evaluate the
reliability of a typical residential photovoltaic system
given its architecture, the characteristics of the exploited
components, and the reference time horizon. Moreover, a
Java-based application which implements the proposed
reliability analysis has been developed so to guide the
user, in astep by step way, from the system architecture
definition to the generation of the documentation which
clearly reports the analysis results.

The rest of the paper is structured as follow: Section 2
introduces the R.A.M.S. analysis discipline along with its
main methods and techniques; Section 3 presents the
proposed reliability model for a residential photovoltaic
system; Section 4 presents SERA, the Software
Environment for Reliability Analysis which implements
the proposed model; finally, conclusion are drawn and
future work delineated.

2. RAM.S
techniques

Analysis models  and

RAMS is the abbreviation oReliability, Availability,
Maintainability and Safety and indicates an engineering
discipline which aims at providing an integrated and
methodological approach to deal with system
dependability [4]. In particulaiReliability represents the
ability of a system to perform its required functions under
stated conditions, identified during its design, for a
specified period of timefvailability is the proportion of
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time a system is in a functioning condition defined at
design time;Maintainability represents the ease with
which maintenance of a system can be performed in
accordance with prescribed requiremeriiafety takes
into account the effects of the system on its surrounding
environment to prevent, eliminate and control hazards.
The main objective of the RAMS analysis is then to
identify the causes of failure of a system and its
components. Specifically, the concepttiohe-to-failure
is modeled as a random variafileand by the following
related function:

1) Rdiability function, which indicates

probability that the system fails after time

R(t) = Pr(T > t)

the

@)

2) Failure digtribution, which isa cumulative
distribution  function and indicates the
probability that a system fails before tinte
F(t)=Pr(T<t) =1-R(t);

Ft)=Pr(T<t)=1-R(t) (2)

3) Failure density function, which indicates how
the probability of failure is distributed over the
life of the system:

f&) =2 FO = F®) 3

4) Hazard function (or hazard rate), which
indicates the probability of a system failure
betweert andt+At given that it was operating at
time t, and becomes thstantaneous failure
rate asAt tends to zero:

R(O-R(t+At) _ — R(p)

A(t) = limy; o R(t)-At R(t)

(4)

For a wide range of mechanical systems the
function A(t) assumes a typical shape called
Bathtub curve which shows three different
stages of failures during the system life:

- early failures, the failure rate is high due to
the infant mortality of system components
but rapidly decreasing;

— random failures, the failure rate is low and
constant (useful life of the system);

— wear-out failures, the failure rate increases
as age and wear take their toll on the system
components.

50 Mean Time To Failure (MTTF), which
represents the expected value of tivee-to-
failure random variabld:

[oe]

MTTF = E(T) = [, tf(t)dt (5)

In Table | the expressions of the above introduced
functions in terms of each of them are reported.
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Table I. — Main Reliability Functions

f(0) =Z0) R(D) 0 MTTF
Failuredensity Failure Reliability . Mean Timeto
function distribution function Hazard function Failure
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0
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The reliability analysis of a system is typically facing
using a layered approach and through quantitative and
gualitative analysis techniques [9].

Quantitative analysis techniqueare based on the
identification and modeling of physical and logical
connections among system components and on the
analysis of their reliability through statistical methods
and techniques. One of the widely adopted techniques is
theseries-parallel systemreliability analysisin which the
system is modeled as a combination ldbcks of
components organized, from the reliability point of view,

in a series and/or parallel manner. In particular, in a
series model a system is considered to be operating at
time t if and only if all its components are properly
working at timet; whereas, in a parallel model, the
system is considered to be operating at tinfeat least

one of its components is properly working at timén

both models the failure of each component is supposed to
be independent of the failure of the others. The reliability
of a system modeled as a seriesnafomponents with
constant failure rates,(t)=4;, i=1..n) can be evaluate as
follows:
Ry(t) = [T Ri(t) = [T, e 4Ot = g~ Zimadit = g=Aumt (6)
Whereas, for a system modeled as a parallel of
components, reliability assumes the following form:
R,(8) =1—Fs(t) =1 —[[jz1(1 — Ry(D)) ()

By composing series-parallel blocks of components a
completeReliability Block Diagram (RDB) of a system

can be obtained and analyzed.

Another popular quantitative analysis technique is based
on the exploitation oMarkov Chain models in which
system reliability is modeled as a discrete random
process and dependencies among system components and
their working state are represented by means of a directed
graph where edges are labeled by the probabilities of
going from one state to the other states.

Qualitative Analysis techniques aim to identify the
possible system failures, their rate of occurrence and
(local and global) effects on the system so to individuate
corrective actions. Two main techniques are currently
exploited: FMECA (Failure Modes Effects and Critical
Analysis) and~ault Tree Analysis.

FMECA aims to assess the effects of possible failures
and correlate them to the failure rate of occurrence. This
risk assessment provides two steps: pfigparation of
FMECA worksheets, in which critical events fgilure
modes) are identified and the effects of them on the
global system are evaluated following a standard
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worksheet format; (ii¥isk priority numbers evaluation,

in which the risk associated with each failure mode is
assessed by using the formu@N=S*O*D, where S
(Severity) is a numerical subjective estimate of how
severe is the effect of a failure mode, @cdurrence) is

the rate of occurrence of the failure mode,Igtéction)

is a numerical subjective estimate of the effectiveness of
the controls to prevent or detect the cause or failure mode
before the failure happens. The evaluation of RPN leads
to the definition of aisk matrix which gives a compact
and visual representation of the severity of the risk of the
considered critical events.

Fault Tree Analysis is a graphical tool for analyzing
failures which after selecting a critical event and
analyzing its causes constructgaalt tree in which the

root is the selected eventtof event) and each
contributory event is added to the tree by using logic
gates énd, or, xor, etc.). The constructed tree allows
identifying critical paths; moreover, when a fault tree is
labeled with actual numbers about failure probabilities it
can be used for quantitative analysis.
3. Reliability Modeling of Residential
Photovoltaic Systems

In a Solar Photovoltaic (PV) System the solar radiation is
converted into direct current (DC) electricity using
semiconductors that exhibit the photovoltaic effect [5].
Three main categories of solar PV systems can be
individuated:

- Sand-alone PV systems (or off-grid PV
systems), which are not connected to the utility
power lines and could either be used to charge
batteries that serve as an energy storage device
or directly work using the solar energy available
in the daytimes.

— Grid-connected PV systems (or on-grid
systems), which interact with utility grid so that
power can be drawn from/provided to the utility
grid on the basis of the balance between the
energy produced by the PV system and that
required by the load connected to it; these grid
connected systems are designed with or without
battery storage.

— Hybrid systems, which are systems with more
than one source of power as a PV/Wind system
where a wind turbine is added to a PV system to
provide complementary power generation.

Due to various incentive programs and local market
conditions [6], among the three introduced types, in
several European countri€arid-connected PV systems

are rapidly becoming the most diffused solution for
residential installations. In particular, a residential and
grid-connected PV system is basically constituted by the
following components (see Figure 1):

— PV Generator, which consist of a set clar
panels, mounted on the roof or in open spaces;
each panel is a packaged interconnected
assembly of solar cells that converts the energy
of sunlight directly into DC electricity; panels
are interconnected to create arrays with the
desired peak DC voltage and current;
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- Inverter, that transform the PV generated DC
electricity to the grid electricity (which is of
AC) at the grid voltage;

- Energy Meter, which measures, after the DC-
AC conversion, the energy produced by the PV
generator; this meter is introduced for two main
purposes: (i) monitoring the performance of the
PV system; (i) calculating the amount of
produced energy on the basis of which, in
several European countries, a monetary
incentive is offered to the owner of the PV
system;

- Import/Export Meter, which measures the
energy exchanged between the PV system and
the utility grid; in fact, the electricity produced
during the daytime is either used by the property
owner, or directed back into the electricity grid
and purchased by a utility company (an
arrangement called “net metering”); at night, or
on dark days when the panels do not produce
sufficient power, electricity will be supplied via
normal utility company grid system.

Finally, severaElectrical Boxes are installed to connect
system components and protect them against short
circuits and voltage peaks.

1. Solar Panels 2. Inverter 3. Meter 4. Import/Export Meter 5. Grid Connection

Fig. 1. Atypical residential and grid connected PV system

From a reliability point of views, the above mentioned
components form aeries system as a failure in each of
them inevitably produces a failure of the whole PV
system. In fact, a PV system is considered properly
working not only if it is able to produce a given amount
of electricity given certain weather condition, but also if
the produced energy can be correctly measured and
effectively utilized. Thus, by applying Eq. (6), the
reliability of a PV system like that of Figure 1 and with
two Electrical Boxes (one after thePV Generator and
one before thémport/Export Meter), can be calculated as
follows:

RPV_System(t) = RPVGen(t) * REBoxl(t) * le:(t) * REMeter(t) *
* REBon(t) * Rl/EMeter(t) (8)
The ReliabilityR(t) of each components can be expressed
in function of the componemiazard Rate A(t) (see Table

1), thus Eq. (8) becomes:

t t
Rpy System(t) —e f() ApvGen(Dd T e~ fg AgBox1(Dd T

t t t
e fo Amp(@dT *x e~ fo AEMeter(Dd T xe” fo AgBox2()d T *

¢
« e~ JoM/EMeter(@d T

©)
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For calculating Eq. (9) theHazard Rates of the
individuated system components has to be evaluated.
For thelnverter, Energy Meter, Import/Export Meter, and
Electrical Boxes, during their useful life, theHazard
Rates can be considered constant, thus their Reliability
Functions can be evaluated as follows:

Rcomp (t) —e” f(;lmmp(t)df —e f(;lmmpdt = e_}*compt
where comp = {EBox1, Inv, EMeter, EBox2, I/EMeter} (10)
Moreover, theHazard Rate can be obtained as the
inverse of theMTTF (Mean Time to Failure) of the
component: Acomp(t)=Acomp= UM TTF oy (S€€ the formula
which relatesi(t) and MTTF in Table I).
The evaluation of the Reliability of thBV Generator
(Reveen(t)) requires instead a more elaborate analysis as
the Generator is in turn constituted by solar panels
interconnected to create arrays with the desired peak DC
voltage and current. In fact, Solar Panel is able to
generate unde®tandard Test Conditions (STC) a peak
power SBp (measured in k\Y; thus, for obtaining a
given peak power from the PV Generator (RYGat
least a number NSR=PVGodSRsp 0f Solar Panels must
be interconnected. In practice, the total number of
interconnected solar panels of the PV Generator
(NSR-y) is typically greater than NRPq in order to
introduce redundancy for increasing the reliability of the
generator. Indeed, supposing that a failure of a solar
panel does not affect the operation of the others and that
the PV Generator correctly operates if at least dSP
sdar panels are properly operating, from a reliability
point of view, the array of solar panels which constitutes
the Generator can be modeled araes-parallel system
constituted by NSRresNSRegl panels in series
followed by NSRARALLELzNSvag-NSPREQ+1 panels in
parallel.
As an example, if PV@=3 kW, and SB=0,3 kW, a
PV Generator with NSRc=12 panels can be modeled,
from a reliability point of view, as a series-parallel
system  with  NSBresNSRec1=PVGHSR:1=9
panels in series followed by N$R:aet=NSRve-
NSPgregt1=12-10+1=3 panels in parallel (see Figure 2);
in this reliability configuration the PV Generator is
correctly working if at least N§2=10 panels are
properly working.
The introduced reliability model for the PV Generator
allows calculating its Reliability function as follows (see
Eq. (6) and (7)):

NSPsERIES NSPpaRALLEL
Rpygen(t) = e Zin Aesit [1 - | | (1 - e_lmit)]
i=1

(11)

In (11) Aps indicated the hazard rate of a Solar Panel
which it is supposed to be constant during its useful life;
if all the exploited panels have the samg Eq. (11)
becomes:

11t is worth recalling that a series-parallel reliability
model of a system although it is influenced by the
physical connections among the system components does
not merely reproduce it.
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Rpygen(t) = e~ NSPseriEsApst [1- (1 - e—ﬂ,Pst)NSPPARALLEL]

12)
From Eqg. 12, It can be easily demonstrated that although
the hazard rate of the panels are supposed to be constant
(during their useful life), due to the series-parallel
configuration, the hazard rate of the PV Generator
becomes time dependent.
Finally, by combing (8), (10) and (11)/(12), and on the
basis of the actual system architecture and components,
the complete expression for the Reliability of the whole
PV SystenRey gsem(t) can be finally obtained.

‘ PV Generator H EBox H Inverter H Energy Meter H EBox2 H '"":A"e/i’:""“ ‘

NSPyo = 12 panels
NSPreo = 10 panels
NSPseres = 9 panels

NSPpmaue = 3 panels

Sofar
Panel

Solar Solar
Panel Panel

Solar
Panel

Solar

Solar Solar Sofar Sofar Solar
Panel Panel Panel Panel Panel Panel

Fig. 2. TheRDB of a Residential PV System
4. SERA, a domain-specific Software
Environment for Reliability Analysis

On the basis of the reliability model introduced in
Section 3, SERA, a Java-based application which allows
evaluating the reliability of residential PV systems, has
been developed. Specifically, SERA allows the user to
specify the architecture of the PV System under analysis
in terms of the its componets and their characteristics
(MTTF/hazard rate, electrical features, performances).
Then, by applying the proposed series-parallel system
reliability model, theReliability Block Diagram (RDB)

of the System is automatically generated and then System
Reliability calculated with refererence to the time horizon
specified by the user. When SERA is exploited during the
System Design phase, on the basis of the reliability
results, the user can modify the system architecture
and/or the exploited components so to improve system
reliability and/or evaluate different design choices;
finally, a complete documentation which reports the
performed reliability analysis are automatically
generated.

As an example, Fig. 3 reports some screenshots of the
current version of SERA which are referred to the
reliability analysis of a PV System whose RDB is that of
Fig. 2 and whose constant componefddure rates
(Acomp()=Acomp= UMTTF o) are reported in Table Il (in
failures per hours). With a time horizon of 10.000 hours
the system reliability calculated by SERA is equals to
0,206, i.e. there is a probability of 20,6% that the system
will operate for 10.000 without any failures or, in other
words, a probability of 79,4% that the system fails within
10.000 hours.
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Table Il. — Failure rates of the example PV system
Component . A
(failures per hours
Solar Panel 0,000011
EBox1 0,000007
Inverter 0,000027
Energy Meter 0,000008
EBox2 0,000009
Import/Export Meter 0,000008

By comparing the reliability results obtained from SERA
with the empirical data of 30 real PV system installations,
the difference between the calculatBgl, sysrem(t) and

the observed system reliability ranges from 4% to 12%,
depending on the chosen time horizon, while its main
value is about 6%. Moreover, the reliability results
obtained from SERA have been compared with those
produced by applying the RDB model proposed in [6],
which represents a notable research effort in the
reliability analysis of solar power system. As the model
proposed in [6] is not specifically conceived for
residential PV systems a preliminary adaptation phase
was necessary; however, the obtained results showed a
general overestimation of system reliability respect both
to the values calculated by SERA and those coming from
the empirical data. These differences indicate that the
empirical reliability of a system does not only depend on
the system architecture and components but also on the
quality of the system implementation and actual
operating conditions; these factors should also be taken
into account in an extension of the proposed reliability
model.

Currently SERA is in the Alpha-testing phase and the
1.0.0 Beta Version is going to be released in December
2010 as an Open Source software under the L@&MNU(
Lesser General Public License) license. Specifically, the
Alpha-testing is performed by SAFEM S.FLan ltalian
company with extensive experience in designing and
implementing commercial, industrial and residential PV
systems. In particular, in the design of new Residential
PV Systems the reliability analysis performed by SERA

is exploited by SAFEM to meet the reliability
2 http://www.safem.net/
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requirements and/or evaluate different design choices;
moreover, the produced documentation is provided to
customers to certify the goodness of the implemented PV
solution and to allow programming/contracting an

acceptable maintenance plan to keep the system
operating effectively. For existing PV Systems a
reliability analysis is performed to obtain useful

indication for establishing a system maintenance
schedule to communicate to customer.

5. Conclusion

The increasing adoption of PV systems, which are
rapidly becoming the most diffused solution for
residential installations, raises new and important issues
related to their dependability. However, in their design an
accurate dependability analysis is often missing manly
due to the lack of specific methodological approaches
and related ready-to-use tools. To overcome this lack,
models and methods coming from the R.A.M.S.
engineering discipline could be profitably exploited. To
this aim, the paper presented a methodological approach
for the reliability analysis of residential PV systems
which is centered on the application oéaies-parallel
system reliability analysis model. Although the presented
model refers to residential and grid-connected PV
systems it can be easily extended and modified to
perform the reliability analysis of commercial, industrial
and residential, on-grid, off-grid and hybrid PV systems.
To guide the user, in siep by step way, from the system
architecture definition to the generation of the
documentation which clearly reports the reliability
analysis results, SERA, a Java-based application, has
been developed and will be released in December 2010
under the LGPL license. Future research effort will be
devoted to: (i) extend and/or modify the proposed model
to perform the reliability analysis of commercial,
industrial and residential, on-grid, off-grid and hybrid PV
systems; (ii) enrich the proposed analysis model and
technique by jointly exploiting other qualitative and
quantitative reliability analysis techniques Feault Tree
Analysis and Markov Chain; (iii) integrate new defined
models and techniques in the SERA analysis
environment. Moreover, the next release of SERA will
present an enriched, totally visual and more user-friendly
GUI (Graphical User Interface) and will provide full
support for the management of data concertengplate

of system architectures, components datasheet, and
analysis results.
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