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Chapter

Reliability Analysis of Photovoltaic
Systems for Specific Applications

Laurentiu Fara and Dan Craciunescu

Abstract

This contribution is dedicated to the analysis of a reliable PV system for spe-
cific applications. The reliability study was based on: (1) the RAMS (Reliability,
Availability, Maintenance, and Safety) model applied to a PV system by using a
simulation SYNTHESIS platform developed by ReliaSoft, and (2) the simulation
of the PV system using the SYNTHESIS platform and TM-21 Calculator software
developed by ENERGY STAR. The objective of this analysis was to obtain a more
stable and long-lasting operation of a PV system regarding reliability, maintainabil-
ity, availability and degradation of the system.

Keywords: reliability, maintainability, availability, degradation, PV system,
simulation tools, RBD

1. Introduction

Due to various incentive programs and local market conditions in several
European countries, as well as around the world, the PV systems represent a wide-
spread solution for residential houses and other autonomous applications. This
approach raises new and important issues related to the efficiency, reliability and
safety of the PV systems, either autonomous or integrated in the electrical grid [1, 2].

In the case of grid-connected PV systems, the occurrence of system failures may
affect the operation of other interconnected systems, that is why a thorough reli-
ability analysis of such systems should be carried out [3-5]. The reliability analysis
also makes it possible to establish an acceptable maintenance plan for both the user
and the system as efficiently as possible [6, 7]. However, a reliability analysis is
often missing from the feasibility study of photovoltaic systems or is treated super-
ficially due to an incomplete methodological approach or lack of specific simulation
tools [8, 9]. A PV system for LED lighting applications has been analyzed [10, 11].
To overcome the reported inconveniences, it is envisaged the reliability analysis,
using RAMS (Reliability, Availability, Maintainability, and Safety) statistical mod-
els through accelerated testing and application of stress levels [12-15]. Starting from
ground studies, the failures of PV systems have shown that manufacturers do not
correctly perform reliability analysis of their PV modules’ lifetime. For this reason,
a small part of the PV modules fails before the lifetime specified by the manufac-
turer [16]. Reliability analysis applies to both PV systems, and simple systems, such
as LED-based lighting lamps [17].

The authors proposed and carried out the reliability analysis of solar cells for
specific meteorological conditions [16, 18, 20, 21]. To assess the reliability of the
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integrated PV system with LED lighting applications, its operating characteristics
have been used for a time period [19], and in the case of the simple LED lighting
system there were used thermal characteristics of the studied LED lamp [22, 23].

The most relevant analyzes proposed by the authors in this paper are based on
reliability block diagrams (RBDs) required for development of RAMS for studied
PV systems. RBD diagrams have been developed for: (1) definition of PV systems,
(2) description of interdependence between components, (3) identification of
how they degrade/fail, and (4) appreciation of how the PV system reliability is
influenced.

2. Background, state of the art and simulation tools
2.1 Background

The reliability of a product can be defined as the probability of performing its
tasks without incidents within a specified time, under previously established condi-
tions. On this basis, the quality of a product is determined, the reliability concept
being applied in almost all areas of engineering, in the preventive maintenance
of systems and their components. It is envisaged the modeling of the product’s
lifetime, represented by the time it has worked successfully or its time until the
moment of failure. For the purpose of accurately determining the lifetime, it has
been proposed an accelerate product testing (qualitatively or quantitatively during
its lifetime) [25, 29].

Qualitative accelerated testing only provides information about system malfunc-
tions or ways of failure. Qualitative tests do not quantify the systems life (or reli-
ability) characteristics under normal conditions of utilization, but provide valuable
information on the type and level of demands to use during a later quantitative test.
In qualitative accelerated testing, the expected result consists in identifying defi-
ciencies and ways of failure without predicting the life of the product under normal
conditions of utilization [2, 24, 26].

Accelerated quantitative testing involves the estimation of product lifetime
characteristics, obtained under normal conditions of utilization after an acceler-
ated test. High accelerated life test (HALT) provides various information about the
product and its failure mechanisms. Accelerated quantitative testing consists of
tests designed to quantify the life characteristics of a product, component or system
under normal conditions of utilization, and to provide information on determining
the reliability of the system (probability of system failure under various conditions,
life expectancy, average lifetime). It can be used to carry out risk assessments or for
comparison of different design methods [9].

Two acceleration methods were designed [9] for use of: (1) acceleration rate
and (2) stress acceleration, in order to obtain time data on product failure at an
accelerated rate. For products where use of acceleration rate is impractical, a second
method can be applied, in which the normal stress level of a product is exceeded.

2.2 State of the art

The reliability of photovoltaic systems and their components/elements (solar
cells, PV modules, electrical storage systems, inverters, regulators, etc.) are the
key issues in manufacturing performance and financially competitive photovoltaic
installations. For this purpose, a number of methods for testing and improving the
reliability of PV products have been studied [13, 15], such as: (1) the accelerated
test method for solar cells [27]; (2) analysis of defect detection and degradation
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mechanisms detection for solar cells [14], as well as PV systems and their com-
ponents [28]; (3) energy production forecasting based on the rate of failure and
degradation of PV systems and their applications [12].

In this paper the authors proposed to integrate some of these methods by using
a specialized complex simulation platform, namely SYNTHESIS, which allows a
physical and statistical approach for PV products; it is envisaged the development
of a highly useful RAMS methodology, both in research and in the efficient design
of PV systems and their applications [29-31].

2.3 Methodology

In order to perform a fairly accurate reliability analysis of the PV systems and
their components, the authors of this paper have chosen to use the SYNTHESIS
simulation platform developed by ReliaSoft [33]. The simulation methodology is
intended to explain how the simulation platform modules work. On this basis the
obtained results regarding: (1) solar cell, (2) PV system, including its components,
and (3) integrated PV system can be understood. The following modules of the
simulation platform were used in the analysis:

a. The Weibull++ software tool is the industry standard in life data analysis
(Weibull analysis) for many companies around the world. This software
performs life data analysis using multiple lifetime distributions with a clear
and concise, reliability-oriented interface. The features of Weibull++ provide
the most comprehensive set of tools available for life data reliability analysis.
The software supports all types of data and all distributions commonly used
throughout the product’s lifetime.

b.The ALTA software tool provides an intuitive way of complex and power-
ful mathematical models for quantitative analysis of accelerated life tests.
Accelerated lifetime testing techniques, combined with powerful data analysis
methodologies, reduce testing time for the product, thus providing faster product
launch times, lower product development costs, as well as lower warranty costs.

c. The BlockSim software tool provides a comprehensive platform for the reli-
ability, availability, maintenance and related products analyzes. The software
provides a graphical interface that allows modeling of both simple and complex
systems and processes using reliability block diagrams (RBDs), failure tree ana-
lyzes (FTAs), or combinations of both approaches. Using accurate calculations
and/or discrete events simulation, BlockSim facilitates a wide range of analyzes:
(1) system reliability analysis, (2) identification of critical components (impor-
tant for reliability), (3) optimal allocation of reliability, (4) system maintenance
analysis (determining the optimal intervals for preventive maintenance), (5)
analyzing the availability of the system (determining the operating time, avail-
ability/unavailability), (6) performing calculations for obstacle identification,
production capacity estimation, etc., (7) estimating the cost of the life cycle.

d.The RENO software tool is a platform that allows complex analyzes for
any probabilistic or deterministic scenario. Chart models can be created for
complex reliability analyzes, risk and safety analyzes, decision making, or
maintenance planning. The Monte Carlo simulation methods offer a number of
definitions and constructions that allow modeling of the examined situations.
Simulation results can be applied to estimate/optimize risk analysis, complex
modeling of reliability and maintenance planning.
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e. The RGA software tool allows the application of reliability enhancement
models for data analysis from both development tests and on-site repair
systems. In the development phase, the software allows to quantify the increase
in reliability achieved for each product prototype and also provides advanced
design, planning, and reliability enhancement management methods. The
software also offers opportunities for ground-based system analysis, including
a test utility for system reliability.

3. Modeling and numerical simulation of PV system components using
RAMS analysis: discussion of the results

3.1 Basic concepts

The studied integrated PV system is defined as a PV application, which uses
a consumer for a specific application (see Figure 1). The implementation of the
RAMS analysis of the PV system was performed using the modeling and simulation
SYNTHESIS platform for system reliability [32]. When it is analyzed the reliability
of studied solar cells, the simulation module used in the SYNTHESIS platform was
Weibull/ALTA. This module statistically addresses reliability issues through statisti-
cal repartitions and together with the ALTA module contributes to the accelerated
life tests. For the analysis of the PV system studied in the paper, the BlockSim
simulation module was used within the same platform. The simulation of the PV
systems is based on the RBD diagram, as well as on the component types and the
way they are arranged in the system.

For a rigorous understanding of the RAMS analysis for the PV integrated
system, it was analyzed the highlighting of solar cell degradation. By performing a
statistical analysis based on the Weibull, Exponential and Normal repartitions, it
was possible to estimate the most frequent events (characterized by main meteo-
rological parameters: solar irradiance, temperature and humidity) that contribute
to the most probable degradation of solar cells during their lifetime. The statistical
approach was correlated with the accelerating lifetime method by stressing solar
cells using different meteorological parameters (Figure 2). The present study
considered only the three meteorological parameters mentioned above, which have
an essential role in cell degradation.

PV generator

i
¢

B - |= Inverter —
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Figure 1.
PV integrated system concept.
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Figure 2.
Accelerated stress test diagram.

3.2 Reliability analysis of solar cells

Reliability analysis of solar cells has been developed based on the accelerated
testing method, which has certain advantages: (1) avoiding testing in real and more
severe conditions that can lead to cell degradation/failure, (2) determining the
frequent reasons that determine cell failure. Highly accelerated stress screening
(HASS) aimed at identifying defects in as short time as possible compared to the
standard method (based on cell monitoring and results analysis), which may take
several months/years. Accelerated testing (HASS) can be performed with either
a weather parameter (e.g., temperature/solar irradiance) or combined with few
weather parameters (such as, temperature, humidity and solar irradiance). Within
this paper the HASS analysis was implemented in the version of the three key
meteorological parameters.

The authors’ study also looked at establishing the best statistical reparation used
to make the most accurate predictions of the of solar cells life time. Three types of
statistical repartitions, namely Weibull, Exponential and Normal, were evaluated
using the SYNTHESIS software, and based on the correlation cause (determined by
one of the three main meteorological parameters)—occurrence (characterized by
the degradation degree of the solar cell) it was possible to obtain the probabilities
for the three repartitions (the black curve defines the Weibull repartition, the green
one defines the normal repartition, and the purple one defines the exponential
repartition), using the HASS test. In Figure 3a the curves of the mentioned statisti-
cal repartitions were obtained. It can be seen that Weibull repartition is the closest
to the values of the three main meteorological parameters. The accelerated test has
highlighted that the most influential meteorological parameter in solar cell degrada-
tion (characterized by most occurrences) is temperature, followed by humidity and
further by solar irradiance. Figure 3b shows the temporal evolution (in hours) of
the degradation level of solar cells for two operating modes: under stress conditions
(purple continuous curve) and in standard conditions (blue continuous curve).

Under standard operating conditions, a major degradation level (about 70%) is
achieved over a time interval of 2500 h, while under stress conditions the same level
of degradation of 70% is achieved over a time interval of 1600 h (see Figure 3b).

Using the stress results of the HASS test (purple curve in Figure 3b), it was pos-
sible to determine by numerical simulation in the SYNTHESIS platform, the limit
value of the cell operating time in normal conditions, respectively 1600 h, according
to the curve in Figure 4a. The accelerated test also enabled the probable number of
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(a) The life distribution of solar cells for three distribution functions, (b) degradation level of solar cells
simulation in two modes: standavd conditions and stvess conditions.
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(a) Baseline survival of solar cells module simulation in stress conditions, (b) cumulative number of failures as
Sfunction of time.

solar cell failures (see Figure 4b) within the range of 1000-2800 h, with a higher
concentration between 1500 and 2800 h according to the results from Figure 4a; the
linear dependence defines the expected failures curve based on Weibull repartition.

3.3 RAMS analysis of the PV system

The analyzed PV system consists of a set of components, arranged to achieve
the established performance and to provide acceptable reliability. The reliability
characteristics of the PV system and its components can be presented in RBD-type
diagrams illustrating their possible failures. These failures are due to a facile analysis
of the failures risk.

The RAMS analysis for the photovoltaic system aimed to determine how the system
and its components worked over a 5000-h period (about 7 months). For this purpose,
it was analyzed the time evolution of the PV generator efficiency, as well as of the PV
system’s battery efficiency. There were noted high fluctuations for the efficiency of
PV generator, slower fluctuations in battery efficiency based on fuzzy logic controller
(FLC) and maximum power point tracking (MPPT) methods (see Figure 5). The
specific application (electric consumer) will be discussed further in Section 3.5.
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Figure 5.

Efficiency and functionality of a PV system for its main three components: (1) PV generator, (2) battery and
(3) electrical load.

Using the results obtained in Figure 6a we could establish the availability dia-
gram of the PV system giving the operation time and unavailability periods (when
the PV system is not working). The unavailability periods are usually small; after
3000 h of operation there is a 500-h period when the PV system has to be repaired
due to different failures. In Figure 6a there are also analyzed the main components
of the PV system (PV modules, battery and load) to be maintained. The complex
analysis of defect risks and preventive planned maintenance of the components
aims at avoiding spontaneous malfunctions and premature degradation of the PV
system.

In Figure 6b the level of degradation for each component of the PV system is
presented. Although, excepting the inverter, all other components exceed the criti-
cal threshold to the end of the test (3500-4500 hours); however, two components,
respectively the PV modules and the storage system, are the most vulnerable to
failure (exceeding the critical level much earlier). The simulation tools allowed to
obtain the efficiency degradation analysis of the PV system (see Figure 7a). A good
PV system is characterized by small fluctuations of the time evolution of efficiency,
determining a usual degradation based on normal operation requirements for the
analyzed simulation period (5000 hours).

100 1
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Figure 6.

(a) PV system availability/unavailability diagram, (b) degradation of system components based on
availability /unavailability diagram.
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(a) Time degradation of PV system efficiency, (b) statistical unreliability of the PV system in time.

The probability of non-functioning of the PV system over time is sensitive after
2000 hours of the product use (see Figure 7b). It is noted the role played by this
diagram in RAMS analysis; when the components of the PV system start to degrade,
the number of failures increases, that leads to the need for more frequent interven-
tions (repairs) on the PV system.

The RAMS approach, based on the SYNTHESIS simulation platform, was able
to obtain preliminary information on the time behavior of the PV system and its
components (from the point of view of its reliability and maintenance) which could
be very useful for its proper design.

3.4 RAMS analysis specific to a PV system
A PV system based on specific application has been studied. Analysis of the PV

integrated system was possible using the availability/unavailability diagram of its
components (Figure 8). This diagram describes the interdependence between the
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Figure 8.
Diagram of the availability /unavailability (up/down) of the PV integrated system.
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Time evolution (in hours) of components failure rate of the PV system depending on operating life cycle.

components and defines how the system works. An important parameter of the
availability/unavailability diagram is the power load of specific application that

is influenced by the operating mode (using either serial, parallel or mixed type
configurations). Each component of the PV system is characterized by a repairable
block, parameterized in the BlockSim simulation module.

A feature of the up/down diagram is the planning of the PV system mainte-
nance; thus, as a result of prompt interventions in order to repair its components,
spontaneous or irreversible failures are eliminated, the system thus becoming
functional over the entire lifetime.

The failure rate for each component of the PV system was also being studied.
The highest failure rate is presented, by the PV modules, according to the results
in Figure 9. This is due to the specific configurations for these components (series,
parallel or mixed) that increase their failure rate compared with other components
(battery, inverter, regulator, etc.).

4. Concluding remarks

The authors have proposed the reliability analysis of a PV system for a specific
application using a performance SYNTHESIS simulation platform, which allowed
the system to function more accurately by identifying probable defects in certain
components of the system.

This contribution is based on an original approach of RAMS reliability analysis.
It was considered the adaptation of up/down reliability block diagrams (RBD) from
the veliability theory and applications for a photovoltaic system in order to determine
its functionality and availability and to establish its duration of non-functionality
(required to implement the PV system maintenance). The obtained results of this
study are in good agreement with the reliability published studies from the point of
view of the methods used [1, 2, 6, 7, 17, 26, 28].

The main results obtained by the authors in this article could be synthesized as
follows:
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* The simulation of the solar cells operation on an accelerated test basis (under
the influence of three essential meteorological parameters: solar irradiance,
temperature and humidity) allowed to put in evidence the normal operating
time under normal/stress conditions, defining the initial degradation time
of stressed solar cell (determined by a possible degradation of the cell’s I-V
characteristics). The Weibull most probable statistical repartition has also been
identified using a proper solar cells testing; on this basis, the operating duration
in which a significant concentration of defects is achieved, was determined.

* The simulation of the PV system operation allowed to obtain information on
the availability/unavailability of the system, based on a RBD diagram. Using
this diagram, PV components that may exhibit a higher rate of degradation
(PV modules, electrical battery) during operation are identified. Also, use-
ful information on degradation of the PV system was obtained (based on the
efficiency degradation curve and the non-functional curve).

The results obtained by the authors were partially validated by other authors
research studies, regarding the availability and degradation of analyzed systems
[34, 35].

In order to increase the reliability of the PV system and its components, it is nec-
essary to develop an elaborated failure management strategy that involves knowing
the initial level of reliability and developing efficient solutions for planning and
assessing the probable risks of failure. The essential directions for such a strategy
could be as follows:

* experimental accelerated testing of the PV system under the influence of pos-
sible degradation factors;

* identifying the cause of failure in experimental conditions, that is intended to
isolate possible failures occurring in the PV system;

* implementing effective corrective actions to significantly reduce the failures of
the PV system.
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