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Maintenance Activity, Reliability, Availability and
Related Energy Losses in Ten Operating Photovoltaic
Systems up to 1.8 MW

Filippo Spertino!, Senior Member, IEEE, Elio Chiodo?, Senior Member, IEEE, Alessandro Ciocial, Member, IEEE, Gabriele
Malgarolit, Member, IEEE, Alessandro Ratclif*

Abstract — In general, Photovoltaic (PV) plants do not include components with moving parts and, as a consequence,
they are wrongly considered maintenance-free. Thus, the present work presents a maintenance, reliability and availability
analysis of ten PV systems, with different inverter configurations, in the context of the intermittent RES systems, including
the wind farms. The first part of the analysis consists of the evaluation of reliability using failure rates from literature. In
the second part, these results are compared with data obtained from industrial maintenance reports in the years 2016 -
2018. Finally, the yearly energy losses and the availability of each PV plant are assessed.
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NOMENCLATURE
Symbol Description
A Availability Function
Epv Expected PV generation
Hy Global irradiation
m; # of identical components
MTBF Mean Time Between Failures

MTTF Mean Time To Failure
MTTR Mean Time To Repair

Np # of parallel strings

Ns # of series modules per string
Pr Occurrence probability of an event
PR Performance Ratio

R Reliability Function

Rsys Reliability of the system

t Time Instant

Spv PV surface area

At Time Interval

A Failure Rate

nsTC PV modules Efficiency at STC
7deg Degradation efficiency

I. INTRODUCTION

In recent years, the new challenges in the energy sector consist of reducing the polluting emissions and, thus, the global warming.
Moreover, the global energy demand is increasing due to factors like the urbanization process and the population growth. In this
context, the adoption of Renewable Energy Sources (RES) is fundamental to satisfy the increasing energy demand meeting the actual
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environmental requirements. Among RES, solar PhotoVoltaic (PV) technology is the most important and reliable for electricity
production with respect to wind parks, in which rotating Wind Turbines (WTSs) are typically the weak point of energy conversion.
Moreover, PV technology exhibits low installation, operation and maintenance costs in solar systems. It is based on solar energy,
which has a worldwide distribution, it is clean and inexhaustible. In particular, the reliability of PV modules affects the reliability of
the whole PV systems, being their most important components. Generally, the performance of PV generators is affected by factors
like adverse operating conditions (high air temperature, low irradiance, bad weather conditions, etc.) or natural degradation of PV
materials. These factors result in a reduction of PV production and they cannot be avoided. In addition, PV generators may fail due
to issues in the design, transportation or operation stages. Therefore, a Reliability Analysis (RA) is fundamental for PV operator in
order to evaluate the possible faults in a PV system, correctly estimating the generation of the plant.

In the power system domain, several papers investigate the reliability of the network in terms of global variable (for example by
calculating the energy not supplied), both with multi-objective [1] and single-objective formulation [2]. Nevertheless, few papers in
literature evaluate the reliability of PV generators at system level. At component level, [3] performs a long-term reliability analysis
using Markov method. In [4], the reliability of the junction box of PV modules for a 1 GW database (operating outdoor) is
investigated.

In [6] and [7], the degradation of PV modules and the reliability strictly connected to faults due to extreme climate conditions are
evaluated. In [8], a novel set of risk indexes is identified to improve a traditional Risk Analysis of PV modules, based on Failure
Mode Effect and Criticality Analysis. In [9] several Reliability Block Diagrams are proposed to evaluate the reliability of different
topologies of PV generators. In [10], a RA is applied to five grid-connected PV plants, using a Fault Tree Analysis (FTA) to identify
the most critical components of each plant. Moreover, the annual energy losses are estimated at system level and the individual
contribution of each faulty component is assessed.

The present work improves the analysis presented in [10] for five PV plants and extends it to ten PV systems with different
inverter configurations: centralized, string and multi-string converters are investigated. Moreover, the five added systems have PV
generators ground-mounted, with respect to the rooftop PV arrays in [10]. In the first part of this work, a reliability analysis using
failure rates from literature has been applied to other five PV plants with rated power from 1 MW to 1.8 MW. In particular, three
failure rates have been considered for PV modules according to their technology (mono-crystalline silicon, m-Si, polycrystalline
silicon, p-Si, or thin films). Moreover, a deep research in literature has been performed and new failure rates for the other components,
different from [10], have been considered from more updated references.

In the second part of the work, industrial maintenance reports in the years 2016-2018 of other five PV plants with respect to [10]
have been analyzed. These reports collect the main information of the maintenance activities for each plant: the start/end date of each
action, its duration, its typology (corrective, preventive maintenance or monitoring), the involved equipment and a short description
of the maintenance activity. Thus, this information has been sorted according to the involved component; then, the number of failures
associated to each group of components and the average repair time have been estimated. Moreover, in case of failure, the duration
of the maintenance in the reports permits to estimate the corresponding energy losses. Finally, the present paper provides additional
information with respect to [10] by reporting the availability of the PV systems under analysis.

The next sections of the paper will be organized as follows. In section |1, the models that perform the reliability analysis using
data from literature are presented. Section 111 contains a description of the PV plants under analysis and section IV presents the results
of the reliability analysis. Section V presents a comparison of the main reliability parameters with the other most important RES
(wind power plants). Finally, section VI contains the conclusions.

Il. RELIABILITY AND AVAILABILITY MODELS APPLIED TO PV PLANTS

A. Reliability and Availability theory

The reliability of an object (component, subsystem or system) is the ability to perform its functions for a specified time interval
At under stated environmental and operating conditions [11]. However, in order to correctly assess the reliability of a device, the
calculation of some parameters is required.

First, the Failure Rate (1) is the forecasted number of times an object breaks in the time unit. In particular, it represents the
probability that a component or a system fails in the unit of time and it is expressed in number of failures per time unit [12]. However,
the failure rate is a function of time because it depends on the life stage of the component. The life cycle of a component can be
divided into three stages: the burn-in period, the useful life and the wear-out period. Fig. 1 presents the typical evolution of failure
rate with time (the “bathub curve”). Despite components are generally subject to stress tests, they may present undesirable failures
(“early failures”) in their early life stage (the burn-in). These are caused by manufacturing or design defects that are not detected in
the test phase. As a result, in this stage, the failure rate /g is high but it rapidly decreases with time because defective components are
identified and discarded. Then, in the useful life period, the failure rate Ay, is low and almost constant: in this case the probability
that a device fails is due to random failures only. In the latter part of the curve (the wear-out), the failure rate Aw increases as a result
of component deterioration due to aging and usage [13]. The probabilistic model adopted in the present work assumes that
components are working in their useful life period (1~AuL): as a consequence, the failure rate can be assumed as a constant quantity.
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Fig. 1. Bathtube curve

In such condition, the reliability function R(t) can be estimated in the following way:

R(t) = exp (—At) )

The component is assumed fully functional at the beginning of its life, resulting in R(t = 0) =1. The profile of exponential reliability
function over time is presented in Fig. 2. The failure rate is equal to the opposite of the derivative function in the origin with negative
sign R’(t = 0), i.e. it corresponds to —tan(a).

-/ = tan(a) = -1/t

R(t)

Fig. 2. Exponential reliability and its derivative function

The parameters commonly evaluated in reliability analysis are the Mean Time To Failure (MTTF) and the Mean Time To Repair
(MTTR). The first quantity describes the expected time before failure of a component. This parameter can be estimated in case of
non-repairable devices, describing the average time before the objects fail. In such condition, the components are, then, replaced by
new ones because their replacement is preferred due to the lower costs and the time saving with respect to the repair of the devices.
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Fig. 3. Simplified scheme showing the main components of a PV system

On the contrary, for repairable components, i.e. their failure does not require a replacement of the device, the Mean Time Between
Failures (MTBF) expresses the average time between two failures of repairable devices. These quantities provide information to
compare the expected reliability of different systems. In general, the MTTF and the MTBF refer to different components but the
MTBF converges to the MTTF when repairable components fail with the same failure mode. In this case, components are assumed
to recover their full functionality after being repaired, i.e. the reliability function is unitary, and their failure rate is constant. This
assumption is valid during the useful life phase of each component.

The MTTF can be evaluated starting from the reliability function by the following integral relationship:



MTTF = [ R(t)dt )

A correct evaluation of the MTTF is required in order to maximize the schedule of preventive maintenance, improving the
productivity of the component without performing not required maintenance operations. Assuming that the components are in their
useful life period, i.e. the failure rate is constant, the MTTF can be evaluated as 1/4.

The Mean Time To Repair (MTTR) is the average time required to troubleshoot and repair a faulty component, including any
testing time to check that it is fully functional again [15]. The MTTR is affected by several factors like the rapidity of the diagnosis;
the availability of replacement components in stock and the logistic delays due to their transport; the complexity of maintenance.
This quantity has to be minimized in order to improve the response of the system in case of failures. Eventually, actions aiming to
minimize the MTTR may consist of increasing the availability of replacement components in stock and, thus, being able to replace
faulty components more rapidly. Moreover, the down time between a failure and its detection may be reduced by scheduling a
frequent check of devices with the highest failure rates [16] [17].

A parameter that is linked to the reliability and the maintainability of a system is its availability function A(t). This quantity
indicates the probability that the system is capable of performing its function when it is required [18]. In particular, it is the ratio
between the uptime and the expected operation time of the system. The uptime is its effective operation time, not including the
downtime due to maintenance, logistic, administrative delays and other sources of underperformance. The availability function ranges
between 0 and 100% (the plant is fully operational); moreover, it can be calculated in a simplified way as [18]:

A(t) = MTTF /(MTTF + MTTR) 3)
This simplification is valid if the operating time of the system is at least 4 times or 5 times larger than its MTTR.

B. Description of the main components of PV plants and their failure rates

PV plants include a large amount of supporting equipment, which is required to balance the system and make it fully operational.
Moreover, PV systems are typically modular: thus, these devices can be added to the plant or removed for repairs without relevant
disruption of their infrastructure. Several layouts and configurations of PV plants are possible [19]: as a consequence, each plant may
have a different number of components, resulting in different schemes of the system. Thus, it is not possible to identify a single
scheme, which describes each type of PV plant.

However, the FTA approach, which is described in Section I1.C, requires a generic description of the main components in the PV
system. Thus, a simple standard single-line diagram can be identified to perform the FTA. Fig. 3 shows the scheme adopted in the
present work: it describes with good approximation the sequence and operation of the main components of a generic PV plant. The
undesired event of the FTA is the loss of production of the PV plant due to the failure or the breakage of a component. In this case,
the simplified scheme of the plant shows that all the components are connected in cascade: as a consequence, the undesired event
may be due to the failure of a diode or a fuse, connected to a single string, or the failure of breakers like the AC breaker or the general
breaker of the whole plant. Moreover, the loss of productivity due to the electric mismatch between PV modules or due to low
irradiance are not taken into account because these conditions are not caused by a faulty component of the plant.

In the present paper, the PV plants consist of the electrical components described in [10], while support frames, video surveillance,
etc. are not included. Table I reports the failure rates corresponding to each group of devices. This research paper examines all the
above described components. However, other devices are located in a PV system, like Surge Protection Devices (SPDs) and the
energy meter. The SPDs protect PV arrays against lightning surge voltages and they are connected in parallel to the arrays to be
protected.

TABLE I. FAILURE RATES FROM LITERATURE

Components Failure Rates (failures/hour) Reference
3.1-107 (p-Si) [20]
PV modules 1.5-108 (m-Si) [21]
2.4-10™° (thin films) [21]
Connectors 5.6-10° [21]
Fuses 1.8-10° [21]
Diodes 1.2-10° [22]
DC breakers 3.8107 [23]
1.3 10" (centralized) [22]
DC/AC converters 1.3 10 (string/multi-string) [21]
AC breakers 8.5-10° [23]
Grid interface 3.4.10° [23]
General AC breaker 3.8-107 [23]

On the contrary, the energy meter monitors the energy exchange with the AC grid, improving the energy management and, thus,
increasing the self-sufficiency of the system. However, if these components fail, they do not carry out their function but this situation
does not result in the undesired event of this analysis (loss of PV production).



C. Fault-tree analysis of PV plants

The FTA is a diagrammatic analytical technique that is, generally, adopted in RA: the goal of FTA is to improve the reliability of
a system, reducing its global probability of failure and, thus, its costs. In particular, it identifies the failures of components and their
possible combinations resulting in the undesired event (top event) of the analysis [24, 25]. Then, the FTA estimates the probability
of occurrence of the top event in the operating conditions of the system.

The top event of the FTA may consist of the failure or the breakage of a component, resulting in a faulty operation of the system.
This event needs to be properly selected in order to guarantee the effectiveness of the method. In the present work, the top event is
the loss of PV production [10]; however, the effects due to the natural degradation of PV production during time [26] are not taken
into account. In fact, these effects are considered in the feasibility study of a PV plant.

In this case, the failure of an element leads to the failure of the whole system (top event); moreover, failure events are assumed
independent from each other. This means that the events are not mutually exclusive, i.e. the failure of a component cannot exclude
the fault of another device. Moreover, the present analysis does not include failures due to design or installation errors of the
components (each device is assumed properly designed and installed). Finally, the FTA is performed supposing the components of
the system as repairable ones; the MTTF is assumed equal to MTBF and it is evaluated according to [27].

D. Quantitative estimation of PV reliability

The reliability is estimated starting from the configuration of the fault tree presented in the previous subsection. The relationships
between the components failures have to be converted into a Boolean expression using the logic gates. This operation is required to
identify the Minimal Cut Sets (MCSs) of the system: these sets represent the smallest combinations of basic events resulting in the
top event [28]. The fault tree used in this work [10] shows that all the events are connected with OR gates, meaning that each basic
event causes the occurrence of the top event. As a consequence, the top event will be equal to the Boolean sum of 9 MCSs, which
correspond to the basic events:

Top Event = F1+ F2 +---+ F9 @)
Then, from probabilistic theory, the occurrence probability of top event can be calculated in the following way:
Pr (Top Event) = Pr (F1+ F2 + ---+ F9) &)

As a consequence, the reliability of the system Rgys can be calculated starting from the reliability associated to each basic event
according to (6):

Rsys = R(Top Event) = R (F1 + F2 + -+ + F9) = R(F1) - R(F2) - R(F9) ©)

The reliability of each event, which corresponds to the reliability of each component of the PV plant, is calculated starting from
(2). In fact, eq. (1) permits to evaluate the reliability of a single component but a complex system includes many identical components
of the same typology. In this case, the reliability R; associated to a specific type of component is calculated in the following way [27]:

Ri(t) =exp(—m;-2;-t)  (7)

where m; is the number of identical components in the system, /i is the failure rate for this type of component and t is the time of
the analysis, expressed in hours. Finally, the reliability of the system Rsys, which is the lowest one with respect to the reliability of its
components, is evaluated as follows:

Rsys(t) = exp(—t Zlnzl m; - ;) (3

In the present analysis, the PV plants are supposed operating for an average time of 12 h per day, which corresponds to the average
number of light-hours per day over a year.

I11. DESCRIPTION OF THE PV PLANTS UNDER ANALYSIS

In the first part of the paper, the reliability of ten PV plants is evaluated using the technical datasheets of components in the
systems and failure rates from literature. Then, the reliability of PV plants is evaluated thanks to maintenance reports and monitoring
data in the years 2016-2017 (systems from #1 to #5) and 2016-2018 (from #6 to #10). Finally, the annual energy losses and the
availability are estimated at system level. The main characteristics of the PV plants under analysis are summarized in Table Il. In
particular, the PV systems under analysis are installed in Northern Italy and have comparable life (they started operating in the years
2009-2012). However, they have different rated (nominal) powers, ranging from 50 kW to 1.8 MW, and, thus, different number of
components in their systems. The PV modules of these ten systems belong to various technologies (m-Si, p-Si and thin films). In
particular, plant #2 consists of thin films PV modules (rated power = about 73 W), while plant #4 includes m-Si (245 W) and p-Si
modules (230 W). The other plants consist of p-Si PV modules, with a rated power ranging between 220 W and 240 W. Furthermore,
the systems from #6 to #10 have ground-mounted PV generators with lower thermal loads (Fig. 4), while the PV arrays are placed
on rooftop in the systems from #1 to #5.



TABLE Il MAIN CHARACTERISTICS OF THE PV PLANTS UNDER ANALYSIS

Plant #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
Nominal power
(KW) 50 150 260 550 1000 1000 1000 1000 1800 1800
Installation
year 2011 2009 2011 2012 2011 2011 2011 2011 2011 2011
PV technology p-Si Thin films p-Si m-Si/p-Si p-Si p-Si p-Si p-Si p-Si p-Si
Rated power of
PV modules 230 725 230 245/230 230/240 230 230 230 220/230 | 220/230
W)
PV installation Roof Roof Roof Roof Roof Ground Ground Ground Ground | Ground
Converters . String/ String/ String/ String/ . . . . .
) . String L L o L Centralized | Centralized | Centralized String String
configuration Multi-string | Multi-string | Multi-string | Multi-string

Fig. 4. PV generators of one of the ground-mounted systems under analysis

Regarding the DC/AC converters configurations, PV plants #1, #9 and #10 include string inverters (with only one Maximum
Power Point Tracker, MPPT). In particular, plant #1 consists of five string inverters (rated power = 10 kW), while plants #9 and #10
include 134 and 132 converters, respectively (output power = 13 kW). On the contrary, PV arrays in plants #6, #7 and #8 are connected
to centralized inverters with high capacity (500 kW for inverters in plant #6 and 350 kW for the others). The other plants include
string and multi-string inverters (with more than one MPPT). The number of components in each PV plant is reported in Table I11.
Moreover, the first plant (plant #1), whose rated power is 50 kW, does not have a maintenance contract with an external company.

As a consequence, if the components of this PV plant fail, the cost of their repair is payed by the PV owner only. On the contrary,
the other PV plants have similar maintenance contracts with companies, which perform any operation of corrective and preventive
maintenance. In particular, corrective maintenance includes the replacement of any component in the system, while preventive
maintenance includes operations like thermography analysis, electrical isolation checks and current-voltage (I-V) curve tracing of PV
arrays. In general, in case of failure, the PV owner purchases the replacement components or materials.

IV. RESULTS

A. Evaluation of Reliability using data from literature

According to (8), the reliability of each PV plant is evaluated in this sub-section using the failure rates assumed in Table I.

Table 1V reports the estimated reliability of the groups of components for each PV plant after 10 operation years. In general, the
reliability is almost null for PV modules, DC/AC converters and fuses: this means that, after 10 years, it is very likely that at least
one of these components fails, requiring a repair or a complete replacement. Obviously, the reliability of the whole plants after 10
years is zero: a failure of at least one component is certain. Fig. 5 presents the estimated profile of reliability function of the PV plants
under study during 3 years. Except for PV plants from #1 to #4, it is very likely for the other systems to require maintenance starting
from the first operation year. On the contrary, the reliability function of plants from #1 to #4 after one year, i.e. the probability that
each component works properly, ranges between 0.02 (#4) and 0.49 (#1). This condition is due to the dependency of a system
reliability on the number of components: in particular, it decreases with a larger number of installed devices. As shown in Table 1V,
DC/AC converters are the devices presenting the lowest reliability after 10 years: thus, they present the highest probability of failure.
As a consequence, their impact on the systems reliability is the greatest one: PV systems from #5 to #10 have a larger number of
inverters with respect to the others and, thus, a null reliability after one year.



TABLE IlI. NUMBER OF COMPONENTS IN PV PLANTS UNDER ANALYSIS

Plant #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
Nominal power [kW] 50 150 260 550 1000 1000 1000 1000 1800 1800
Number of components

PV modules 216 1472 1125 2375 4284 4340 4340 4420 7820 7920
Connectors 432 2944 2250 4750 8568 8680 8680 8840 15760 15840
Fuses 32 410 142 224 380 434 434 442 804 792
Diodes 16 205 71 112 190 217 217 221 402 396
DC breakers 16 19 23 50 69 14 14 17 134 132
DC/AC converters 4 9 15 12 69 2 3 3 134 132
AC breakers 4 9 15 12 69 2 3 3 3 3
Grid interface 1 1 2 2 2 14 14 17 13 15
General AC breaker | 1 1 2 1 1 1 3 3

TABLE IV. ESTIMATED RELIBILITY AFTER 10 YEARS FOR GROUPS OF COMPONENTS

Plant #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
Nominal power [kW] 50 150 260 550 1000 1000 1000 1000 1800 1800
Reliability of groups of components after 10 years

PV modules 0.11 0.99 0 0.31 0 0 0 0 0 0
Connectors 0.92 0.58 0.66 0.42 0.21 0.20 0.20 0.20 0.06 0.05
Fuses 0.21 0 0 0 0 0 0 0 0 0
Diodes 1 0.99 1 1 0.99 0.99 0.99 0.99 0.98 0.98
DC breakers 0.82 0.79 0.75 0.54 0.42 0.84 0.84 0.81 0.19 0.19
DC/AC converters 0.19 0.02 0 0 0 0 0 0 0 0
AC breakers 0.33 0.08 0.02 0.04 0 0.76 0.76 0.76 0.43 0.43
Grid interface 0.89 0.89 0.80 0.80 0.80 0.21 0.21 0.15 0.23 0.19
General AC breaker 0.76 0.76 0.57 0.57 0.57 0.57 0.43 0.43 0.43 0.43
ENTIRE PLANT 0 0 0 0 0 0 0 0 0 0

Then, the MTTF is estimated for each plant using the failure rates from literature. This parameter is evaluated according to the
following equation:

=1
MTTF = fsn 2, )

As previously described, the MTTF and the reliability function depend on the number of identical components in the system and
their failure rate. In fact, PV plants with larger number of components are characterized by a lower MTTF, which decreases from
4550 h (plant #1) to 180 h (plant #10).

B. Evaluation of Reliability using data from maintenance reports

In the second part of the analysis, the MTTF of PV plants is evaluated starting from data of industrial maintenance reports in the
years 2016-2018. These results are compared to the outputs from previous sub-section in order to check the accuracy of the models
described in section I1. The list of the faults from industrial maintenance reports, divided per category and plant, are reported in Table
V. The MTTF of each PV plant is obtained as the ratio between the operation time and the number of failures occurring to groups of
components. Fig. 6 compares the MTTF evaluated with data from reports and the results from sub-section 1V.A using failure rates
from literature. In general, the data from literature slightly underestimate the MTTF for plants from #2 to #5, i.e. the components of
these systems operate for a longer period without failures. On the contrary, the other plants fail with a higher frequency than expected.
The models used in sub-section IV.A use failure rates taken from literature, which are average values evaluated from large
experimental datasets of failures. Thus, low deviations between models using these failure rates and data from industrial maintenance
reports cannot be guaranteed. However, the ratio between the deviations in terms of hours and the operation hours of each plant is a
parameter of interest, which has to be low. In the present analysis, except for plant #1, this ratio ranges between 1% (#7, #9 and #10)
and 8% (#5), corresponding to deviations between literature data and data from maintenance reports in the range about 50-350 h.
Thus, these results are reasonably close to the outputs evaluated with data from literature. In addition, the comparison between data
from literature and from these maintenance reports provides useful information for plant #1. In fact, in this case, the plant performs
much worse than expected, having a MTTF (= 1500 h) that is about 1/3 of models prediction (= 4500 h). Thus, a deeper analysis is
performed in order to identify the components contributing to this bad behavior. In this plant, an error regarding the installation of



fuses has been detected. In particular, they were directly exposed to sun irradiation, resulting in large thermal stresses that damaged
their enclosures in short time. Consequently, this plant is not statistically relevant for the present RA and the following sections will
not focus on this plant.

The MTTR of the plants is taken from the maintenance reports. Then, this quantity is calculated for each group of components: in
particular, starting from the maintenance reports of each system, it is calculated as the ratio between the global repair time and the
number of repairs of each group of components.

1 -
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0.8 - /
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Fig. 5. Reliability function of the PV plants under study during 3 years

TABLE V. NUMBER OF MAINTENANCE WORKS
Plant #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
Nominal power [kW] 50 150 260 550 1000 1000 1000 1000 1800 1800
Reliability of groups of components after 10 years
PV modules - 4 3 1 1 - - - - -
Connectors 1 1 2 1 3 2 2 - 3 -
Fuses 3 1 1 1 43 29 47 3 22
Diodes - - - - - - - - - -
DC breakers - - - - - - - 2 - -
DC/AC converters 2 - 2 4 9 2 6 4 91 74
AC breakers - - 1 1 - - - - - 2
Grid interface - 1 - - - - - - - -
General AC breaker - - - - - - - - - 2
#10 M Data from maintenance reports
zg M Data from literature
g #7
< #6
;‘ #5
o #4
#3
#2

=S
[IaN

0 1000 2000 3000 4000 5000 6000
MTTF (h)

Fig. 6. MTTF of PV plants evaluated using data from literature or from maintenance reports

Fig. 7 reports the MTTR associated to the analyzed PV plants: generally, MTTR decreases with increasing rated power. As
mentioned in Section 111, except for #1, the other plants have a maintenance contract with companies. In general, the contracts of the
PV systems under analysis are similar but they become more restrictive in terms of speed of maintenance operation for larger
capacities. This means that, for plants with larger rated power, the duration of maintenance operations is lower: in particular, the



delay between the detection of a failure and the restoration to its full operation is lower, thus, reducing the production loss. Generally,
plants with low rated power (up to few decades of kW) do not have a maintenance contract: in fact, the probability of failure of the
plant may be minimized under specific design indications [29]. In particular, these consist of the installation of high efficiency PV
modules, the oversizing of DC/AC converters with respect to the rated power of PV generators and the minimization of the number
of parallel-connected PV strings. The last indication affects the number of installed fuses, which are connected to each PV string,
being the devices most subject to failures due to over temperature issues. Under such design characteristics, small PV plants may
avoid to pay maintenance contracts. PV plants from #1 to #5 results in the worst MTTRs; on the contrary, PV systems from #6 to #10
exhibit the lowest MTTRs, which range from =13 h (#6) to =15 h (#10).
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Fig. 7. MTTR of PV plants under study
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These plants have restrictive maintenance contracts with the same company, which guarantees an availability higher than 90%.
Moreover, they have ground-mounted PV generators, which are easier to repair or replace with respect to the rooftop arrays in plants
from #1 to #5.
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Fig. 8. MTTR per category of failure

Fig. 8 shows the MTTRs per group of component: the replacement or the repair of inverters due to hardware/software issues
requires an average time of 36 h (the largest), while the other components of the plants are repaired within 10 h.

C. Evaluation of annual energy losses and availability

The yearly energy loss is evaluated for each plant. In particular, it is calculated as the difference between measured PV production
and the expected generation in the same time interval. The first term is taken from the monitoring system of each plant; in case of
failures, the second term is calculated starting from the performance of similar converters (in terms of number, tilt and azimuth of PV
modules) that are well operating in the same plant. If this information is not available, e.g. there are not similar arrays to faulty ones
or the whole plant is disconnected, the second term is evaluated using proper theoretical models [30].

In the plants under study, proper energy meters are installed after each centralized inverter in order to monitor the energy output
of each PV system. On the contrary, this information is not available with string and multi-string converters because the installation
of energy meters would be expensive due to the large number of inverters. For this reason, in case of maintenance or failures, the
expected PV generation Epy in each time interval 4¢ is evaluated as follows:

Epy(At) = Hg * Spy * Nsrc * PR *Naeg * NMpcu (10)



where Hyg is the global irradiation on the PV generators, Spy is PV surface area, stc is the efficiency of PV modules at Standard
Test Conditions (STC, irradiance = 1000 W/m? and cell temperature = 25 °C), PR is the Performance Ratio of the generator [29] and
ndeg 1S an efficiency taking into account the degradation of PV modules. The PR has been evaluated from the total generated energy
of the plants during days without failures or maintenance operations: it results almost constant and equal to ~80%. Regarding 7deg, an
experimental loss of performance of ~0.87%/year [31] has been assumed. The results of the analysis are the following: the highest
energy loss is associated to plant #1 (=~ -8%). Regarding PV systems from #2 to #4, their energy loss is much lower (= -1%): this is
due to the benefits of having maintenance contracts, which lower the MTTR and, thus, the related energy loss. The energy loss
associated to plants from #5 to #10 is negligible (< -1%): this is due to even more restrictive maintenance contracts.

TABLE VI. AVAILABILITY OF PV PLANTS UNDER STUDY

Plant Availability

#1 75%

#2 85%

#3 83%

#4 88%

#5 86%

#6 95%

#7 96%

#8 94%

#9 91%
#10 91%

Finally, the MTTF and the MTTR evaluated using data from maintenance reports permit to assess the availability of the plants
according to (3).

The results are reported in Table VI: plant #1 has the lowest availability (<75%), while this ranges between ~83% and ~88% for
systems from #2 to #5. The availability function of the other plants, which have the additional availability requirement in their
contract, ranges from ~91% (#9 and #10) to ~96% (#7).

V. COMPARISON WITH OTHER RES POWER PLANTS

The results of the analysis are compared with the reliability of some PV systems and wind power plants investigated in literature.
In particular, [21] performs a reliability and availability analysis of 7 PV systems with rated power ranging from 100 kW to 2.5 MW.
As presented in this work, the reliability of PV systems decreases with increasing rated power. After 1 year, the 100 KW plant has the
highest reliability (=0.72), while the systems with more than 1.5 MW have reliability equal to zero (Fig. 9). In [36], failure rates are
collected from literature in different scan times and the median values of the sorted data for each group of components is identified
in order to reduce the uncertainties of the collected data. Nevertheless, the reliability of these plants is, generally, higher with respect
to results in this work. This condition is due to the assumed failure rates, which are different from the ones assumed in the first part
of this analysis. However, the low deviations presented in this work confirm the quality of the adopted values. Regarding the
components of the plants, the DC/AC converters have the highest failure rate (4.03-10 failures/hour). However, this value is ten
times lower than the failure rate assumed in the present work for centralized inverters (1.3-10 failures/hour). The MTTR of converters
in [21] (=245 h) is about ten times higher than results in this work (=36 h). As a consequence, the availability of the plants in [21] is
relatively low and this effect is more evident for plants with a large number of inverters.
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Fig. 9. Reliability of PV plants analyzed in [21] (top) and in this work (bottom)



Indeed, in [21] the availability of PV plants with rated power up to 500 kW is higher than 93%. On the contrary, it is lower than
90% for the others, being worse than PV systems from in the present work with similar rated power. Research paper [22] confirms
the effect of inverters on systems reliability and availability due to their high probability of failure and MTTR.

Most of subsystems in Wind Turbines (WTs) may fail during operation, including rotors with their blades, pitch control systems,
gearboxes and bearings, brakes, yaw systems, generators, power electronics and automatic controls. A typical scheme presenting the
components of wind farms is reported in [32]. In this paper, 18 free reliability data for both onshore and offshore WTs are presented,
including more than 18000 WTSs. The subassemblies exhibiting the highest average failure rates include the electrical subassembly
(DC/AC converters, transformers and electrical protections) and the pitch system. Indeed, these components may fail up to twice per
year (A = 2.28-10 failures/hour). On the contrary, the most reliable components are the brakes; the shafts and the bearings; the
nacelle and the structure (tower and foundation). The failure rates of the systems vary from ~ 1-to =10 failures/year, corresponding
to a reliability which is comparable to most of plants analyzed in the present paper. Indeed, after 1 year, it ranges between 0 and 0.37.

Comparing variable speed and fixed-speed WTs, many faults affect the subsystems centered on the drive train, including the
main-shaft and the bearings; the gearbox; the rotor brake; the blades and the generator. For fixed-speed turbines, the failure rates for
drive train components, mainly gearbox and blades, are remarkable. On the contrary, for variable-speed turbines, the failure rates of
drive train are greatly reduced, but the failure rates of control and electric components (in particular the pitch mechanism and sensors)
are increased.

Moreover, WTs are often located in remote areas and their structures are hard-to-access. The consequence of these factors is an
increase of their Operation and Maintenance (O&M) cost. In particular, repair and maintenance of WTSs require extensive usage of
cranes and lifting equipment. A consequent increase in the O&M cost is generated with respect to PV plants. Thus, poor reliability
reduces the availability of wind power plants, which is, generally, lower than PV systems. Indeed, [33] reports the availability of a
wind farm, installed on a very complex terrain with cold winter climate. It includes 32 WTs grouped in three contiguous wind parks
of 11, 11 and 10 WTs, respectively; the availability in six months has been estimated equal to 69%, 62% and 71%, respectively.
However, in case of wind farms placed on a smooth terrain with mild climate, the availability may be higher than 90% [33].

VI. CONCLUSIONS

The present paper performs a maintenance, reliability and availability analysis of ten PV systems, with different inverter
configuration and capacity, ranging from 50 kW to 1.8 MW. The models using failure rates from literature estimate MTTF values
which are reasonably close to data from industrial maintenance reports, ranging between =130 h and =1500 h. Regarding the MTTR,
it ranges between ~13 h (#6) and =500 h (#1). The plants include a maintenance contract with companies, lowering their MTTR,
except for plant #1, which does not have a contract (resulting in the largest MTTR). In particular, plants from #6 to #10 exhibit the
lowest values, ranging from =13 h (#6) to =15 h (#10). This is due to an additional requirement in their contract: in fact, the company
performing the maintenance of these plants guarantees a minimum availability equal to 90%. Moreover, they have ground-mounted
PV generators, which are easier to repair or replace with respect to the rooftop arrays in plants from #1 to #5. The presence of
maintenance contracts increases the availability (between =~83% and ~96%) and limits the energy losses, which are about ~-1% or
lower. As a conclusion, energy losses = -1% may be set as a desirable value for PV plants with rated power from a few kilowatts to
several megawatts. The corresponding availability should be larger than ~83% from few kilowatts up to few hundreds of kilowatts.
On the contrary, plants with rated power of several MW are expected to perform correctly for more than 90% of operation time.
Comparing the reliability of PV plants with WTs, the performance is similar in terms of reliability, while the availability of wind
power plants is, generally, lower due to the higher O&M costs.
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