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Abstract: Recent advancements in power electronics have significantly improved photovoltaic (PV)
inverters by equipping them with sophisticated monitoring capabilities. These enhancements provide
economic advantages by facilitating swift failure detection and lowering monitoring costs. Educating
users on the economic repercussions of undetected failures in specific inverter monitoring systems is
crucial. This paper introduces a novel metric, “Cost of Detection”, which assesses the financial impact
of failures, considering the repair expenses and the “quality” of the monitoring system in place. The
study analyzed fifteen inverter monitoring solutions, focusing on the variance in alerts generated
by the manufacturers’ standard and extra monitoring features. Employing the Failure Mode and
Effects Analysis (FMEA) method, alerts were prioritized based on their importance for two PV system
scenarios: a low-power residential system (5 kWp) and a medium-power industrial /commercial
system (100 kWp). Lisbon, Rome, and Berlin were chosen as the locations for these systems. The
economic impact of system failures is evaluated annually for each capacity and city. Given the
differing costs and annual yields, comparing their economic performance over time is essential.
This comparison utilizes the Net Present Value (NPV), which estimates an investment’s worth by
calculating the present value of all cash flows. The investment assessment includes only the costs of
inverters and optimizers, excluding O&M expenses, licenses, and fees. Over five years, a higher NPV
signifies a more economically advantageous solution. For residential systems, string inverters with
optimizers have the highest NPV, surpassing those without optimizers by 17% across all three cities.
The optimal monitoring solution in the industrial/commercial context was a string inverter with one
optimizer for every two panels. Here, Rome emerged as the location with the most substantial NPV
increase of 50%, followed by Berlin with 33% and Lisbon with 28%.

Keywords: failure mode and effects analysis (FMEA); photovoltaic system; reliability; monitoring;
PV Inverter

1. Introduction

The COVID-19 pandemic has led to considerable delays in numerous renewable
energy projects, disrupting global supply chains due to lockdowns and geopolitical tensions.
However, these challenges have not halted the “green infrastructure boom” momentum.
According to [1], “renewable energy capacity additions reached a record high last year, with
approximately 270 GW of renewables operational globally in 2021. The trend continued in
2022 with renewable energy capacity additions forecast to grow by another 8%, with solar
to account for approximately 60% of new installations”.

The initial hurdles in making solar technology affordable and accessible have largely
been surmounted. Industry advancements have led to more efficient, durable, and cost-
effective systems, significantly reducing the investment required for installation compared
to past figures. The current industry average cost is between $3 to $4 per watt, with an
average-sized solar panel system of around 7 kilowatts costing approximately $24,500
before tax credits. A study by the National Renewable Energy Laboratory (NREL) [2]

Energies 2024, 17, 4738. https:/ /doi.org/10.3390/en17184738

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en17184738
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-7072-5184
https://doi.org/10.3390/en17184738
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17184738?type=check_update&version=1

Energies 2024, 17, 4738

2 0f 23

indicates that from 2013 to 2023, there was a reduction of approximately 42% in the
overall costs related to installing photovoltaic (PV) systems on residential and commercial
rooftops. The reduction was even larger for utility-scale ground-mount systems, at 81% [3].
Consequently, PV technology’s levelized electricity cost (LCOE) is now the third cheapest
among renewables, behind hydro and onshore wind [4].

The ongoing and successful expansion of solar system installations presents new
challenges, particularly in the operation and maintenance (O&M) of ever-expanding fleets.
Contrary to the former widespread belief, photovoltaic (PV) power plants necessitate
maintenance; they demand consistent monitoring, regular inspections, planned preventive
maintenance, and occasional servicing [5]. Neglecting operations and maintenance (O&M)
can lead to costs exceeding initial investment estimates, escalating project risks, and eroding
confidence in the market [6]. This issue is particularly pressing considering that most
photovoltaic (PV) plants have been in operation briefly. Approximately 90% of PV plants
globally have started commercial operations within the past seven years, which is short
when measured against their anticipated lifespan of over 20 years [7].

Due to photovoltaic projects having a long useful life, failures will occur due to weather
events, poor maintenance, or even random faults, which will have an economic impact
if they are not detected and corrected promptly [8]. Any monitoring system that detects
and alerts the failure as soon as possible [9] allows the investor greater financial gain and
will prevent the failure from affecting other components and personnel’s security. It is
then essential to know the main vulnerabilities of photovoltaic systems and the economic
impact of failures by predicting their cost [10-12].

In this context, the PV inverter is crucial for monitoring photovoltaic systems, discern-
ing the faults they detect, and understanding the primary differences in their monitoring
functions. Reference [13] utilized inverter measurements like MPPT current and power
to identify anomalies due to faults. Another method [14] employed smaller statistical
samples of PV inverter signals by integrating data acquisition hardware with the inverter.
Power electronics advancements have equipped PV inverters with advanced monitoring
features, such as making the IV curve composition accessible to users. Consequently, string
condition monitoring using string IV measurement curves was suggested in [15]. Expand-
ing the scope, PV inverter signals have been used to estimate the capacity of distribution
grids [16], leveraging their widespread installation. A novel technique in [17] combines
thermal signatures with inverter signals to enhance fault detection reliability. Additionally,
inverter signals have been explored in [18] to identify snow-related losses that can reduce
the energy yield of PV systems.

Integrating advanced monitoring capabilities into photovoltaic (PV) inverters repre-
sents a considerable advancement. These improvements provide economic advantages
by enabling quick failure detection and lowering monitoring costs, yet they also require
evaluating the economic effects of failures that some monitoring systems fail to detect.
Although critical, a thorough quantification of these economic impacts is still lacking. In
this context, the Solar Bankability project [19], funded by the European Commission’s Hori-
zon 2020 program, developed an index named Cost Priority Number (CPN) that allows
a methodology for calculating the economic cost of failures in a PV system. However,
it does not account for the “quality” of the monitoring units in the PV inverters. Notice
that each type of inverter differs in detecting and alerting faults. Hence, we propose a
CPN-improved methodology named “Cost of Detection”. This new index computes the
economic impact of failures until their detection for one year using a certain monitoring
system. Hence, considering the repair costs, one can compare the economic performance in
detecting failures between the distinct types of inverters and their monitoring units.

The study analyzed fifteen inverter monitoring solutions, focusing on the variance
in alerts generated by the manufacturers” standard and enhanced monitoring features.
Employing the Failure Mode and Effects Analysis (FMEA) method [20], alerts were pri-
oritized based on their importance for two PV system scenarios: a low-power residential
system (5 kWp) and a medium-power industrial /commercial system (100 kWp). Lisbon,
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Rome, and Berlin were chosen as the locations for these systems. The economic impact
of system failures is evaluated annually for each capacity and city. Given the different
costs and annual yields, comparing their economic performance over time is essential. This
comparison utilizes the Net Present Value (NPV) [11], which estimates an investment’s
worth by calculating the present value of all cash flows.

The investment assessment includes only the costs of inverters and optimizers, ex-
cluding O&M expenses, licenses, and fees. Over five years, a higher NPV denotes a more
economically advantageous solution. For residential systems, string inverters with optimiz-
ers achieve the highest NPV, surpassing those without optimizers by 17% across all three
cities. The optimal industrial/commercial framework monitoring solution was a string
inverter with one optimizer per two panels. In this case, Rome emerged as the city with the
most substantial NPV increase of 50%.

2. PV Inverter Monitoring Systems: Market Analysis

An extensive market study was conducted on various PV inverters with monitoring
functions to know what monitorization solutions exist and the systemization of these
solutions’ failure alerts. The study included 15 inverter manufacturers, including market
leaders like SMA, Huawei, Sungrow, and SolarEdge. Other manufacturers include Delta,
ABB, Fronius, Zeversolar, SolaX, Solis, KACO, and GWL. SolarEdge inverters have a
striking difference in that they only work with optimizers. More specifically, the micro-
inverters studied were from Enphase, APSystem, AEconversion, and SMA, with the central
inverters being from SMA, ABB, and KACO. Table 1 summarizes the main characteristics
of the 15 inverters used in this study in terms of eight criteria: performance, design and
flexibility, initial cost, warranty, maintenance, monitoring level, MTTP accuracy, and safety.
To understand which failure alerts these selected PV inverters emit, we studied for each
mark the range of:

Micro-inverters with output power between 250-500 W (4 inverters studied).

Single-phase string inverters with an output power of 2 kW and 5 kW (16 inverters studied).

Three-phase string inverters with an output power of 10 kW, 25 kW, and 50 kW

(27 inverters studied).

e  Central inverters with an output power of 1 MW (3 inverters studied).

Table 1. Comparative table of the characteristics of the diverse types of inverters.

String Inverter with

Criteria Central Inverter String Inverter Optimi Micro-Inverter
ptimizers
-A sub-performance A sulb—gerforr}?ance -A sub-performance -A sub-performance
Performance panel affects the entire pane’ a ects the panel does not affect panel does not affect
system; remaining panels of system performance; system performance;
’ each MPPT; ’ ’
-Allows longer strings
-Recommendation that  and different sizes !;
all PV panels be the -Allows installation of ~ -Easy to add a PV panel
. same; panels of different to the system;
:ﬁe{i%n;r;f;jitiﬁghat -Allows different companies; -Allows installation of
Design and flexibility  same; orientations and -It has the Firawback panels of different
) Only/ indicated on flat inclinations for each that a minlmum . Compame.s;
Jand: MPPT; number of optimizers  -Allows different

-Strings must be the
same size for each
MPPT;

is required;
-Allows different
orientations and
inclinations;

orientations and
inclinations;
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Table 1. Cont.
Criteria Central Inverter String Inverter Stru.\g I nverter with Micro-Inverter
Optimizers
Initial cost -Low (0.04 €/W) 2 -Low (0.07 €/W) 2 -Average (0.12€/W) 2 -High (0.29 €/W) 2
-5 years, depending on

-5 years (extended

the manufacturer

Warranty warranty available); (extended warranty -Optimizer: 25 years; -20-25 years;
available);
-Requires qualified -Does not require -Does not require .
e s -Does not require
labor; qualified labor; qualified labor; ualified labor:
Maintenance -The entire system must  -Each string or array -Extra maintenance for 1 /

be turned off during
maintenance;

can be turned off
during maintenance;

inserting another
device into the system;

-Difficult maintenance
if installed on the roof;

-At the string level or

Monitoring Level -At the inverter level; MPPT: -At the panel level; -At the panel level;
-One MPPT for -One MPPT for one to
MPPT accuracy hundreds to thousands  several (usually up to 5) -MPPT for each panel; -MPPT for each panel;
of PV panels; strings;
-Works at high DC
voltage (greatest fire
-Works at high DC -Works at high DC hazard);
Safet Itage ( test fi Itage ( test fi -In case of the sudden Low DC voltage:
afety voltage (greatest fire voltage (greatest fire shutdown of the oW voltage;

hazard);

hazard);

inverter, it
automatically reduces
the DC voltage;

LIt depends on the manufacturer and model of the optimizer. 2, Dollar prices are converted to Euros.

2.1. Failure Alerts Found

One begins characterizing all failure alerts detected without extra or optional devices
and no monitoring software. The most relevant alerts that can be issued at the AC side of
the inverter (AC failure alerts, as shown in Figure 1) were three:

(1) High or low grid voltage/frequency/impedance value.
(2) No grid voltage, and a.
(38) Protection relay failure.

Our analysis of the 15 inverters reveals that failure alerts (1) and (2) are reported in
all inverters, with more data needed concerning the protection relay alert (3) for micro-
inverters. These findings have practical implications for the operation and maintenance of
photovoltaic systems, engaging the reader with the real-world relevance of our research.

The most relevant failure alerts that can occur inside an inverter are:

(1) Inverter overheated.
(2) Derating because of high ambient temperature.
(3) Fan failure (when it exists!).

(4) Internal failure (hardware failure and/or short circuit) and.

(5) Software failure (wrong configuration and/or software update failure).

In this case of failure alerts belonging to the inverter, our study verified that the central
inverter reports all five failure alerts, as shown in Figure 2, and that all types of inverters
can alert when not operating.
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% of inverters that report AC failure alerts

(1) High or low grid
voltage

(2) No grid voltage

(3) Relay failure

0% 25% 50% 75% 100%

Bcentral inverter @three-phase string inverter
@single-phase string inverter Emicro-inverter

Figure 1. Percentage of PV inverters reporting AC-related failure alerts.

% of inverters that report internal inverter alerts

Inverter overheated

Derating

1

Fan failure

Internal failure

H

1 1 1
Software failure !

0% 25% 50% 75% 100%

BEcentral inverter Bthree-phase string inverter @single-phase string inverter

Figure 2. Percentage of inverters that report internal failure alerts.

Seven failure alerts related to the DC side of the inverter were identified. They are:

(1) Low energy production (low voltage);
(2) Overvoltage;

(3) Isolation failure;

(4) Opvercurrent;

(5) Fuse failure;

(6) High leakage current, and an;

(7)  Electric arc in DC circuit.

Figure 3 shows that DC failure alerts (1) and (2) are reported in all inverter types.
However, only a few inverters alert the presence of electric arcs in the circuit, mostly
because there is no mandatory protection against electric arcs in Europe. Summing up,
central inverters and single-phase and three-phase string inverters report, on average, 89%,
74%, and 75% of all DC failure alerts.
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% of inverters that report DC failure alerts

Low energy prodution (1

(

Overvoltage (2

Isolation failure (3
(

Fuse failure (5

High leakage current (6

'|||I||

)
)
)
Overcurrent (4)
)
)
)

Electric arc in DC circuit (7
0% 25% 50% 75% 100%
m central inverter Bthree-phase string inverter
@single-phase string inverter Emicro-inverter

Figure 3. Percentage of inverters that report DC-related failure alerts.

2.2. Levels of Monitoring

The monitoring system can be explicit about where the failure occurs or not. Depend-
ing on the type of inverter and respective monitoring system used in a PV system, the
inverter can indicate if there is a failure somewhere in the system or can locate it more
precisely, like in a string or a panel. Our research found four types of levels of monitoring.
They are:

(1) Inverter-level: it does not distinguish in which MPPT or string a failure exists;

(2) MPPT-level: refers to which MPPT exists as a failure but does not distinguish strings
(if more than two strings per MPPT);

(3) String-level: refers to which string there is a fault and;

(4) PV panel-level: refers to which panel is a failure.

Only SolarEdge optimizers, Tigo solution, and micro-inverters could monitor at a PV
panel level. All three inverter solutions require appropriate branded software to access the
monitoring system, and, except for SolarEdge, data loggers are required to access failure
alerts. However, when using SolarEdge optimizers with inverters from other manufacturers,
a SolarEdge data logger is also necessary.

3. FMEA Methodology and Its Application
3.1. FMEA Methodology: Main Steps

One of the reliability analysis methods widely used in engineering and the field of PV
systems is Failure Mode and Effects Analysis (FMEA). The main objective of any FMEA
is to identify the causes and effects of failures that could appear in the system and thus
mitigate/eliminate any unexpected or undesired situation.

As shown in the FMEA flowchart in Figure 4, for each failure mode identified, indices
such as Severity, Occurrence, and Detection are established according to subjective scales
based on the available information, experience, and evaluation of professionals. The three
indexes together are used to define a Risk Priority Number (RPN) that, using a numerical
scale, usually takes values from 1 to 10, classifying the negative impact of failure modes.
The RPN is calculated by multiplying the degree of Severity (S), degree of Occurrence (O),
and degree of Detection (D) by (1).

RPN = S-0-D 1)

After ranking the system'’s failure modes under analysis, there will be a greater focus
on failures with a higher RPN value since these represent a superior risk. Posterior
measures must be taken to eliminate or mitigate the problems caused by those “worst”
failure modes.
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( Initiate FMEA )
. J
Select an item to analyze ‘

’ Identify failure modes of the selected item ‘
—b{ Select the failure mode to analyze ‘
—' Identify the occurrence of the failure mode

’ Determine the causes of each failure mode

!

’ Identify inmediate and final effect of the failure mode

:

Determine the current controls or mitigation method of
each failure mode

A 4 i h 4
‘ Assess detection D ‘ Assess severity S

)

o | Calculate the RPN for |
selected failure mode |

. A

Assess occurrence O

NO _“Allitem’s failure

modes analyzed?

NO

Allitems analyzed?

(' FMEA report )
\ )

- /

Figure 4. Flowchart describing the steps to execute the FMEA methodology.

3.2. The CPN Methodology Reviewed

To understand the economic impact of main failures in a PV system, the FMEA
methodology is limited because it is based on technical analysis without providing the
necessary tools for an economic calculation. In this context, the Solar Bankability project [19],
funded by the European Commission’s Horizon 2020 program, developed an index like the
RPN. The new index, Cost Priority Number (CPN), allows a methodology for calculating
the economic cost of failures in a PV system. The CPN index prioritizes the failures in the
economic impact on a project, corresponding to the RPN used in the FMEA. Hence, the
CPN index will translate that into €/kWp or €/kWp/year, estimating the economic impact
of a given failure.

The total cost of a failure (Cyiyre) is divided into two types of costs: stoppage (Cstoppage)
and repairing costs (Cyepairing), resulting in (2).

Cfuilure = Cstoppage + Crepairing (2)

The stoppage cost (Cstoppage) reflects the cost associated with the time interval from
the component failure until the detection of that failure. It also must reflect the cost
accompanying the time from when the failure was detected until its repair/replacement
started. Finally, the stoppage cost (Cstoppage) should also reflect the cost associated with
the fixing time of this component until the PV system returns to its normal operation.
Figure 5 shows in a flowchart the steps for calculating the stoppage cost Cstoppage) for each
component are itemized below in six steps.
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Select the PV

com ponent

A 4

tyr.¢sis the time-until the repair/replacement

CALCULATION OF THE DOWNTIME CAUSED
BY SPECIFIC FAILURE IN COMPONENT.

Lstoppage failure = (ttd + ttr,ts) . (PD ) M) + (trepair . M)
‘t; 41 the-time-until-failure-detection

‘PD ‘means the-loss of perfor p inp )

‘M ~weights if the failure can cause problems-at-a-higher level
“trepair- the-time-to-repair-the-component

[hrs]

4

CALCULATION OF TOTAL DOWNTIME FOR
ONE YEAR.

tstopp age
Negitures.one vear-MUMber-of specific failuresin-one-year

stoppage,failure nfailures,one,year [hrs/year]

A 4

CALCULATION OF THE OCURRENCE FOR
ONE YEAR.

OCPN = tsto age,com, /tre
ppag P
‘ter the-number-of -hours-of -sunshine-per-year

A 4

CALCULATION OF PRODUCTION LOSSES
DUE TO STOPPAGE.

L = 0Ocpn " Scen [kWh]‘

[Scpy Tepresents the total flawless production of the PV -system -over-a-year

CALCULATION OF THE COST OF STOPPAGE DUETO
REMUNERATION OF LOSTED ELECTRIC ENERGY

C. =L-Ren [Euros]

stoppage

Ren-represents the remuneration in ‘euros of the non-produced-energy that-could-be used

Figure 5. Flowchart describing the steps to calculate the stoppage cost due to some particular failure
in a PV system.

@)

Calculation of the downtime caused by specific failure (tsioppage, faiture) in @ specific
component is calculated by (3). In this expression, t;; is the time until failure detection,
tirts is the time until the repair/replacement is considered, that is, the time between
detection and intervention, plus t,.p;r, the time it takes to repair the component (for
example, the time it takes to replace a photovoltaic panel or fix the inverter). Variable
PD means the loss of performance expressed in percentage (%)and M weights if the
failure can cause problems at a higher level. For example, a M value equals 1, meaning
the failure does not cause problems for other components. A value M greater than
one means that the failure will cause problems for other components (for example,

panel theft affects the panel string).

tstoppage,failure = (ttd + ttr,ts)‘(PD'M) + (trepair'M)

®)
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(2) Calculation of total downtime for one year (fstoppage) for components affected by a
certain number of specific failures during one year (1 fajjures,one_year) (fOr example, the
number of panels affected by hot spots) [hours/year]:

tstoppage = tstoppage,fuilure'nfailures,one_yeur [hrs/yeaﬂ (4)

(3) Calculation of the normalized total downtime (tstoppage,comp) by the total number of
components (7comp) (for example, the total number of affected and unaffected panels
in a PV system). The variable tstoppage,comp (5) gives the normalized downtime due to
a specific failure in all components, not only those affected.

tstoppage,comp = tstoppage/ncomp [hrS/year] ®)

(4) Calculation of the occurrence (Ocpy) for a certain time [expressed in %] equivalent to
the reduction in performance due to a specific failure in the PV system for one year,
using (6). In the expression, t,.¢ is given in hours/year, the total number of hours
equivalent to a year, or ¢,,s the number of hours of sunshine per year. Therefore, Ocpy
is an indicator of the performance reduction of the PV system for one year.

Ocpn = tstoppage,comp/tref (6)

(5) Calculation of production losses (L) due to stoppage using (7). Here, Scpy represents
the total flawless production of the PV system over a year.

L =Ocpn-Scpn  [kWh] ()

(6)  Finally, the calculation of the cost of stoppage (Cstoppage) due to remuneration resulting
from loss of energy production, which is obtained using (8). Here, Ren represents the
remuneration in euros of the non-produced energy that could be used (defined by the
cost of electricity) and the sale price to the grid either through feed-in tariffs or energy
sales agreements.

Cstoppage = L-Ren  [Euros] (8)

The total cost of repairing (Cyepairing) can be separated into four types of costs. They
are the cost of detection (Cy;), cost of repair/replacement (Cyepsir/repiace), transportation
costs (Ctransp) and labor costs (Cjapor)- Expression (9) shows how all these costs are used to
compute the total cost of repairing (Crepairing)-

Crepairing = [(Cdet + Crepair/replace + Ctmmp ) nfailures} + [Clabor'trepair' N failures )

Detection costs (Cg) can include visual inspection, field tests, and external expert
opinions. Repair/replacement costs (Cyep/sup) cover costs related to the repair of the
component (s) or the total replacement of the components. Transport costs (Ctransp) include
the transport of components and other costs related to safety and security procedures for
the repair procedure. Finally, there are labor costs (C,p,,), which covers the costs related to
the labor used during the repair and/or replacement of the component (s).

3.3. Scenarios Considered for FMIEA Analysis

This study applied FMEA analysis to two typical scenarios: a residential PV system
and an industrial/commercial one. The objective was to evaluate which critical failures
cause greater energy losses to each PV system and which are more dangerous to the
system’s safety and people. Table 2 lists, for each scenario, a typical set of components
included in each PV system.
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Table 2. PV systems that are analyzed using the FMEA methodology.

Industrial/Commercial Residential

Peak Power 100 kWp 5kWp

Inverter String inv. of 25 kW String inv. of 5 kW
N° of inverters 4 1

N° of panels (300 Wp) 336 16

N° of panels per string 21

N° of strings 16 2

N° of strings per inverter 4 (2 strings per MPPT)

DC protection ;4ﬁc1c;rer;beiérl1ce;;boxes with 1 circuit breaker and 1 circuit breaker;
AC protection -4 Protect.ion boxes with circuit breaker —Protectio.n box with circuit breaker

and relay; and relay;

Transformer Yes

No

The first scenario considers a 5 kWp residential PV system (see Figure 6), 4 string
inverters, 16 panels (each 330 Wp), each string having 8 panels, and protection devices.

String of photovoltaic panels

box
— 1---8
= . Circuit
breaker
- | 1---8
—— DClink
e AC link

DC protection

Residencial PV system

Single-phase  AC protection
string inverter box
e CB
¢ Relay ﬁ

i

Figure 6. Diagram of the residential PV system.

The industrial/commercial PV system (see Figure 7) considers a peak power of
100 kWp, 4 string inverters, several 336 panels (each having 330 Wp), each string hav-
ing 25 panels (330 Ep each panel), and a three-phase power transformer to the power

grid connection.

String of photovoltaic

DC protection
panels

box

1---21

Industrial/commercial PV system

Three-phase
string inverter

AC protection

Transformer
box

Fuses 2

CB 2

Ldani ] Ldd

® Relay

AP

(-

——— DC link
——— AC link

® Relay

Figure 7. Industrial/commercial PV system diagram.
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3.4. Application of the FMIEEA Methodology

The qualitative aspects of the FMEA analysis, including identifying failure modes,
their causes, and their effects, are all available in the literature on the reliability of PV
systems and their degradation studies. Therefore, to gather these failures, causes, and
effects, a failure mode study based on studies [8,19,21,22] was conducted on the main
components and sub-components of the PV systems. The results achieved are shown in
Table 3.

Table 3. PV Components with each failure mode and failure rate values used in the FMEA. The

performance loss is the power loss in the component.

Grading: Performance Loss

Level Range
None 0
Low 1-5%
Medium 7-24%

32-100%

Component Sub-Component Failure Mode EZIE;PLO(;S:I:? f;/ 111911, 12'(?21;(]% Unit-Hour
Hot spots 4.0% 64 x10°8
Snail-track 0.3% 1.4 x 1077
PV CELLS Cell crack 3.0% 45 x 1077
PID 9.0% 1.6 x 107
EVA discoloration 0.3% 34 x10°°
ENCAPSULATION Delamination 7.0% 69 %107
PV panel Soiling 5.0% 7.7 x 1077
FRONT GLASS Fissures 2.0% 2.1 x 1077
BYPASS DIODE Malfunction (short or _ 17 x 107
open)
JUNCTION BOX Overheated 10.0% 34 x 1077
Broken 10.0% 1.7 x 1077
BACK SHEET Delamination 3.0% 6.9 x 1077
Broken structure IOCAEERSIN 122 < 10°°
Rack system RACK STRUCTURE Bracketsdetachment — 1.22 x 10~°
GROUND/LIGHTNING Non-functional — 1.62 x 1075
PROTECTION
Non-functional _ 875 x 10~°
Malfunction
20.9% .(smgle-phase 875 x 10-5
string inv.)
Open circuit _ 1.10 x 107°
DC CABLES Short circuit IO 110 < 10 °
Cables/connectors Open circuit _ 875 x 10~
AC CABLES Short circuit IO 575 < 107
- Slow or fail to open 1.09 x 1077
Fuses Open prematurely _ 1.09 x 107
OPen prematurely or _ 200 x 10-7
Breaker DC/AC - fail to close
Fail to open — 2.00 x 1077
. Fail to open — 1.14 x 1077
Protective relay o Open pr};maturely 1.14 x 1077
Open circuit 141 x 1077
Transformer - Short circuit 141 x 1077
Malfunction 141 x 1077
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Table 3 identifies all PV components/sub-components, their respective failure modes,
the performance loss of each component provoked by failures, and the respective failure
rate per unit hour values. To calculate the impact of a failure in the subcomponents of a
panel, except the bypass diode sub-component, we used the values found in [22]. For the
impact of the “Malfunction” of a bypass diode, an impact of 33% was assumed, equivalent
to disconnecting a string of cells from the panel. One considered that a string stopped
supplying power for both DC cables/connectors’ failure modes.

In the case of AC failure modes, an impact of 100% was assumed, as shown in Table 3.
For the failure mode “Broken structure”, referring to the rack structure of a PV panel, we
assumed that its string would no longer supply power.

For the “Malfunction” failure mode of the three-phase and central string inverter, a
reduction in its performance by 50% was assumed based on information taken from [23-26].
For the single-phase string inverter, we assumed a reduction in performance of 20% [23,24].
For the “Malfunction” mode of the three-phase transformer, we considered that it would
reduce its performance by 50%.

There is little accessible literature about the failure rate values of specific components
or even electronic sub-components. In [27], for example, the authors applied the FMEA
methodology to a PV system and gathered information about the failure rate in their PV
components. However, they did not specify whether the inverter failure rate concerns
inverters in general, central, or string inverters. Due to this uncertainty, we also assumed
the same failure rate constant for all inverters, independent of their type, as shown in
Table 3.

To calculate the Occurrence value (O) related to each failure mode, the failure rate of
each sub-component in Table 3 had to be distributed to those failure modes where the
sub-component took part. For this, we used the statistic distribution calculated in [19],
where a survey of failures in PV system projects was conducted using questionnaires,
producing a failures’ statistical distribution. Hence, that statistic was used to distribute the
PV panel failure rate obtained in [27] by its failure modes using data from [28]. All other
failure modes associated with other components were equally distributed.

3.5. The Scoring System

The criteria for Detection ranking (see Table 4) and Occurrence ranking (see Table 5)
were established and adapted from references [28,29] and the IEC 601812:2006 standard [21].
Knowing the quantitative impact of a failure on a given component, it was possible to
quantify this impact in the PV system by assigning a ranking value to the degree of Severity
relative to the loss of power (performance) of the PV system (see Table 6).

Table 4. Detection (D) ranking criteria.

Rank D Description

1 —  The monitoring system immediately detects the failure.
2 —  High probability that the failure will be detected.

3 — A moderate probability that the failure will be detected.
4 —  Low probability that the failure will be detected.

Table 5. Occurrence (O) ranking criteria.

Rank O Description

1 —  Unlikely, the failure rate per unit hour is up to 5 x 1077,

2 —  Remote probability—failure rate per unit-hour up to 5 x 10~°.

3 —  Low probability—failure rate per unit-hour up to 5 x 10~°.

4 —  Moderate probability—failure rate per unit-hour up to 5 x 10~%.
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Table 6. Severity in performance (Sp) ranking criteria.

Rank Sp Description Severity

1 —  <1% loss in performance.

2 —  <5%loss in performance. s

3 —  <15% loss in performance.

4 —  <25% loss in performance. hodetate

5 —  >25% or more loss in performance. _

In our study, the severity level of a failure in a PV system and its effects on personal
safety were separated from the severity of the failure on the performance of the PV sys-
tem. The safety criteria developed were based on the IEA study [21], which exhaustively
addresses the effects of some safety flaws in PV panels (see Table 7). In the Detection (D)
score, the PV system’s typology was considered if a central or string inverter was installed.
With the study on maintenance and monitoring, it was possible to classify the degree of
detection for each failure mode.

Table 7. Severity in safety (Ss) ranking criteria.

Rank Ss Description Severity
1 —  Failure does not affect safety. None
2 —  Failure may affect safety in the long term. | Low
—  Failure may cause a fire (f), electrical shock
3 (e), or physical damage (m) if a follow-up Moderate

failure and/or a second failure occurs.
—  High probability of a failure causing a fire
4 (f), electrical shock (e), and physical Medium
damage (m) if a follow-up failure occurs.

5 —  Failure causes safety problems. _

Reference [21] has classified the severity of PV panel failures on its safety (Ss). Classifi-
cation scores were subjectively proposed by considering the effects caused by failure modes.
Knowing the loss of performance that each failure mode causes in the sub-component,
it was possible to calculate the failure severity for each scenario we considered. Thus, a
classification in the Severity performance (Sp) index was obtained.

3.6. FMEA Application to the Two PV Systems’ Scenario

FMEA analysis is now applied to our two scenarios: a 100 kWp industrial /commercial
PV system and a 5 kWp residential PV system. Tables 8-11 list the results achieved using
the methodology and conditions presented and discussed in Section 3.4. Tables show the
classification proposed for each failure mode (the cause and its effect(s)) associated with
each scenario, that is, the level values for Occurrence (O), for Detection (D), for Severity in
performance (Sp), and Severity in safety (Ss). At last, the RPN ranking is computed either
for the final performance of the PV system or for its security ranking. The RPN value
was not calculated for failure modes that do not present any severity in performance. In
the FMEA performance (see Table 8) and in the FMEA safety (see Table 9), all failures
with an RPN value higher than 10 and higher than 20, respectively, will be considered the
more critical.
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Table 8. Industrial/Commercial FMEA (performance).
Grading: RPN
Level Range
None 0
Low 1-8
Medium 9-27
Moderate 28-64
R
Sub- Failure .
Component Component Mode Detection Mode D Sp RPN
-Visual
Non- -Current/voltage
— . 1 4 16
functional measurement
Inverter -(I-V) curve
-Visual
— Malfunction -Current/voltage 2 2 16
measurement
-(I-V) curve
-Visual
-Current/voltage
Short circuit measurement 3 2 12
-(I-V) curve
Cables/connectors DC CABLE -Thermography
-Visual
Open circuit “Current/voltage 3 2 12
measurement
-(I-V) curve
-Visual
Rack RACK Broken -Current/voltage 2 2 12
STRUCTURE structure
measurement
-Visual
Transformer — Malfunction  -Current/voltage 2
measurement
Table 9. Industrial/Commercial FMEA (safety).
Component Sub-Component Failure Mode (0] D
Cables/connectors DC CABLE Short circuit 2 3
RACK STRUCTURE Broken structure 3 2
Rack GROUND/LIGHTNING Non-functional 3 2 4(e, 1) 24
PROTECTION
PV panel BACK SHEET PANEL Delamination 2 4 3(e) 24
Table 10. Residential FMEA (performance).
Sub- Failure .
Component Component Mode Detection Mode (0] D Sp RPN
-Visual
Inverter — Malfunction “Current/voltage 4 2 32
measurement
-(I-V) curve
-Visual
Rack Rack Broken -Current/voltage 3 2
STRUCTURE structure
measurement
-Visual
Inverter o Non-. -Current/voltage 4 1
functional measurement
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Table 10. Cont.

Component Conf}l)lcl:r-lent F&l(l:;ie Detection Mode (0] D RPN
-Visual
-Current/voltage
Short circuit ~ measurement. 2 2
-(I-V) curve
DC CABLE -Thermography
-Visual
Open cireuit -Current/voltage 2 5
measurement
Cables/connectors -(1-V) curve
-Visual
-Current/voltage
Short circuit ~ measurement 2 1
AC CABLE ~(I-V) curve
-Thermography
-Visual
Open circuit ~ -Current/voltage 2 1
measurement
Table 11. Residential FMEA (safety).
Component Sub-Component Failure Mode (0] D Ss RPN
Panel support system RACK STRUCTURE Missing or loose parts 3 _ 2 30
PV panel BACK SHEET PANEL Delamination 2 | E8 30
Panel support system GROUND/LIGHTNING Non-functional 3 2 4(e, 1) 24
PROTECTION
3.6.1. FMEA Results: A Scenario for an Industrial/Commercial PV System

For the scenario related to an industrial/commercial PV system, Table 8 lists the results

for the RPN performance after the FMEA analysis.

Table 9, indicating the RPN values of the Industrial/Commercial FMEA (safety),

shows that both the failure modes of the DC cable and the failure mode of the support
structure (“broken structure”) reveal a decrease in the RPN ranking from 40 to 30 (“short
circuit”), from 24 to 18 (“open circuit)” and 45 to 30 (“broken structure”). This was due to
the detection of the fault location being now facilitated using a string inverter.

3.6.2.

(@)

(b)

(©

(d)

FMEA Results: A Scenario for a Residential PV System

Table 10 shows the FMEA performance for a residential PV system scenario. In this,
the failure mode “Improper functioning” of the inverter achieves the highest RPN
ranking, following the “broken support structure” and “non-functional” inverter.
The failure mode of an improper-functioning inverter will severely affect energy
production if it operates below its capacity.

A failure in the DC or AC cables greatly affects the PV system because there are only
two DC strings and an inverter in this type of scenario. The same applies to the
support structure. As it is usual for PV panels to be installed on the roof, the detection
score (D) increases in almost all PV panel failure modes due to difficult access and less
frequent visual verification of panel failures.

In the FMEA of safety (Table 11), there is an increase in the RPN ranking for failure
modes of the PV panel, which applies the same explanation as the detection score (D)
previously mentioned.

In DC cabling, there is a decrease in RPN ranking from 30 to 20. With only two DC
strings, when there is a power cut in a cable, its detection is easier, and there is a high
probability that the inverter will issue an alert.
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(e) If the PV panels, being on the roof and consequently difficult to access, detect failures
less effectively, associated failure modes achieve a higher RPN value.

(f) The panel support system also achieves a high RPN value, as shown in Table 11,
mainly due to the difficulty of access and maintenance.

4. Proposal for an Improved CPN Index: “Cost of Detection” (COD)

Unfortunately, the CPN index does not include aspects of the monitoring system,
the parts storage system, documentation, time of guarantee/insurance resolution, or any
operation & maintenance (O&M) program. Optimizing the monitoring system integrated
into the inverters according to the PV systems’ scenario can be one of the ways to reduce
costs. A monitoring system that detects a failure earlier will allow a faster and more timely
planning failure correction. In addition to these aspects, the CPN index does not consider
the danger that a certain failure poses to the safety of the PV system. This question arises:
What can influence the repair time after a failure is detected if it is urgent to replace/repair
the component or if it is reasonable to prolong the wait for the intervention in the failure?

4.1. The Improved Methodology “Cost of Detection”

The CPN methodology considers the repairing costs but does not account for the
“quality” of the installed monitoring system. Section 2 shows that each type of inverter
differs in detecting and alerting faults. We propose a CPN-improved methodology named
“Cost of Detection”. This aims to calculate the economic impact of failures until their
detection for one year and using a certain monitoring system. Hence, one can compare the
economic performance in detecting failures between the distinct types of inverters and their
monitoring systems. All post-detection costs, such as repair or replacement, will not be
considered. We intended to focus mainly on costs until failure detection from the inverter
monitoring system.

The “Cost Of Detection” includes seven main steps:

(1) Define the peak power of the PV system and also the number of components consti-
tuting the system, i.e., the number of inverters and the nominal power of each one,
the number of panels (Npaners) and their peak power Ppc stc, the number of strings,
the power of each string per inverter, and the number of circuit breakers, fuses, and
relays used.

(2) Define the location of the PV system and available annual energy (10). A simplification
will be used by employing daily peak hours of sun (hpeaksun/day) for a year for inclined
planes (equivalent to the panel inclination). Knowing the number of peak hours for
the inclined planes at the selected location and multiplying by the installation peak
power, the expected annual energy (Ezunuar system) in kWh is calculated using (10). The
inverter efficiency (#inverter) (according to CENELEC-EN 50530 [30]) is considered,
neglecting cable losses. Losses due to mismatch are still not considered.

Eannual system = PDC,STC'Npanels 'hpeak sun/day * (365 dﬂys) MNinverter (10)

(3) Calculate the annual energy associated with a component (E;uuuar_component) in kWh
(11). To calculate the failure mode cost of a PV system component, it is necessary to
know what energy is produced or “pass-through” that component. The annual energy
of the component will be assumed to equal the system’s annual energy divided by the
number of components (Ncomponents) in the PV system.

Eannuul_component = Eannual system /Ncomponents (11)

(4) Calculate the energy lost (Ej,g;), in kWh, due to failure mode in a component (12). By
multiplying the failure mode’s performance loss (L) of the component (7) that the
failure mode causes to the annual energy that is produced or “pass-through” in that
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component, the annual energy loss in a component caused by the failure is obtained
by (12).
Elost = Eunnual_component'L (12)

(5) Compute the number of failures in a year of a certain component (Annual Failurescomponent)
using (13). Assuming constant the failure rate per unit hour (A jou,) throughout
the year for the component, and knowing the number of annual sun hours (H;,) of
system operation (equivalent to the number of hours of solar radiation in a year), the
annual failure rate of a component is calculated by (13).

Annual Failurescomponent = Aper hour'Hsun (13)

(6) Calculation of the failure mode cost (Cirure), in each component (14). The failure
mode cost equals the “lost money” for not producing a certain quantity of energy.
Multiplying steps (3) and (4) with the remuneration energy price (Ren) with the total
number of annual failures of the component (Annual Failurescomponent), and with the
number of those components (Ncomponents) in the PV system, the annual cost of the
failure mode is computed by (14).

Crtaiture = Eiost Annual Failurescomponent- Ren- Neomponents (14)

(7) Calculate the total cost associated with failure detection. In the study of inverter
monitoring systems in Section 2, it was possible to verify that, depending on the type
of inverter, a certain failure triggers an alert, and others do not. In the case of string
inverters, these can emit alerts for each string while others only for each MPPT or
even at the inverter level (i.e., it does not differentiate between strings and MPPT).
Considering this, we defined two types of monitoring: Base Monitoring and Additional
Monitoring, which are defined for each type of inverter monitoring system as:

(@)  “Base Monitoring” type: In this monitoring type, any inverter manufacturer
or monitoring solution is guaranteed to detect and alert about a set of failures.

(b) “Additional Monitoring” type: this monitoring type includes failures de-
tected and alerted only by some inverters/monitoring systems. Hence, if the
inverter’s monitoring system immediately detects the failure, it is considered
that this failure does not entail costs.

The total cost of detection (Cyyta1 gdetection) Will be given by (15), equal to the addition of
all costs of all failure modes not detected by the inverter monitoring system, which can be
characterized as having a Base Monitoring or Additional Monitoring.

Ctotul_detection = Z Cfailure (15)

Knowing the total cost associated with detecting failure modes, it is possible now to
calculate the impact of that cost on the annual remuneration of a PV system. The annual
discounted remuneration (DR), i.e., discounting the detection cost of the failures, can be
calculated using (16).

DR = ( Eunnual system'Ren ) - Ctotul detection (16)

4.2. Application, Some Considerations, and Results

To illustrate the economic impact of failures using an inverter with Base or Additional
Monitoring, which is equivalent to the worst-case scenario and best scenario, respectively,
and which inverter solution allows a higher return on investment in failure detection, the
previous two scenarios presented in Section 3.2 were analyzed: a 5 kWp residential PV
system and a 100 kWp industrial/commercial PV system.

For each scenario, the following inverter solutions were considered:
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e Residential: single-phase string inverter without and with optimizer per PV panel
and micro-inverters;

e Industrial/commercial: three-phase string inverter without and with optimizer per
PV panel and per two PV panels, and micro-inverters), and a;

For each scenario, three European cities where the PV systems were located were
studied: Lisbon, Rome, and Berlin. As each country has its remuneration policy, the
following considerations had to be made:

(1) Residential (5 kWp): Self-consumption system with connection to the network, but
without network injection for Portugal and Berlin, and a net-metering system for Italy;

(2) Industrial/Commercial (100 kWp): For Lisbon, everything is sold at a price equal to
the reference tariff decided by the Portuguese government in a PPA agreement; For
Berlin, everything produced is injected into the power grid under a Feed-in-tariff. In
Italy, all energy produced is sold to the grid at energy market prices;

The FMEA application and analysis obtained failure modes, failure rates, and per-
formance losses caused by each failure mode. The following considerations have also
been made:

— A simplification was made for the failure rate of the micro-inverter due to a lack
of data. The failure rate would be one-fifth of the failure rate of the central/string
inverter because the micro-inverter typically has 25 years of warranty and the central
and string inverters 5 years;

—  For the “Malfunction” failure mode of the micro-inverter, a power loss of 50% was
considered [31];

—  The optimizers did not consider failures due to the lack of fault data.

Each type of monitoring solution has been designated as one in which faults are
detected and alerted by the Base Monitoring and the Additional Monitoring (Section 2.2).
The results obtained in the monitoring system study made this possible. However, as
the central inverters detect all faults equally, no additional monitoring was designated in
this case.

Other considerations were made in both the Base Monitoring and Additional Monitoring,
such as:

(1) Base Monitoring Considerations:

(a) If the inverter has an MPPT and a string (in the case of single-phase inverters),
the failure modes of the DC cables/connectors, as well as the “Broken structure”
failure mode of the rack structure, all are detected by the Base Monitoring;

(b) For solutions having an optimizer per panel and a micro-inverter, only those
failures that cause a loss of performance (power) greater than 5% are assumed
that the Base Monitoring system detects. That is, it is considered part of the
Base Monitoring. In cases with an optimizer, every two panels are considered
if the loss is greater than 10%;

(2) Additional Monitoring Considerations:

(@) For a solution, having an optimizer per panel or having micro-inverters with
little information on which to alert these report failures found in PV panels,
we assumed that micro-inverters on the market might detect and alert faults
on the PV panel.

(b)  Again, we assumed that only failures with an energy loss greater than 10%
were detected for a solution with an optimizer for every two panels.

(o) For a solution with micro-inverters, it is assumed that some devices on the
market may detect when the inverter is malfunctioning and emitting the
derating alarm due to a high operating temperature or that there are micro-
inverters without the “malfunction” alert.

To exemplify how to designate whether a failure mode (Table 3) is detected and alerted
by a Base or Additional Monitoring system of an inverter, an example in Table 12 shows an
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analysis of the residential scenario (low power) of the respective critical faults detected, in
addition to the possible type of alarm that the system transmits (using the data obtained in
the previous study of the inverters). Looking at the 2nd failure mode of the list (support
structure of the broken PV panel), which is a failure mode that affects the string, it is
only possible to be detected if there is monitoring at the string level. As only some of the
manufacturers of single-phase string inverters, such as ABB, Huawei, SMA, and SolarEdge,
have string-level monitoring, the alert for this failure is only covered in the Additional
Monitoring. The use of an optimizer or micro-inverter, regardless of the brand, allows
monitoring each string possible, causing this failure to be alerted by the Base Monitoring in
these cases. The same reasoning is used for other failure modes.

4.3. Economic Analysis Using Present Net Value

The economic impact of failures was verified annually for each system capacity and
city. Considering that each type of solution presented has a different price and each
one provides a different annual remuneration, it is relevant to compare the economic
performance of the different solutions for a given period. The economic performance of
each solution in each city will be compared using a project/investment indicator named
Net Present Value (NPV). The NPV aims to evaluate the viability of an investment project
by calculating the current value of all cash flows [28].

4.4. Net Present Value (NPV) Considerations

To use the NPV to compare the economic performance of the inverters in detecting
failures, costs related to O&M, licenses, and fees are not considered. Only the inverters’
costs and optimizers are considered in the investment parcel. It was considered a period of
analysis of 5 years. A short analysis period allows us to verify which solution can result
in a faster return on investment. Calculating the annual cash flow, it is considered that
the annual price inflation of electricity for residential and non-residential installations
is at 2.8% for all cities [32]. The market price of energy (from 2017) was considered
constant over the years for Italy and Portugal. For Berlin, the auction price (from 2017)
was considered constant over the years; The prices of the 2017 feed-in tariffs for Lisbon
and Berlin (industrial /commercial scenario) were considered. It was also considered an
annual degradation of the PV panels of 1%, as statistics point to a mean degradation
of 0.8%/year [33]. For simplicity and considering that the risk decreases for smaller
investments, for the industrial /commercial and residential scenarios, a rate of 3.6% and
2.6% were used, respectively.

4.5. Net Present Value (NPV) Results

Taking into account the considerations made for the NPV calculation, it’s not possible
to make conclusions about the viability of a project using one or another type of monitoring
solution, but rather to compare the NPV between them, in which a higher NPV will mean
that the solution will bring a higher financial return for the same period of analysis. In the
residential scenario, the string inverter has the highest NPV, and the micro-inverter has the
lowest NPV. The option of the string inverter with optimizers is the most advantageous
for those who wish to monitor at the panel level and, in the worst cases (string inverter
with Additional Monitoring and string inverter with optimizers with Base Monitoring),
on average. We will have 17% less financial return than string inverters without optimiz-
ers. In the industrial/commercial scenario, the same conclusions were made from the
residential scenario on the string inverter and micro-inverter. It has been found that the
monitoring solution with a string inverter with one optimizer for every two panels is the
best solution with panel-level monitoring, presenting in the worst case for Lisbon, Rome,
and Berlin a lower NPV value of 28%, 50%, 33% respectively, compared to string inverters
without optimizers.
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Table 12. Fault alerts with Base and Additional Monitoring of the inverters in the residential scenario.
Critical Failure Modes Single-Phase String Inverter Invert Single-Phase String with Optimizer Micro-Inverter
Residential Monitoring Monitoring Monitoring Brands
N ™ Alarm Brands That Alert . Alarm Brands That Alert . Alarm That
Component Failure Mode Base Additional Base Additional Base Additional Alert
Derating due to X . Derating due to . Lo Derating due to
Inverter Malfunction No Yes elevated ABB; Fronius; No Yes elevated ABB; Fronius; No Yes elevated 1)
SMA SMA
temperature temperature temperature
k . ABB; Huawei;
PV panel support Broken No Yes Low energy ABB;Huawei; Yes R Low energy SolarEdge; SMA Yes B Low energy All
structure production SolarEdge; SMA production .o production
All optimizers
Inverter Not functional Yes - Internal failure All Yes - Internal failure All Yes - Internal failure All
AC cables and Short-circuit Yes - No voltage signal All Yes - No voltage signal All Yes - No voltage signal All
connections Open-circuit Yes - No voltage signal All Yes - No voltage signal All Yes - No voltage signal All
Low energy ABB; Huawei; Low energy SIB[% Huawei;
production SMA production All optimi
L optimizers Low energy
Short-circuit No Yes Yes - Yes - ducti All
DC cables and ABB: Solis: ABB; Solis; production
connections Electric arc s O01S; Electric arc SolarEdge;
SolarEdge
Sungrow
. . ABB; Huawei;
Open-circuit No Yes Low energy ABB; Huawei; Yes - Low energy SMA Yes - Low energy All
production SMA production L production
All optimizers
Improperly Bypass diode Performance
Bypass diodes functioning diode No No - - Yes - yp All optimizers Yes - below All
failure .
(DC or AC) expectations
Encapsulation Delamination Yes - Performance All Yes - Performance All
No No - - bel tati optimizers bel
Rear panel Delamination No Yes clow expectation P No Yes e)fpoevc\,tations 1)
PV panel support ~ Missing or loose No No B B No No B B No No B B
structure parts
Earth and
lightning Not functional No Yes Insulation failure All except GWL Yes - Insulation failure All except GWL Yes - Insulation failure All
protection

Label: (1): it is assumed that there are inverters that detect the fault.
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5. Conclusions

Our study found that central inverters triggered most alerts, averaging 89% coverage.
In contrast, three-phase string inverters accounted for 75% of alerts. Consequently, projects
involving central inverters also demand rigorous performance tracking.

We compared prices among string inverters with and without optimizers for each
panel, optimizers for every two panels, and micro-inverters. Micro-inverters were the most
expensive, especially due to the mandatory data logger for remote fault monitoring. A
2 kW micro-inverter system costs 50% more than a string inverter system. This difference
escalates with system size, reaching a 425% higher cost for 100 kW systems than string
inverters. Meanwhile, string inverters are consistently the most economical, costing an
average of 290 euros/kW for 2 kW systems and stabilizing at 90 euros/kW for systems
over 50 kW.

The FMEA methodology was applied to two grid-connected setups: a residential
5 kWp with a string inverter and a 100 kWp industrial /commercial system with a string
inverter. The inverter was identified as the most critical component in both scenarios,
reflected by the highest RPN values for its failure modes. A high failure rate increased the
RPN value.

The Cost Priority Number (CPN) methodology was then explored, focusing on the
economic impact of failures. A significant discrepancy is evident for PV panels, with the
cost of undetected failures reaching tens of euros per kW per year, far exceeding the repair
or replacement expense. Inverters incur an average cost increase of 400% if not repaired
within a year. Regarding cabling, undetected issues with connectors and connections
represent the most expensive failures, while the highest repair costs are associated with
cable faults.

The CPN methodology accounts for repair costs but does not consider installed moni-
toring. Verifying that each type of inverter has its scope in detecting and alerting failures,
a new methodology, “Cost of Detection” (COD), was proposed, calculating the economic
cost of failures using a given monitoring solution and thus comparing the economic per-
formance in detecting failures between different solutions. The COD methodology was
applied to the two scenarios analyzed by FMEA methodology for Lisbon, Berlin, and Italy.
Basic and additional monitoring concepts were introduced for each type of monitoring
solution, representing the worst and best possible cases in detecting failures.

It was found that the failure modes with the greatest economic impact, if not detected,
are the “Non-functional” inverter and “Improper functioning” of the inverter, as well as
the “Broken structure” failure mode of the PV panel support. Comparing the economic
gain obtained by the solutions of moving from Base Monitoring to Additional Monitoring,
the solution with the string inverter was the one that presented the greatest gain in annual
remuneration (discounting the cost of failures not being detected), on average of 8% and
11% for the residential (5 kW), industrial/commercial (100 kW) scenario, respectively.

To compare the economic performance of different types of solutions in fault detection,
the project evaluation indicator was used, the net present value (NPV) for 5 years, and
only considering the costs of inverters and optimizers, if used. In the residential scenario
(5 kW), the string inverter has the highest VPL, and the micro-inverter has the lowest VPL.
The same conclusions were drawn in the industrial/commercial scenario (100 kW) as in
the residential scenario regarding the string inverter and micro-inverter. It was found that
the solution with an optimizer for every two panels is the best solution with panel-level
monitoring, presenting, in the worst cases for Lisbon, Rome, and Berlin, a lower VAL
of 28%, 50%, and 33%, respectively, compared to string inverter without optimizers. It
was therefore verified that monitoring consisting only of string inverters provides the
greatest financial return in all scenarios and cities. It was also found that the solution with
panel-level monitoring that allows the greatest financial return in all scenarios is the string
inverter with optimizers.

It is important to note that the COD methodology proposed cannot be seen as a com-
plete tool for choosing the type of inverter to be used in a photovoltaic system, as it only
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covers costs related to the detection of faults and excludes the costs inherent to their repair.
The methodology also does not allow us to observe when a particular failure occurs most
frequently, nor does it consider safety-related aspects. However, a given monitoring solu-
tion allows us to know the scope of this solution in detecting failure modes and the failure
modes that may present a higher cost. The Base Monitoring and Additional Monitoring
classification tables developed in this methodology for each monitoring solution allow the
user to know the failure modes detected and alerted depending on the monitoring used.

In future work, a suggestion for improvement to the proposed methodology is pro-
posed, which would be to review the probabilities of failures with access to a complete
database and evaluate the impact of using different monitoring systems using Monte
Carlo simulation.

It is also proposed that the costs associated with the repair/replacement of each failure
mode (corrective maintenance) be studied, and the costs related to preventive maintenance.
Combining knowledge of the performance of the monitoring system in detecting failures,
the cost of repair/replacement of the failed component, and the probability of occurrence
of certain failures will make it possible to optimize aspects related to maintenance, such as,
for example, the time interval for corrective and preventive intervention.
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