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Abstract The target reliability levels of
Photovoltaic inverters, that encounter Photovoltaic
panels reliability, is a challenging issue. Currently a
lot of efforts are carried out to improve the lifespan of
photovoltaic inverter and reduce their outages.
Special attention in this respect is given to the failure
causes of inverters. In this paper, a complete FMECA
analysis is presented to understand the root causes of
these failures, estimate the local and final effects on
generating energy, and recommended actions to avoid
these failure modes. Additionally, an assignment of
risk priority numbers is carefully considered to the
each failure mode in order to prioritize the various
hazards for a better maintenance strategies.

I.  INTRODUCTION

In a grid-connected PV plant, inverter represents an
expensive and complex key component, and PV inverter
(PVI) is the considered most mature compared to
inverters of other renewable sources: wind, fuel cells and
micro turbines. Unfortunately, the majority of PV system
failures involves the inverters; an Investigation in [1] was
carried out on 126 system that provided 190 failure
events, and results shows that PVI dominates the outage
causes of PV plants by 76%. Another surveys in [2-3]
depicted that PVIs are the leading cause of PV systems.
Moreover, [4] stated that 65 % of outages of 213 events
for 103 PV systems were assigned to PVI. The previously
mentioned studies and surveys show that PVI are still a
weak link in the photovoltaic systems.

The reason is the life span of PVIs that are very low
compared to PV modules; PVI has shown a field mean
time between failures of 1 - 16 years with typical
warranties lasting only 3 - 5 years [5]. A study in [6] has
depicted that the mean time to first failure of the PVI is
five years. Also, the Mean Time Between Failures
(MTBF) is reported to be between 5- 10 years in [2].The
declared lifetimes of PVIs are due to their operation in
inhospitable environments, where they are exposed to
extreme temperatures and frequent thermal cycling and
load stress. As a result, the reasons behind the high failure
rates can be traced into manufacturing quality, inadequate
design, and defective components [7].

Although the different failure modes of PV have to be
highlighted, in terms of their failure causes and actions to
be followed to reduce these failures, it is depicted from
literature that the main concern of the current studies is
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towards both reliability estimation of PVI and RAM
improvement of current PVI. For instance, Harb et al. [8]
discussed the reliability of PVI based on the stress-factor
methodology, Koutroulis et al. [9] focused on reliability
improvement of PVI during the design phase through the
estimation of the useful life time of inverter’s critical
components, and Pregeij et al. [10] showed the impact of
inverter configuration on the PV system reliability and
energy production. Fife et al. [11] presented the necessary
field reliability indices to be estimated for PVIs. Another
study [12] proposed Bayesian inference methodology to
model the uncertainty hazard and repair rate of fielded
PVIs. An approach based on Monte Carlo simulation is
presented in [13] to assess the expected availability of a
particular inverter design and make qualitative
assessments of several potential approaches to increasing
inverter reliability.

This work aims to identify all the possible PVI failure
modes of greatest concern, list the causes of these failure
modes, consider the consequences of each failure modes,
and finally determine the recommended actions to limit
these failures. The previously mentioned objectives can
be fulfilled through Failure Mode Effect and Critically
Analysis (FMECA), which is a key analytical tool that
aims to understand the root causes of failures associated
with the operation of critical components in crucial
systems. Additionally each failure mode within FMECA
analysis will be prioritized in terms of its severity,
occurrence and detection. In a way, that can be used by
decision makers and maintenance crews for a priority
order of the maintenance tasks among components.

This paper is organized as follows, Section 2 presents
in details the different failure modes of PVI and their root
causes, Section 3 introduce FMECA concept, section 4
discusses FMECA analysis of PVI. Finally, section 5
includes conclusion.

Il.  COMPONENTS FAILURE CAUSES

The reliable operation of PV inverter is based on its
main components. The typical three phase PVI includes:
IGBT Power modules, cooling fans, control software and
DC link capacitors implemented on Printed Circuit Board
(PCB) in addition to AC & DC contactors.

A. IGBT power module

IGBT power module consists of both IGBT and
FreeWheeling Diode (FWD) that are connected to



ceramic substrate through wire bonds. The ceramic
substrate is then soldered onto cupper or AISIiC base
plate, which acts as a mechanical support and ensures
good thermal diffusivity then the base is coupled to heat
sink, Thermal grease is placed between the base and heat
sink to improve the cooling. The insulating gel improves
the dielectric strength and acts as insulation.

IGBT

Because, IGBT is considered the heart of PV inverter, its
failure is a common cause failure to the inverter. It has
switching characteristics similar to a MOSFET and the
high current and voltage capabilities of a bipolar junction
transistor (BJT). It is depicted that the structure of
MOSFET is the same as IGBT except the additional P+
layer

IGBT is a semiconductor device, so its predicated
lifetime [9] is considered relatively high, 21.9 years, in
case it is operated as a single device. Unfortunately, this
does not exist in practical life. Ref. [9] summarized IGBT
failure causes into four categories:

i) Thermal runway, ii) Ceramic substrate to base plate
solder fatigue, the substrate solder refers to the
delamination of the solder joint between base plate and
the ceramic substrate, iii) Emitter wire bond fatigue, and
iv) Partial discharge in insulating gel.

For a safety operation, it is necessary to operate IGBT at
junction temperature less than 1500 C in order to avoid
fatigue in wire and solder bonding [14].

Freewheeling diodes

Although power diodes are usually assumed to have a
reliable  operation, (FWD) fails under various
circumstances, especially during the turn-on transition of
IGBTs in high switching frequency applications [15]. The
FWD failures can be classified mainly into open and
short circuit failure modes [15], the failure causes of open
circuit mode are similar to failures of IGBT as they
happen as a result of bonded wire liftoff or wire rupture
after high short circuit, this mode is not severe to the
IGBT,; it will reduce only the output quality. Meanwhile,
the short circuit mode is very severe to IGBT and its
causes can be summarized into static high voltage
breakdown, rising of leakage current, snappy recovery,
reverse recovery dynamic avalanche, and high power
dissipation.

B. DC link capacitor

Capacitors are widely used for dc links to balance the
instantaneous power difference between the input source
and output load, and minimize voltage variation in the dc
link. In fact, the current conventional inverter designs
need large electrolytic capacitors adjusted to the PV
module itself to act as energy reservoirs. During their
service life, they are subjected to different types of
stresses: overvoltage, overheating, humidity, radiation,
and vibration in addition to their irreversible ageing
process. These stresses are summarized into three failure
modes; ageing mode, open and short circuit modes.
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C. Main AC/DC capacitor

The DC and AC contactor connect the PV inverter to the
PV module and the grid in the morning and disconnect
the PV inverter from the PV module and the grid in the
evening or when the inverter has a fault [9]. Four failure
modes are associated with the operation of contactors: i)
the contactor fails to open or open late, ii) contactor
opens by mistake, iii) high resistance of contactor, iv) and
contactor fails to close

D. Cooling Fan

In inverters, forced air cooling through fans is used
along with heat sinks to cool heat sources, e.g. semi-
conductors. Fans usage aims to cool power devices on
heat sinks the most efficient way. This requires a careful
design and maintenance regulation to assure the proper
air flow among different components. The failure of
cooling fan can be due to mechanical or electrical
failures.

The mechanical failure causes are a result of cage
damage, bearing failures, and lubrication deterioration.
Bearing failures are still the dominant reason for fans
failures, and the bearing life is heavily dependent on
retention of its lubricant.

The electrical failures includes cracks in printed circuit
board the fan, wiring errors, and electrical overstress.
Meanwhile, fan installation failures can be a consequence
to Connector crimping, reversed airflow, and loosing
cables. Acoustic failures of fans is due to loud noise from
fan operation or fan blade interference with surrounds.
Serviceability is due to improper access during
maintenance, e.g. remote inverters at isolated sites.

E. Printed Circuit Board

Printed Circuit Board (PCB) mechanically supports and
electrically connects electronic components using
conductive tracks. It can be single sided, double sided or
multi-layer. The design and the proper selection of PCB
is essential for a better reliability and an improved
performance. The major frequent failure causes of fielded
PCB can be as a result of delamination between PCB’s
layers, cracks in the boards, ion immigration, and
component soldering.

Current PCBs are composed of woven glass fiver that
are bonded together with an epoxy, afterwards the board
is cured through combination of temperature and
pressure, which causes the glass fibers to melt and bond
together, thereby giving the board strength and rigidity
[16].

Overheating during PCB’s operation is the leading
reason for the delamination of the board. Also, soldering
repairs has its significant contribution on the
delamination on PCBs long term operation [17]. These
factors will reduce board integrity and allow moisture in
between the board layers.

Solder fracture and cracks can occur internally within
the solder or at the area where solder joins another
surface, their dimensions are very small in size in terms
of um and both types occur frequently in the field. lon
immigration is a phenomena that occurs in the presence
of moisture, where metallic positive electrode is oxidized



into a soluble form, and the resulted positively charged
ions migrates towards the negative electrodes forming a
dendrite metallic deposits that grow towards the anode
and result in short circuit bridges[18]. Three factors
contributes mainly in the occurrence of this phenomena
which are: environmental factor that is the main source of
contaminants, electrical potential, and moisture or high
humidity [17].

F. Control Software

Various control methods are available for grid
connected PV inverters, starting from conventional
methods using voltage and current double-loop, open
control loops, PI current loop control till modern
sophisticated methods as sliding mode control [19]. The
proper selection of the exact control strategy is very
crucial for the ultimate performance of the inverter. The
control software should be designed to adapt the
operating voltage range, output power level, operating
hours, and change in temperature, health monitoring
facility, and the most proper actions for the different PV
panels and grid faults. Moreover, the selection of the best
Maximum Power Point Tracker (MPPT) scheme is a
necessity; the reliability of MPPT scheme has a
significant impact on the whole inverter’s reliability.

I.  FMECA CONCEPT

FMECA is considered as a first step for improving the
system reliability through failure analysis, and it is one
among several methods used for risk assessment and
management by selecting the most proper maintenance
strategies to enhance the system performance. FMECA is
composed of two separate analyses, the Failure Mode and
Effects Analysis (FMEA) and the Criticality Analysis
(CA). More details on FMECA is available in [20-21].

A. FMEA

FMEA is a bottom-to-up analysis, it starts with
gathering information on the failures of the subsystems at
the lowest level of the system, the function and the
impact of the each subsystem failure in the whole system.
IEC-60182 [20] defined FMEA as a systematic
methodology of the system analysis to identify the
potential failure modes, the various failure causes and the
effect of each failure mode on the whole system
performance. The working of FMEA should include: a
list of equipment failure modes, reasons of these failures,
local effects that refer to the consequences of each
possible failure on the system element, final effects that
describe the impact of that possible failures on the whole
system and an alternative provision or recommended
corrective actions to avoid these failures.

B.CA

CA is the second part of FMECA that focus mainly on
the prioritization of the failures by giving each failure
mode a number that express how risky it is. Thus, it will
be clear for maintenance management to plan their future
activities starting with failures with highest risk. The
evaluation of this number can qualitative, based on
experience gained from field and site background, or

quantitative that requires a database or previous field
surveys. Both the qualitative and quantitative
methodologies are managed by assigning each failure
mode to a Risk Priority Number (RPN), defined by RPN
= 0 x S x D, where S represents a scale for the failure
severity and the risks behind the failure occurrence., O
denotes the probability of failure mode occurrence, and D
means detection, and represents the possibility to
recognize the failure before the system or the customers
are affected.

The criteria for selecting severity, occurrence, and
detection values depends on standards. In this paper, a
quantitative analysis based on IEC-60182 [20] evaluation
criteria is applied to PVI.

IV.  PVI FMECAANALYSIS

As far as the use of the FMEA is concerned, Table 1 is
illustrated to highlight all the possible PVI components
outage modes and their failure causes. The impact of each
failure modes is addressed in terms of the local effect,
limited only to the component itself, and final effect,
reflecting the impact on the overall inverter operation.
Moreover, a lot of attention is given to the best preventive
measures necessary to limit and avoid these outage
modes through design and operating phase. It is worth
noting from the Table 1 how significant is the design
management on the operation phase and overall
performance of PVI, in terms of environmental,
mechanical, electrical, and thermal stresses.

Considering CA, quantitative CA approach is followed
up in this paper based on a survey carried out by
SunEdison Company that operates more than 600 PV
systems in four continents with 1500 in-service inverters
from 16 vendors and more than 2.2 million PV modules
from 35 manufacturers [3]. The surveyed period is during
interval January 2010 and March 2012 for 350 systems.
The most significant failure modes of PVI inverters in
SunEdison survey are shown in Table 2. Inverter tickets
are issued whenever there is a reported failure with PVI.
Accordingly, both the percentage of tickets and KWh lost
reflects the occurrence (O) and severity (S) of CA. The
detection (D) is measured according to the probability of
identifying the failure before the system is affected. This
can be carried out through the different field indicators.

It is depicted from Table 2 that control software is the
dominant cause of PVI failures followed by PCB board.
Meanwhile, the largest power losses were assigned to
failures by PCB boards followed by control software.

It is worth to mention that control software
contribution is high; as it also includes failures where
inverter shuts down without a fault code and without
being forced to disconnect due to grid outage [3].

Table 2. frequency of tickets & associated energy loss
for each PVI failure mode [3]

Specific failure area Per_centage Percentage of
of tickets KWh lost
Control software 28% 15%
PCB board 13% 22%
AC contactors 12% 13%
DC contactor 4% 1%
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Fans 6% 5%
IGBT modules 6% 5%
Capacitors 3% 7%

The criticality analysis in Table 1 shows that PCB
recorded the largest RPN; since it is very hard in the field
to detect failure causes of PCB.

On the contrary, the control software has a high
detection possibility; because the changes in generated
electricity can be easily observed with a strong power and
energy metering, moreover the protection scheme is
tested frequently in the site during the scheduled
maintenance activities.

AC/DC contactors have a significant RPN because of
their high assigned severity value in SunEdison survey;
generally improper operation of the contactor subjects the
human’s life to danger and contribute in fault propagation
in grid. In the field, AC/DC contactors have moderate
detection facility during routine protection tests only.

Both cooling fans and DC link capacitors have low
RPN because of their insignificant impact on power
interruption, low failure frequency, and high possibilities
to be recognized in the field. The DC link capacitor
symptoms of failures are limited to RF noise during
operation, and dissipation factor test during maintenances
besides ESR monitoring during its operation [22]. The
Results of CA is summarized in Fig. 1.

" 0 =
IGBT Power  DClink AC/DC  Cooling fans PCB Control
Module Capacitor contactors Software
Failure mode
Fig. 1 RPN for inverters’ failure modes
V. CONCLUSION
Reliability of inverters is still inadequate, but

improvements are being in progress. A 5-year warranty
has currently become a norm in the industry, whereas 2-
year warranties were most common just a few years ago.
Unfortunately, these longer warranties are still
controversial; manufacturers claim that they have gained
sufficient experience of the PVI failure causes based on
field experience, and they developed their design plans,
incorporate higher quality components. Meanwhile,
industry experts believe that these warranties are mere
marketing tools.

The main objective of this work is to provide the
manufacturers and decision-makers in utilities a guide,
through FMEA, for the reason and impact of feasible
hazards that could interrupt PVI operation and result in
losses of power in addition to the prioritizing of these
hazards, through CA, for a better maintenance strategies.
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- Power losses

- Deployment of sufficient electrical
and environmental sensors.

- Following up a firmly scheduled
cleaning maintenance.



