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Abstract - Reliability requirements are very
interesting aspects for plant based on PV panel. In
fact these plants are planned to operate for many
years. One of the most critical subsystem in the PV
plants is represented by the inverter. The analysis of
its critical components is a very important task that
can be obtained by means a well-designed test plan.
This approach allows to improve complex system
maintenance policies and, at the same time, to achieve
a reduction of unexpected failure occurrences in the
system during its functioning in the field.

I.  INTRODUCTION

Reliable systems represent a fundamental aspect of any
technology progressing toward commercial maturity and
large-scale diffusion. PV system can be considered one of
the most widespread with significant margins of
improvement while ensuring the generation of energy
with low environmental impact. Therefore, the
assessment of the quality, reliability and -electrical
performances of these sustainable energy production
systems is becoming more and more important. Although
the PV system is considered as a reliable source of
electrical energy, field results pointed out that the
modules can fail or degrade in a number of ways [1-5].

Photovoltaic modules are often considered as the most
reliable element in PV systems. However, statistics and
field returns data have shown that PV panel efficiency
can drop over time due to installation faults,
environmental factors and the exposition to dust and
pollution [6-8]. More in detail, the increase of the PV
modules installation in urban and industrial context,
where the powder levels are high, requires to consider
this problem and to adopt maintenance strategies to keep
clean PV panels and, therefore, the overall system
generation efficiency at an acceptable level. In addition to
this phenomenon, other failure modes can be avoid by
monitoring the system and optimize maintenance: failures
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due to clamp/terminal damaged, aging of contacts
between PV panels and PV cell fracture.

Looking for the failure data, we can deduce that the most
widespread of faults in PV system are attributed to
inverter failures [9-13]. Although a single inverter failure
will not typically bring down an entire commercial PV
plant, their reliability has a direct effect on plant
economics because system availability is a multiplicative
factor in energy harvest, just like power conversion
efficiency. In particular, the most critical components are
represented by the DC capacitors and the insulated-gate
bipolar transistors (IGBT) [14-15]. Considering also that
PV plant are located in some of the harshest
environments with wide temperature range, high
humidity level (up to 95%) and, often, salty and corrosive
conditions (installation in seaside and/or industrial sites),
the inverter internal temperature is one of the most
important factor that have to be monitored both to reduce
the failure occurrence and to reveal inadequate heat
transfer and fans.

In this scenario it’s fundamental to guarantee the
functionality, the reliability and maintainability
performances of the whole plant. Based on these
considerations, it’s important to note that recognition of
reliability, availability and maintainability (RAM) as
factors in the early development of today's complex
systems, as a PV plant, has placed greater emphasis on
the application of design analysis procedures to logistics
management. By understanding equipment behavior in
the intended operating environment, any needed part
improvement or review effort can be identified prior to
the expensive test, analyze and fix phase of equipment
development. The design analysis, also, defines spare
parts requirements and allocation of logistics resources to
assure that specified RAM requirements will be met in
the equipment's actual operating environment.

The monitoring of the critical components, from the
reliability point of view, of a PV system allows to
achieve an improvement of the plant performances by
means of allows understanding its behavior during the
real condition of use and, at the same time, to optimize



both the availability and the maintainability of the most
critical subsystem as well as the whole PV plant. In this
way, it’s possible to deduce useful information about
monitoring activities and measurements that should be
implemented to maintenance policies.

II. PV INVERTER:
CRITICAL COMPONENTS TEST

A PV plant is a complex system composed by several
devices. Among these, a fundamental equipment is
represented by the inverter, the fault or failure of which
can lead to losses in the electricity production of the
plant. For this reason an important task to take into
account in the design of PV plant is the performance
optimization of this equipment in order to guarantee a
high efficiency level of the whole plant.

Reliability performances are correlated to such conditions
and the temperature is one of the most important factor,
as show in Figure 1 where the trend of the MTBF (Mean
Time Between Failure) vs temperature is represented. For
this reason, a proper thermal distribution on printed
circuit board (PCB) and an adequate heat-sinking for the
power stage circuitry should be properly designed.
Critical heat sensitive circuitry should be relocated to
cooler areas on the PCB. In fact, in the PV inverter
thermal design and heat extraction mechanisms of the
switching components and capacitors have to be analyzed
in detail, being such components highly sensitive to
temperature.

400000,00
4

350000,00 \

300000,00 \

? 250000,00

Q \

£ 200000,00

: AN

s 150000,00 \
100000,00

50000,00 \__'

0,00 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Temperature [°C]

Fgure 2 - Destructive test set-up

In order to determine the limits of operation, a
preliminary destructive test has been performed allowing
the internal temperature of the chamber to grow until the
breakdown to one or more components of the inverter.
Keeping all the other critical parts of the inverter under
control, included regulation and efficiency, we found
that the first components subject to failure are the DC
link capacitors as depicted in Figure 3.
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Figure 1 —- MTBF (Mean Time Between Failure) vs
temperature

A PV inverter 500 kW has been subjected to several tests
of thermal stress, in a special thermal chamber (see
Figure 2), to evaluate its operating range in temperature
simulating the ventilation conditions of a shelter.

Figure 3 — DC link capacitor voltage and chamber
temperature trends during destructive test session

The breakdown of the components starts from 80 °C
temperature on the case of the capacitors. It can be
considered safe a maximum temperature of the case
below 72 °C. Before the breakdown all the other relevant
parameters and temperatures of components were in the
range. As a general remark we can say that it is
necessary to remove the heat produced by the inverter
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bridge from the top of the cubicle to prevent any thermal
inrush of the internal components.

After replacing all the capacitors in the DC link a normal
heat run test has started, using two heaters to increase the
temperature of the chamber. The heat produced by the
inverter bridge exit from the roof was diverted outside the
chamber by an air conveyor, then a full current thermal
test has been performed which results are below reported.

Test conditions:
e Vdc=570 Vdc (MPPT voltage)
e 0a >45°C (stabilized by heaters)
e Jout=950 A (full current)

temperature, voltage, vibration, and temperature rise due
to current. The effect of each of these stresses on each of
the components must be considered. In order to achieve
good reliability, various derating factors have to be
applied to these stress levels. The derating has to be
traded off against cost and size implications.

Based on these remarks, it is possible to improve the
reliability and therefore the MTBF values by means of an
optimization of the operating hours or, in other terms, the
duty cycle of the inverter. In Table I some results of this
analysis are summarized.

Table I — Duty cycle vs MTBF

Duty Cycle Operating hours MTBF [h]
40% 9 320.370
50% 12 256.520
60% 15 213.891
75% 18 171.212
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Figure 4 — DC link capacitor voltage during .heat n test

It is noted that the temperature of the DC link capacitor
reaches 71 °C close to the safe limit. Furthermore, the
heat sink temperature is approaching the point of power
derating located at > 80 ° C. If we consider the thermal
margins on the inverter bridge, we could increase the
limit of derating up to 85 °C, but this could be dangerous
for the DC link capacitors.

III. PV INVERTER:
RELIABILITY ISSUES

Reliability improvement or growth is one of the main
objectives in any system development effort. Two of the
most common techniques used for such scope are:

e Derating
¢ Redundancy

By using derating technique, a part is selected so that it
will be operated at less severe stress than the stress level
at which it is rated capable of operating. As described in
Section II the most prominent stresses in PV inverter are
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The decision to use redundant design techniques should
be based on analysis of reliability and test data.
Redundancy may prove to be the only available method
when other techniques of improving performance (e.g.,
high quality components, derating) have been exhausted
or when methods of item improvements are shown to be
more costly than duplications. The use of redundant
equipment can allow for repair with no system downtime.
A particular active redundancy configuration, often
implemented for safety systems, is represented by the k-
out-of-n , designed also as koon redundancy. The system
is operative when at least k items out of a total of n are
normally functioning, with k < n. For this configuration it
can be assumed k items in active redundancy and the
remaining (n-k) in stand-by.

Assuming the system constituted by identical items with
independent failures, the probability of k successes out of
n units can be evaluated by considering the binomial
distribution [16], with parameters k, n and p

Pk, n,p}Z(Sp" (1-p)y™* (1)

where p represents the probability of success on any item.
On the basis of the definition given for koon, the system
successes if k, k+1,..., n succeed. Consequently, the
probability of the system success is

Ry (t):i (?J (e-m)i (l_e-/it)nfi o

Eq. (2) represents the reliability of the koon configuration
for random failures, being A the failure rate of the item



and

n)  n! ;
i) iln-i)! ®

the binomial coefficient.
The MTBF can be obtained, in the case of n identical
components, as

MTBF = j: R(t) =

1 &1
- 7 4)

A i=k

Considering a PV plant characterized by a power equal to
750 kW, it is possible to hypothesize two scenarios:

e 3 outof4 with 250 kW inverter
e 14 out of 18 with 55 kW inverter

In Table II a comparison of the proposed redundant
configuration is shown. The MTBF values are obtained

by Eq. (4).

Table II — Redundant configuration comparison

koon Configuration MTBF [h]

3004 188.395

140018 58.912

IV. CONCLUSIONS

The paper aims to evaluate the behavior of the critical
components of a photovoltaic inverter. In particular, the
thermal analysis of the inverter is presented and a series
of thermal tests were carried out in order to individuate
the most critical components. The scope of such analysis
is to optimize the inverter design and therefore its
efficiency taking into account the real operative condition
that are present when the equipment is installed on the
field. Finally, by means of the data obtained with this
study correlated with some reliability optimization rules,
such as derating and redundancy, it is also possible to
improve the maintenance policy of the PV inverter hence
its availability and that of the whole PV plant.
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