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In areas with hot weather, photovoltaic systems can be used to help relieve the peak demand caused by air con-
ditioning equipment. Users, however, are reluctant to invest in solar technology, arguing that the equipment
commercially available is unreliable because itwas developed for others environments. In this paper, the reliabil-
ity assessment of a DC/DC converter aimed at PV applications is presented. The reliability estimation was per-
formed following the FIDES methodology, taking into account seasonal mission profiles developed for five
specific sites forwhich there ismeteorological data available. The goalwas to identify themost failure prone com-
ponents, and the dominant stress factors. It was found that the smallest contribution to the failure rate occurs
during winter. The largest contribution occurs in spring or summer, depending on the site. In the converter,
themost failure-prone componentswere the diodes, which contributedwith about 70% of the overall failure rate.

© 2015 Elsevier Ltd. All rights reserved.
Keywords:
Reliability prediction
Mission profile
Photovoltaic systems
1. Introduction

Currently, there are efforts under way aimed at fostering the wide-
spread installation of photovoltaic (PV) systems in Mexico. The goal is
to help relieve the power demand caused by air conditioning equip-
ment. Many potential users, however, are reluctant to invest in solar
technology because there is a perception that PV systems are unreliable,
a common remark being that they were developed with other environ-
ments in mind.

One of the major requirements of probabilistic design for reliability
is that “Design efforts should be specific for a product, and their most
likely actual or anticipated applications” [1,2]. In the case of photovoltaic
systems, this might be a difficult requirement to comply with because,
at a daily basis, the power circuit operating point evolves from mini-
mum load up to a maximum, and then back to minimum. Further,
they are often installed outdoors, subject to daily and seasonal weather
variations. As a result, efficiency, reliability, and other performance pa-
rameters of PV systems depend on the installation site [3–5].

The power electronics converter is usually themost failure-prone as-
sembly [6–8]. It has been found that the dominant deterioration mech-
anism in semiconductor devices is usually linked to effects such as long-
term exposure to high temperatures and thermal cycling, which pro-
duces thermo-mechanical stresses due to the difference in expansion
coefficients [9–12]. These mechanisms depends both on environmental
and operation conditions [13].
2015.
Design efforts should be oriented in such a way that the converter
operational life is lengthened. These efforts usually require an assess-
ment of the reliability taking into account, as much as possible, realistic
information about the installation site. There are several options avail-
able for the assessment [14]. The procedure described in the Military
Handbook 217F [15] has been widely used to predict the reliability of
components in power electronics converters [16–18]. A drawback of
this approach (and other that share the same philosophy), however, is
that they rely on statistical data collected throughout the years. There-
fore, reliability predictions are biased by data that applies to old compo-
nents, often yielding over-pessimistic estimation [19]. A better
approach that explicitly takes into account the mission profile is the
FIDES methodology [20–23]. It has been found that this method yields
results that match field data with an acceptable deviation [24].

It has already been shown that thermal stresses, and therefore contri-
butions to the overall failure rate, are rather small at low irradiance levels
[25]. The results reported, however, assumed a yearlymission profile, and
did not take into account seasonal changes of irradiance, temperature and
humidity. In this paper, the analysis is taken one step further, to include
seasonal variations. The assessment of the reliability of a DC/DC converter
aimed at a photovoltaic system, using seasonal mission profiles is de-
scribed herein. Reliability is estimated following the FIDES methodology.
Several sites were selected for the assessment. The results were com-
pared to identify seasonal trends. The southernmost latitude considered
is N 15.67°, and the northernmost is N 32.63°. The most failure-prone
components within the converter were also identified. The ultimate
goal is to provide manufacturers with reliability information that can be
helpful in developing more robust systems.
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Fig. 2. Site E: daily irradiance around summer and winter solstices.

Fig. 1. Test sites.
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Fig. 3. Average daily energy in summer, and in winter.
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2. The FIDES methodology

Reliability information is usually conveyed in terms of the failure
rateλ. In the FIDESmethodology the failure rate of any item is expressed
as [20]:

λ ¼ πpmπprocessλphy ð1Þ

where πpm is the stress factor associated to the quality and technical
control over manufacturing of the item. The term πprocess involves all
processes that can be linked to the item, from specification to mainte-
nance. The last term, λphy, takes into account all the phases that occur
during the operation of the item. It is given by:

λphy ¼
XPhases

i

tannual
8760

� �
i
πiλi ð2Þ
Fig. 4. Operational phases
where tannual is the annual duration of the i'th phase. The term πi is
the induced overstress factor (electrical, mechanical or thermal), and
is given by:

πi ¼ πplacementπappπrugg
� �0:511 ln Csensitivityð Þ ð3Þ

The termswithin the brackets, defined by the user, are specific to the
component and the application. The failure rate λi, which applies to the
i'th phase, is subdivided into k contributions, each one including usually
a component-specific base failure rate λ0k, multiplied by an acceleration
factor πk that indicates the sensitivity to operational and environmental
conditions:

λi ¼ Σkλ0kπk ð4Þ

The acceleration factors indicate the magnitudes of physical con-
straints on the component during operational or dormant phases. The
in the mission profile.



Table 1
Locations of test sites.

Label Site Latitude N Longitude W

A Mexicali 32.67 115.29
B Bahía de los Ángeles 28.90 113.56
C Cd. Constitución 25.01 111.66
D Tomatlán 20.00 105.13
E Puerto Ángel 15.67 96.50

Fig. 5. Power converter.
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constraints onλi can be thermal, case and solder joints related (both fac-
tors depending on the temperature gradient applied to the component
during the given phase), humidity related, and mechanical stresses.

3. Mission profile

The so-called mission profile can be defined as “time-phased de-
scription of the events and environments an item experiences from ini-
tiation to completion of a specified mission” [26]. The information
required to specify a mission profile includes the number of phases, its
individual lengths tannual, and the stresses (thermal,mechanical, and hu-
midity related) on the items during each phase. This information can be
obtained from meteorological data collected in the installation site.

In the case presented herein, it is assumed that the PV converter is
installed in a “ground-fixed” environment, and that pollution is non-
existent. Therefore, the data taken into account should include irradi-
ance, temperature, and relative humidity.

3.1. Seasonal variations

A characteristic of inverters in PV systems is that the operating point
evolves from a minimum, early in the morning, up to a maximum, and
then back tominimum, at dusk. At any specific date, both themaximum
irradiance and the length of the cycle depend on the installation site.
Further, the stresses on the inverter, and thus its reliability, depend on
the amount of energy processed in it.

An average yearly value could be used to assess the reliability of the
inverter, but there might be significant differences between locations
and seasons. The sitesmarked in themap in Fig. 1. were chosen to clarify
this issue. They are spread throughout a span of 17 degrees of latitude,
and were selected because there is a data base of meteorological mea-
surements available, covering at least 5 years for some locations, and
up to 10 years for others. Meteorological variables weremeasured at fa-
cilities of the national utility company, and the results provided to par-
ticipants in the research project mentioned in the acknowledgements
section. The measurements provided included ten-minutes averages
of temperature, irradiance and relative humidity.

The maximum yearly difference in the daily energy handled by the
inverter depends upon the differences in irradiance, and lengths of the
diurnal cycles between summer and winter. This is exemplified by
Fig. 2, obtained for the site labeled as “E”, and corresponding to 15-
days periods: one centered in the summer solstice (blue line) and the
other in the winter solstice (green line). The difference between sum-
mer and winter can be readily appreciated. For the days shown, the av-
erage summer irradiance is 571 W/m2, while the average winter
irradiance is 280 W/m2.

Fig. 3 shows the average daily energy in the sites shown on themap.
Each point was obtained averaging the 15-days period centered in the
corresponding solstice, per installation site and per year. The dotted
lines shown correspond to the best-fit linear approximations for sum-
mer and winter samples, as a function of latitude.

As can be seen, for the southernmost location the difference be-
tween summer andwinter is rather small, approximately 20% in the lin-
ear approximation shown by the dotted lines. In contrast, the difference
is quite large in the northernmost location, with a ratio of about 1:2.5
between winter and summer. Since thermal stresses on the converter
depend on the amount of energy processed, it seems advisable to use
a seasonal mission profile for northern locations. Location in the south
might not need such degree of detail, but at this point it is not clear if
this is indeed the case. Therefore, seasonal mission profiles will be used.

3.2. Operational phases

Within the geographical region considered, thermal stresses are
rather small at low irradiance levels [25]. Therefore, a mission profile
with 5 levels is selected, each level corresponding to an operational
phase.

The maximum level for each test site is obtained as the irradiance
value that corresponds to a 99.5% of the cumulative frequency function.
As shown in Fig. 4, the first level spans from0% to 40%. The second spans
from 40% to 65%. The third from 65% to 80%, the forth from 80% to 90%,
and the fifth from 90% to 100%. There will be an additional phase corre-
sponding to the dormant condition. Therefore, for each season, the mis-
sion profile will include six phases.

Referring to Fig. 4, the temperature values required by the FIDES
methodology are calculated, on a daily basis, for each of the lapses
shown (t0 - t1, t1 - t2, t2 - t3, and so forth). Afterwards, the daily results
are averaged to yield seasonal values. The curve corresponding to hu-
midity is not shown, but the values required by the FIDES procedure
are obtained in a similar manner. Data for each phase include its dura-
tion, average temperature, maximum change in temperature, and aver-
age relative humidity.

4. DC/DC Converter

TheDC/DC converter used for evaluation purposes is shown in Fig. 5.
This configuration was selected mainly because, for safety reasons, reg-
ulations require galvanic isolation to avoid leakage ground currents
through the solar panel parasitic capacitance. The converter is suitable



Fig. 6. Failure rates at the northernmost location (Mexicali).
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for applications not requiring an AC voltage, with high current and low
DC voltage at the input side (e.g. battery sourcing applications,
standalone PV systems, and telemetry applications, etc.). The converter
was built with diodes rated at VR = 600 V, and IF(AV) = 15 A. The tran-
sistors were rated at VDSS = 55 V and RDS(on) = 8 mΩ. In isolated con-
verters such as the push-pull configuration, the main switches suffer
from high voltage spikes and power losses due to the leakage induc-
tance of the transformer. A RC snubber networkwas added to overcome
these issues. TheDC/DC converter is rated at 100W, a rating in the range
ofmodular integrated converters. The panel is rated atVPV=17.5 V, and
VO = 48 V.
Fig. 7. Failure rates at the southern
If the characteristics of the PV panel at the input are known, then the
power at the converter can be related to the environmental data using:

PPV ¼ Ee
Eo

PMO 1þ γ T−TOð Þ½ � ð5Þ

where EO and TO are irradiance and temperature at STC. PMO is the
corresponding power, also at STC, and γ is the temperature coefficient.
In turn, PPV, T and Ee are the actual output power, temperature and irra-
diance. The converter was fully characterized, and the temperature and
electrical stresses at different power levels have been recorded.
most location (Puerto Ángel).



Fig. 9. Failure rates distribution.

Fig. 8. Overall failure rates as a function of latitude.
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5. Results

The performance of the DC/DC converter was assessed when con-
nected to a polycrystalline panel rated at 125 W, with γ =
−0.485%/°C. Reliability results were obtained for locations labeled A
through E in Fig. 1, at the geographic coordinates listed in Table 1. Me-
teorological data was available in Windographer format. The data was
exported to a mathematical software package for number crunching,
and a routine incorporating the panel characteristics was written to
generate the mission profile. Afterwards, mission profile and converter
datawere fed to a software package that implements the FIDESmethod-
ology [27].

Results for location A are shown in Fig. 6. There is a set of six bars for
each season, the one at the left corresponding to the phasewith the low-
est power level (labeled as “1”), and the one at the right to the dormant
phase (labeled as “Off”). It can be seen the largest failure rate occurs in
summer, at the phase corresponding to the highest power level. In con-
trast, winter contributions are rather small, and contribution from
phases 4 and 5 are virtually null.

Fig. 7 depicts the results obtained for location E.Within a season, the
contributions of the individual phases exhibit the same trend found in
Fig. 6. In a yearly basis, the lowest contribution also occurs in winter,
but the highest contribution occurs in spring. Fig. 8 shows the overall
failure rates for the five test sites, as a function of latitude.

Fig. 9 shows the contributions of the individual components in the
converter to the overall failure rate, expressed in FITs, including connec-
tors J1 and J2, and the PCB. The plot corresponds to a single test site, but
the percent proportions are very much the same for the other sites. The
diodes at the output are, by far, themost failure-prone component, each
one contributing with about 35% of the total failure rate. In contrast, the
output capacitor Co contributes with 9.5%. The transistors contribute
with an average of 6.6% each.

The stress factor with the highest effect on the failure rates of the di-
odes is the thermal one, followed by a small contribution, less than 1%,
from the relative humidity factor. In the output capacitor, the entire fail-
ure rate is linked to the thermo-electrical factor. In the transistors, the
thermal factor accounts for 91% of the failure rate, followed by the rela-
tive humidity factor, with an average contribution of 8.5%.

According to manufacturers, failures in connectors can be related to
a variety of causes [28]. Its operational lifetime is often limited by the
effects of fretting [29]. However, since it is assumed that the converter
is to be installed in ground, stationary environments, it is likely that
most of the connector-related failureswill be related to oxidationmech-
anisms, and to corrosion resulting from chemical stresses (which affects
other components in the converter, including the PCB).

FIDES takes into account several contributing factors. Among them
are the so-called application and environmental pollutions, both having
weak, moderate or strong levels, (the former corresponding to opera-
tion in inhabitated, uninhabitated or engine zones; the latter corre-
sponding to installation in rural, urban or industrial areas). The effects
of these levels on reliability are numerically shown in Table 2, which
lists the overall failure rate as a function of the environmental pollution
stress factor πenvir, and the application pollution stress factor πzone. The
locations considered were those at latitude extremes. Changing from a



Table 2
Failure rate (FITs) as a function of πenvir, and πzone.

πenvir

πzone Low Moderate High

Mexicali Low 195.18 196.41 197.65
Moderate 197.64 200.11 202.57
High 202.58 207.51 212.44

Puerto Angel Low 288.93 290.17 291.40
Moderate 291.40 293.88 296.33
High 296.33 301.27 306.20

101S. de Leon et al. / Microelectronics Reliability 58 (2016) 95–102
low-low location to a high-high one can deteriorate the failure rate in as
much as 9%.

Reliabity is also affected by salinity, expressed by the saline pollution
level πsal, which can be strong for coastal regions, and weak otherwise.
The characteristics of the enclosure are taken into account by the prod-
uct protection level stress factor πprot, which can be either hermetic or
non-hermetic. Table 3 lists the failures rates obtained with the different
combinations of πsal and πprot. The calculationwere again performed for
the sites at the latitude extremes.
6. Comments and remarks

According to Fig. 3, the difference in average daily energy between
summer and winter is small in southern locations. However, the failure
rates in Fig. 7 show a much larger difference. Therefore, it seems advis-
able to use a seasonal mission profile instead of a yearly one. The diffi-
culty to generate a seasonal mission profile for a specific site is in
having a reliable data base available, encompassing at least one year. If
the data is available, the synthesis of the mission profile is a relatively
simple task.

From a seasonal point of view,winter produces to smallest contribu-
tion to the failure rate. The largest contribution occurs in summer (in
dry, desert-like environments) or in spring. The contributions of the
two remaining seasons (autumn and spring, or autumn and summer)
are similar.

The results in Fig. 8 suggest a correlation between failure rates and
latitude in test sites A, C, D, and E. Temperature and irradiance data
was further analyzed in an attempt to find a simple correlation between
these variables and the failure rate, but none was found. Clearly, this is
due to the complexity of the equations involved in the reliability
calculations.

Capacitors are often blamed as the most failure-prone components.
In the converter analyzed, the average contribution of the capacitor to
the overall failure rate is 11.2%. In contrast, the contribution of each
diode is 35%. In diodes and transistors, the dominant stress factor is
thermal. In the output capacitor (an electrolytic one), the dominant is
the thermoelectrical factor. In the other passive components, the ther-
mal cycling factor has a noticeable influence, from about 5% for the
transformer, up to 25% for the snubber capacitors.

The effect of changing the diode package was also explored,
switching from a TO-220 package (as was used in the results reported),
to a D2PAK. The latter one provides a better performance form a humid-
ity point of view. However, in the sites analyzed the improvement was
Table 3
Failure rate (FITs) as a function of πsal and πprot.

πprot

πsal Non-hermetic Hermetic

Mexicali Low 196.41 192.71
High 200.11 192.71

Puerto Angel Low 290.10 286.46
High 293.86 286.46
very small, less than 1%. Nevertheless, devices in the D2PAK package
should provide a better performance in high humidity environments.

Derating adds longevity to electronic assemblies, and three types of
derating are often used in practice: voltage, current, and power. For
power diodes and transistors, the methodology followed herein does
not require neither the current values nor the actual voltages applied
to the devices (it assumes that they are used at its rated voltage, with
πEl = 1).

Failure rates are predicted using as input data the thermal resistance
of the package, and the power dissipated during each operational phase.
This implies that a power derating approach is better suited for power
converters. According to this approach, solid state devices for the con-
verter tested were selected in such a way as to minimize losses: low
on-resistance and fast switching times for transistors, low forward volt-
age drop and fast reverse recovery for diodes (keeping in mind that
maximum current and voltage ratings are not to be exceeded). Once
components have been selected, reliability can be improved by using ef-
ficient heatmanagement techniques. For the case in hand, the contribu-
tion from the diodes to the overall failure rate can be reduced by using a
heatsink with a lower thermal resistance, although this will likely im-
pact negatively on volume and weight.

For other components, such as capacitor and resistors, it is possible
to successfully apply voltage derating. Suitable guidelines for high reli-
ability applications have already been provided elsewhere [30,31].

When designing the PCB, it should be kept in mind that reliability is
directly proportional to conductor spacing, and is also affected by the
technology employed, with through-hole technology providing the
best results. This can be explained by the fact that mature processes
(and also recognized manufacturers) provide the lowest failure rate.

7. Conclusions

In this paper, the reliability assessment of a DC/DC converter aimed
at PV applications is presented. The reliability estimation was per-
formed following the FIDES methodology, taking into account seasonal
mission profiles developed for five sites spread from latitudes N 15.67
to N 32.67. It was found that the smallest contribution to the failure
rate occurs during winter. The largest contribution occurs in spring or
summer, depending on the site. In the converter, the most failure-
prone components were the diodes, which contributed with about
70% of the overall failure rate. Chemical stress factors also have an im-
pact and reliability, and hermetic enclosures should be used whenever
possible.
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