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The Impact of PV Panel Positioning and
Degradation on the PV Inverter Lifetime and
Reliability

Sara Bouguerra, Student Member, IEEE, Mohamed Rédha Yaiche, Oussama Gassab, Student Member,
IEEE, Ariya Sangwongwanich, Member, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract— The PV inverter lifetime is affected by mission
profiles, which include the solar irradiance and ambient
temperature of the installation site. In previous research, the
design for reliability approach has been used to evaluate the
reliability of the PV inverter, where the solar irradiances have
been measured on a fixed tilt and orientation angle. In most cases,
the tilt is chosen to be the latitude angle and the orientation is
facing south for maximum energy production throughout the year.
However, the impact of the tilt and orientation of the PV array on
the inverter lifetime has not been considered so far. The tradeoff
between the PV energy yield and the inverter lifetime can be
analysed for different PV array positioning. This paper thus
evaluates the lifetime of the PV inverter with varying the tilt and
orientation angle of PV panels, where the PV panel degradation
rate is also taken into account. The evaluation is based on the
mission profiles of Algiers, Algeria. The results reveal that
orientation has a strong impact on the PV inverter loading and
certain orientations result in high PV energy production and long
lifetime of the PV inverter. Itis also shown that the PV panel aging
in Algeria has a significant impact on the lifetime estimation of the
PV inverter for different orientations.

Index Terms—Degradation, Lifetime, Mission profile, Monte
Carlo method, Orientation, PV inverters, PV panel, Reliability.

I. INTRODUCTION

Solar photovoltaic systems (PV) have achieved grid parity in
many countries, and several targets have been set to achieve
100% renewable energy systems by 2050. Moreover, it is
expected that the cost of renewables will likely undercut fossil
fuels in the next 10 years [1]. Solar energy is one of the most
promising solutions for future energy supply. To achieve that
goal, the energy harvesting from PV systems should be
optimized, and this can be done by increasing the reliability of
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power conversion systems, which are based on power electronic
technology, to maximize the energy yield and reducing the
system downtime. Therefore, the reliability of power
electronics and lifetime estimation of power devices, used in
PV converters, is an essential step to ensure high reliable
operation of PV systems [2]. Solar PV systems can experience
failures during the operation, which decrease their reliability
and availability, and field experience revealed that power
electronic components are responsible for 37% of unscheduled
maintenance in the PV system [3].

Power electronics is the leading technology for the utilization
of electrical energy and its conversion for different applications,
renewable energies: solar and wind, individual and common
transports, and power transmission. Meanwhile, many studies
have been focusing on the enhancement of power electronics
design and evaluation to ensure high-reliability performance,
taking into account the requirement for a limited cost for market
competitiveness and reduced testing time [4]. Most power
converters including DC-DC converters and DC-AC converters
use IGBTSs as switching devices. IGBTSs are among the weakest
components in a PV inverter, which usually fail after a certain
period [5]. The failure criteria are generally related to the
increase of I, for bond wire damage, and the increase in R;;, for
solder joint fatigue (e.g. 10% forV,,, 50% for R.,) [6].
Reliability engineering study on power electronics is changing
from handbook calculations and empirical lifetime models into
the physics of failure approach [4], [7]. The PoF method
identifies the failure mechanisms that cause the power device
failure. In IGBTS, the main failure mechanism is bond wire
fatigue [4]. The heat generated by IGBT chip during operation
will cause the power module’s temperature to vary rapidly,
referred to as thermal cycling [8]. Due to the thermal expansion
difference between bond wire and chip, the thermal cycling
during operation causes bond wire fatigue due to thermo-
mechanical stress [9], [10].

The reliability of power electronic devices is usually affected
by external conditions, mainly solar irradiance, and ambient
temperature. They are referred to as the mission profile of the
system. The mission profile fluctuations create differences in
the PV output power, which is translated into different
switching and conduction losses in the power device, and this
causes junction temperature variations during the operation
[11]. Hence, the reliability of power electronic devices is
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evaluated by translating the mission profile into the thermal
loading of the power device using mission profile based lifetime
estimation technique [6], [11-12]. In previous works, the
reliability of power electronic devices is evaluated by taking
into account the impacts of PV panels and the surrounding
environment. In [12], the impact of the PV panel sizing on the
reliability of the PV inverter is investigated, where it is revealed
that the impact of PV array sizing is very high in cold climates,
such as Denmark. In another study [13], the PV panel
degradation is considered in the reliability analysis of the PV
inverter. The results show that the estimated inverter lifetime
can be deviated by 54%, due to the high degradation rate of PV
panels (1% per year). In the above studies, the irradiance used
in lifetime estimation is measured at certain tilt and orientation
of PV panels, generally south to maximize the energy
production.

The solar irradiation varies throughout the year, as the
inclination of the earth’s axis with respect to the sun changes
throughout the year [14]. In order to receive the maximum
irradiation from the sun and optimize the energy production, the
tilt and orientation angles of the PV panels must be adjusted
properly. The general rule for PV orientation is facing due
south, in order to receive direct light from the sun by facing the
equator. However, the south orientation of PV modules is not
always applicable, due to geographic features and installation
constraints such as shading obstructions. These aspects may
change the optimal orientation of PV panels [15-16]. Several
studies have investigated that the optimum tilt angle is strongly
dependent on the installation site and local weather [17-19],
which typically can be achieved by tilting the PV panels at the
latitude angle. On the other hand, various researches [16]-[20-
21] have been carried out to investigate the impact of tilt and
orientation angle on the PV system performance and its
economic perspective. In [16], it was found that the optimum
orientation maximizing the energy production is the
conventional due south or slightly west (less than 8°), while the
optimum energetic tilt is slightly less than local latitude. From
the economic perspective, the results revealed that the
electricity cost is minimized by shifting the PV arrays west of
south by 20° to 51° because the afternoon period is
characterized by high peak load demand and high electricity
prices, whereas the optimal economic tilt angle is also lower
than local latitude to cover the summer peak demand. In another
study [20], it has been investigated that the variation of tilt
angles can shift the energy production from summer months to
winter months, and the variation of orientation angles from east
to west can shift the energy production during the day, by
increasing the production in the morning or evening hours. In
recent years, many PV installers claim that the variation of PV
installation angles (tilt, orientation) contributes to smoothen out
the feed-in tariff of PV systems, which reduces the cost in the
long term. More recently in [21], it is revealed that south
orientation with a tilt close to the latitude angle of the region,
gives the lowest levelized cost of energy (LCOE) for that
region. Besides, the south orientation also results in a high
degree of autarky (DA), which is the ratio of PV directly used
to the total consumption of the household. Whereas, the
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combination of east and west orientations covers the midday
peak, the morning consumption and reduces the cost of
electricity during the night, especially in summer days. Another
advantage of east and west-facing is to increase the self-
consumption (SC), which is the ratio of the PV directly used to
the total amount of PV generated [21-22].

Therefore, according to previous discussions, the previous
works studied the impact of tilt and orientation angle on the PV
energy yield and the cost, but not on the PV inverter lifetime,
and this is what is going to be studied in this paper. For instance,
PV panels in the same location can generally be installed with
different tilt and orientation angles, which will affect the energy
yield of the PV system as well as the loading and reliability of
the inverter. Moreover, as discussed in [13], the reliability
analysis of the PV inverter cannot be very accurate, without
considering the PV panel degradation rate of the location in
interest. Several studies have reported that the PV panel
degradation rate in Algeria varies from 0.5% per year to 1.75 %
per year as will be discussed in this paper.

In this paper, the impact of the PV panel positioning (tilt,
orientation) and PV panel degradation on the PV inverter
lifetime and reliability is investigated using mission profile
based lifetime estimation [23]. The evaluation is based on the
mission profile of Algiers, Algeria, where the irradiance values
are obtained for different tilt and orientation angles. The paper
is organized as follows: in Section 11, a description of the case
study is provided, including the mission profile of the system,
tilt, and orientation of PV panels, and PV degradation studies.
In Section 111, the mission profile based lifetime estimation of
power devices is explained. In Section IV, the reliability
assessment of the PV inverter based on Monte Carlo simulation
is evaluated for different tilts and orientations. After that, in
Section V, the PV panel degradation is taken into account and
the reliability assessment of the PV inverter for different
orientations is carried out. Finally, some conclusions are drawn
in Section V1.

1. DESCRIPTION OF THE CASE STUDY

A. System Description

In this section, a case study on a 5.2 kW single-phase, single-
stage grid-connected PV inverter will be presented for lifetime
estimation and reliability analysis of the PV inverter for several
tilts and orientations. The PV system is configured according to
Fig. 1, where the PV inverter and MPPT control are chosen
according to [24]. The PV panel BP 365/65W is chosen, where
4 strings are connected in parallel and each string consists of 20
modules in series to achieve 5.2 kW rated power. The single-
stage PV system consists of a full-bridge PV inverter as an
interface between the PV panels and the ac grid.
Transformerless PV inverters are commonly used to increase
the efficiency of the PV system [23]. The 600-V/30-A IGBT
and diode devices from a leading manufacturer [25] are used.
The thermal parameters of the thermal impedance Zen;_, for
the diode and IGBT, are entered to PLECS software from the

manufacturer datasheet, the parameters are given in Table I. A
cooling system including the heat sink sizing is chosen to
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ensure a maximum junction temperature of 120°C at the rated
operating condition.

PV Arrays

Wim? M

Full bridge PV inverter

LCL filter

ipy Ve
"YW |
MPPT . Tnverter
Algorithm de| Control
E!J

Fig. 1. Single-phase transformerless inverter with LCL filter.

TABLE |
THERMAL IMPEDANCE PARAMETERS FOR A 600V/30A IGBT AND DIODE
MOoDULE [25]

Thermal Impedance Zen,_,
i 1 2 3 4
R, 0.05279 0.1938 0.2578 0.2957
IGBT | (K/w)
73 (5) 6.5e-05 0.00047 0.0061 0.06478
R, 0.037 0.237 0.5872 0.5384
Diode (KIW)
7; () 7.4e-06 7.2e-05 0.00049 0.0039

B. Mission Profile of the PV system

The yearly solar irradiance and ambient temperature profiles
are recorded from the installation site of the Algerian renewable
energy development center (CDER) in Bouzaréah, Algiers with
a sampling frequency of 5 minutes per sample, as it is shown in
Fig. 2. The maximum and minimum temperatures are given by
35.37°C in July and 1.85°C in February, respectively, while the
maximum solar irradiance throughout the year is 1293
W /m? in February. The solar irradiance is received on a south-
facing, tilted plane of 36.8°, which is the latitude angle of
Bouzaréah region in Algiers.

C. Tilt and Orientation of PV Panels

The amount of irradiance the PV module collects depends on
the tilt and orientation angle of the module. The tilt angle is the
angle between the solar module plane and the horizontal while
the orientation of the PV module is the angle between due south
and the normal projection (vertical) of the solar module and
horizontal. The exact tilt angle for maximum energy production
varies according to the local climate and the geographic
location as discussed previously, but the general rule is fixing
the tilt angle at the latitude of the location plus 15 degrees in
winter or minus 15 degrees in summer [26]. Nevertheless,
recently solar contractors advise fixing the tilt of rooftop PV
installation close or equal to the latitude angle. The optimum
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orientation is usually suggested to be south-facing in the
northern hemisphere and north-facing for the southern
hemisphere [14]. The solar azimuth angle is the angular
displacement from due south to the projection of the beam
radiation on the horizontal plane, east of south is a negative
angle, west is positive [26]. The tilt angle (B) and azimuth angle
(a) are shown in Fig. 3 [27].
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Fig. 2. Yearly mission profile data (ie, ambient temperature and irradiance with
sampling rate of 5 minutes per sample) in Algeria: (a) Ambient temperature and

Solar Irradiance (Wlmz)

(b) Solar irradiance with south facing and tilt of 36.8°.
East Sun

North

Tilted solar panel Height ()

Tilt angle (B)

South
West

Fig. 3. Azimuth and tilt angles of a solar panel [27].

In [28], solar maps presenting the average annual global
irradiation covering Algeria country is realized based on annual
sunshine durations and large database. In the previous study,
the global irradiation is estimated at different orientations and
tilt angles, in the solar maps, it can be noticed that the highest
average global irradiation is received at a tilt angle close to the
latitude angle facing south.

The center of development for renewable energies (CDER)
in Bouzaréah, Algiers is equipped with a meteorological
station, where the global irradiances for the horizontal and tilted
plane of 36.8° are measured using two Kipp and Zonen
pyranometers. For this location, the latitude is 36.8° north,
longitude 3.17° east and the altitude is 347 m.
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Fig. 4. Global annual solar irradiation on tilted and oriented PV modules in
Bouzaréah, Algeria (N 36.8°, E 3°).

The annual total global solar irradiations for differently
oriented PV panels with different tilt angles for Bouzaréah
region are shown in Fig. 4 and another graph showing
irradiations received on tilted planes from 0° to 90° and facing
the basic orientations in this particular site is shown in Fig. 5.
According to the annual irradiation levels, the optimum annual
global irradiation, which is 2150 kWh/m? occurs with
southern alignment and a 36° to 40° tilt angle.
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Fig. 5. Global annual solar irradiations on tilted planes with orientations of
South, Southeast/Southwest, East/West for Bouzaréah, Algeria (N 36.8°, E 3°).

The global tilted irradiance for 5 different tilt angles: 20°,
30°, 37°, 50°, and 90° is obtained from the measured global
horizontal irradiance using Liu and Jordan model [29]. For this
study, a program for calculating the irradiance for different tilt
and orientation angles, developed in CDER, is used [30]. In this
program, the measured global horizontal irradiance with a
sampling rate of 5 minutes is entered, with the day of the year.
Then, Liu & Jordan model is used to calculate global solar
irradiance for different tilt and orientations of PV panels, with
high precision. The results of global solar irradiance for
different tilt angles can be observed for 3 days in different
seasons, as shown in Fig. 6. Then, results for different
orientation angles are shown in Fig. 7. It can be noticed from
Fig. 6 that the optimum tilt angle varies throughout the year, in
winter the highest tilt angle (50°) is optimum (because the sun
is lower in the sky) and in summer the lowest angle (20°) gives
the highest irradiance level. In Algiers, Algeria, the PV panels
are usually tilted at 25° to favor energy production in summer
[31]. In Fig. 7, it can be noticed that the optimum orientation
for maximizing the irradiance level is due south, where the
maximum irradiance is seen in midday time. On the other hand,
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east and west orientations give the highest irradiance levels in
the morning and evening times respectively, it can be also
observed that east orientation gives high irradiation levels
compared to west orientation, especially in summer.
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Fig. 6. Solar irradiance for 3 days in Algeria, with a sampling rate of 5 minutes
per sample, for 3 different tilt angles 20°37°and 90° with South
orientation:(a)Spring,(b)Summer,(c)Winter

D. PV Panel Degradation

The PV module is an essential part of the PV system since it
converts the incident irradiation from the sun to electrical power
for daily use, and the PV module represents more than 50% of
the total cost of PV system installation [32]. In practice, the
qualified PV modules usually degrade more than the rates given
by the manufacturer [33-35]. The main degradation modes
observed in PV modules are due to the degradation of
packaging materials, loss of adhesion, degradation caused by
moisture, and semiconductor device failure. The degradation of
packaging material includes encapsulant browning [33].
Several works are carried out to study the aging process of EVA
encapsulant in the real field [32]-[36-37]. It is revealed that this
aging mechanism is the most critical and leads to PV module
aging in Algeria, especially in the desert region with a hot and
dry climate condition. In [38], the electrical and thermal
performance of PV modules in the Algerian desert is carried
out. It has been revealed that after 20 years of exposure, the PV
module maximum power degraded by 35% which means 1.75%
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per year.

PV modules do not frequently fail catastrophically, but they
experience a steady power degradation over time. Mainly, the
degradation of PV modules undergo 2 different stages, rapid
degradation (1-3%) in the first year of operation then slow
linear degradation (0.5% to 1% per year) thereafter [39], [40].
It is reported that PV modules mainly affected by encapsulant
discoloration undergo linear degradation over time, while other
degradation modes lead to non-linear degradation [41]. In [31],
degradation of power performance of 90 crystalline silicon PV
modules is evaluated after 11 years of exposure in the
Bouzaréah region in Algeria, where the panels were divided
into 3 subgroups. It has been found that the average yearly
degradation rate of these modules in the Bouzaréah region in
Algeria is given by 0.55% per year.

In this paper, a linear degradation model based on the
measurements in [31] is proposed, since the study is evaluated
using the mission profile of the same geographic location. The
PV panel degradation impact is considered in Section V.
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Fig. 7. Solar irradiance for 3 days in Algeria, with a sampling rate of 5 minutes
per sample, for 5 different orientation angles with tilt angle is 36.8°: (a) Spring,
(b) Summer, (c) Winter.
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I1l. MISSION PROFILE BASED LIFETIME ESTIMATION

A. Mission Profile Translation

The mission profile (solar irradiance, ambient temperature)
for different orientations and tilt angles in Algiers are translated
into thermal loading of the PV inverter. First, the grid-
connected PV system in Fig. 1 is constructed in PLECS
software. Then, the thermal model of the IGBTs and Diodes
from the manufacturer datasheet in [25] is constructed. After
that, the PV power at the MPP is obtained according to the PV
arrays configuration [23]. Simulation is carried out several
times using 4 ambient temperatures (-5, 15, 35, 55) °C and 16
solar irradiances (0, 100... 1500) W /m? . By using lookup
tables, Tj,, and AT; values are obtained for the yearly mission
profile for the Algiers region in Algeria.

B. Cycle Counting Algorithm

After obtaining the junction temperature T; under the yearly
mission profile, a cycling counting algorithm is applied to
divide the irregular thermal loading cycles into numerous
regular loading. The rainflow cycle counting algorithm [42] is
a technique that identifies all the thermal cycles in a variable
loading history. This algorithm is developed to consider the
stress-strain hysteresis loop in temperature loading history
which is the physical basis of this algorithm. It means that each
closed hysteresis loop represents a cycle [6], [42]. The
temperature cycles have patterns that differ in the cycle
amplitude and period. Hence, Rainflow cycle counting
algorithm is applied to obtain regular loading ranges, from
which the mean junction temperature Tj,, the cycle
amplitude AT}, the cycle period t,,, and the number of cycles
n; for each regular loading can be determined, as shown in
Fig. 8. These parameters can be applied to the lifetime model in
order to identify the number of cycles to failure.

ny n, n;

Strain

ij,l

= VYV L

V \/ V V VTi’me(S)

Fig. 8. Regular loading profile demonstrates the extraction of the parameters

AT i, Timyis ton,i and n;.

C. Lifetime Model of Power devices

To predict the lifetime (cycles to failure) of the power
electronic device as a function of the thermal cycling
parameters, the lifetime model in [43], [44] is used. This
lifetime model is derived from accelerated power cycling test
data and it is given as:

Ea

_ AT C+toyn
Nf—A'ATja'eXP< )'arﬂl ’+E°'(K)'fo @

kp- jm
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where Ny is the number of cycles to failure,Tj,, the mean
junction temperature, AT; is the cycle amplitude and t,, is the
cycle period. The lifetime model parameters include the
activation energy E,, the bond wire aspect ratioar, the
Boltzmann constant ky, , and other constants are given in Table
11 [44].

TABLE Il
PARAMETERS OF THE LIFETIME MODEL OF AN IGBT MODULE [44].
Parameters Unit Value Experimental
condition
A [1] 3.4368x10™
a [1] -4.923 64 K<AT;<113K
Yo [V/K] -9.012x10°3
Ao [1] 1.942 0.149 <ar<0.42
C [1] 1.434
% [1] -1.208 0.07s <ty <635
fo [1] 0.6204 for diode
1 for IGBT 32.5°C <Tj<122°C
Ea [eV] 0.06606
ke [eVIK] 8.6173324x10°

D. Monte Carlo Simulation and Reliability Assessment

The lifetime consumption LC is calculated using Miner’s
rule given by:
Nfl-

where n; is the number of cycles, obtained by Rainflow
analysis,  Ng;is the number of cycles to failure, which is
obtained from the lifetime model. The value of LC indicates
how much time the device consumed during operation. If LC
reaches unity (LC = 1), then the device reaches its end of life
[6]. Moreover, to overcome parameter uncertainties due to the
manufacturing process and application of the lifetime model,
Monte Carlo simulation is performed. In Monte Carlo
simulation, two types of uncertainties are considered. The first
type is parameter variation in the lifetime model because the
lifetime model which has certain uncertainty due to the specific
test condition. Therefore, variations should be introduced to the
constants 4, 8, and B, of the lifetime model. The second type
of uncertainty is due to the manufacturing process which causes
variations in the IGBT losses. In this case, variations should be
introduced to the stress parameters Tj,, AT; andt,,. To
introduce these variations, the parameters are modeled with
certain distribution with a range of variations. In general, the
parameter variation tends to be normal distribution when the
number of samples is large enough according to the central limit
theorem. Thus, in this paper, the parameters are modeled with
normal distribution, with certain parameter variation (e.g. 5%).
After that, a large set of the population is taken randomly from
each distribution. The number of simulations is selected
considering the tradeoff between accuracy and computation
time (e.g., 10, 000 simulations) and then the selected value is
applied to the lifetime model in order to evaluate the damage
accumulation [45]. The system-level reliability assessment is
calculated according to the reliability block diagram [46]. For
the full-bridge inverter topology (4 IGBT module components),
as seen in Fig. 1, the failure of one component leads to the
whole inverter system failure. Thus, the unreliability function
F.,:(x) can be given by:

Fioe(x) =1— (1= F(x))* ©))

6

where F(x) is the unreliability function of one power device.

IV. LIFETIME EVALUATION

A. Translated Thermal Loading

The mission profile data for different orientations and tilt
angles without PV panel degradation are translated into thermal
loading of the PV inverter. When changing tilt and orientation,
the ambient temperature is assumed to remain the same, and the
irradiance is received at a certain tilt and orientation angle.
Therefore, in this analysis, the PV power production
characteristic of different panel orientations has the main
influence on the thermal loading of the PV inverter, while the
impact of ambient temperature (for different orientations) is
less significant. This is also applied to the case where the
inverter is internally housed. The impact of the tilt angle on the
junction temperature profile of the IGBT device can be seen in
Fig. 9. It can be observed that for south orientation, the thermal
loading parameters Tj,, and AT; are relatively high for the tilt
angle of 30°, which is the optimum tilt angle. The thermal
loading is slightly reduced with a tilt of 20° where T}, is about
7°C lower, while for an inclination of 90° the values of T},,, and
AT; are reduced significantly where T;,,, is about 25°C lower
than optimal tilt case and AT;is 3°C less. Besides, it can be
observed that the reduction is lower in summer months, from
April to September, due to the moderately stable ambient
temperatures and irradiances during summertime in Algeria.
This results in low cycle amplitude AT; in this period.

To illustrate the impact of orientation on the thermal loading
of the PV inverter, Fig. 10 shows Tj,, and AT; for different
orientations fixing the tilt at 37 °. It can be noticed that south
orientation gives the highest thermal loading, i.e. highest
T;m and AT; values. On the other hand, for the east orientation,
T is less than 3 °C lower than the south orientation. However,
the thermal loading for east orientation is higher than the south
orientation in summertime (from May to August) and lower
during the rest of the year. The thermal loading for west
orientation is slightly lower than east orientation, Tj, and
AT;are only about 3°C and 1°C lower than the east,
respectively. This slight reduction in T;,,, and AT; is due to the
decrease in irradiance levels in the evening, where the
irradiance levels in the morning time are higher than evening
times. In Fig. 10 (b) and Fig. 10 (d), it can be observed that the
thermal loading of the power device for southeast and
southwest orientations is very close to south orientation, where
the differences in AT; and Tjy, are less than 1 °C. However, the
southeast orientation is slightly higher than southwest
orientation in terms of thermal loading, the highest thermal
loading occurs in summer months as observed in the east and
west-facing case.
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Fig. 9. Thermal loading of a single IGBT device in the PV inverter for yearly
mission profile data with different tilts angles B: (a,b) Mean junction
temperature T},,, and (c,d) Cycle amplitude of the junction temperature variation

AT;.

B. Lifetime Evaluation

As discussed in [45], the IGBT modules are exposed to 2
types of thermal stress, with different levels of cycling
frequency. The first one is the line frequency power cycling,
which comes from the variations in the IGBT power losses, due
to different loading conditions. The second type is the low-
frequency thermal cycling, which is caused by the variations in
the ambient temperature. In order to find the lifetime
consumption using Miner’s rule, the number of cycles in one

7

(°C)

(Zoomed)
00

! ﬁ=‘37°(Laéi!ude)
B /S

w

jm

150 - 50

0
06:00 12:00 18:00
Nov 20, 2014

0
06:00 12:00 18:00
Jun 18, 2014

06:00 12:00 18:00
Mar 18, 2014

50 ’ ‘ ’ ‘
\ LI

=
o
=]

0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
Time (months) 2014

@

(Zoomed)
Y

Mean Junction Temperature T.

(°C)

(Zoomed) (Zoomed)
0

100
150 59 50

jm

B=37°(Latitude}
SE 5 ]

0 S
06:00 12:00 18:00

Nov 20, 2014

0
06:00 12:00 18:00
Jun 18, 2014

05:00 12:00 18:00

S
Mar 18, 2014

=
o
o

50
|

L L L L L L L L

0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan

Mean Junction Temperature T.

Time (months) 2014
(b)
(Zoomed) (Zoomed) (Zoomed)
__ 60 — 0 : : prym— ———
o B=37°(Latitude)
~ 50120 20 20
- E w
< 0 0 0
q 40 06:00 12:00 18:00  g.00 12:00 18:00 / 06:00 12:00 18:00
° Mar 18,2014 Jun 18, 2014 Nov 20, 2014
2 30 ‘
=
€ 20
3 ol
o
5 10§
S
o

o IMRARERY
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
Time (months) 2014

©

(Zoomed) (Zoomed)
20 T T

(Zoomed)
40 T T

—~ 40 : ¢
9 B=37°(Latitude)
< 20 2
- b sw
0
" . ) 0 SE o s
g 06:00 12:00 18:00 9500 12:00 18:00 06:0012:0018:00
< Mar 18, 2014 Jun 18, 2014 Nov 20, 2014
'g |
_Q i
E ‘\
P [
5 10|
>
(&)

RO PO T, I W B T B i o U | el

Jan Feb Mar Apr May Jun Jul
Time (months) 2014

Aug Sep Oct Nov Dec Jan

©)
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J

year and the number of cycles to failure N¢ e freq) due to line
frequency power cycling have to be obtained. Since the thermal

loading parameters Tj,,and AT; are obtained every 5 minutes,
the number of cycles in 5 minutes have to be calculated.

" i(tine freq) = 50 X 60 X 5 = 1.5 x 10* Cycles 4)

The number of cycles in 5 minutes is obtained considering the
number of cycles in 1s due to line frequency power cycling
(f =50Hz). After that, the damage accumulation
LCine Freq)due to line frequency power cycling is calculated.
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" i(tine freq) 1S CONStant and Ny jine rreq) 1S @ function of ATj;
and T, and t,,=0.01s, for each loadingi, and it is
calculated using the lifetime model in (1). The lifetime
evaluation of the power device in the PV inverter is carried out
for PV panels south facing with a tilt angle of § = 37°. The
damage accumulation LC due to line frequency power cycling
is found to be 4.47 %, which results in an IGBT lifetime of
22 years.

On the other hand, the lifetime consumption of a single IGBT
device under the high-frequency power cycling and low-
frequency thermal cycling (due to mission profiles) can be
obtained [47]. First, the Rainflow cycle counting algorithm is
used to extract the parameters:T,,;, ATj;, n; and t,,; for each
regular loading i. Then, the lifetime model in (1) is used to find
the number of cycles to failure for each regular loading i. The
lifetime under both effects (low and line frequency cycling) is
found to be 22 years. It is worth noticing that the effect of low-
frequency thermal cycling is very small and can be neglected
for this case, since the damage accumulation due to the low-
frequency thermal cycling is relatively low compared to the line
frequency power cycling, as shown in Table I11. Notably, it can
be realized from Fig. 11 that the majority of thermal cycles
have very low cycle amplitudes (around AT; = 0°C) and mean
junction temperature less than 30°C (0°C < Tj,, < 30°C), and
this occurs when the heating time is less than 60 s.

The lifetime evaluation of the power device is carried out for
4 different tilt angles of PV panels: 20°, 30°, 50°, and 90°. The
results are shown in Table IV. The lifetime estimation is
evaluated also for wvarious orientations: south, southeast,
southwest, east, west, and in case of splitting the PV panels
equally between east/ west, and south/ west and south/east. It is
worth mentioning that splitting the total installed capacity
equally between east and west makes it possible to benefit from
the high self-consumption of east orientation and the high
degree of autarky of west orientation as done in [21]. Moreover,
splitting the PV panels between south and east has the
advantage of high PV energy production due to south
orientation and high self-consumption of east orientation. This
orientation may lead to less PV inverter loading and a higher
lifetime. Whereas, splitting the total installed capacity between
south and west increases the energy production with a high
degree of autarky, since the customer when in evening time

8

which is the high consumption time directly uses the PV power,
and this PV positioning may also decrease the loading the PV
inverter and increase its reliability. The results of the mission
profile based lifetime estimation with these different
orientations are shown in Table V.

TABLE Il
DAMAGE ACCUMULATION RESULTS WITH a = 0°, 8 = 37°
Accumulated

. Cycle A
Loading : damage LC  Lifetime
period oy, in one year

Line frequency 0.01s 4.47 x 1072 22.36 years
Mission profiles
(Irr and Temp) 60s 7.22 X 1075 13856 years

Total effects 448 x 1072  22.32 years

TABLE IV

DAMAGE ACCUMULATION RESULTS FOR DIFFERENT PV TILT ANGLES
a = 0° (SOUTH)

Tilt Angle Accumulated Lifetime
damage LC in
one year
20° 0.0422 24 years
30° 0.0456 22 years
50° 0.0371 27 years
90° 0.0047 213 years
TABLEV

DAMAGE ACCUMULATION RESULTS FOR DIFFERENT PV ORIENTATIONS
B = 37° (LATITUDE ANGLE)

Accumulated Lifetime
. . damage LC in
Orientation one year
South 0.0447 22 years
Southeast 0.0379 26 years
Southwest 0.0358 28 years
East 0.0200 50 years
West 0.0179 56 years
East + West 0.0053 187 years
South + East 0.0194 51 years
South + West 0.0185 54 years
TABLE VI
EQUIVALENT STATIC VALUES OF THE STRESS PARAMETERS
a=0°p=37°
Parameters Static Values
Mean junction temperature Tjp(static) 31.92°C
Cycle amplitude ATjs¢qtic) 18.25°C
Heating period ton(staticy 0.01s 0
Number of cycles per year n; 1577 x 10
10
Number of cycles to failure Ny 358’84150

Damage accumulation per year LC

In order to obtain more accurate and realistic results,
parameter variations are introduced by Monte Carlo simulation
and the reliability of the IGBT and the PV inverter is evaluated.
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First, static values should be taken from stress parameters: Tj,, ,
AT; and t,, and the lifetime model constants: A, By, B; as
discussed in [23] and [45]. The static parameters for the
orientation of south-facing and tilt angle of p=37° are given in
Table VI. After finding the static values for the different tilts
and orientations, they are modeled as a normal distribution with
5% parameter variation and the simulation is repeated 10,000
times, where a random value from these static parameters is
taken each time and the lifetime model is applied to obtain the
damage accumulation. Finally, a histogram of end of life for a
large population of IGBTS is evaluated, as shown in Fig. 12 for
the case of south-facing and p=37°. The wear-out failure of the
component can usually be well represented with a Weibull
distribution with an increasing failure rate over-time (when the
shape parameter is larger than 1) [48]. Thus, the lifetime
distribution of the power device for the different 10 000
samples is fitted with Weibull distribution in Fig. 12, whose
probability density function (PDF) is given as:

£ = L xtexpl- ()] )

Where g and n are the shape and scale parameters respectively.
The value of n corresponds to the time when 63.2 % of the
population is failed. The unreliability function (cumulative
distribution function) of the Weibull distribution is shown for
one single IGBT (component level) and 4 IGBTs (full-bridge
PV inverter) for the case of (a=0°, p=37°) as shown in Fig. 13.
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3 i

T T
Weibull PDF
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Fig. 12. Lifetime distribution of a single IGBT device in the PV inverter
installed in Algeria, where the PV panels are south oriented with a tilt of 37°.
The unreliability function in system-level is carried out for
different tilt angles of PV panels as shown in Fig. 14, and for
the different orientations in Fig. 15. The B, lifetime, the time
when x% of the population of power devices is failed, can be
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Fig. 13. Unreliability function (Weibull CDF function) of the PV inverter
installed in Algeria, where the PV panels are south oriented with a tilt of 37°.
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Fig. 14. Unreliability function (Weibull CDF function) of the PV inverter
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obtained from the unreliability function. The PV energy
production can be computed for different tilt angles and
orientations of PV panels, to analyze the loss of energy
production and the gain in the PV inverter lifetime (B;,) when
changing tilt and orientations. The results in Fig. 14 show that
the tilt angle resulting in the lowest lifetime of the PV inverter
is 30° corresponding to the highest annual energy production as
can be seen in Fig. 16. However, the deviation in §;, lifetime
for tilt angles of 20°,30°, and 50° is very small (less than two
years) as can be observed also in Fig. 16. Moreover, the energy
production is decreased by 1% for a tilt of 20° and 4% for a tilt
of 50°, which means that the choice of tilt angle, less than 20°,
around the optimum tilt does not alter the PV inverter lifetime
significantly but the energy production is slightly reduced.
Hence, the choice of tilt angle around the optimum is important
for maximizing the energy production without affecting much
the PV inverter lifetime. However, the panels tilted at 90°, result
in a very high PV inverter lifetime, however, the PV annual
energy drop is around 37%, which is a very high loss. It can be
concluded that the tilt angle does not have a significant impact
on the PV inverter lifetime. However, for maximizing the
energy production, the careful choice of optimum tilt is
mandatory.

From Fig. 15, it can be observed that the deviation in the
unreliability function of the PV inverter (system level) for
different PV orientations is significant, where the lowest
lifetime and steepest graph corresponds to the south orientation,
which is also the optimum orientation for maximizing the
energy production as can be seen in Fig. 17. On the other hand,
the southeast and southwest orientations result in an annual PV
energy drop of 5% and 8% respectively, where the 3, lifetime
gain is 17% and 24% respectively. The orientation of due east
and due west lead to PV energy drop of 18% and 23%
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respectively, where the S, lifetime gain is 124% and 150%
respectively. It is worth noticing that east-facing results in
higher PV energy compared to west facing as discussed before,
due to high irradiance levels during morning time in Algiers.

‘-Annual PV Energy (MWhlyear)
IHB10 Lifetime (year)

20° 30° 37° 50° 90°
Tilt Angle of PV panels (Degrees)

Fig. 16. PV Energy yield and B, lifetime of the PV inverter installed in
Algeria for different tilt angles of PV panels in one year.
(MWhlyear)

[MAnnual PV Energy
[EmB10 Lifetime (year)

E SE s sw w E+W S+W S+E
Orientation of PV panels

Fig. 17. PV Energy yield and B,, lifetime of the PV inverter installed in
Algeria for different orientations of PV panels in one year.

Moreover, it can be observed that splitting the PV panels
south/east and south /west result in less than 12% PV energy
drop, and B, lifetime gain of more than 130%. On the other
hand, the more practical case of splitting PV capacity between
east and west leads to a decrease of 20% in the annual PV
energy compared to the south. The annual energy for this
orientation is the average between the east and west energies,
as can be visualized in Fig. 18, where the available power from
PV panels is shown for 1-day operation. However, the
By, lifetime corresponding to east/west split is around 8 times
the B, for south orientation, which is very beneficial for
reducing the cost of maintenance and the replacement of PV
inverters. It is also worth mentioning that the orientation of due
east and the case of south/east (split) result in the same PV
inverter f3;, lifetime (19 years) but the annual PV energy for
south/east (split) is 11 % higher than east, the same remark can
be said for south/west (split) and west orientation.

As can be observed in Fig. 17, the orientation of east/west
split results in a very high lifetime for IGBTS, compared to the
south, east or west orientations, this can make a suggestion, that
this PV panel configuration drastically reduces the stress on
power devices. Fig. 19 shows the thermal loading of the IGBT
device for east, west and east/west (split) orientation, it can be
observed that the mean junction temperature T;, for E/W
orientation is approximately 17°C lower than east, and 14°C
lower than west orientation. On the other hand, the cycle
amplitude AT; for E/W orientation is around 8°C lower than east
or west. This high reduction in the thermal loading of the power
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devices reduces the stress on the inverter, and the lifetime is
increased considerably, as observed in Fig. 17.
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Fig. 18. Available power from PV panels in 1 day for different orientation of
PV panels: East, West, E+W split.
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Fig. 19. Thermal loading of a single IGBT device in the PV inverter for yearly
mission profile data with different Orientation: East, West, E+W split: (a) Mean
junction temperature T, and (b) Cycle amplitude of the junction temperature
variation AT;.

In light of the above discussion, it can be concluded that
orientation has a strong impact on the PV inverter lifetime,
where the maintenance cost can be reduced significantly and
the self-consumption can be increased by facing the PV panels
east of south. Besides, the degree of autarky can be increased
with less PV inverter loading when pointing the PV panels west
of south. Furthermore, splitting the PV energy between east and
west maintains the PV energy high enough with less PV
inverter loading and higher lifetime (8 times higher), which
results in less maintenance cost of the PV inverter during
operation by replacing the inverter less often. Moreover, the
initial cost of PV energy in the design phase will be much lower,
and as it was investigated in several studies, the east/west
orientation gives the capability of matching the load profile of
the household and increases the self-consumption and degree of
autarky of the PV system.
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V. LIFETIME EVALUATION CONSIDERING PV PANEL
DEGRADATION

The output power of the PV arrays is obtained after an
operation of 20 years, considering the PV panel degradation
rate of 0.55% per year, as shown in Fig. 20. The difference in
power production due to PV panel degradation can be
visualized, where the available PV power decreases by 11% in
20 years. The impact of PV panel degradation can be observed
in the junction temperature parameters: Tj,, and AT} , it can be
observed from Fig. 21 that the mean junction temperature Tj,,
with panel degradation of 20 years is approximately 15° lower
than the case without PV panel degradation that corresponds to
the first year of operation. On the other hand, the cycle
amplitude of the junction temperature is about 7° lower than the
first year. The lifetime consumption LC of the power device is
accumulated for an operation of several years considering the
panel degradation rate of 0.55% per year, the cumulative life
consumption of the power device with and without panel
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Fig. 20. Available power from PV panels in one year, without degradation,
and with 20 years of panel degradation, the PV panels are south oriented and
tilt of 37°.
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Fig. 21. Thermal loading of a single IGBT device in the PV inverter for yearly
mission profile data with and without panel degradation: (a) Mean junction
temperature T;,, and (b) Cycle amplitude of the junction temperature
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Fig. 24. PV Energy yield and B, lifetime of the PV inverter installed in Algeria
for different tilt angles of PV panels in one year considering PV panel
degradation for 20 years.

degradation for the case of south-facing and tilt of 37° is shown
in Fig. 22. It can be observed that the lifetime of the power
device for this case is near twice the lifetime without
considering panel degradation.

As can be seen in Fig. 23 and Fig. 24, the PV inverter lifetime
increased considerably compared to Fig. 15 and Fig. 17 where
the PV degradation impact is not considered. For most
orientations, the inverter lifetime increased by more than 130%.
It can be observed from Fig. 17 and Fig. 24, the highest increase
in PV inverter lifetime is observed for the south orientation,
where B;, is shifted from 8 years to 22 years, which is an
increase of 175%. In most cases, it can be said that the inverter
replacement is decreased by 50% by considering panel
degradation. Hence, the results in this paper agree with the
study in [13], where PV panel degradation will result in an
overestimation of the maintenance cost for PV inverters in the
design phase, given as Cygm , the operational and maintenance
cost in [11]. This means that PV panel degradation should be
considered in the lifetime estimation of PV inverter systems.
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VI. CONCLUSION

In this paper, the impact of PV panel positioning (tilt,
orientation) on the PV inverter lifetime is studied, the
evaluation is carried out based on the mission profiles of
Algiers, Algeria, characterized with a Mediterranean climate.
The results reveal that the tilt angle of PV panels alters the
energy production slightly. However, its impact on the PV
inverter lifetime is very low. On the other hand, the orientation
of PV panels has a strong impact on the PV inverter lifetime,
where for some orientations the PV energy production is kept
high enough and the PV inverter lifetime is increased
dramatically. The results presented in this paper can be used to
evaluate the design trade-off between the energy yield and PV
inverter lifetime for different PV positioning. The methodology
given in this paper can be applied for any location with certain
mission profile, where the yearly irradiance profile for different
tilts and orientations are required as input for the mission profile
based lifetime estimation . In this work, the mission profile
from Algiers, Algeria is used as a case study to investigate the
impact of tilt and orientation angle on the lifetime evaluation of
the PV inverter. Besides, the daily irradiance profiles for
different tilt and orientation angles, which represent a typical
short-term operation of the PV inverter under clear-day
condition can be applicable to most locations. In the case of the
long-term operation, e.g., one-year, the long-term variation of
the mission profile is strongly influenced by the location of the
installation. However, the results can in general represent the
location with similar climate condition, e.g., moderate climate.
For other climate conditions, the same method presented in this
paper can still be applied to quantify the impact of PV panel
positioning on the inverter reliability. Moreover, according to
the results, it is found that PV panel degradation is an important
parameter in the estimation of the PV inverter lifetime and
needs to be considered in the reliability assessment. More
results related to PV panel degradation is a subject of future
research.
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