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Lifetime Evaluation of Grid-Connected PV Inverters
Considering Panel Degradation Rates and
Installation Sites

Ariya Sangwongwanich, Student Member, IEEE, Yongheng Yang, Member, IEEE,
Dezso Sera, Senior Member, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract—Lifetime of PV inverters is affected by the instal-
lation sites related to different solar irradiance and ambient
temperature profiles (also referred to as mission profiles). In
fact, the installation site also affects the degradation rate of the
PV panels, and thus long-term energy production and reliability.
Prior-art lifetime analysis in PV inverters has not yet investigated
the impact of PV panel degradations. This paper thus evaluates
the lifetime of PV inverters considering panel degradation rates
and mission profiles. Evaluations have been carried out on PV
systems installed in Denmark and Arizona. The results reveal
that the PV panel degradation rate has a considerable impact
on the PV inverter lifetime, especially in the hot climate (e.g.,
Arizona), where the panel degrades at a faster rate. In that case,
the PV inverter lifetime prediction can be deviated by 54 %, if
the impact of PV panel degradations is not taken into account.

Index Terms—PYV inverters, lifetime, reliability, mission profile,
degradation, Monte Carlo method.

I. INTRODUCTION

HOTOVOLTAIC (PV) technology has a potential to be-
Pcome a major energy source in the near future, and has
experienced a high growth rate during the last decades [1].
As more PV systems have been installed and connected to the
grid, their reliability and lifetime are gaining more and more
attention [2]-[4]. With the recent technology, the lifetime of
PV panels is normally warranted at 20-25 years, while the PV
inverter lifetime is usually limited to less than 15 years [5].
Thus, the PV inverter has been reported as one of the most
critical components that cause failures in the entire PV systems
[6], [7]. For grid-connected PV systems, the cost associated
with the PV inverter failure is around 59 % of the total system
cost [8]. Therefore, the lifetime prediction of PV inverters
plays a crucial role in terms of the operational cost assessment,
and thus design for reliability.

Lifetime of grid-connected PV inverters can be significantly
influenced by their operating conditions, which will affect the
thermal loading of the power devices [9]-[11]. This could
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be due to different control strategies of the PV inverters
(e.g., Maximum Power Point Tracking - MPPT operation,
reactive power injection, and limiting power injection) [12]—
[15], but also the installation sites (more specific, solar irra-
diance and ambient temperature profiles, also referred to as
mission profiles). Studies in [16]-[19] have revealed that the
installation location has a considerable impact on the reliability
and lifetime of PV inverters. This is due to the fact that the
mission profile of the PV inverters (i.e., solar irradiance and
ambient temperature) varies according to its installation sites.
For instance, the installation site at the geographical location
close to the Equator (e.g., South America and Africa) will
normally have a relatively high average solar irradiance level
through out a year. In those regions, only small seasonal
variations in the solar irradiance profile is usually observed.
In contrast, some installation sites located in the northern
part of the world (e.g., Scandinavia countries) usually have
a relatively low average solar irradiance level during winter,
and the solar irradiance profile can vary considerably during
a year [20]. Similar tendency is also applied to the ambient
temperature profile of the installation site. The solar irradiance
and ambient temperature have a direct impact on the PV
power production (due to the PV panel characteristic), which
will in return contribute to the thermal loading of the PV
inverter due to the power losses dissipated in the power
devices (e.g., Insulated-Gate Bipolar Transistor (IGBT)). In
addition, the ambient temperature of the installation site will
also have a direct impact on the thermal loading (i.e., the
junction temperature) of the power device. Consequently, the
PV inverter lifetime will be affected by the variations in the
solar irradiance and ambient temperature of the installation
sites. Hence, mission profiles are normally considered in the
PV inverter lifetime prediction and reliability assessment.
However, the prior-art work did not take the impact of PV
panel degradations into account in the lifetime evaluation.
In other words, it is usually assumed that the PV power
production and the thermal loading of the PV inverter are
repeated yearly for certain installation sites. Therefore, the
Life Consumption (LC) of the PV inverters, which indicates
how much the life of inverter has been consumed, is normally
determined from e.g. an annual mission profile. Then, the LC
is accumulated with a linear approximation by assuming a
constant yearly LC, and the lifetime of the PV inverter is
determined. However, this assumption is not very accurate in
practical applications, as it is well known that the PV panels
degrade during operation. More precisely, the aged PV panels
will produce less energy than the newly installed ones under
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Fig. 1. System configuration and control structure of a two-stage single-
phase grid-connected PV system (PI - Proportional Integral, PR - Proportional
Resonant, PLL - Phase Locked Loop, PWM - Pulse Width Modulation).

the same solar irradiance and ambient temperature conditions
[21]-[25]. This implies that the thermal loading and thereby
the LC of the PV inverter will be reduced over time (under
the same mission profile), according to the panel degradation
rate. In fact, the PV panel degradation rate is influenced by
climate conditions, which also varies with the location of the
installation sites [25]-[31]. For instance, the PV panel tends
to degrade faster under dry and hot climate conditions, where
a degradation rate of 1 %/year has been measured [30]. In
this case, the assumption of a constant yearly LC, which only
considers the thermal loading in the first year, will lead to a
significant underestimate of the PV inverter lifetime.
According to the above discussions, it is obvious that the
PV panel degradation has a direct impact on the long-term
thermal loading of the PV inverter, and thus its lifetime
prediction. In order to represent a more realistic operating
condition and improve the lifetime estimation accuracy of the
PV inverter, the degradation rates of the PV panels at different
installation locations have to be taken into account [32]. This
paper thus proposes a lifetime evaluation of the PV inverters
considering the panel degradation rates and mission profiles. In
the proposed solution, the impact of the PV panel degradation
is taken into account during the mission profile translation
process, offering a more realistic interpretation of the long-
term PV inverter thermal loading. Two installation sites in
Denmark and Arizona, which have different mission profiles
and panel degradation characteristics, are considered and a
mission profile-based lifetime evaluation has been applied.
Then, the reliability assessment based on the Monte Carlo
simulation is carried out, where the parameter variations are
taken into account in the lifetime evaluation process. By doing
so, the lifetime of the PV inverter (component- and system-
level) can be obtained in terms of statistical value (e.g., B,
lifetime). The predicted lifetime have shown a considerable
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TABLE I
PARAMETERS OF THE BP 365 SOLAR PV PANEL AT THE STC [33].

Panel rated power Ppp = 65 W
Voltage at the maximum power point ~ Vippp = 17.6 V
Current at the maximum power point  Iypp = 3.69 A
Open-circuit voltage Voc =217V
Short-circuit current Isc =399 A

TABLE II
PARAMETERS OF THE TWO-STAGE SINGLE-PHASE PV SYSTEM (FIG. 1).

PV inverter rated power 6 kW

Boost converter inductor L =18 mH

PV-side capacitor Cpv = 1000 pF

DC-link capacitor Cyc = 1100 puF

LCL-filter Lipy = 4.8 mH, Ly =2 mH,
Cy =43 uF

Boost converter: f;, = 16 kHz,
Full-Bridge inverter: fi,, = 8 kHz
DC-link voltage vy, =450V

Grid nominal voltage (RMS) V,; =230 V

Grid nominal frequency wo = 27 x50 rad/s

Switching frequency

impact of the PV panel degradation on the PV inverter lifetime,
especially in Arizona, due to a high panel degradation rate.

The rest of this paper is organized as follows: the description
of the case study is provided in Section II. Then, the mission
profile-based lifetime estimation is presented in Section III.
The lifetime evaluation and the reliability assessment of the
case study are carried out in Sections IV and V, respectively.
Finally, concluding remarks are given in Section VI.

II. DESCRIPTION OF THE CASE STUDY
A. System Description

The BP365 PV panel is used in this study, where the panel
characteristic at the Standard Test Condition (STC) is given
in Table I [33]. In this case, a PV string consists of 15 PV
panels, and 6 PV strings are connected in parallel in order
to achieve the rated power around 6 kW. Then, a two-stage
PV system consisting of a boost dc-dc converter and a full-
bridge dc-ac inverter (PV inverter) is employed as the interface
between the PV panels and the ac grid [34]. The system
configuration is shown in Fig. 1, and its parameters are given in
Table II. Regarding the power devices, five 600V/30A IGBT
devices from a leading manufacturer are used [35], and the
cooling system (e.g., heat sink sizing) is designed to ensure
the maximum junction temperature of 120 °C at the rated
operating condition.

This two-stage configuration is widely used in residential
PV systems [36], where the Maximum Power Point Tracking
(MPPT) operation is implemented in the boost converter.
Then, the PV inverter (i.e., a full-bridge inverter) delivers
the extracted power to the ac grid by regulating the dc-link
voltage vq4. to be constant [37]. In order to do so, the current
controller is acting to regulate the grid current ¢, according to
a reference given by the dc-link voltage controller. Notably,
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Fig. 2. Yearly mission profiles from the installation site in Denmark with
a sampling rate of 5 mins per sample: (a) solar irradiance and (b) ambient
temperature.

a Phased-Locked Loop (PLL) is also implemented to extract
the phase angle of the grid in order to determine the reference
grid current.

B. Mission Profile of the PV Systems

In order to evaluate the lifetime of the PV inverter under real
operating conditions, a mission profile, which is a representa-
tion of the operating condition of the system, is needed [11]. In
the case of PV applications, the solar irradiance and ambient
temperature are considered as mission profiles, since the PV
power production is strongly dependent on the two parameters.
As discussed previously, the mission profile of the PV system
can vary considerably according to the geographical locations
of installation. In this paper, two mission profiles recorded in
Denmark and Arizona shown in Figs. 2 and 3 are used. It
can be seen from the mission profiles that the average solar
irradiance level in Arizona is constantly high throughout the
year, while it is relatively low in Denmark through November
to February. The ambient temperature in Denmark also varies
in a wide range, where the minimum value reaches -18 °C. In
contrast, the temperature profile in Arizona remains positive
throughout the year with the maximum value of 44 °C.

The mission profiles in Figs. 2 and 3 represent two different
scenarios where the PV systems are installed in: 1) an average
low solar irradiance and ambient temperature location (i.e.,
Denmark), and 2) an average high solar irradiance and ambient
temperature location (i.e., Arizona). It can be expected that
the PV power production in Arizona will be higher than in
Denmark. However, the PV panel degradation rates at the
two installed locations differ significantly, which will have a
considerable impact on the long-term PV power production.

Solar irradiance
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(@

N

Ambient temperature
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Fig. 3. Yearly mission profiles from the installation site in Arizona with
a sampling rate of 5 mins per sample: (a) solar irradiance and (b) ambient
temperature.

C. Degradation Rate of the PV Panels

As mentioned previously, the long-term PV power pro-
duction is not only determined by the mission profile of
the PV system, but also on the degradation rate of the PV
panels. Studies in [25] and [27] have indicated that the PV
panel degradation rate varies considerably according to the
installation location. These large variations in the degradation
rate are mainly influenced by different climate conditions of
the installation sites (e.g., ambient temperature and humidity)
[25], [27]. A study of the collected real-field data has been
carried out in [24]-[26]. In general, the PV panels tend to
degrade faster under dry and hot climate conditions compared
to the PV panels installed in cold climate conditions.

In addition, the panel degradation characteristics should
also be taken into account when considering the PV panel
degradation impacts. According to the study in [38], the
degradation characteristic of the PV panel can be varied
according to the PV panel failure mode (e.g., degradation
mechanism). For instance, an encapsulant discoloration, which
is one of the most commonly-reported failure modes in PV
panels, usually leads to a linear degradation of PV panels
where the PV power production decreases linearly over time.
On the other hand, a non-linear degradation behavior can
be observed in some PV panels with solder bond fatigue
and solder bond failure. This is also dependent on the PV
panel technologies, where the thin-film technology has been
witnessed with a higher tendency of non-linear degradation
behaviors [38]. However, modeling the PV panel degradation
in details is very challenging, since different climate conditions
and PV panel technology can result in different failure modes
[21]. Moreover, different failure modes may also have cross-
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effects on the other failure mechanisms. This can lead to a
much more complicated system which may not be suitable
(or possible) for a long-term simulation (e.g., yearly mission
profiles).

Alternatively, the PV panel degradation rate can also be
determined from real-field measurements, as it has been done
in [23], [28], [39]. In that case, a linear degradation char-
acteristic is usually assumed, where the degradation profile
is obtained from the real-field measured data [22], [28]. In
fact, this is actually suitable for many practical cases, where
the PV panel is not often characterized (e.g., measure output
power at the STC) during operation. For instance, it has been
reported that the measurement of PV panel output power at
the STC is usually done once during the entire life span,
resulting in a limited number of data points [26]. In the worst
case, only one measurement is performed after several years
of operation, and the PV panel output power (at the STC)
from the measurements is compared with the datasheet value
to determine the power difference. In that case, it makes sense
to apply the linear degradation model for the PV panels.
However, it is worth to mention that the accuracy of the degra-
dation model is compromised with this approach due to the
simplified linear model. Some practical aspects such as non-
uniform degradation rate over the entire PV plant or partial
shading effect cannot be taken into account. Nevertheless, it
offers a simple but practical solution for a long-term simulation
without requiring a large set of measurement data or detailed
model of the PV panel. Thus, this approach is suitable to
be applied with the mission profile-based lifetime evaluation
used in this paper. Moreover, this linear degradation modeling
approach has been widely applied to estimate the long-term
PV energy yield in the design phase (e.g., to calculate the
levelized cost of PV energy) [40], [41].

In light of the above discussions, a linear degradation model
based on the measurement data will be considered in this
paper. In this study, the degradation rate of 0.15 %/year in
Denmark and 1 %/year in Arizona are used, according to the
field measurements in [29]-[31]. The yearly degradation pro-
file of the PV panels at these locations is illustrated in Fig. 4.
Nevertheless, it should be mentioned that the mission profile-
based lifetime evaluation presented in this paper can also be
generally applied to any arbitrary degradation characteristic
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(e.g., linear degradation, exponential degradation, or from real-
data measurements). This will be further addressed in the
mission profile translation process in the following section.

IIT. MISSION PROFILE-BASED LIFETIME ESTIMATION

A procedure is required to estimate the lifetime of the PV
inverter under certain mission profiles. This is because the life-
time model of the critical components in the PV inverter (e.g.,
power device) usually relates to the temperature variations [4].
Therefore, the mission profile should be first translated into
the thermal loading of the PV inverter (i.e., device junction
temperature 7;) [20]. Then, the required information in the
lifetime model (e.g., mean junction temperature T7,,, cycle
amplitude AT}, and cycle period ¢,,) can be extracted from
the thermal loading profile by using a counting algorithm (e.g.,
rainflow method). After that, a specific lifetime model can be
applied, and the lifetime can be estimated. The diagram of this
process is depicted in Fig. 5.

A. Mission Profile Translation to Thermal Loading

As discussed previously, the mission profiles should be
translated into the thermal loading of the PV inverter. In
fact, the junction temperature variations are related to the
power losses Ploss dissipated in the power device and the
cooling system. Thus, there are intermediate steps between
this translation, which relates to the power generated at each
stage.

First, the available PV power of the PV arrays Pppp is
determined from the solar irradiance and ambient temperature
profiles by using the panel characteristic model [42]. By doing
so, the time-varying available PV power profile (according
to the applied mission profile) can be obtained. Then, the
proposed lifetime evaluation approach determines the actual
PV output power from the PV arrays P,, (i.e., input power
of the boost converter) by multiplying the available PV power
Prpp with the panel degradation rate. This is in contrast to
the previous work, where the available PV power P, is
directly interpreted as the actual PV output power from the
PV arrays F,, during the entire operation. Notably, the panel
degradation rate is also a time-varying profile (e.g., see Fig.
4), which can either be modeled by a mathematical function
(e.g., linear function, exponential function) or obtained from
a real-field measured data. In other words, any arbitrary PV
panel degradation profile can be applied to this approach.

Afterwards, the power losses Ploss dissipated in the power
devices can be calculated by taking the MPPT operation
efficiency (99 %) and the PV inverter efficiency into account.
Once the power losses P are calculated, the device junction
temperature profile 7} can be obtained from the thermal
model of the power device (e.g., the Cauer model or the
Foster model). This thermal model also considers the ambient
temperature of the PV inverter, as it affects the power device
junction temperature variations (e.g., mean junction tempera-
ture). Notably, this process is implemented by using a Look-
Up Table (LUT) generated from the power device electrical
characteristic (i.e., conduction and switching behaviors) and
the thermal impedance given in the datasheet in order to assist
a long-term simulation (e.g., yearly profiles) [20].
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Fig. 5. Flow diagram of the mission profile-based lifetime evaluation of PV inverters considering the PV panel degradation [20].

B. Cycle Counting using Rainflow Analysis

The junction temperature variation obtained from the pre-
vious step is an irregular profile, according to the mission
profile. In order to apply such a junction temperature profile
to the lifetime model, a counting algorithm such as a rainflow
analysis is needed [10]. The rainflow counting algorithm is
widely used in the lifetime and stress analysis related to the
thermal cycling, which is the case for the power devices used.
It can divide the irregular profile (like the thermal loading) into
several regular cycles, and categorize them according to the
cycle amplitude, its average value, and the cycle period. Thus,
by applying the rainflow counting algorithm to the device
junction temperature profile, the number of cycles n; at a
certain cycle amplitude AT}, mean junction temperature 1,
and cycle period t,, can be obtained (see Fig. 5).

C. Lifetime Model of the PV Inverters (Power devices)

The lifetime estimation of the entire PV inverter requires in-
depth knowledge of multiple subjects, since the components
(e.g., capacitors and IGBT) in the PV system can have
cross effects of the reliability among each other. In order to
simplify the analysis, the lifetime of the power device is only
considered here. The lifetime model of the IGBT is given as

C+(ton)”
C+1

Ny A x (AT} x (ar)1A8Ti+60 x [

E
xexp(kbx%jm) X fa

where N is the number of cycles to failure [43]. The mean
junction temperature T,,, cycle amplitude AT}, and cycle
period t,, are considered as inputs for this lifetime model,
while the other parameters are given in Table III.

} 6]

TABLE III

PARAMETERS OF THE LIFETIME MODEL OF AN IGBT MODULE [43].

Parameter ~ Value Experimental condition
A 3.4368 x 1014
«a —4.923 64 K < AT; <113 K
B1 —9.012 x 10—3
Bo 1.942 0.19 <ar <0.42
C 1.434
¥ —1.208 0.07 s <tonp <635
fa 0.6204
E, 0.06606 eV 32.5°C <T; <122 °C
kg 8.6173324 x 10~° eV/K

The LC is then calculated by using the Miner’s rule [10] as

2

LC = Z N, )
where n; is the number of cycles (obtained from the rainflow
analysis) for a certain T},,, AT}, and t,,, while Ny; is the
number of cycles to failure calculated from (1) at that specific
stress condition. The LC can be used to indicate how much
the life of the power device is consumed (or damaged) during
operation. For instance, if the number of cycles n; is counted
from an annual mission profile, the LC calculated in (2) will
represent a yearly LC of the power device. The lifetime of the
power device is then determined when the LC accumulates to
unity, which is when the device reaches its end of life.

IV. LIFETIME EVALUATION (CASE STUDY)

In this section, the lifetime evaluation discussed in Section
IIT is applied to the case study. The junction temperature
variations and the LC of the power device are compared.
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Fig. 6. Mean junction temperature T, of the power device under a yearly
mission profile in: (a) Denmark and (b) Arizona.

A. Junction Temperature Variations

The junction temperature variation is a consequence of
the power device loading. In this regards, the impact of PV
panel degradations can be observed in the junction temperature
variations in the PV inverters. Figs. 6 and 7 show the mean
junction temperatures T}, and the cycle amplitudes AT} of
the PV inverters at the two installation sites, respectively. Due
to the higher average irradiance level in Arizona, the mean
junction temperature 7}, of the PV inverter in Arizona is in
general higher than in Denmark. However, the mean junction
temperature 717, of the PV inverter in Arizona reduces signif-
icantly after 5 years of operation, due to the high degradation
rate of the PV panels. It can be seen from Fig. 6 that the mean
junction temperature in Arizona is approximately 3°C lower
compared to the first year, while the reduction in the mean
junction temperature is very small in Denmark. Similarly,
the cycle amplitude of the junction temperature AT} is also
reduced significantly after 5 years of operation for the PV
inverter installed in Arizona. According to the above results,
the degradation rate of the PV panel has a strong influence on
the long-term device junction temperature, and thus the PV
inverter lifetime.

B. Lifetime Evaluation

From the extracted thermal loading profiles, the lifetime
evaluation can be applied according to Fig. 5. The yearly LC
of the power device is calculated for an operation of 20 years
in order to observe the impact of the panel degradation in the
long-term LC. It can be seen from Fig. 8 that the yearly LC
of the PV inverter installed in Arizona reduces significantly
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Fig. 8. Normalized yearly life consumption of the power device during 20
years of operation in Denmark and Arizona.

during the entire operation, where a reduction of 82% from
the initial LC has been observed. In contrast, the LC of the PV
inverter in Denmark only reduces by 20% over an operation
of 20 years, due to the lower panel degradation rate.

The cumulative LC can then be calculated by accumulating
the yearly LC over the entire operation, as it is presented in
Fig. 9. In this case, curve fitting is also applied in order to
obtain the cumulative LC after an operation of 20 years. The
power device is considered to fail when the cumulative LC
reaches unity, and the lifetime can then be obtained. According
to Fig. 9, the power device of the PV inverter in Denmark
and Arizona reaches its end of life after the operations of
137 and 28 years, respectively. It is worth to mention that
the cumulative LC in Fig. 9 follows the logarithm function,
especially in Arizona. The cumulative LC without considering
the degradation rate (linear function) is also shown for com-



SANGWONGWANICH et al.: LIFETIME EVALUATION OF GRID-CONNECTED PV INVERTERS CONSIDERING PANEL DEGRADATION RATES AND INSTALLATION SITES7

—— : With panel degradation, ----- : Without panel degradation

p
L

1.0 2 e
Lifetime = 112 years /"Y'

0.8 } (without panel degradation)",-"' Lifetime = 137 years ]

(with panel degradation)

0.6 | Aalborg, Denmark -~
Py (Zoomed)

¢ ) ./.,...... ,,,,,,

04

0.2}

Cumulative Life Consumption

0.0 " L L L L i I I
0 20 40 60 80 100 120 140 160 180 200
Time (years)

(2)

0.8 F Lifetime = 28 years

(with panel degradation)

0.6 | o
Lifetime = 12 years

04 | (without panel degrdation)

0.2}

Cumulative Life Consumption

Arizona, USA

00 o 1 1 L 1 1 L 1 1 1
0 5 10 15 20 25 30 35 40 45 50
Time (years)

(b)

Fig. 9. Cumulative life consumption of the power device in: (a) Denmark
and (b) Arizona. Solid line: with panel degradation, dotted line: without panel
degradation.

parison, where the estimated lifetime deviates considerably in
both cases. Thus, without taking the PV panel degradation into
account, the lifetime can be underestimated.

V. MONTE CARLO-BASED RELIABILITY ASSESSMENT

From the previous lifetime evaluation, a fixed value of time
to failure under a certain operating condition (i.e., the mission
profile and the PV panel degradation rate) can be obtained.
However, this situation only occurs in an ideal case, where
all the power devices fail at the same time. In reality, there
are parameter variations, which are mainly introduced by the
manufacturing process and the variation in the stresses. Thus,
the lifetime is usually expressed in terms of statistical values
rather than a fixed value. This can be obtained by means of
the Monte Carlo analysis, as illustrated in Fig. 10 [44]-[47].

A. Determination of Equivalent Static Values

In order to apply the Monte Carlo simulation, the param-
eter variations should be introduced. However, this is not
straightforward in the case of stress variations (1}, AT},
and t,,), since these parameters change dynamically and
cannot easily be modeled with a distribution function (e.g.,
a normal distribution). Thus, these dynamic parameters (1},
AT}, and t,,) have to be converted into equivalent static ones
(T;m, AT; , and ¢/ ), which results in the same lifetime when
applying them to the lifetime evaluation process [44], [46].

Actually, there are several possible combinations of equiv-
alent static values that can be applied to achieve a certain
lifetime prediction. In order to reduce the degree of freedom

TABLE IV
EQUIVALENT STATIC VALUES OF THE STRESS PARAMETERS.

Parameters Denmark Arizona
Mean junction temperature T]’.m 13.45°C 31.55°C
Cycle amplitude ATJf 5.69°C 7.67°C
Cycle period t,,, 0.01 s
Number of cycles per year n; (365 %24 x60x60) x50
Yearly LC 0.0073 0.0356
Lifetime prediction 137 years 28 years

in (1), two parameters of the equivalent static values should
be fixed. In this regards, t,,, is selected to be 0.01 s, which
corresponds to the line frequency (i.e., 50 Hz) thermal cycling.
Then, the equivalent static mean junction temperature TJ’»m
is calculated from the average value of the mean junction
temperature 1}, during the entire operation. After that, an
equivalent static value of AT; can be solved, as it is shown
in Table IV.

B. Time-to-Failure Distribution using Weibull

With the equivalent static values in Table IV, the parameter
variations in the lifetime model can be introduced. In this
study, 5% variation is applied to all the lifetime model
parameters in (1) and also to the equivalent static value of the
stress parameters in Table IV, which are modeled by a normal
distribution. Then, the Monte Carlo analysis with a population
of 10000 samples is simulated (for each mission profile) with
the lifetime model in (1). After that, the lifetime yield for
different 10000 samples can be obtained and fitted with a
Weibull distribution, since the lifetime distribution (failure
distribution) of the power device f(z) usually follows the
Weibull distribution [48], whose Probability Density Function
(PDF) can be expressed as

_ B s [_ z 5}

f@) = oo~ () ®
where (3 is the shape parameter, 7 is the scale parameter, and
x is the operation time. The value of 5 is normally used for
representing a failure mode, as the same failure mode will
result in a similar 8, while the scale parameter 7 corresponds
to the time when 63.2 % of population will have failed [4].

The lifetime distribution obtained from Monte Carlos sim-
ulation with 10000 samples with the mission profiles in
Denmark and Arizona are shown in Figs. 11 and 12, respec-
tively. For each mission profile, two simulation cases with
and without considering the PV panel degradation are carried
out. It can be seen from the results in Fig. 11 that the PV
panel degradation only has a small impact on the lifetime
distribution of the PV inverter installed in Denmark, where
only a small difference between the lifetime distribution (i.e.,
Weibull PDF) in Fig. 11(a) and (b) is observed. In contrast,
the lifetime distribution of the PV inverter installed in Arizona
is significantly affected by the PV panel degradation. It can
be seen from Fig. 12(a) that the mean value and the variation
in the lifetime distribution is lower in the case when without
considering the PV panel degradation. When taking the PV
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Fig. 11. Lifetime distribution of the PV inverter installed in Denmark (one
single power device) obtained from the Monte Carlo simulation with 10000
samples: (a) without panel degradation and (b) with panel degradation.

panel degradation into account, both the mean value and the
variation in the lifetime of the PV inverter installed in Arizona
increase considerably, as it can be seen from the Weibull PDF
in Fig. 12(b).

C. Component-Level Reliability Analysis

From the lifetime distribution, the reliability of the power
device (e.g., one single component) can be evaluated by
considering the Cumulative Density Function (CDF) of the
Weibull distribution. This Weibull CDF F(z) is normally
referred to as the unreliability function, which can be obtained
as

Flz) = / " fa)da @

where f(z) is the Weibull distribution and x is the operation
time. In general, the unreliability function F'(x) represents the

10. Flow diagram of the Monte Carlo-based reliability assessment of PV inverters with the reliability block diagram.
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Fig. 12. Lifetime distribution of the PV inverter installed in Arizona (one
single power device) obtained from the Monte Carlo simulation with 10000
samples: (a) without panel degradation and (b) with panel degradation.

proportion of failure population as a function of time. Then,
the B, lifetime, which represents the time when z % of a
population is failed, of one power device can be obtained from
the unreliability function, and the power device lifetime can
be predicted.

Examples of the unreliability functions of the PV inverter
installed in Denmark and Arizona (which are constructed
based on the lifetime distribution in Figs. 11 and 12) are shown
in Figs. 13 and 14, respectively. The unreliability function of
one power device is indicated by the blue plot together with
the B, lifetime of the power device (e.g., B; and Bjg). For
instance, the By and Bjg lifetime of the power device with
the mission profile in Denmark without considering the panel
degradation are 42 and 74 years, respectively. This indicates
that 1 % of the population is expected to fail after an operation
of 42 years, while 10 % of the population is expected to fail
after 74 years. When taking the PV panel degradation into
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Fig. 13. Unreliability function of the PV inverter installed in Denmark: (a)
without panel degradation and (b) with panel degradation, where blue lines
indicate component-level and red lines indicate system-level reliability.

TABLE V
LIFETIME EVALUATION RESULTS BASED ON THE MONTE CARLO
SIMULATIONS.

Operating conditions Component-level | System-level
Bio B Biop B

Denmark with panel degradation 91 52 66 38

Denmark without panel degradation 74 42 53 30

Arizona with panel degradation 18 10 13

Arizona without panel degradation 8 5 6 3

account, both the By and Bjq lifetime of the power device
are increased to 52 and 91 years, indicating the impact of
the PV panel degradation on the power device lifetime. The
impact of panel degradation is even more amplified in the
case of the PV inverters installed in Arizona due to the high
panel degradation rate, where a significant difference in power
device lifetime can be seen as it is summarized in Table V.

D. System-Level Reliability Analysis

In order to further obtain a system-level reliability assess-
ment (e.g., PV inverter), a reliability block diagram of the
PV inverter needs to be constructed based on the component-
level reliability assessment [3], which has been applied to one
single power device (e.g., IGBT) in the inverter. Basically, the
reliability block diagram is a representative of the reliability
interaction between each component in the system. Taking
the PV inverter with a full-bridge topology in Fig. 1 as an
example, the reliability analysis of the full-bridge inverter can
be realized by a series connection of the reliability block
diagram in Fig. 10, since the inverter will fail if any of
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Fig. 14. Unreliability function of the PV inverter installed in Arizona: (a)
without panel degradation and (b) with panel degradation, where blue lines
indicate component-level and red lines indicate system-level reliability.

the four devices fails (neglecting the redundancy). Notably,
only the reliability of the power devices is taken into account
in this study. However, the reliability block diagram can be
extended by including other components in the system (e.g.,
capacitor), which is a subject for future research. Accordingly,
the system-level (four devices) unreliability function Fiy(x)
can be calculated as

4

Fo(z) =1 - [[(1 - Fu(2))

n=1

(&)

In the full-bridge inverter topology (with a bipolar PWM mod-
ulation scheme), the thermal loading of each device is identical
(ie., F(x) = Fi(x) = Fy(x) = F5(z) = Fy(z)). Therefore,
the system-level unreliability function can be simplified as
Fo(r)=1—(1- F(z))%

The system-level unreliability function of four power de-
vices with mission profile in Denmark and Arizona are
shown as the red plot in Figs. 13 and 14, respectively. The
system-level B, lifetime is shown in the same figure and
also summarized in Table V, where it can be seen that the
system-level B, lifetime differs significantly, similar to that
in the component-level lifetime. For instance, the system-
level By lifetime of the PV inverter installed in Arizona is
underestimated by 54 % (7 years), if the panel degradation is
not considered. This means that the PV inverter in the case
when without considering panel degradation is expected to
be replaced approximately twice as many as the case where
the panel degradation is considered. This will inevitably lead
to a significant overestimation in the maintenance costs of
PV inverters during the entire operation, and thus the cost



of PV energy during the design phase. Similar deviations
are also observed in the case of the PV inverters installed
in Denmark, where the difference in the system-level Big
lifetime is 20 % (13 years). In this case, the deviation in the
lifetime is relatively smaller due to the lower degradation rate
in Denmark, compared to the Arizona case. Nevertheless, it is
clear from the results in both installation sites that the panel
degradation has a strong impact on the lifetime prediction of
the PV inverter, and thus it should be taken into consideration
when evaluating the PV inverter lifetime.

VI. CONCLUSION

The impact of the PV panel degradation on the lifetime eval-
uation of PV inverters has been presented in this paper. The
evaluation is based on the mission profiles with hot climate
(i.e., Arizona) and cold climate (i.e., Denmark) conditions,
where the degradation rate of the PV panel at the two locations
has also been taken into account. The analysis reveals that the
thermal loading and the life consumption of the PV inverters
decrease considerably during operation, especially in the hot
climate where the PV panel degrades fast. In this condition,
the estimated lifetime can be deviated by 54 % if the panel
degradation is not taken into account. Accordingly, the PV
panel degradation has an impact on the lifetime of PV inverter,
and thus has to be considered in the lifetime evaluation and
also in the design phase.
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