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Abstract— Grid operation experiences have revealed the neces-
sity to limit the maximum feed-in power from PV inverter systems
under a high penetration scenario in order to avoid voltage and
frequency instability issues. A Constant Power Generation (CPG)
control method has been proposed at the inverter level. The CPG
control strategy is activated only when the DC input power from
PV panels exceeds a specific power limit. It enables to limit the
maximum feed-in power to the electric grids and also to improve
the utilization of PV inverters. As a further study, this paper
investigates the reliability performance of the power devices
(e.g. IGBTSs) used in PV inverters with the CPG control under
different feed-in power limits. A long-term mission profile (i.e.
solar irradiance and ambient temperature) based stress analysis
approach is extended and applied to obtain the yearly electrical
and thermal stresses of the power devices, allowing a quantitative
prediction of the power device lifetime. A study case on a 3 kW
single-phase PV inverter has demonstrated the advantages of the
CPG control in terms of improved reliability.

I. INTRODUCTION

With a spectacular growth rate of PhotoVoltaic (PV) instal-
lations, challenging issues like overloading of the grid due
to the peak power generation of PV systems have recently
gained much attention [1]-[3]. In the case of a very large-
scale adoption of PV systems, advanced control strategies like
power-ramp limitation and absolute power control, which are
currently e.g. required for wind power systems in Denmark,
should also be transitioned and strengthened into the next-
generation PV systems [1], [4]-[9]. As a power limiting
control, a Constant Power Generation (CPG) control by lim-
iting maximum feed-in power has been proposed in [9], and
witnessed as an effective way to eliminate overloading. When
it is compared to the solutions of expanding the power grid
infrastructure or integrating energy storage systems to tolerate
the peak power [4]-[11], the CPG control might be a more
economically viable strategy, since it only contributes to a
limited energy yield reduction in a real case, where typically
the peak power generation is very rare.

In addition, the CPG control allows a reduction of the
thermal stresses on the power devices (e.g. IGBTs), since
the power losses inducing temperature rises inside the power
devices will be changed, when the PV system enters into CPG
mode from Maximum Power Point Tracking (MPPT) mode
and vice versa. As a consequence, the thermal stresses will
affect the reliability of the PV system. However, there is still
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a lack of quantitative analysis on the potential reliability im-
provement enabled by the CPG control, besides the mitigation
of overloading at a high penetration level. Moreover, even for
real-field applications, where limiting peak power control was
not initially included, the CPG control can still be applied for
potentially extending the lifetime of existing PV inverters by
only software algorithm modifications. Seen from this point,
it is interesting to justify the long-term performance of PV
inverters from both reliability and economic viability (i.e. a
trade-off between the lifetime extension and the overall energy
yield reduction), and thus find the optimal power limitation
level in terms of cost-of-energy [4], [9], [11].

Regarding the reliability of PV inverters, it has become of
intense importance and involves multiple disciplines [5], [7],
[12]-[19]. The lifetime prediction research on power devices
is transitioning from handbook-based approaches [18], [19]
to more physics-based methods, which require in-depth un-
derstanding of various failure mechanisms and thus dedicated
lifetime models, e.g. an analytical based Confin-Mason model
[12]-[14], [16]. Among these failure factors, thermal stresses,
depending on the mission profile as well as the inverter
operating conditions, have been the most observed ones in
PV systems (both inverters and capacitors) [17], [20]. Hence,
the varying operation conditions due to the intermittent nature
of solar energy has been one of the challenges to perform
reliability analysis in PV systems. Currently, most of the ex-
isting reliability prediction methods for the lifetime estimation
of power devices in PV inverters only consider either short-
term mission profiles [13], [14] or long-term mission profiles
with a low data-sampling frequency, where the effects of
small temperature cycles are not considered [19]. Moreover,
the widely used lifetime models unfortunately consider only
a few failure modes, e.g. the junction temperature cycle
amplitude and the mean junction temperature [16], [19]-[22].
However, improving the lifetime estimation accuracy requires
an elaborated analysis of a long-term mission profile, and also
a detailed reliability model.

In view of the above issues, a mission profile based reli-
ability analysis approach has been proposed in [17], which
is extended and applied to the PV systems with the MPPT-
CPG control in this paper. This reliability approach takes a
real-field yearly mission profile with a high sampling rate
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Fig. 1. A two-stage single-phase grid-connected PV system with MPPT

and CPG control considering mission profiles.

(200 ms) into consideration, and the mission profile has been
decomposed into the ones of different time scales, i.e. short-
term mission profiles and long-term mission profiles. The
resultant mission profile at a large time scale is analyzed
using a rain-flow counting algorithm. The MPPT-CPG control
method has been applied to a 3 kW single-phase PV system.
The temperature loading profiles, including thermal cycles at
fundamental frequency induced by short-term mission profiles
and the cycles with large periods mainly due to long-term
mission profiles, offer the possibility to quantitatively calculate
the consumed life and thus an estimation of the lifetime with
a reliability model. The application of the extended reliability
analysis approach presented in § III shows that, a PV system
with CPG control, which only leads to a limited energy yield
reduction, can contribute not only to unloading of the grid but
also to improved reliability of the power converters.

II. SYSTEM DESCRIPTION AND OPERATION

The PV system considered in this paper is a single-phase
system as shown in Fig. 1. The boost converter offers the
flexibilities of MPPT and active power control (e.g. CPG
control) [9], and extends the operational time of the PV
inverter when the solar irradiance level is very low. The PV
inverter can be transformerless to maintain a high efficiency.
In this paper, a full-bridge topology with a bipolar modulation
scheme is adopted, since the bipolar modulation scheme can
effectively mitigate leakage currents, which is required by PV
integration standards. A hybrid control scheme of MPPT and
CPG control allows further to increase the penetration level.
The CPG control can be implemented by a) integrating energy
storage systems like a battery, b) managing the power at the
secondary control level, and c¢) modifying the conventional
MPPT algorithms [4], [8], [9].

The CPG control by modifying the MPPT algorithm is
adopted in this paper for the single-phase PV systems due to its
simplicity. The control structure of a two-stage PV system with
the CPG control is shown in Fig. 2. The operation principle of
a PV system with the MPPT-CPG hybrid control scheme can
be described as follows. When the available PV output power
Ppy exceeds the power limitation Py, the system goes into
the CPG mode with a constant power generation of the PV
strings, which is controlled by a proportional controller (k).
When Ppy < Piimit » the PV system operates in MPPT mode

Operation Mode
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Fig. 2. Control diagram of a single-phase PV system with CPG ability: (a)

boost control diagram and (b) PV inverter control system.
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Fig. 3. Mission profile based lifetime analysis approach for the power
switching devices: (a) detailed structure for short-term mission profiles and
(b) look-up table based analysis structure for long-term mission profiles.

with a peak power injection to the grid from the PV strings. A
proportional controller k,,,,, is used to regulate the PV panel
current. It can be seen that the hybrid control scheme requires
minor and simple control algorithm modifications instead of
complicated hardware adjustments (e.g. with energy storage
systems), which means that it does not increase the total
implementation cost. In respect to the current controller, a
good power quality of the injected grid current should be
maintained in terms of low total harmonic distortions [23].
Considering this issue, a Proportional Resonant (PR) controller
[23], [24] has been adopted as the current controller in Fig. 2.
In both operation modes, the DC-link voltage v4. is controlled
through a Proportional Integrator (PI) controller to follow the
reference command, v},

III. MISSION PROFILE BASED RELIABILITY ANALYSIS

Improving the reliability of the power electronics based PV
system has been an intense topic [25] in order to integrate cost-
effective solar PV energy into the grid. The mission profile
has been witnessed as one determining factor of the failure
in power converters [19], [20], [26], [27]. Thus, a mission
profile based lifetime analysis approach [17] is extended in
the following section considering both short-term and long-
term mission profile effects.

A. Mission Profile based Lifetime Analysis Approach

Fig. 3 shows the extended mission profile based reliability
analysis approach. This reliability analysis approach can be
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Fig. 4. Proposed mission profile decomposition procedure of the extended reliability analysis approach for temperature loading translation.

adopted for analysis of mission profiles at different time scales,
and thus predict the lifetime of IGBTs. For short-term mission
profiles, the temperature loading profile (junction temperature)
can directly be obtained from Fig. 3(a). However, for a long-
term mission profile with a high data-sampling rate (e.g. 200
ms), it will be time-consuming, or even impossible, to capture
the full temperature loading profile. Thus, look-up tables are
adopted to accelerate the evaluation process as it is shown in
Fig. 3(b), which requires decomposing the mission profile at
different time scales.

A decomposition procedure is proposed as shown in Fig. 4,
where the original mission profile is decomposed with a period
of t; under an assumption that in this short period the mission
profile of ¢, is constant and that the junction temperature can
go into steady state within the time of ¢5. Consequently, in each
time interval of ¢, the mission profile (e.g. MF; and MF») can
be treated as a short-term mission profile, where the analysis
approach shown in Fig. 3(a) is applicable. Notably, under the
decomposed short-term mission profile, the thermal cycles are
mainly at fundamental frequency with identical cycle period,
t:m, e.g. t/on = 0.02 s in a 50 Hz power grid, as exemplified
in Fig. 5. However, as it is shown in Fig. 4, there is a stress
difference (e.g. the stress difference AS between MF, and
MF,) among those short-term mission profiles, and this will
also introduce temperature stresses on the power devices, as
shown in Fig. 5. Therefore, a long-term mission profile is
reconstructed using the average stress from short-term mission
profiles (e.g. MF, and MF5). Finally, a look-up table based
approach shown in Fig. 3(b) can be applied to extract the
long-term thermal loading profile.

B. Temperature Loading Interpretation

After the decomposition of the long-term mission profile,
the temperature loading profiles appearing in the power de-
vices should be appropriately extracted or interpreted accord-
ing to the lifetime model. For example, the Coffin-Manson
model [12]-[14], [22] indicates that the number of cycles
to failure (Ny) is only dependent on the temperature cycles,
including cycle amplitude (AT}) and mean junction tempera-
ture (7},,). Those values can be obtained under a short-term
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Fig. 5. Temperature loading example of the power devices in the case of

solar irradiance variations (1, = 50 °C).

mission profile, as it is shown in Fig. 3(a) and Fig. 4, while
for a long-term mission profile, counting algorithms are used
to extract the temperature loading profile information. There
are many cycle counting algorithms reported, e.g. level cross-
ing counting, rain-flow counting, and simple range counting
methods [13]-[15], [26], which can be used to appropriately
interpret the thermal loading profile according to a dedicated
lifetime model. Then, the lifetime can be calculated with the
extracted information. However, it has been found that Ny is
also affected by the cycle period (%,,,), bond-wire aspect ratio
(ar), and the diode (f;) [21]. Hence, a detailed lifetime model
has been introduced in [21], and it can be given by,

Ny = AATS (ar) 275450 f(t,,) exp ( Eo >fd (1)
kBT’jm
with
C+ (ton)”
ton) = ———7F—
F(ton) C+1

in which A, «, By, 81, 7 and C are the model parameters
that can be obtained by means of curve-fitting using numerical
simulation or experimental results (accelerating tests) [16]. kp
is the Boltzmann constant, and E, is the activation energy. The
values of those parameters and also the test conditions for an
IGBT module are shown in Table I.



TABLE I
PARAMETERS OF THE LIFETIME MODEL OF AN IGBT MODULE [21].

Parameter ~ Value Unit Experimental condition

A 3.4368 x 10™

o -4.923 - 64 K < AT; < 113K

B1 9.012 x1073 -

o 1942 ) 0.19 < ar <042

C 1.434 - ) )

~ 1208 } 007 s < ton <635

fa 0.6204 -

E, 0.06606 eV 325°C < Ty, <122°C
kp 8.6173324x 107 eV/K

According to the Miner’s rule [12]-[15], the accumulated
Life Consumption LC' (i.e. damage to the device) is linearly
dependent on the contributions from different temperature
cycles, which can be expressed as,

LC = Z ]Cff )

(2

where n; is the number of cycles at the stress AT}; and Ny;
is the corresponding number of cycles to fail according to (1).
Then, the lifetime of the power devices (L F’) can quantitatively
be calculated as LF' = T,,,,,/ LC under the mission profile with
a duration of T,,,,.

Although a counting algorithm can enable a quantitative
interpretation of the power device loading, the limitations
remain in the analysis. For example, as shown in Table I,
the parameters of the lifetime model (1) are extracted under
specific conditions (e.g. 0.07 s < t,, < 63 s) for a certain
power device, and thus they are not very feasible to use
for a quantitative calculation of the lifetime of the power
devices used in this paper. However, a qualitative reliability
comparison of the power devices in the PV inverter in different
operation modes (with or without CPG control) can still be en-
abled by normalizing the LC' so that the parameter dependency
is reduced. The LC' normalization can be expressed as,

LC, % Bhyr @ STt o T (i)

C — _ / jmi
LCp L/

T ATy an) ™ SO0, exp(5—)
o G
in which LC' is the normalized life consumption, LC), is the
base LC for normalization (i.e. the LC' of the power devices of
the PV inverter without CPG control under a mission profile),
LC. is the LC of the power devices under the same mission
profile, n;, n§ are the number of cycles at the stress AT,
and ATJ{Z, respectively, and «, 1, v, C, kp, and E, are the
lifetime model parameters listed in Table I.
According to (3), the LC of the power devices of the
PV inverter in different operation modes can be qualitatively
compared, and thus the lifetime can be given as,

LF, = %LFP @)

with LF;, and LF), being the lifetime of the power devices in
the PV inverter with CPG and without CPG control (i.e. only
MPPT control), respectively.
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Fig. 6. A yearly real-field mission profile (200 ms sampling rate): (a) solar
irradiance level and (b) ambient temperature.
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thermal loading profile when the CPG control is applied.

IV. SIMULATION AND EXPERIMENTS
A. Simulation Results

In order to verify the extended reliability analysis approach
and also the effectiveness of limiting the maximum feed-in
power in terms of reliability improvement, referring to Fig. 1
and Fig. 2, a single-phase 3 kW PV inverter is studied with
the mission profile shown in Fig. 6 by simulations. According
to Fig. 4, the mission profile has been decomposed with a
frequency of 1 Hz (t5 = 1s). In the MPPT-CPG operation
mode, the solar irradiance profile is reconstructed in order to
achieve constant power generation, as illustrated in Fig. 7. The
PV strings consist of 45 PV panels (15 in each string), and
the parameters of the PV panel is shown in Table II. The other
parameters of the PV system are listed in Table III.

TABLE II
PARAMETERS OF A SOLAR PV PANEL

Parameter Symbol ~ Value  Unit
Rated power Prpp 65 N
Voltage at Pipp Vinpp 17.6 v
Current at Pppp mpp 3.69 A
Open circuit voltage Voo 21.7 \%
Short circuit current  Igo 3.99 A




TABLE III
PARAMETERS OF THE TWO-STAGE SINGLE-PHASE PV SYSTEM.

Parameter Value
Boost converter inductor L1 =5 mH
DC-link capacitor Cge = 2200 uF

PV-side capacitor Cpy = 220 pF

L; = 2 mH - inverter-side inductor
Ly = 3 mH - grid-side inductor
Cy = 4.7 uF - capacitor

R; =109

fb = finv = 10 kHz

Sfmppt = 100 Hz

Vg =230V

wo = 27 X 50 rad/s

LCL-filter

Damping resistor of LCL-filter
Switching frequencies

MPPT sampling frequency
Grid nominal voltage (RMS)
Grid nominal frequency

As aforementioned, a PI controller Gp¢(s) is adopted to
control the DC-link voltage to be v, = 400 V and a PR
controller with resonant Harmonic Compensators (HC) has
been used as the current controller G¢(s) to ensure the power
quality of the injected grid current. Those controllers can be
expressed as,

ki
Gpols) = hyp + 2 5)
PR HC
kir kih
Gl =hr+ 2t 2 T ar  ©

h=3,5,7

with wy being the fundamental grid frequency and h being the
harmonic order. The parameters of these controllers are given
in Table IV. The thermal loading of the power devices under
the decomposed yearly real-field mission profile is presented
in Fig. 8, where the feed-in power is limited to 80 % of the
peak power in the hybrid MPPT-CPG operation mode. As
it is shown in Fig. 8, the maximum junction temperature of
the device has been reduced by 9 °C under the decomposed
mission profile, when the feed-in power is limited to 80 % of
the peak power. Consequently, a qualitative conclusion can be
drawn that limiting the maximum feed-in power (i.e. MPPT-
CPG operation mode) will contribute to an improved reliability
of the power switching devices.

In order to get a quantitative comparison of the lifetime
improvement enabled by the MPPT-CPG control, a rain-flow
counting algorithm has been used to extract the temperature
stress information from the loading profile shown in Fig. 8.
The number of cycles of those loading profiles are shown
in Fig. 9. According to the lifetime model in (1) and also
(2), the consumed life can be calculated, and thus the lifetime
under the given mission profile. As it is shown in Fig. 9, with
the hybrid MPPT-CPG control of 20 % power reduction, the
number of cycles of the temperature cycling amplitudes AT}
from 15 °C to 65 °C has been reduced significantly, and the
number of cycles of the mean junction temperatures AT},
within a range of 35 °C ~ 65 °C is also clearly reduced. In
accordance to (1) and (2), both the increase of the number of
cycles to fail Ny (mainly due to lower T},,) and the reduction
of the number of cycles n; will contribute to a decrease of the
accumulated life consumption, and thus an improved reliability

TABLE IV
CONTROLLER PARAMETERS FOR THE SINGLE-PHASE SYSTEM.

Parameter Value
MPPT control gain kmpp = 23.8
CPG control gain kepg =2

DC-link (PI) controller
PR controller
Harmonic compensator

lepp = 0.1, kip = 1.25
kpr = 8, ki = 2000
ki3 ,i5,i7= 1500

Junction Temperature (°C)

Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep.
(a)

Junction Temperature (°C)

Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep.
(b)

Fig. 8. Thermal loading of the power devices in a 3 kW PV inverter (a)
with MPPT control and (b) with 80 % feed-in of the peak power in
MPPT-CPG mode.

of the power devices of the PV inverter under this mission
profile has been achieved.

Notably, when applying the rain-flow counting to the life-
time model of (1), the confidence level of the resultant device
reliability is dependent on the model parameters (e.g. due to
specific test conditions). To reduce the parameter dependency,
the counting results of the thermal loading profiles are applied
to the normalized LC model given by (3), and thus a reason-
able comparison of high confidence can be done as shown in
Fig. 10. It can be seen in Fig. 10(a) that the temperature cycles
within a range of 15 °C to 55 °C consumed the most of the life
under the decomposed long-term mission profile. Moreover,
although the temperature cycles with large amplitudes (e.g. 45
°C < AT} < 55 °C) account for a small number, they have
contributed to much loading. One conclusion drawn from Fig.
10(b) is that temperature cycles with the periods of 1 min to 1
hour are the main contributors of the device damage (i.e. the
most life consuming loading) under the decomposed long-term
mission profile. In fact, the real-field mission profile varies at a
rate of minutes, which means that the previous assumption for
the mission profile decomposition is reasonable, and thus the
temperature cycles within this range consume much lifetime.
Nevertheless, the above results have verified the reliability
benefit of limiting the maximum feed-in power control besides
unloading the distributed grid.
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In order to further investigate the benefits of reliability
improvement by limiting the maximum feed-in power of PV
systems, more evaluations have been carried out on the same
system. The results are shown in Fig. 11. It can be observed
from Fig. 11 that, with a certain reduction (e.g. 10 % or
20 %) of the feed-in power from PV systems, the annual
energy yield reduction is quite limited (e.g. 3.11 % or 6.23
%), while the accumulated damage (LC') under this mission
profile has been reduced (65.0 % or 82.2 % respectively),
and thus the reliability of the power devices is improved
significantly. Fig. 11 also demonstrated the feasibility of the
MPPT-CPG control due to its limited energy reduction through
a long-term operation. Those evaluations have further verified
the effectiveness of reliability improvement by limiting the
maximum feed-in power to the grid. A worthy point to make
is that a trade-off between the lifetime extension and the
yearly energy generation have to be taken into account. Fig.
11 offers the possibility for the 3 kW PV inverters under the
specific mission profile given in Fig. 6 to optimize its energy
production and the thermal performance of the power devices
in order to reduce the cost of energy. For different applications,
an appropriate power limit is closely dependent on the trade-
off between lifetime improvement and energy reduction, as
well as the customer demands for expected lifetime of the
inverters. Nonetheless, the extended reliability analysis method
can be adopted to enhance the design and operation phases of
the PV inverter systems. In addition, it should be mentioned
that the reliability analysis introduced in this paper is just about
one power device in a PV inverter. The lifetime estimation
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Fig. 11. Energy reduction and normalized life consumption of the power
devices due to the limitation of maximum feed-in power considering the
mission profile shown in Fig. 6 for a 3 kW PV inverter system.

of the entire PV inverter and even the whole PV system
requires an in-depth knowledge of multiple subjects, since the
components (e.g. capacitors and inverters) in the PV systems
have cross effects of the reliability among each other. This is
out of the scope of this paper.

B. Experimental Results (Converter Power Losses)

Although mission profiles of high accuracy are available for
power electronics applications, the junction temperature mea-
surement under full loading condition is still challenging and
it is an ongoing topic [28]. As the thermal performance of the
power devices is coupled with the electrical behavior through
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Fig. 12. Experimental setup of a single-phase single-stage 3 kW PV

inverter system.

power losses, in case that the PV system is operating with
MPPT-CPG control, the temperature loading can be reflected
by the power losses on the power devices. This paper therefore
measures the power device losses in a single-stage commercial
PV inverter and also the case temperature under different input
power levels, in order to reveal the relationship between power
device losses and the junction temperature. Consequently, the
reduced thermal loading (i.e. improved reliability) enabled by
the MPPT-CPG control scheme is indirectly verified.

In those dSPACE control system based experiments, the
power losses were measured using a YOKOGAWA WT3000
Precision Power Analyzer. The case temperature was recorded
through a precise temperature meter. A commercial DC power
supply was adopted, and the DC link voltage was set to be
vge = 450 V to ensure the power injection. A PR current
controller (k,, = 8, k; = 2000) was adopted and a repetitive
controller [29] was used to compensate the harmonics. The
system parameters are the same as those in the simulations
except that an LC' filter was used in the experiments. The
values of the inductor and capacitor are L; = 3.6 mH and
Cy = 2.35 uF, respectively. The system is connected to
the grid through an isolation transformer with the leakage
inductance of L, = 4 mH, as shown in Fig. 12.

Fig. 13 shows the performance of the PV inverter under
different power levels through the tests. It can be seen in Fig.
13 that the current controller with the repetitive control based
harmonic compensator is able to ensure the current injection
with a satisfactory power quality under different power levels.
However, the power losses of the power switching devices
are different in those cases and thus the junction temperature
of the power switching devices, which has been verified by
the results shown in Fig. 14. It has been confirmed that the
total power losses of the power devices increase with the input
power levels, and thus the case temperature and the junction
temperature. Due to the large thermal capacitance from the
case to the heat-sink, although a sudden power change (e.g.
the PV output power variation) will lead to a fast response of
the power losses on the power switching devices, the case
temperature takes a longer time to come into steady-state.
However, this is not the case for the junction temperature,
as the junction of the power device has a much smaller time-
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Fig. 13. Performance of a single-phase single-stage PV inverter system
operating at unity power factor under different power levels (grid voltage:
vg [100 V/div], grid current: ¢4 [10 A/div], time [4 ms/div]): (a) P, = 2.4

kW at 19:19, (b) P, = 3 kW at 20:27, and (c) P, = 2.4 kW at 22:30.

constant. Therefore, a sudden power losses change will con-
tribute a prompt junction temperature response. Nevertheless,
for both short-term and long-term operations, the MPPT-CPG
control is able to reduce the thermal loading of the power
devices, and thus improve the reliability.

V. CONCLUSION

The feasibility to improve the reliability of power devices
(e.g. IGBTs) in single-phase PV inverters by limiting the
maximum feed-in power has been explored in this paper. A
hybrid MPPT-CPG control scheme has been applied to fulfill
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Fig. 14. Total power losses and case temperature of the power devices in a
single-phase single-stage PV inverter system under different power levels.

the power limiting function. A time-efficient mission profile
based reliability analysis approach has been extended and
adopted to predict the lifetime of power devices by considering
the temperature loading profiles due to both long-term varying
operating conditions and short-term fundamental frequency
varying power losses. The proposed control scheme and the
extended reliability analysis method have been applied on a
3 kW single-phase PV inverter. The simulation results reveal
that, besides the peak power limiting function, the CPG control
could extend the lifetime to 2.86 times and 5.62 times for the
devices of the PV inverters, respectively, when the maximum
power is limited to 90 % and 80 % of the rated one. Moreover,
the corresponding energy yield reductions are of 3.11 % and
6.23 %, respectively. This penalty is economically viable since
it avoids large investment in expanding the grid capacity and
reduces the cost due to PV inverter failures. The quantitative
study performed in this paper provides a guidance on the
trade-off between the lifetime extension and the yearly energy
generation. Besides, experimental testing results have demon-
strated the relationship between input power levels and the
case temperature, which implies the reliability improvement
enabled by the limiting maximum feed-in power control.
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