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Abstract—To ensure the cost-competitiveness of Photovoltaic
(PV) with integrated Battery Energy Storage Systems (PV-BESS),
a highly reliable operation is demanded. The PV inverter has
been reported as one of the reliability-critical components in the
system, whose failures can lead to a severe negative impact on the
cost of PV energy. Therefore, improving PV inverter reliability
has high potential for the cost reduction of the PV-BESS. This
paper thus investigates the impact of battery operation on the
PV inverter reliability. A 6-kW residential PV-BESS in Germany
is considered, where a self-consumption scheme is adopted. The
evaluation results reveal that the reliability of the PV inverter
is strongly affected by the battery operation. More specifically,
the PV inverter loading is decreased significantly during the
battery charging, which results in an improvement in the PV
inverter reliability. In addition, the battery system parameters,
such as battery capacity and battery converter power rating, also
affect the PV inverter loading, whose impact on the PV inverter
reliability has been analyzed.

Index Terms—PYV inverters, battery, lifetime, reliability, mis-
sion profile, self-consumption.

I. INTRODUCTION

In recent years, the installation of Photovoltaic (PV) sys-
tems has been increasing continuously due to the declining
cost of solar energy [1]. Since most of the PV systems
are connected to the grid, a widespread of PV installation
can bring several challenges to the electrical network due to
the intermittent nature of solar energy [2], [3]. Accordingly,
energy storage technology such as battery systems become
a promising solution to improve the grid-integration of PV
systems [4], [5]. There are several applications for PV systems
with integrated battery energy storage systems (PV-BESS). For
utility-scale PV systems, the battery systems can be employed
to provide grid support (e.g., frequency regulation, power
reserve) [6]-[8] and/or enable flexible active power control
to fulfill grid requirements (e.g., limiting PV power ramp-
rate, limiting maximum feed-in power) instead of using power
curtailment [9]-[11]. For residential PV systems, the battery
system was mainly used for back-up power application (e.g.,
uninterruptible power supply) and standalone systems (e.g.,
off-grid application) in the past [12].

Recently, the integration of battery systems in residential
grid-connected PV systems has become more economically

attractive in some countries with the PV self-consumption
schemes [2]. This is mainly driven by several aspects such
as: increasing electricity price, decreasing feed-in tariffs, and
decreasing cost of PV panels and battery systems. For instance,
since the beginning of 2012, the grid parity has been reached
for PV systems below 10 kWp in Germany [13], where it
is more profitable for the PV owner to supply the local load
with the generated PV energy than to draw electricity from the
utility grid. In that case, the generated PV power is consumed
locally (within the household) as much as possible, and only
the surplus PV power is being fed into the grid. However,
the simultaneous use of the PV power for self-consumption
(i.e., direct self-consumption) is usually limited due to the
misalignment between the PV power generation period (e.g.,
during the day) and the high load demand period (e.g., during
the night). Therefore, the battery system is employed to store
the surplus PV energy during the day and supply the load
demand during the night to maximize the self-consumption.

Due to the relatively long life-span expectation of PV
systems (e.g., above 20 years), the reliability and lifetime of
components in the system play a crucial role in the life-cycle
cost assessment. Driven by the high initial cost of the battery
system, the lifetime of batteries has been intensively investi-
gated in previous studies. For instance, the lifetime modeling
of batteries with PV self-consumption has been discussed in
[14], where the impact of battery sizing has been analyzed.
The influence of a self-consumption control strategy on the
battery lifetime has also been addressed in [15]. Furthermore,
an optimal battery sizing approach to minimize the cost of
solar energy has been proposed in [16], [17]. In addition
to the battery, the PV inverter is another reliability-critical
component in the PV system, which has been witnessed with
a high failure rate in field operation [18]. Notably, the PV
inverter failure will not only lead to extra cost for replacement
but also loss of revenue in the period of the inverter downtime.
Therefore, ensuring a high-reliability operation is strongly
demanded for the PV inverter, since it has a high potential
for further cost reduction in PV systems [19].

In the prior-art study, several aspects related to PV inverter
reliability and lifetime have been investigated. For instance, the



influence of the PV inverter control strategy on the inverter
reliability has been discussed [20]-[22]. In [23]-[25], the
impacts of PV panel characteristics and installation locations
on the inverter reliability have been addressed. A design for
reliability approach has also been applied to grid-connected
PV inverters in [26]. Nevertheless, the reliability of a PV
inverter with a battery system has not yet been investigated. In
fact, the battery system operation can affect the PV inverter
loading and thereby its reliability (for the DC-coupled PV-
BESS configuration), as it is illustrated in Fig. 1. More
specifically, the loading of the PV inverter is affected by
the charging/discharging power of the battery, in addition to
the PV array output power. For instance, in the case of PV
self-consumption, the PV inverter will experience less loading
during the day, since part of the PV energy will be stored in
the battery. On the other hand, the loading of the PV inverter
during nights will be increased (compared to the case without
battery system), as the battery system needs to supply the load
through the inverter. Inevitably, the PV inverter reliability will
be affected by the battery system operation, which needs to be
analyzed to ensure a highly-reliable operation of PV inverters.
In addition, the influence of battery system parameters (e.g.,
battery capacity and battery converter power rating) should
also be considered in the analysis, which has not been yet
been addressed in the literature.

In light of the above, this paper thus explores the impact of
the battery system operation on the PV inverter reliability. The
reliability assessment is carried out with a case study of PV
self-consumption, as described in § II. The mission profile-
based reliability assessment of the PV inverter is presented
in § III, where the installation site in Germany is considered.
The influence of the battery system parameters on the PV
inverter reliability is also presented in § IV, where the battery
capacity and battery converter power rating are considered.
Finally, concluding remarks are given in § V.

II. PHOTOVOLTAIC SELF-CONSUMPTION
A. System Description

The system configuration of a residential single-phase PV-
BESS is shown in Fig. 1, where the system parameters are
given in Table I. In this configuration, the PV arrays and
the battery systems are connected in parallel at the DC-link,
referred to as the DC-coupled topology [16]. Regarding the
power flow, the PV power is generated from the PV arrays, and
it is delivered to the DC-link through the PV converter (i.e.,
uni-directional DC-DC converter). Here, a maximum power
point tracking is implemented, in order to maximize PV energy
yield. For the battery system, the power flow is bi-directional,
where the battery can be charged or discharged through the
control of the battery converter (i.e., bi-directional DC-DC
converter). The total power delivered to the DC-link, which
corresponds to the PV inverter loading, is determined by the
difference between the generated PV power and the battery
power. The PV inverter with full-bridge topology (i.e., DC-AC
inverter) is employed as the interface between the DC-link and
the point of common coupling. The main objective of the PV
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Fig. 1. System description of PV system with battery energy storage system
(PV-BESS), where the battery system is connected at the DC-link (Fpy: PV
array output power, Py, battery power, and Py,,: PV inverter power.
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TABLE I
PARAMETERS OF THE SINGLE-PHASE PV-BESS (FIG. 1).

PV array rated power (at STC) 6 kW

Battery capacity 7.5 kWh
Battery converter rated power 3 kW

PV inverter rated power 6 kW

DC-link capacitor Cyc = 1100 pF

LC-filter

Switching frequency
DC-link voltage

Grid nominal voltage (RMS)
Grid nominal frequency

Liny =48 mH, Cy = 4.3 uF
Full-Bridge inverter: fi,, = 10 kHz
vy, =450V

Vy =230V

wo = 27 x50 rad/s

inverter is to deliver the power feed-in from the DC-link to
the AC grid and/or supply the local load. This is achieved by
regulating the DC-link voltage to be constant through control
of the grid current [27]. In addition, a phase-locked loop is
also implemented in the PV inverter to ensure proper grid
synchronization.

The main focus of this paper is on the reliability of the
PV inverter — in particular, the power devices. Regarding the
power device selection, four Insulated-Gate Bipolar Transistor
(IGBT) devices from [28] are used according to the system
parameters in Table I. The cooling system (e.g., heat sink
sizing) is designed to limit the junction temperature of the
power device at 90 °C when the inverter operates at the rated
power (i.e., 6 kW) and the ambient temperature of 50 °C.

B. Energy Management Control Strategy

In this paper, the energy management control strategy is
based on a self-consumption scheme [16], which aims to
maximize the local use of the generated PV power within the
household. For the PV-BESS with self-consumption, the power
difference between the PV generation and the load demand
will be stored in (or taken from) the battery system, as it
is demonstrated in Fig. 2. More specifically, the surplus PV
power during the day will be used to charge the battery as
long as the battery capacity is available. If the battery is fully
charged, e.g., the maximum State of Charge (SOC) is reached,
the surplus power is then fed into the grid. On the other hand,
when the PV power generation is not available (e.g., during
night) or lower than the load demand, the battery is discharged
to supply the local load as long as the battery is available.
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Fig. 2. Daily operation of a PV-BESS with self-consumption: (a) PV array
output power Fpy, household load demand P, and grid power exchange
Pgrid, (b) battery power Py, and (c) state of charge of the battery.
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Fig. 3. Daily loading of a PV inverter with battery system (red solid line)
and without battery system (black dotted line).

When the battery is fully discharged, the load is then supplied
by the utility grid. The battery power P, during the self-
consumption scheme can be summarized as:

P By — Poag, when 0 < SOC < 100
bat = 0, when otherwise

(1

where B,y is the PV output power from the PV arrays, Foaq is
the load power demand, and SOC is the state of charge of the
battery. The positive and negative value of the battery power
Ppa corresponds to the charging and discharging operation,
respectively. Notably, the maximum charging or discharging

power of the battery system is limited by the battery converter
power rating Pbat,max (i~e~’ |Pbat‘ < Pbat,max)'

Following the power flow diagram in Fig. 1, the PV inverter
loading (e.g., input power) is determined by

Py = va — B (2)

An example of the PV inverter loading with PV-BESS self-
consumption is shown in Fig. 3, where the battery operation
in Fig. 2 is applied. It can be seen from the result in Fig.
3 that the loading of the PV inverter is reduced significantly
during the day due to the battery charging (i.e., Pyt > 0).
In general, this will result in a positive impact on the PV
inverter reliability due to the reduced thermal loading. On the
other hand, the loading of the PV inverter will be increased
during the battery discharging (i.e., Py < 0). In that case, it
may introduce negative impact of the PV inverter reliability. In
order to quantify the battery operation impact, the reliability
analysis will be carried out in the following.

III. RELIABILITY ASSESSMENT OF PV INVERTERS

A general procedure for reliability assessment for PV invert-
ers with battery system is illustrated in Fig. 4. In this case, the
power device (i.e., IGBT) is considered as an example, since it
has been reported as one of the reliability-critical components
in the PV inverters [29]. Nevertheless, the same procedure can
also be further applied to other components.

Following the approach in Fig. 4, at the first step, the
PV array output power I,y is determined from the mission
profile (i.e., solar irradiance and ambient temperature). The PV
inverter loading P, (i.e., inverter input power) is then calcu-
lated following (2), where the battery power P, is obtained
from the self-consumption control strategy for a given load
profile. From the PV inverter loading profile (i.e., inverter input
power), the power losses dissipated in power devices can be
calculated and applied to the thermal model, in order to obtain
the thermal loading of the power device. Due to mission profile
dynamics, a cycle-counting algorithm is normally required
to extract the thermal cycle information from the obtained
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Fig. 5. One-year mission profile of the PV-BESS in Lindenberg, Germany
with a sampling rate of 1 minute per sample: (a) solar irradiance, (b) ambient
temperature, and (c) household load profile.

thermal loading profile [26]. Afterwards, the obtained thermal
cycle information can be applied to the lifetime model of the
power device and the corresponding damage can be calculated
as a reliability metric. In the following, a case study of the PV-
BESS installed in Lindenberg, Germany will be demonstrated.

A. Mission Profiles

A mission profile plays an important role in the reliability
assessment [30], as affects the loading of the PV inverter
during the operation. Typically, the solar irradiance and ambi-
ent temperature are considered as mission profiles, since they
determine the PV output power. A one-year solar irradiance
and ambient temperature profiles recorded in Lindenberg,
Germany with the sampling rate of 1 minute per sample are
shown in Fig. 5. It can be seen from the mission profile that
there is a strong seasonal variation in both the solar irradiance
and ambient temperature between summer and winter seasons.
In this case, it can be expected that the PV inverter loading
during summer will be much higher than that during winter
due to the relatively high solar irradiance level in summer
(e.g., during May-July).

From the solar irradiance and ambient temperature profiles,
the PV array output power can be determined using the PV
panel model. However, in the case of a PV-BESS, the load

TABLE 11
PARAMETERS OF THE LIFETIME MODEL OF AN IGBT MODULE [31].

Parameter ~ Value Experimental condition
A 3.4368 x 1014
a —4.923 64 K < AT; <113 K
B1 —9.012 x 103
Bo 1.942 0.19 < ar < 0.42
C 1.434
v —1.208 0.07 s < ton <635
fa 0.6204
E, 0.06606 eV 32,5 °C < T; <122 °C
kp 8.6173324 x 1075 eV/K

profile of the household also needs to be considered, as
it determines the battery operation for the self-consumption
scheme. A household load profile used in the case study
is shown in Fig. 5(c). This load profile is based on the
measurement data from 32 residential households, which has
been stochastically modified to represent a typical 4-persons
household load profile with the annual energy consumption
of approximately 4800 kWh/year [13]. Together with the PV
array output power profile, the battery power profile with the
self-consumption strategy can be obtained. Afterwards, the PV
inverter loading profile can be calculated following (2).

B. Damage Calculation

From the PV inverter loading profile obtained in the pre-
vious step, the thermal loading of the power device (i.e.,
junction temperature) can be calculated by using the loss and
thermal models of the power device. Then, by applying the
cycle counting algorithm, the thermal stress metric such as
the number of cycles n; at a certain cycle amplitude AT,
mean junction temperature 7},,, and cycle period t,, can
be obtained. The thermal stress metric can be applied to the
lifetime model of the power device in order to calculate the
damage for a given thermal stress condition as

1
D = — 3
N, 3)
where D is the damage occurring in the power device and Ny
is the number of cycles to failure at a certain stress condition:
Tjm, AT}, and t,,, which is calculated as

a ' C on)”
Ny = A (AT) - (ar)$ATi+60 . [ +{ten) }

.exp(kmfgwl) Tt 4)

where the lifetime model parameters are given in Table II.
The total damage occurred during operation (e.g., mission
profile) can be accumulated by using the Miner’s rule [32] as

wzzzmzzgi (5)

where AD is the accumulated damage of the power device,
n; is the number of cycles for a certain 1},,, AT}, and ¢,y,,
and Ny; is calculated from (4) at that stress condition.
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damage and (b) the accumulated damage of the power device.

The damage calculated from (5) can be used as a reliability
metric to quantify the impact of the operating condition (e.g.,
mission profile and battery operation) on the PV inverter reli-
ability. For instance, the operation with high damage indicates
a low reliability and short lifetime expectation of the power
device. When the damage is accumulated to unity (i.e., AD =
1), the power device is considered to reach its end of life.

C. Short-term Reliability Analysis (One day)

As discussed in the previous section, with the self-
consumption operation, the PV inverter loading will be de-
creased during the day (e.g., when the battery is being charged)
and increased during the night (e.g., when the battery is being
discharged). In order to analyze this operation impact, a short-
term reliability assessment during one day is first carried out.

The PV inverter loading during one-day operation shown
in Fig. 3 is considered for a short-term reliability analysis.
The corresponding damage occurred in the power device is
demonstrated in Fig. 6(a), where the two cases of the PV
inverter with and without battery system are compared. It
can be seen from the results in Fig. 6(a) that the damage in
the power device of the PV inverter with battery system is
reduced significantly during the battery charging period (i.e.,
8:00-10:00). However, there is a small increase in the damage
occurred before 8:00, which is the time when the battery is
discharged to supply the load demand in the morning.

In the afternoon, the PV power generation is relatively low
after 16:00. Therefore, the damage in the PV inverter without
battery system is almost not noticeable. In the case of the PV
inverter with battery system, a small increase in the loading has
been observed around 18:00, corresponding to the discharging
period of the battery in Fig. 2. However, the increased PV
inverter loading at night is relatively low (compared to that
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Fig. 7. Long-term (one-year) reliability assessment of the PV inverter: (a)
the damage and (b) the accumulated damage of the power device.

during the day) during most of the period, as it can be seen in
Fig. 3. Thus, the increased thermal stress (i.e., AT}) due to the
battery discharge is relatively small and its contribution to the
damage is not significant, following (4). Accordingly, when
accumulating the damage during the entire day, the operation
of the battery system can reduce the accumulated damage of
the power device in the PV inverter by 8 % (compared to the
case without battery system), as it is shown in Fig. 6(b).

D. Long-term Reliability Analysis (One year)

Due to the seasonal variation in the mission profile (e.g.,
during summer and winter), the long-term reliability assess-
ment is necessary to explore the battery operation impact on
the reliability of the PV inverter. Here, a one-year mission
profile in Fig. 5 is applied to the reliability assessment process
in Fig. 4. The corresponding damage in the power device for
the case of PV inverter without battery and with battery are
shown in Fig. 7(a) and the accumulated damage of the two
cases are also shown in Fig. 7(b).

In general, the damage in the power device of the PV
inverter with battery is lower than the case without battery.
There are only a few occasions where the damage of the
power device is increased with the battery operation, which
occurs during the day with a high load demand during nights.
In that case, the increased loading of the PV inverter during
the battery discharge is significant (compared with the load
reduction during the day). Nevertheless, when considering
the operation during the entire year, the accumulated damage
in the power device of the PV inverter with battery system
is 11 % lower than the case without battery system. Thus,
the reliability of the PV inverter can be improved with the
integration of the battery system (i.e., PV self-consumption).
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IV. BATTERY SYSTEM PARAMETERS IMPACT ON PV
INVERTER RELIABILITY

The previous analysis indicates that the battery system
operation can improve the reliability of the PV inverter due
to the significant load reduction during the day. However, the
battery capacity and the battery converter power rating are the
two main parameters that affect the battery system operation,
as it is demonstrated in Fig. 8. In this section, the impact of
the battery system parameters on the PV inverter reliability
will be analyzed.

A. Impact of Battery Capacity

The battery capacity is one of the design parameters which
needs to be selected properly (e.g., battery sizing), in order to
ensure the economical benefit of the system. In the previous
case, the battery capacity of 7.5 kWh was considered for the 6-
kW PV system, following the design recommendation in [16].
In fact, this design parameter is in close agreement with the
real-field data in [33].

Nevertheless, to explore the battery capacity impact on
the PV inverter reliability, two other cases with a battery
capacity of 5 kWh and 10 kWh are compared. According
to the battery power profile in Fig. 8(a), it can be seen that
the charging (and also discharging) time duration is strongly
affected by the battery capacity. A large battery capacity (e.g.,
10 kWh battery) will prolong the charging process, while the
battery with 5-kWh capacity is fully charged much earlier.
From the PV inverter loading perspective, the large battery
capacity will ensure that more PV inverter loading during the
day will be shifted to the night. For instance, this impact is
reflected in the damage of the power device, as it is shown
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Fig. 9. Damage of the power device during one-day operation of the PV-
BESS with a 3-kW battery converter power rating and the battery capacity
of: (a) 5 kWh, (b) 7.5 kWh, and (c) 10 kWh.

in Fig. 9. With a small battery capacity (e.g., 5 kWh battery),
the damage of the power device in PV inverter with battery
system is comparable to the case without battery system.
On the other hand, the difference in the damage increases
with increased battery capacity, where a significant damage
reduction is observed when the 10 kWh battery is employed.
Therefore, increasing the battery capacity will improve the
overall PV inverter reliability.

B. Impact of Battery Converter

The selection of the battery converter (i.e., power rating)
can highly affect the charging/discharging power of the battery
system. Typically, the battery converter can be selected smaller
than the PV array rated power, since most of the time the
battery system will not be charged at the peak power of the
PV array. However, the battery converter power rating should
be higher than the average load demand, in order to ensure
the self-consumption operation. Here, three different battery
converters with a power rating of 1 kW, 3 kW, and 5 kW
are considered to demonstrate the impact of battery converter
selection on the PV inverter reliability.

With the same battery capacity, the charging/discharging
time duration will be increased with the smaller battery con-
verter (e.g., 1 kW battery converter). In that case, more peak-
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BESS with 7.5 kWh battery capacity and the battery converter power rating
of: (a) 1 kW, (b) 3 kW, and (c) 5 kW.

load during midday will be stored in the battery. Moreover, the
smaller battery converter will also limit the peak-power during
night when the battery is discharged to supply the load. This
operational impact is reflected in the damage of the PV inverter
shown in Fig. 10, where a significant damage reduction of
the PV inverter with 1 kW battery converter occurs during
midday. In contrast, most of the damage reduction in the PV
inverter occurs in the early morning (e.g., from 8:00) for the
larger battery converter (e.g., 5 kW battery converter). When
comparing the impact of PV inverter load reduction, reducing
the peak-load during midday has more benefit in terms of PV
inverter reliability. Thus, using a small battery converter will
improve the PV inverter reliability.

C. Discussion

The influence of the battery system parameters is further
analyzed with the one-year mission profile in Fig. 5. The
difference in the power device damage compared with the
case of PV inverter without battery system is calculated and
shown in Fig. 11, where various values for battery capacity
and battery converter power rating are considered. Similar to
the one-day reliability assessment discussed previously, the
accumulated damage decreases with large battery capacity and
small battery converter (i.e., low power rating). However, when
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Fig. 11. Impacts of the battery system parameters on the long-term (one-year)
accumulated damage of the PV inverter with different: (a) battery capacity and
(b) battery converter power ratings.

the battery capacity is further increased higher than 10 kWh,
the damage is not further decreased, but the damage difference
is saturated around 15 % of the initial value. In that case, the
battery is highly over-dimensioned and its capacity is not fully
utilized during the operation. In other words, the battery is not
being fully charged during the day and discharged during the
night, and thereby the battery power profile will not be further
affected by increasing the battery capacity. However, the high
battery capacity means a higher cost.

As discussed previously, a smaller battery converter (e.g.,
low power rating) will improve the PV inverter reliability. In
general, this argument can also be applied to the long-term
reliability assessment, where the damage of the power device
in the PV inverter decreases as the battery converter power
rating decreases, as it is shown in Fig. 11(b). However, when
the power rating becomes too small (e.g., below 0.6 kW), the
charging or discharging power is not enough to fully charge the
battery during the day and supply the load demand during the
night. In other words, the battery system is not fully utilized
and its influence on the PV inverter reliability is limited. In that
case, the damage of the power device in PV inverter becomes
comparable to the case without battery system.

Notably, the above analysis only considers the impact of
battery system design regarding the reliability of PV inverters.
In practice, other design aspects (e.g., cost of energy, self-
consumption rate, and lifetime of batteries) should also be
taken into account together with the PV inverter reliability in
order to maximize the overall benefit of the battery system in
PV applications. In that case, the above analysis can be used
as part of a multi-dimensional design tool.



V. CONCLUSION

In this paper, the reliability assessment of a PV inverter
with integrated battery system was carried out. The impact
of battery operation under the self-consumption scheme on
the PV inverter reliability was investigated with a case study
of a 6-kW PV-BESS installed in Germany. The reliability
analysis has shown a considerable decrease in the PV inverter
loading during the day due to the battery operation. In that
case, the integration of PV and battery system will result in
an overall improvement in the PV inverter reliability, where
the accumulated damage over one year of operation can be
reduced by 11 %. In addition, the PV inverter reliability can
be further improved by increasing the battery capacity and/or
reducing the battery converter power rating, which should
be considered together with other design aspects (e.g., cost,
battery lifetime) to maximize the benefit of the battery system
in PV applications.

[1]
[2]

[3]

[4]

[6]

[7]

[8]

[9]

(10]

[11]

(12]

[13]

REFERENCES

REN21, “Renewables 2017: Global Status Report (GRS),” 2017.
[Online]. Available: http://www.ren21.net/.

T. Stetz, J. von Appen, F. Niedermeyer, G. Scheibner, R. Sikora, and
M. Braun, “Twilight of the grids: The impact of distributed solar on
germany’s energy transition,” IEEE Power Energy Mag., vol. 13, no. 2,
pp. 50-61, Mar. 2015.

M. Karimi, H. Mokhlis, K. Naidu, S. Uddin, and A. Bakar, “Photovoltaic
penetration issues and impacts in distribution network - a review,’
Renewable and Sustainable Energy Reviews, vol. 53, pp. 594-605, 2016.
National Renewable Energy Laboratory, “The role of energy storage
with renewable electricity generation,” Tech. Rep. No. NREL/TP-6A2-
47187, 2010.

S. Zurmiihlen, G. Angenendt, M. Heinrich, H. Axelsen, and D. U.
Sauer, “Grid-relieving effects of PV battery energy storage systems with
optimized operation strategies,” in Proc. of EU PVSEC, pp. 1-5, Sep.
2017.

T. Thien, D. Schweer, D. vom Stein, A. Moser, and D. U. Sauer,
“Real-world operating strategy and sensitivity analysis of frequency
containment reserve provision with battery energy storage systems in
the German market,” Journal of Energy Storage, vol. 13, pp. 143-163,
2017.

D. L. Stroe, V. Knap, M. Swierczynski, A. I. Stroe, and R. Teodorescu,
“Operation of a grid-connected lithium-ion battery energy storage system
for primary frequency regulation: A battery lifetime perspective,” IEEE
Trans. Ind. App., vol. 53, no. 1, pp. 430-438, Jan 2017.

S. Barsali, R. Giglioli, G. Lutzemberger, D. Poli, and G. Valenti, “Op-
timised operation of storage systems integrated with MV photovoltaic
plants, considering the impact on the battery lifetime,” Journal of Energy
Storage, vol. 12, pp. 178 — 185, 2017.

H. Beltran, E. Bilbao, E. Belenguer, I. Etxeberria-Otadui, and P. Ro-
driguez, “Evaluation of storage energy requirements for constant pro-
duction in PV power plants,” IEEE Trans. on Ind. Electron., vol. 60,
no. 3, pp. 1225-1234, Mar. 2013.

W. A. Omran, M. Kazerani, and M. M. A. Salama, “Investigation
of methods for reduction of power fluctuations generated from large
grid-connected photovoltaic systems,” IEEE Trans. on Energy Convers.,
vol. 26, no. 1, pp. 318-327, Mar. 2011.

Q. Zhao, K. Wu, and A. M. Khambadkone, “Optimal sizing of energy
storage for PV power ramp rate regulation,” in Proc. of ECCE, pp. 1-6,
Sep. 2016.

IRENA, “Boosting solar PV markets: The role of quality infrastructure,”
2017. [Online]. Available: http://www.irena.org/.

M. Bost, B. Hirschl, and A. Aretz, “Effekte von eigenverbrauch und
netzparitit bei der photovoltaik-langfassung: Studie im auftrag von
greenpeace energy. Berlin: Institut fiir 6kologische wirtschaftsforschung
(IOW),” 2011.

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

(27]

[28]
[29]

(30]

[31]

[32]

[33]

D. Magnor, J. B. Gerschler, M. Ecker, P. Merk, and D. U. Sauer,
“Concept of a battery aging model for lithium-ion batteries considering
the lifetime dependency on the operation strategy,” in Proc. of EU
PVSEC, vol. 24, 2009.

G. Angenendt, S. Zurmiihlen, R. Mir-Montazeri, D. Magnor, and D. U.
Sauer, “Enhancing battery lifetime in PV battery home storage system
using forecast based operating strategies,” Energy Procedia, vol. 99, pp.
80-88, 2016.

J. Weniger, T. Tjaden, and V. Quaschning, “Sizing of residential PV
battery systems,” in Proc. of IRES, pp. 78-87, 2013.

G. Merei, J. Moshovel, D. Magnor, and D. U. Sauer, “Optimization of
self-consumption and techno-economic analysis of PV-battery systems
in commercial applications,” Applied Energy, vol. 168, pp. 171-178,
2016.

Solar Bankability, “Technical risks in PV projects. report on technical
risks in PV project development and PV plant operation,” 2016.
National Renewable Energy Laboratory, “On the path to sunshot: The
role of advancements in solar photovoltaic efficiency, reliability, and
costs,” Tech. Rep. No. NREL/TP-6A20-65872, 2016.

A. Anurag, Y. Yang, and F. Blaabjerg, “Thermal performance and
reliability analysis of single-phase PV inverters with reactive power
injection outside feed-in operating hours,” IEEE J. Emerg. Sel. Top.
Power Electron., vol. 3, no. 4, pp. 870-880, Dec. 2015.

M. Andresen, G. Buticchi, and M. Liserre, “Thermal stress analysis and
mppt optimization of photovoltaic systems,” IEEE Trans. Ind. Electron.,
vol. 63, no. 8, pp. 4889-4898, Aug. 2016.

Y. Yang, E. Koutroulis, A. Sangwongwanich, and F. Blaabjerg, “Pursuing
photovoltaic cost-effectiveness: Absolute active power control offers
hope in single-phase PV systems,” IEEE Ind. App. Mag., vol. 23, no. 5,
pp. 4049, Sep. 2017.

A. Sangwongwanich, Y. Yang, D. Sera, and F. Blaabjerg, “Lifetime
evaluation of grid-connected PV inverters considering panel degradation
rates and installation sites,” IEEE Trans. Power Electron., vol. PP, no. 99,
pp. 1-1, 2017.

A. Sangwongwanich, Y. Yang, D. Sera, F. Blaabjerg, and D. Zhou, “On
the impacts of PV array sizing on the inverter reliability and lifetime,”
IEEE Trans. Ind. App., pp. 1-1, 2018.

C. Felgemacher, S. Araujo, C. Noeding, P. Zacharias, A. Ehrlich, and
M. Schidleja, “Evaluation of cycling stress imposed on IGBT modules
in PV central inverters in sunbelt regions,” in Proc. of CIPS, pp. 1-6,
Mar. 2016.

Y. Yang, A. Sangwongwanich, and F. Blaabjerg, “Design for reliability
of power electronics for grid-connected photovoltaic systems,” CPSS
Trans. Power Electron. Appl., vol. 1, no. 1, pp. 92-103, 2016.

F. Blaabjerg, R. Teodorescu, M. Liserre, and A.V. Timbus, “Overview
of control and grid synchronization for distributed power generation
systems,” IEEE Trans. Ind. Electron., vol. 53, no. 5, pp. 1398-1409,
Oct. 2006.

SGP25N120, Infineon Technologies AG, 2009, rev. 2.5.

L. M. Moore and H. N. Post, “Five years of operating experience at
a large, utility-scale photovoltaic generating plant,” Progress Photo-
voltaics: Res. Appl., vol. 16, no. 3, pp. 249-259, 2008.

S. E. D. Leon-Aldaco, H. Calleja, F. Chan, and H. R. Jimenez-Grajales,
“Effect of the mission profile on the reliability of a power converter
aimed at photovoltaic applications - a case study,” IEEE Trans. Power
Electron., vol. 28, no. 6, pp. 2998-3007, Jun. 2013.

U. Scheuermann, R. Schmidt, and P. Newman, “Power cycling testing
with different load pulse durations,” in Proc. of PEMD 2014, pp. 1-6,
Apr. 2014.

H. Huang and P. A. Mawby, “A lifetime estimation technique for voltage
source inverters,” IEEE Trans. Power Electron., vol. 28, no. 8, pp. 4113—
4119, Aug. 2013.

K.-P. Kairies, D. Haberschusz, O. Wessels, J. Strebel, J. van Ouwerkerk,
D. Magnor, and D. U. Sauer, “Real-life load profiles of PV battery
systems from field measurements,” Energy Procedia, vol. 99, pp. 401—
410, 2016.



