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Abstract—This paper presents an assessment of the reliability
of neutral point clamped (NPC) based photovoltaic (PV) systems
using a mission profile. The study focuses on the two types of
fragile components in these systems, namely the insulated-gate
bipolar transistors (IGBTs) and the DC Al electrolytic capacitors.
Additionally, the effects of power degradation due to the aging
of PV panel and the over-temperature derating characteristics of
the NPC inverter are considered to make the lifetime evaluation
more realistic. The evaluation is demonstrated using a study case
of a 225 KW PV system based on actual mission profile and
commercial components. The study results indicate that careful
consideration of these factors is crucial to improve the design and
operation of NPC inveter-based PV systems. This paper provides
valuable insights into the evaluation of the reliability of NPC
inverter-based PV systems.

Index Terms—PV systems, neutral point clamped inverter,
reliability, power degradation, over-temperature derating

I. INTRODUCTION

Photovoltaic (PV) systems are widely used for renewable
energy generation and are usually connected to power systems
via inverter that consist of semiconductor devices such as
insulated-gate bipolar transistors (IGBTs) and diodes. The
long-term reliability of these components is directly related to
the mission profile, which includes ambient temperature (7})
and solar irradiance (S) for PV systems [1]. Among these
components, IGBTs are known to be fragile and have a larger
impact on the reliability of PV systems compared to diodes.
Previous studies have evaluated the reliability of PV systems
at the IGBT and/or inverter level based on long-term mission
profiles and various power strategies [2], [3].

However, in practical applications, the annual power attenu-
ation of PV panels lead to an actual lifetime of the PV inverter
that can be more than twice the number obtained without
considering power degradation [4]. The aforementioned works
study the typical three-phase two-level inverter. Furthermore,
the neutral point clamped (NPC) three-level inverter is increas-
ingly used for integrating renewable energy sources (RESs)
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into large power systems due to its smaller harmonics [5]. The
thermal stresses on different IGBTs of an NPC inverter are not
identical, and the outer IGBTs are usually recognized as fragile
due to larger switching losses, leading to differences between
the two-level inverter and the NPC inverter when performing
reliability analyses.

Another fragile component of inverter systems is the DC
Al electrolytic capacitor (DC-Al-Cap), which has received
increasing attention in recent years. Until now, the reliability of
the DC-Al-Caps has been evaluated under various applications,
e.g., wind power system, PV system, and multiple drives
system [6]—[8]. Unlike IGBTs, the main failure mechanism of
DC-Al-Caps is electrolyte loss due to thermal stress. Although
the relibility of IGBTs and DC-Al-Caps can be separately
analyzed, factors influencing their lifetimes can be the same
due to the fact that their failures are out of the power loss and
thermal stress [9], [10]. Therefore, panel degradation can also
significantly affect the lifetime of DC-Al-Caps in PV systems.

To optimize reneable energy utilization, maximum power
point tracking such as based on perturbation and observation
(P&O MPPT) control is widely used in PV systems [11].
Although a rated power limitation of the inverter is considered
in reliability analyses to avoid excessive thermal stress, it is
not typically used in practice. Instead, a commercial semi-
conductor module recommends changing its power limitation
according to the ambient temperature, also known as the over-
temperature derating (OTD) curve. A low 7T, allows the PV
system to output more power than its rated value, whereas
a high T'a requires derating operation [12]. The application
of OTD curves can significantly change the thermal stress in
practice and thus affect the reliability of PV systems.

Therefore, this paper proposes a reliability assessment of
NPC inverter-based PV systems that focuses on both IGBTs
and DC-Al-Caps. The paper also considers the effects of power
degradation due to panel aging and the OTD characteristics of
the inverter, and provides a case study of a 225 kW PV system
based on actual mission profiles and commercial components.
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Fig. 1. General configuration of NPC inverter-based PV system.

TABLE I
PARAMETERS OF NPC INVERTER-BASED PV SYSTEM

Symbol  Description Value
P Norminal power 225 kW
fsw Switching frequency 16 kHz
Wy Grid frequency 1007 rad/s
Vg Line-to-line RMS grid voltage 800 V
Lg Grid-side inductor 0.0135 mH
Cy Filter capacitor 100 pF
Ly Inverter-side inductor 0.185 mH
Cyc DC capacitor 4000 puF
Vde DC voltage 1300 V

II. OVERVIEW OF STUDIED PV CASE
A. System Description

Fig. 1 shows the general configuration of an NPC inverter-
based PV system. The three-phase NPC inverter-based PV
system is connected to the power grid via an LCL filter,
where Ly and L, are the inverter-side and grid-side filter
inductors, respectively, and C' is the filter capacitor. The main
parameters are listed in Table I. The thermal stress and then the
reliability of the inverter system is directly related to the power
derived from the PV panel, i.e., pp,, which is determined by
the mission profile, control strategy, etc., and will be analyzed
in Section II-B.

The PV panel consists of 24 modules in parallel and 28 in
series, where the LR4-72HPH 440M PV module from Longi
Solar is used [13]. Similarly, the DC-Al-Cap Cjy. in Fig. 1
actually consists of 12 capacitors in parallel and 2 capacitors
in series of commercial capacitors. For the NPC inverter, a
commercial module is used, where the topology is shown in
Fig. 2. As mentioned before, the thermal stresses on different
IGBTs of an NPC inverter are different. As a result, the outer
IGBTs T1/T4 and the inner IGBTs T2/T3 are chosen with
different types as well in the commercial module. In Fig. 2,
the tested switching loss of T1/T4 in a standard condition
(not the mission profile condition) is much smaller than that
of T2/T3. At last, the thermal resistance of the heatsink is
measured as 0.021 °C/W so that its temperature is around 82
°C when T, = 40 °C and the PV panel outputs the rated
power.

B. Analysis on Power Derived from PV panel

The thermal stress of the inverter is directly influenced by
the PV power p,,, which can be analyzed based on Fig. 3.
Usually, the MPPT control is used to let the PV panel output its
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Fig. 2. Topology of used module of NPC inverter.
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Fig. 3. Power derived from PV panel.

maximum power based on the mission profile. In most studies,
the PV panel is modeled in such a way that an ideal maximum
power p; will be derived. Meanwhile, the rated power can be
set as the upper limitation of py,, to deviate the operation point
away from the MPPT point, which can prevent an over-loaded
opeartion of the inverter, i.e., S1 and S2 switch to 1 and 3 in
Fig. 3, respectively. However, this strategy may not represent
the opeartion of the PV system in practice.

The rated power is defined at a specific operation environ-
ment (e.g., T, = 40 °C). An OTD characteristics is actually
used for the studied commercial PV system, as shown in Fig.
4, to achieve a better economic benefit. As observed, the PV
inverter is allowed to operate with as much as (10/9)P,, when
T, is low to fully utilize the capacity. On the contrary, for a
large T, the output power should be decreased from P,, due
to the fact that a large thermal stress will shorten the lifetime
of the inverter although the electrical stress is still within
the limitation. When considering the OTD characteristics, S1
should be switched to 2 to derive p,,, in Fig. 3. The mission
profile plays an important role when considering the OTD
characteristics. In this paper, a reliastic yearly mission profile
with a resolution of 1 min/sample in Middle East is used
as shown in Fig. 5. As observed, during the summer, the
maximum temperature is liable to be larger than 40 °C, where
the PV inverter should be with the derating operation. On the
contrary, an overrating operation is permitted during the other
months of the year.

Another factor which can influence p,,, is the panel degra-
dation. For the studied LR4-72HPH 440M PV module, the
standard degradation characteristics is shown in Fig. 6, which
implies a 2% degradation for the first year and 0.55% for
the following years. For example, the output power of the
PV panel after operating 10 years will decrease to 93.05%
compared to a new one. Therefore, the actual maximum power
from the PV panel is not p; but p, as shown in Fig. 3.
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Fig. 5. Used yearly mission profile in Middle East. (a) Solar irradiance. (b)
Ambient temperature.

Although the actual degradation rate may be changed due to
the environment, Fig. 6 can be used to illustrate the influence
of the panel degradation on the reliability of the PV inverter,
which corresponding to the position 4 for S2 in Fig. 3.

According to the positions of S1 and S2, four cases as
shown in Table II are studied and compared in this paper. Fig.
7 shows the differences of p,, with or without considering
the OTD and panel degradation (10 years of degradation is
used as an example) characteristics. It clearly shows that the
PV panel cannot output P, during the summer due to a
derating operation, which in winter, a larger p,, than P, can
be expected. Meanwhile, when considering a 10 years panel
degradation, the actual p,, will decrease compared to a new
one. The differences in p,, may have obvious impact on the
thermal stress and then the reliability of the PV inverter.
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Fig. 6. Standard panel degradation characteristics of LR4-72HPH 440M PV
module.

TABLE II
STUDIED CASES

Case 1 Case2 Case3 Case4
S1 1 1 2 2
S2 3 4 3 4

III. MiISSION PROFILE-BASED LIFETIME EVALUATION

A. Overview Procedure

The power derived from the PV panel p,, based on the
mission profile can be further used to obtain the thermal
loading and then to evaluate the lifetime of the inverter. The
procedure can be illustrated by the flowchart in Fig. 8.

For IGBTs, the thermal stress is related to the power loss
(including both of the conduction loss and the switching loss).
With the derived mission profile-based p,,, in Fig. 7, poss of
the IGBT can be obtained, e.g., by the look-up table method.
Afterwards, the junction temperature of the IGBT T} can be
calculated based on the thermal model, where, for the studied
module, the thermal model of the IGBT is modeled by a
fourth-order Foster RC network. Then a rainflow counting
analysis is carried out to identify the cycles information of the
irregular mission profile-based T, i.e., junction temperature
fluctuation AT}, mean junction temperature T,,, heat time
of the power cycling ?,,, and the number of cycles n,. At
last, the number of cycles to failure of the IGBT Ny can be
calculated by the lifetime model and then the accumulated
damage AD_IGBT can be derived, which will be explained
in the following.

For DC-Al-Caps, the thermal stress is also related to the
power loss as the IGBTs. Nevertheless, the power loss of the
DC-AI-Caps should be calculated based on the frequency-
dependent ripple currents [, which will cause a heating
temperature by AT. Thereafter, the hours to failure L, can
be evaluated and the accumulated damage AD_CAP can be
derived.

B. Lifetime Evaluation of IGBTs

The failure of the IGBT is related to its junction tempera-
ture. Specifically, the number of cycles to failure N; can be
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Fig. 7. Comparisons on power derived from PV panel. (a) Case 1 and Case
2. (b) Case 3 and Case 4.

TABLE III
PARAMETERS OF LIFETIME MODEL OF IGBTS

Symbol Value Symbol Value
A 3.37 x 10%0 B 3.12 x 103
« -4.85 o -0.3
predicted by [2], [4]
Ny = AT eap( ) (ben n
J Tim 1.5

where A, o, (3, and ~ are parameters, which are derived
using a curve fitting method and are listed in Table III. As
the minimum ¢,,, is 60 s, which equals the resolution of the
mission profile, the viscoplastic deformation saturation is also
considered.

Thereafter, the mission profile-based AD_IGBT can be
derived according to the Miner’s rule, by placing the rainflow
counting results into (1), as
L2

Ny,

AD_IGBT = Z )

Fig. 9(a) compares the results of T1/T4 with and without
the OTD and panel degradation characteristics. For case 1, the
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Fig. 8. Flowchart of lifetime evaluation for IGBT and DC-Al-Cap.

lifetime of T1/T4 is predicted to be 31.9 years. When taking
the panel. When taking the panel degradation, i.e., Case 2,
and OTD characteristics, i.e., Case 3, into consideration, the
lifetime increases to 33.4 years and decreases to 22.8 years,
respectively, where the number is 24.1 years when both of
them are considered. The maximum difference, between Case
2 and Case 3, could be nearly 11 years for the studied system.

C. Lifetime Evaluation of DC-Al-Cap

The failure of the DC-Al-Cap is related to two factors, one
of which is the thermal stress due to the ambient temperature,
and the other one is the heating temperature due to the ripple
currents. Therefore, the hours to failure L, can be predicted
by [6], [7]

L:E — Lo X 2(T0—Ta)/10 X Q(ATD—AT)/pl (3)

where L, is the rated useful lifetime, 7, is the upper cate-
gorized temperature, AT, is the heating temperature at rated
ripple current, p; is the coefficient of temperature rise. For the
studied capacitor, the corresponding parameters are listed in
Table IV.

Fig. 9(b) compares the results of DC-Al-Cap for different
cases. The lifetime prediction gives a result of 40.8 years for
Case 1, 48 years for Case 2, and 37.9 years for Case 3. When



1 —Casel —Case 2 —Case 3 Case 4
-
o s
m) s
< 31.94 g
11334
0 R Il
0 10 20 30 40 50
Year
(@
1 —Casel —Case 2 —Case 3 Case 4
a é
<< :
ol
a 0.5 ;
< :
: 48
. . I . 408 |
0 10 20 30 40 50
Year
(b)

Fig. 9. Accumulated damage of (a) T1/T4 and (b) DC-Al-Cap.

TABLE IV
PARAMETERS OF LIFETIME MODEL OF DC-AL-CAP

Symbol  Description Value
Lo Rated useful lifetime 5000 h
To Upper categorized temperature 105 oC

AT, Heating temperature at rated ripple current 5 oC
p1 Coefficient of temperature 5

taking both of the panel degradation and OTD characteristics
into consideration, the lifetime is expected to be 45.6 years.
Meanwhile, the maximum difference, between Case 2 and
Case 3, is 10 years for the studied system.

By combining the results of Fig. 9, it is noticed that the
impact of panel degradation and OTD characteristics on T1/T4
and DC-Al-Cap may be different. For T1/T4, the OTD char-
acteristics have more obvious influence. For example, from
Case 1 to Case 3, the lifetime decreases by 28.5% due to the
OTD characteristics, while to Case 2, the lifetime changes by
only 4.7% affected by the panel degradation. On the contrary,
the DC-AI-Cap is more sensitive to the panel degradation,
where the lifetime increases by 17.6% from Case 1 to Case
2. However, with considering the OTD characteristics, the
lifetime of DC-Al-Cap changes by only 7.1% from Case 1
to Case 3.

IV. RELIABILITY ASSESSMENT BASED ON MONTE CARLO
ANALYSIS

Compared to the aforementioned fix-parameter lifetime
evaluation, a more realistic reliability assessment should con-
sider the variations of parameters. To do so, this section utilize
the Monte Carlo analysis to perform a statistical study, where
the procedure is illustrated by the flowchart in Fig. 10.
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Fig. 10. Flowchart of reliability assessment based on Monte Carlo Analysis.

In Section III, the mission profile-based parameters have
been obtained. To perform the Monte Carlo analysis, those
parameters are, at first, translated into corresponding equiva-
lent static parameters (for IGBT, they are denoted as T}y,_cq,
ton_eq» AT} ¢q. and for DC-Al-Cap denoting as Tg_cq, ATeq)
in such a way that the lifetimes of IGBT and DC-Al-Cap
derived from the equivalent parameters equal to those mission
profile-based results. Thereafter, the Monte Carlo analysis is
carried out by considering +5% parameter variations and
10000 samples. For the lifetime model of IGBT in (1), all the
parameters A, a, (3, v as well as the equivalent parameters
Tim_eq> ton_eq» AT _cq are supposed to be variable. Similarly,
the variations of L,, T, AT,, p1, Ta_eq and AT, are all
considered for the DC-Al-Cap. The derived lifetime samples
from the Monte Carlo analysis can be fitted by the Weibull
probability density function (PDF), based on which the cumu-
lative density function (CDF) can be further derived. Finally,
the B, lifetime can be found on the CDEF, which reflects
the unreliability level of the corresponding components and
systems.

Fig. 11 shows the CDFs for both T1/T4 and DC-Al-Cap
with the same four cases as Table II, where the usually used
By lifetimes are marked as well. For T1/T4, the expected
time of Case 1 that the unreliability increases to 10% is 15.8
years. When the panel degradation or/and OTD characteristics
are included, corresponding from Case 2 to Case 4, Big_reBT
changes to 16.6, 11.5, and 12.1 years, respectively. It can be
calculated that the maximum difference, i.e., between Case 2
and Case 3, is 5.1 years, which accounts for 44.4% taking
Case 3 as the basis and 30.7% taking Case 2 as the basis.
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Similarly, B1g_cap is 32.2, 38, 29.9, and 36 years from Case
1 to Case 4, respectively. These numbers highlight the role of
the panel degradation and OTD characteristics.

Fig. 11 is the CDF of a single component. In actual, the
studied three-phase NPC inverter has 6 outer IGBTs as well
as 48 DC-Al-Caps as described in Section II-A, where the
damage of any of them will make the whole system to be out
of function. Therefore, the system-level CDFs of IGBT and
DC-Al-Cap can be calculated, respectively, by

CDFyys g =1 — (1 — CDFigpr)° 4)
CDFyys cap =1— (1= CDFcap)*® &)

where CDFapr and CDFe4p are CDFs of the correspond-
ing single component in Fig. 11. Fig. 12 presents the derived
system-level CDFs, where Big_sys_rgpr and Bio_sys_cAp
values are decreased to between 5 and 25 years compared
to the values of single component. Again, the results prove
that the panel degradation and OTD characteristics could have
important impact on the reliability of the NPC inverter-based
PV system.

It should be mentioned that the actual results could be
very different for different systems and mission profiles. For
example, as shown in Fig. 5, there is a complementarity on
the lifetime between the derating and overrating operation with
the used mission profile. However, it is highly dependent on
the locations, where, such as in Denmark, there is almost
no derating operations and the lifetime is expected to be
highly decreased by the overrating operation. Nevertheless, the
results prove, in general, that the panel degradation and OTD
characteristics could have important impact on the lifetime
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Fig. 12. System-level CDFs. (a) Outer IGBTs. (b) DC-Al-Cap.

evaluation of the PV system, which can be analyzed by using
Fig. 3.

V. CONCLUSION

This paper presents a reliability assessment on NPC
inverter-based PV systems using commercial components and
actual mission profile. The impact of panel degradation and
OTD characteristics on the fragile components, i.e., the outer
IGBT and DC-Al-Cap, has been considered. The analysis
reveals that the reliability of the PV system can be quite dif-
ferent with and without taking the panel degradation and OTD
characteristics into account. Therefore, it is recommended
including them into the PV system design during the early
stage.
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