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Resumo

Na literatura, existem estudos de confiabilidade de sistemas de poténcia com diversas
resolugoes de perfis de operacao. Perfis de operacao de altas resolucoes, apesar de
representarem mais precisamente o comportamento real das condigoes de operacao do
sistema, sao mais dificeis de serem registrados corretamente e acarretam simulacoes de
vida 1til com elevado esforco computacional. Perfis de operacao de baixas resolugoes sao
uma alternativa interessante para solucionar esses problemas. Porém, trabalhos anteriores
demonstram que a diminuicao da resolucao dos perfis de operacao modifica a dinamica do
perfil de operacao real, o que inevitavelmente afeta a precisao das previsoes de desgaste
de conversores eletronicos. Em vista destes pontos, este trabalho propoe uma estratégia
de correcao para reduzir os erros nas estimativas de consumo de vida util de um inversor
fotovoltaico (FV) monofasico conectado a rede elétrica causados pela diminui¢ao da
resolucao dos perfis de operacao. A principal ideia da estratégia é determinar uma equacao
de correcao que seja capaz de reduzir os desvios nas estimativas de consumo de vida ttil de
um inversor F'V especifico quando perfis de operacao com diferentes valores de tempo de
amostragem sao utilizados no procedimento de avaliacao de vida ttil. Neste trabalho, um
estudo sobre os efeitos do tempo de amostragem do perfil de operacao nos resultados de
consumo de vida 1til de dispositivos semicondutores de poténcia e capacitores eletroliticos
de um inversor F'V monofésico é realizado. Em seguida, uma equacao para corrigir os
resultados de consumo de vida 1util dos transistores bipolares de porta isolada do estagio
cc/ca de um inversor FV de 5 kW, considerando o estresse térmico causado pela frequéncia
da rede, é determinada baseada em perfis de operagao das cidades de Aalborg (Dinamarca)
e Petrolina (Brasil). A metodologia proposta ¢é validada aplicando a equacao de correcao
determinada a trés perfis de operacao de diferentes localidades. Os resultados mostram que
a equagao de correcao determinada pela estratégia proposta melhora as avaliacoes de vida
util para os perfis de operacao de baixas resolugoes considerados. Além disso, a equacao
determinada mostrou-se adaptavel as caracteristicas de irradiancia solar e temperatura

ambiente de diferentes regioes do mundo.

Palavras-chaves: Inversor fotovoltaico, previsao de desgaste, resolucao do perfil de operacao,

melhoria da avaliagao de vida 1util.






Abstract

In literature, there are reliability studies in electrical power systems with several mission
profile (MP) resolutions. High-resolutions MPs, although more accurately represent the
actual behavior of the system operating conditions, are more difficult to be correctly
recorded and lead to lifetime simulations with high computational burden. Low-resolutions
MPs are an interesting alternative to solve these issues. However, previous works demonstrate
that the decreasing of the MP resolution modifies the dynamics of the actual mission
profile, which inevitably affects the wear-out predictions accuracy of power converters.
In view of these points, this work proposes a correction strategy to reduce the errors in
the lifetime consumption (LC') estimations of a single-phase grid-connected photovoltaic
(PV) inverter due to the MP resolution decreasing. The strategy main idea is to determine
a correction equation which is able to reduce the deviations in the LC' estimations of a
specific PV inverter when MPs with different sampling time values are used in the lifetime
evaluation procedure. In this work, a study about the MP sampling time effects on the
LC results of power semiconductor devices and electrolytic capacitors of a single-phase
PV inverter is performed. Then, an equation to correct the LC' results of the dc/ac stage
insulated gate bipolar transistors of a 5 kW PV inverter, considering the short-cycle
thermal loading, is determined based on MPs from the cities of Aalborg (Denmark) and
Petrolina (Brazil). The proposed methodology is validated by applying the determined
correction equation to three MPs from different locations. The results show that the
correction equation determined by the proposed strategy improves the lifetime evaluations
for the considered low-resolutions MPs. In addition, the determined equation proved to be
adaptable to the characteristics of solar irradiance and ambient temperature of different

regions of the world.

Key-words: Photovoltaic inverter, wear-out prediction, mission profile resolution, lifetime

evaluation improvement.
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Figure 18 — Lifetime consumption of the PV inverter IGBTs considering the Goids
MP: (a) without correction; (b) with the Aalborg correction equation
and (c¢) with the calibrated correction equation. Lifetime consumption of
the PV inverter IGBTSs considering the Izana MP: (d) without correction;
(e) with the Aalborg correction equation and (f) with the calibrated
correction equation. Lifetime consumption of the PV inverter IGBT's
considering the Lindenberg MP: (g) without correction; (h) with the
Aalborg correction equation and (i) with the calibrated correction equation. 52
Figure 19 — Lifetime consumption errors referring to the mission profiles of: (a)

Goids, Brazil; (b) Izana mountain, Spain and (c¢) Lindenberg, Germany. 53
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1 Introduction

The majority of the electricity consumed in the world is generated from non-renewable
resources. At the end of 2019, for example, approximately 73% of the global energy
production was generated from fossil fuels, as natural gas, coal and oil (REN 21, 2020).
However, the environmental degradation, socioeconomic impacts and depletion of fossil fuels
have driven the world to increasingly invest in the use of renewable energy sources (Guangul;
Chala, 2019). As reported in (REN 21, 2020), renewable energies have continuously
dominated the net annual additions in the global power generating capacity since 2015,

surpassing the net additions of fossil fuels and nuclear power combined.

Among the available renewable sources, solar photovoltaic (PV) has highlighted for
its expressive growth in recent years. In 2019, more than 200 GW of new renewable power
generating capacity were installed worldwide, being around 115 GW of contribution from
PV energy (REN 21, 2020). Such additions led PV generation to reach the mark of 627
GW of global capacity and to occupy the position of third largest renewable electricity
technology, behind only of hydropower and wind power plants (REN 21, 2020; IEA, 2020).
Furthermore, forecasts also indicate strong expansion trends for the solar PV technology.
International Energy Agency predicts an increase in renewable power capacity by 1200
GW until 2024, being 60% of this increasing generated only by the solar PV production
(IEA, 2019).

Nonetheless, although the aforementioned statistics indicate a positive trend
towards the diversification of the world energy matrix, the increasing and accelerated
penetration of PV systems connected into the grid have raised concerns related to the
reliability of these systems. Unexpected failures during PV systems operation (and in
power electronic systems in general) cause downtime events and unscheduled expenses
with maintenance or replacement, which consequently increase the produced PV energy
final cost (Yang; Sangwongwanich; Blaabjerg, 2016). In addition, such failures negatively
affect the reputation of the devices manufacturers and the customers satisfaction (Pahwa;
Rahman, 2017). For these reasons, the analysis of PV systems reliability became an

important target of study for many researchers in the area.

The PV energy is injected into the grid by the use of a PV inverter, a device
responsible to convert the direct current (dc) produced by the PV panels in alternating
current (ac). According to field experiments, this inverter is pointed out as the main
cause of failures in PV systems. In (Golnas, 2013), an analysis of more than 3500 failure
tickets issued for 350 PV systems over a period of 27 months was performed. The results

demonstrated that 43% of the failures occurred in the monitored systems were caused
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by the inverter. In (IEA, 2002), a study performed with 2056 grid-connected PV systems
showed that about 65% of the failures founded in the analyzed systems were motivated
by faults in the inverter. Industrial surveys still show that power semiconductor devices
and electrolytic capacitors are the most critical components in PV inverters and in power

electronics systems in general (Yang et al., 2011; Falck et al., 2018).

In recent years, reliability evaluation methodologies have been increasingly employed
in PV inverters to ensure that more reliable equipments are designed (Cupertino et al., 2019;
Sangwongwanich et al., 2020). Different approaches to precisely estimate the lifetime of
electronic systems are still consistently developed and proposed in literature (Wang; Wang;
Zhang, 2020). In many of the approaches, the solar irradiance and ambient temperature
operating conditions (in which the PV inverter is subjected) are normally considered
during the lifetime prediction procedure. The consideration of such conditions, referred
here as mission profile (MP), allows that more realistic and accurate reliability assessments
to be obtained. This is because the mission profile of a PV inverter strongly affects the
PV power production and, consequently, the thermal loading and the system components
lifetime (De Ledn-Aldaco et al., 2013; Sintamarean et al., 2014).

1.1 Motivation and Problematic

In literature, there are power converters reliability studies with several mission
profile resolutions. Table 1 summarizes some MP resolutions which were adopted in previous
works to predict the lifetime of power semiconductor devices and capacitors. In this table,
T, refers to the MP sampling time, i.e., the time interval in which the mission profile data

were measured and recorded.

Although high-resolution mission profiles represent more accurately the actual
behavior of the operating conditions of a power converter, the lifetime simulations performed
with such profiles consume considerable computational processing time. This is due to the
fact that high-resolution MPs have a large number of data points to be accounted in the
reliability analysis (Sangwongwanich; Wang; Blaabjerg, 2020). In addition, high-resolution
MPs are harder to correctly record. In this context, the use of low-resolution mission

profiles becomes an interesting solution, as long as there is no generality loss in the results.

However, previous studies show that there is a straightforward connection between
the MP resolution and the estimated results for the lifetime consumption (LC') of power
systems. These works demonstrate that the decreasing of the MP resolution modifies the
dynamics of the actual mission profile, which inevitably affects the wear-out prediction
accuracy of power systems (Zhang et al., 2017b; Zhang et al., 2017a; Sangwongwanich et
al., 2018; Vernica; Wang; Blaabjerg, 2018; Silva et al., 2020).
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In (Sangwongwanich et al., 2018), the effects of the MP resolution on the reliability
analysis of power semiconductor devices of a single-phase PV inverter are investigated. The
results show that the accumulated damage of the evaluated devices are reduced by 50%
when the MP sampling time increases from 1 s to 5 min. In (Vernica; Wang; Blaabjerg,
2018), a similar investigation is developed, extending the reliability analysis to dc-link
capacitors of a three-phase PV system. This work concludes that different accumulated
damages and lifetime predictions can be found for the PV inverter components depending
on the adopted MP sampling time. The results show that the PV system lifetime estimated
considering a MP with sampling time equal to 1 min is approximately 30% lower than the

lifetime estimated for a MP with sampling time equal to 1 h.

References (Zhang et al., 2017b; Zhang et al., 2017a) demonstrate that the same
effects previously described are verified in wind turbines. Reference (Zhang et al., 2017b)
evaluates the reliability of Insulated Gate Bipolar Transistor (IGBT) modules used in
a Modular Multilevel Converter (MMC) considering MPs with sampling times equal to
1 s, 10 min and 1 h. The conclusions show that the 10 min and 1 h mission profiles
result in underestimation of the MMC annual lifetime consumption, which means that
the MMC lifetime is overestimated. In (Zhang et al., 2017a), three mission profiles with
different lengths and resolutions are explored. The study is realized considering the lifetime
evaluation of a doubly-fed induction generator power converter. The results demonstrate
that the lifetime estimated for the converter power devices reduces when the MP resolution

mcreases.

Nonetheless, although the effects of the MP resolution decreasing on the wear-out
prediction accuracy of power systems are known, no solution was proposed to avoid or
reduce these issues. This means that there are errors in the LC estimated results when

low-resolution MPs are used in the PV inverter lifetime evaluation.

1.2 Contributions and Objectives

This work proposes a correction strategy to reduce the errors in the LC' estimations
of a single-phase grid-connected PV inverter due to the MP resolution decreasing. The
strategy main idea is to determine a correction equation which is able to reduce the errors
in the LC estimations of a specific PV inverter, when MPs with different sampling time
values are used in the lifetime evaluation procedure. Thus, even in situations where there
are no high-resolution MPs, the correction equation can be used to minimize the deviations
which will naturally be found in the estimated LC results with the available MPs. Besides,
the proposed strategy is developed to find a correction equation applicable to any region of
the world. In this sense, the correction equation is adaptable to the characteristics of solar

irradiance (G) and ambient temperature (T,,,;) of the considered location. In summary,
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this work provides the following contributions:

e Proposing a methodology to determine a correction equation which is able to reduce
the errors in the LC estimations of a specific PV inverter caused by the MP resolution

decreasing;

e Offering an alternative to obtain LC' estimations without significant deviations using

low-resolution mission profiles;

e Determination of a correction equation adaptable to the characteristics of solar

irradiance and ambient temperature of different regions of the world;

e Possibility to replicate the proposed methodology for different PV inverter technologies.

The results produced in this work originated the following journal paper:

1. R.P. Silva, R.C. de Barros, E.M.S. Brito, W.C. Boaventura, A.F. Cupertino, and H.A.
Pereira, “Pursuing computationally efficient wear-out prediction of PV inverters: The
role of the mission profile resolution,” in Microelectronics Reliability, vol. 110, 2020.
Available: http://www.sciencedirect.com/science/article/pii/S0026271419311746.

A second paper derived from this work is in finalization process and is titled as:

2. “Correction Strategy for Wear-out Prediction of PV Inverters Considering the Mission
Profile Resolution Effects”.

The author also contributed to the following conference article in the topic of PV

inverters lifetime evaluation:

1. R. C. de Barros, R. P. Silva, D. B. da Silveira, W. C. Boaventura, A. F. Cupertino
and H. A. Pereira, “Third Harmonic Injection Method for Reliability Improvement of
Single-Phase PV Inverters,” 2019 IEEE 15th Brazilian Power Electronics Conference
and 5th IEEE Southern Power Electronics Conference (COBEP/SPEC), Santos,
Brazil, 2019, pp. 1-6. Available: https://ieeexplore.ieee.org/document /9065858.

A second paper in this topic was sent to IEEE Transactions on Energy Conversion
with the following tittle:

2. “Third-Harmonic Current Injection for Wear-out Reduction in Single-Phase PV

Inverters”.
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1.3 Text Organization

This work is divided in five chapters. This first chapter presented the context,
problematic, motivation, objectives and contributions of the present work. Chapter 2 is
composed by a brief description of the PV system and the control strategy adopted in
this work. The reliability assessment procedures of the PV inverter components are also
approached. Chapter 3 describes the process of the mission profile decimation and the
effects of the MP resolution in the PV inverter lifetime consumption estimation. Then,
a correction strategy to minimize the errors in the inverter LC results caused by the
MP resolution decreasing is proposed. Chapter 4 presents the case study, exposing the
mission profiles employed in this work to validate the proposed correction methodology.
The correction results are subsequently presented in Chapter 5. Finally, the conclusions of

this work are stated in Chapter 6.



31

2 Literature Review

In this chapter, the single-phase double-stage PV inverter adopted in this work
for the development of the proposed correction methodology is firstly presented. A brief
description about the PV system control strategies is also approached. Then, the lifetime
evaluation procedures of power semiconductor devices and electrolytic capacitors are
described.

2.1 Single-phase Grid-connected PV Inverter

The structure of the single-phase grid-connected PV inverter considered in this work
is presented in Fig. 1. The main parameters of the illustrated system are summarized in
Table 2. As observed, the PV inverter is composed by two stages. The first stage is a dc/dc
stage which consists of a boost converter. The second stage is a dc/ac stage which consists
of a full-bridge single-phase inverter composed of four IGBTs with anti-parallel diodes.
These power semiconductor devices are rated at 20 A /600 V and manufactured by Infineon
under part number IKW20N60T. The input capacitance of the boost converter is composed
of two 270 pF /500 V capacitors connected in parallel. Likewise, the dc-link capacitance is
composed of three 1000 uF /450 V capacitors connected in parallel. These components are
aluminum electrolytic capacitors manufactured by TDK under part number B43522. A
LCL filter is used to attenuate the high frequency harmonics components generated by
the inverter switching process. In addition, the inverter output is synchronized with the
grid through a Second Order Generalized Integrator in cascade with the Phase-Locked
Loop (SOGI-PLL) structure (Ciobotaru; Teodorescu; Blaabjerg, 2006).

Boost Inverter
(dc/dc stage) (dc/ac stage) LCL filter
PV array R, L,
i «a &
§ OC/' Yizz | T “J

1 |
sz ot Lo V|

Inverter
Boost control lpv —>
pv V. -l control

Figure 1 — Structure of a single-phase grid-connected PV inverter.

The control strategy adopted in the dc/dc stage is presented in Fig. 2. The boost

converter performs the maximum power point tracking (MPPT) to extract the maximum
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Table 2 — Parameters of the single-phase grid-connected PV system.

Parameter Value
Inverter rated power (.Sy,) 5 kVA
Grid voltage (vg) 220V
Grid fundamental frequency (fy) 60 Hz
Boost switching frequency 12 kHz
Full-bridge switching frequency 12 kHz
LCL filter inductance (Ly = L) 2 mH
LCL filter internal resistance (Ry = Ry) 0.3 mQ
LCL filter capacitance (Cy) 0.1 uF
LCL filter damping resistance (Ry) 4Q
Dec-link voltage (vg.) 400 V
Dc-link capacitance (Cy.) 3000 pF
Boost input capacitance (Cpy) 540 pF
Boost converter inductance (Ly) 0.8 mH
Dc-link capacitor thermal resistance (R 4c) 4 K/W

Boost input capacitor thermal resistance (R.,,) 8 K/W

IGBT junction-case thermal resistance (Rjc;) 0.9 K/W
Diode junction-case thermal resistance (Rj q) 1.5 K/W
Heatsink thermal resistance (Rp) 0.32 K/W

power produced by the PV panels. In this work, MPPT is implemented with the Perturb
and Observe (P&O) algorithm (Esram; Chapman, 2007; Sera et al., 2013). Thus, for each
operating condition, the voltage reference vy, relative to the maximum power point is
provided. The control of the solar array output voltage vy, supplies the current reference
1; for the control of the boost converter inductor current. The control structure is based on
proportional-integral (PI) controllers and the final product is the pulse width modulation
(PWM) signal, which is sent to the semiconductor power device of the boost converter.

The PI controllers gains are found by pole allocation method, as described in (Xavier,

2018).

.3k

Vv I

Figure 2 — Control block diagram of the PV converter dc/dc stage.

Fig. 3 shows the control block diagram of the dc/ac stage. This control consists of
a outer voltage loop and a inner current loop. The outer loop is responsible to regulate the
dc-link voltage and it is based on the v3, method (Yazdani; Iravani, 2010). This control
structure uses a conventional PI controller to obtain the dc-link instantaneous power P..
The controller gains are obtained according to (Xavier, 2018). Then, the active power

reference P* is found from the difference between the PV panel generated power P,, and
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Pi.. In the inner loop, the current reference i} is calculated through the active power
and reactive power (PQ) theory (Saitou; Shimizu, 2002; Yang; Blaabjerg; Zou, 2013). In
this case, the reactive power reference is considered zero. The inner loop control is based
on a proportional-resonant (PR) controller, which has resonant frequency tuned to the
grid fundamental frequency. This controller is implemented according to the observations
made in (Yepes et al., 2011). The PR controller output is added to the grid voltage feed
forward signal vy, and the PWM signal intended for the semiconductor devices of the
inverter stage are generated. The SOGI-PLL structure provides the grid voltages at the
fundamental frequency in stationary reference frame, v, and vg, which are required for

the ¢} calculation.

5
Ve—»(s0GI-PLL |22
l-*
Jur
>O—>PR-—>0O—>PWM
I 75
— PQ theory

Figure 3 — Control block diagram of the PV converter dc/ac stage.

2.2 Mission Profile Based Lifetime Evaluation

The solar irradiance and ambient temperature operating conditions strongly
influence the thermal stress caused to the components of a PV inverter. This thermal
stress is considered the main failure mechanisms of electrolytic capacitors and power
semiconductor devices, which are the most critical components to failure of a power systems
in general (Yang et al., 2011; Oh et al., 2015; Sangwongwanich et al., 2018). Therefore,
the lifetime evaluation procedures used in this work take into account the mission profiles
influence. Besides, both semiconductor devices and capacitors are considered in this work.
The following sections describe the methodologies used to evaluate the lifetime of power

semiconductor devices and capacitors.

2.2.1 Lifetime Evaluation of Power Semiconductor Devices

The fluctuations in the PV power production, caused by the mission profile
variations, inevitably affect the behavior of the junction temperature 7; of the PV inverter
power semiconductor devices. The T; variations lead the power devices to failure after a

certain number of thermal cycles, being the main responsible for wear-out failures in these
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devices. Therefore, for the semiconductor devices lifetime evaluation, the mission profile
must be translated into thermal loading (Sangwongwanich et al., 2018). Figure 4 shows
the main steps of the power devices lifetime evaluation procedure. In order to translate the
mission profiles into thermal loading, a power losses look-up table is created considering
a defined set of operating conditions. This look-up table has as input parameters the
solar irradiance, the PV panels temperature 7, (which can be related to the ambient
temperature by the Ross’ expression (OLUKAN; EMZIANE, 2014)) and the feedback
junction temperature of the components. As a result, the total power losses dissipated in

the power devices for each point of the considered mission profile are computed.

Tj feedback

Mission profiles ﬁ'
T

G Power losses B Thermal | 7 [ Long and short thermal
T, e look-up table model cycling computation
T, vl vAT, ¢z0n
Power devices Lifetime model
LC Nf

Figure 4 — Lifetime evaluation procedure for power semiconductor devices.

With the total power losses estimated from the mission profiles, the semiconductor
devices Tj values are extracted through thermal equivalent circuit models. There are several
circuit models which describe the thermal behavior of semiconductor devices. In this work,
the used circuit consists of an electro-thermal hybrid model, proposed by (Ma et al., 2015).
This model combines the advantages of the Foster and Cauer models, thus ensuring that
better 7; estimations are obtained (Ma et al., 2015).

The knowledge of the T} values allows to obtain information about the thermal
cycling of semiconductor devices, such as mean junction temperature Tj,,, junction
temperature fluctuation AT} and heating time ¢,,. These parameters are usually required
as input parameters in lifetime models of the semiconductor components. Nonetheless, it
is important to remark that the thermal cycling of power devices can be classified mainly
in two different terms: long and short thermal cycling. The long-cycles are related to the
thermal stress caused by the mission profile variations. The short-cycles are related to
the thermal stress caused by the grid frequency (Ma; Blaabjerg, 2012). Therefore, in the
dc/dc stage, the power devices are subjected only to long-cycles, while the dc/ac stage
devices are subjected to both long and short-cycles. For each of these thermal cycling, the

information of Tj,,, AT; and t,, are obtained through different methodologies.

In the long-cycle analysis, the thermal cycling presents an irregular and unpredictable
behavior due to the mission profile dynamics. Thus, the rainflow counting algorithm is
employed to find thermal cycles with T},,, AT; and t,, (Ma; Blaabjerg, 2012). On the
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other hand, in the short-cycle analysis, the cycles are already well-defined due to the grid
frequency. Therefore, T}, is considered equal to the T} obtained from the thermal model,
ton is equal to half of the grid period and ATj is analytically defined according to the
model presented in (Ma; Blaabjerg, 2012). In both described approaches, the number of
cycles to failure Ny of the power semiconductor devices is estimated through the following

lifetime model, proposed by (Scheuermann; Schmidt; Newman, 2014):

Ny = A(AT;)? (ar)ATs+o [ngfl)] (=), (2.1)

In Eq. 2.1, the meaning, values and valid ranges of the parameters A, «, 51, By, C,
v, E, and f; are defined in (Scheuermann; Schmidt; Newman, 2014). &, is the Boltzmann
constant and ar equal to 0.35 is used in this work. Besides, as explained by (Scheuermann;
Schmidt; Newman, 2014), the parameter f; is equal to 1 to calculate the Ny of IGBTs.

For the diodes, f; equal to 0.6204 must be used.

Finally, the power devices lifetime consumption LC' can be computed by using the

Miner’s rule, represented as follows (Sangwongwanich et al., 2018):

Ts X fn

LC = Z( + == ) (2.2)

Nf long Nf,short(k)

where Ty is the mission profile sampling time and f,, is the grid fundamental frequency.
Ntiong and Ny gpore are the number of cycles to failure estimated for the long and
short-cycles, respectively. As observed, the power devices LC' is given by a cumulative sum

of the damages caused by the long and short-cycles.

2.2.2 Lifetime Evaluation of Electrolytic Capacitors

Regarding electrolytic capacitors, the hot-spot temperature 7}, and the operating
voltage V. are considered the critical stressors (Hao Ma; Linguo Wang, 2005; Wang;
Blaabjerg, 2014). Figure 5 shows the main steps of the procedure to evaluate the capacitors

lifetime.

T, feedback

Mission profiles
G M Power losses
and voltage Ther:ln?l [Llfetlme modelH Miner’s rule}_> Capacltors
Tarmt look-up tablesf---- model |

Figure 5 — Lifetime evaluation procedure for electrolytic capacitors.
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Firstly, power losses and voltage look-up tables must be created considering a defined
set of operating conditions. The capacitor power losses P, .5 are estimated according to

the following equation (Lenz; Pinheiro; Sartori, 2017):

Pc,loss - Z ESR(TfH fi)Iz?(RMS)J (2?))

where 4 is the harmonic order, I gys) is the RMS value of each harmonic component of
the capacitor current and ESR is the capacitor equivalent series resistance. As observed,
the ESR parameter is directly affected by the hot-spot temperature and the operation
frequency f; (Lenz; Pinheiro; Sartori, 2017).

Then, the generated look-up table, which has as input parameters G, 7T}, and the
feedback T},, is used to compute the total power losses dissipated in the capacitors for each
point of the considered mission profile. With these losses, the capacitor T} values can be
estimated by (Lenz; Pinheiro; Sartori, 2017):

Th = Tamb + RcPc,lossa (24)

where R, is the equivalent thermal resistance from hot-spot to ambient. In this work, R,
is equal to 8 K/W for the boost converter capacitor and equal to 4 K/W for the dc-link
capacitor (Wang et al., 2019). Then, the time to failure L of capacitors can be obtained
through the model given by (Wang; Blaabjerg, 2014):

AN
%> X 2T010Th7 (25)

where L indicates the capacitor nominal lifetime under the voltage V) and the temperature

L:LO(

Ty, which are provided in the manufacturers datasheet. V. is the operating voltage calculated
by the voltage look-up table. As the lifetime of aluminum electrolytic capacitors quite
depends on the voltage stress level, the value of the voltage stress exponent n equal to 3 is
used in this work, as suggested in (Wang; Blaabjerg, 2014). Finally, the capacitor lifetime
consumption LC' can be determined by the Miner’s rule, represented by (Sangwongwanich
et al., 2018):

(i) o

where L) is the time to failure obtained by 2.5 for a specific sample.
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3 Methodology

In this chapter, a strategy to correct the deviations in the LC' results of a PV
inverter when there is a reduction in the MP resolution is proposed. For this end, the
decimation process of a MP considering different sampling times is firstly explored. Then,
the effects of the MP resolution on the lifetime evaluations of the single-phase double-stage
PV inverter components are presented. The display of such results is important to justify

some assumptions performed during the development of the proposed correction strategy.

3.1 Mission Profile Decimation Process

Based on a MP sampled with a specific resolution, other profiles with several
resolutions can be obtained through the decimation process. This means that a specific
MP can be decimated considering different sampling times. This decimation process can
occur in different ways. Considering a desired fixed time interval, for example, a given
MP can be decimated taking the highest value sample, taking the lowest value sample
or calculating the average of the samples which are within the chosen time interval. In
this work, the decimation process is performed by selecting one sample of the analyzed
MP at each desired fixed time interval. The value of this sample is then kept constant
and equal to the selected one until the next sample is taken. This idea is illustrated in
Fig. 6, where a specific solar irradiance mission profile of a clear day and a cloudy day
is decimated considering three different sampling times. As observed, the mission profile

resolution considerably affects the measured profile, especially during a cloudy day.

In Fig. 7, a solar irradiance mission profile with sampling time 7 (Fig. 7(a)) is
decimated in a new mission profile with sampling time T, which is five times longer than
the sampling time of the original MP (Fig. 7(b)). As noted, for every five samples of the
original profile, one sample is recorded for the new mission profile. However, as can be
observed in the same figure, there is more than one possibility for the decimation process.
The detail is in the choice of the start point for the decimation. The profile MPy, for
example, is obtained when the decimation is performed considering the first point of the
original MP as the start point for the decimation process. Nonetheless, if the second point
of the original MP is used as the start point, the profile MP, is created. Following this
reasoning, it would be possible to obtain yet another three different MPs with the sampling
time 77,.

Although MP; and MP, have the same sampling time TS', MP, considerably differs
from MP; and, as a result, different wear-out predictions can be obtained from each of

these MPs (Silva et al., 2020). This means that, depending on the start point considered
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Figure 6 — Solar irradiance profiles with different resolutions during: (a) a clear day and

(b) a cloudy day.
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Figure 7 — Mission profile decimation process: (a) original mission profile and (b) two
different possibilities for mission profile decimation considering the same

sampling time 7.

for the sampling of a MP, different LC' results can be found for a single MP resolution.

Besides, the increasing of the sampling time TS/ also increases the possibilities for the

decimation process and, consequently, the amount of LC
for a single MP resolution (Silva et al., 2020).

results which can be obtained
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3.2 Effects of the Mission Profile Resolution on the Lifetime
Evaluation of the PV Inverter

To illustrate the effects of the MP resolution and the decimation process on the LC'
results of a PV inverter, the lifetime evaluation methodologies for semiconductor devices
and capacitors were carried out considering MPs with different sampling times. The system
considered for this analysis was the single-phase double-stage grid-connected PV inverter
previously presented in Chapter 2. Besides, the study was performed for the components
of the dc/dc and dc/ac stages. Solar irradiance and ambient temperature mission profiles
obtained from Aalborg (Denmark) were employed. Such profiles were measured during
one year with the sampling time equal to 1 min, as shown in Fig. 8(a)—(b). These MPs
correspond to the highest resolution profiles considered in this analysis. Then, these MPs
were decimated considering T ranging from 1 to 60 min, at 1 min intervals. For each
sampling time, the selected point for the sampling start configuration was varied to obtain

all possible ways to decimate the mission profiles.
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Figure 8 — Aalborg (Denmark) one-year mission profile of: (a) solar irradiance and (b)
ambient temperature.

The lifetime consumption of the IGBTs and diodes of the PV inverter are presented
in Fig. 9. The results for the short and long-cycles analyzes are presented. The spread
corresponds to the maximum and minimum LC' values which can be found for each MP
resolution. Thus, it is observed a LC' range for each sampling time considered. In addition,
to have a better understanding of the process, the LC' values calculated considering the
MP; profiles are also displayed. As can be observed, the MP sampling time increasing
directly affects the LC' results of all semiconductor devices. For the IGBT and diode of the
boost converter (which are not affected by the thermal stress caused by the grid frequency)
and for the long-cycles of the IGBT and diode of the inverter, the LC results initially
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decrease with the T increasing and then, start to increase. However, this behavior does not
follow any specific pattern and does not ensure that the results found for high sampling
times are accurate. For the short-cycles of the inverter diode, the T, increasing causes
the expansion of the spread around the LC result obtained with the available higher MP
resolution. On the other hand, for the short-cycles of the inverter IGBT, all LC' results

decrease with the T increasing.
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Figure 9 — Lifetime consumption for different 7 values, considering: (a) short-cycle of
the inverter IGBT; (b) long-cycle of the inverter IGBT; (c) short-cycle of the
inverter diode; (d) long-cycle of the inverter diode; (e) long-cycle of the boost
IGBT and (f) long-cycle of the boost diode.

In this context, it is possible to note that, among all the analyzed semiconductor
devices, the inverter IGBT is the most stressed component. As observed, the LC values
estimated for the short-cycles of the inverter IGBT are considerably higher than the results
calculated for the other components, including the LC' values estimated for the long-cycles
of the own inverter IGBT. Studies developed in (Reigosa et al., 2016; Callegari et al.,
2019; Barros, 2019) also show that the damages contribution of the short-cycles are more
significant than the contribution of the long-cycles. For this reason, only the inverter IGBT

and the short-cycle thermal loading are considered for the development of this work.

The capacitors lifetime consumption of the PV inverter are presented in Fig. 10.
The spread and the LC' values calculated considering the MP; profiles are also displayed.

As can be observed, the effects in the lifetime evaluations of the dc-link and boost converter
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capacitors due to the MP sampling time increasing are similar. In both cases, the T
increasing causes the expansion of the spread around the LC' result obtained with the
available higher MP resolution.
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Figure 10 — Lifetime consumption for different Ty values, considering: (a) the dec-link
capacitor and (b) the boost converter capacitor.

However, the capacitors are considerably less sensitive to the MP resolution when
compared to the inverter IGBTs. Considering the least accurate LC result that can be
found when T, = 60 min in relation to the LC value for T, = 1 min, for example, the
LC variation of the inverter IGBT in the short-cycles analysis is about 21.05%. On the
other hand, for the de-link and boost capacitors, these results are about 5.36% and 2.12%,
respectively. More details about this fact can be found in (Silva et al., 2020). Therefore,
the dc-link and boost capacitors are not be considered during the construction of the

correction strategy developed in this work.

3.3 Proposed Correction Strategy

In this section, a strategy to correct the LC' deviations caused by the MP resolution
decreasing is presented and described. The main idea is to provide a way to minimize
the errors in the LC' estimations after the calculation of such results. Thus, the proposed
strategy allows a more accurate reliability analysis of the PV inverter for any available

MP resolution.

Fig. 11 shows the first step developed for the elaboration of the proposed correction
strategy. The LC results shown in this figure refer to the dc/ac stage IGBTSs of the PV

inverter stage described in chapter 2 and they were calculated considering the Aalborg
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MP previously presented in section 3.2. The LC reference corresponds to the LC result
obtained for the highest available Aalborg MP resolution (75 = 1 min). The spread and

the LC' values calculated considering the MP; profile are also shown.
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Figure 11 — Proposed correction strategy considering the Aalborg MP.

As can be observed in the LC results before the correction, when T}, increases, the
deviations of the LC' results in relation to the LC' reference, which is 0.0283, also increase.
Furthermore, due to the effects of the decimation process, there is a range of possible LC

results for each T, which represents the spread values.

To correct the effects in the LC results caused by the MP resolution decreasing,
the error of each LC' result in relation to the LC' reference must be determined. However,
as there may be a range of LC' results for a given Ty, there is also a range of possible errors
for each T§. Thus, in order to find errors which comply with all the results encompassed by
the spread, the arithmetic average of the upper limit (limit,e,) and lower limit (limit,yer)
of the spread s,,4(7Ts) is firstly calculated. Then, the found average values are fitted to a

curve composed of the sum of two exponential terms of the form:

s(Ty) = are®™ + aze™™, (3.1)

where ai, as, az and a4 are adjustable coefficients and equal to 0.0068, -0.0176, 0.0208
and 0.0013, respectively. These values were obtained with the curve fitting tool of the
MATLAB software. Subtracting the s(7s) curve from the LC reference, an average error
curve Error(Ts) is estimated. Nonetheless, the error estimated for 7Ty = 1 min is set to

zero, since the LC' obtained for this sampling time corresponds to the LC' reference.

Finally, with Error(Ts) curve, the LC results obtained for the Aalborg MP are
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corrected according to the following equation:

Lccorrected(Ts) = LC(TS) + ETTOT<T5)- (32)

As can be observed in the LC results after correction in Fig. 11, the strategy
described allows to relocate the spread around the Aalborg MP LC' reference, minimizing
the deviations originally presented in the LC' results. However, it is important to note
that the strategy only allows to relocate the spread, which is inherent to the described

correction technique.

As the Error(Ts) curve was calculated according to the spread estimated for the
Aalborg MP, it is expected that the straight application of Eq. 3.2 in the PV inverter LC
results considering MPs from different regions of the world is not able to properly correct
the estimated values. To verify this fact, solar irradiance and ambient temperature mission
profiles obtained from Petrolina (Brazil) were employed. These data were measured during

one year with sampling time Ty equal to 1 min, as shown in Figs. 12(a)—(b).
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Figure 12 — Petrolina (Brazil) one-year mission profile of: (a) solar irradiance and (b)
ambient temperature.

Figs. 13(a)-(b) show, respectively, the LC' results estimated for the Petrolina MP
before and after the correction represented by the Eq. 3.2. As mentioned, although the
proposed correction method minimizes the deviations originally found in the LC' results,
the results achieved with the correction are not as significant as the results obtained for
the Aalborg MP. Nonetheless, the possibility of MPs corrections from any region of the
world using the Error(Ty) curve from the Aalborg MP can present strong contributions,
since it would not be necessary to obtain the LC' references of these other MPs to apply
the correction. This means that, even without having MPs sampled at high resolutions,

it would still be possible to obtain more accurate LC' results. Therefore, a way to adapt
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the Error(T) curve from the Aalborg MP to MPs from different regions of the world and

find a more generic correction equation becomes interesting.
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Figure 13 — IGBTs lifetime consumption considering the Petrolina MP: (a) before
correction and (b) after the correction considering the Aalborg MP error
proposed by 3.2.

To achieve this goal, the Error(Ts) curve must be multiplied by a factor which is
able to approximate the Aalborg MP error curve to the error curve necessary to correct
the LC' values of a specific MP. Thus, the methodology shown in Fig. 14 was developed.
This figure shows the procedure used to calculate a correction factor, which is named F in

this work. In this case, the mission profile which receives the correction is the Petrolina
MP.
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G il . . > G ‘ ]
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Figure 14 — Correction factor F calculation of the Petrolina MP for the calibration of the
correction equation.

To obtain the correction factor F, the Petrolina and Aalborg mission profiles of

solar irradiance and ambient temperature are firstly filtered. The purpose of these filtering
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is to eliminate the points which least contribute to the lifetime consumption of the PV
inverter, such as the points referring to nights (lower irradiance) and winter days (lower
temperatures). Filter 1 is responsible to eliminate the lowest ambient temperature points
from the profiles. In this filter, the ambient temperature data are placed in ascending
order and the temperature which corresponds to a reduction of 8% of the profile data is
found. Then, the temperature values lower than the temperature found are filtered. The
remaining data are directed to Filter 2. This filter is responsible for eliminating all points
with solar irradiance smaller than 200 W/m?. After the filtering, the arithmetic average
of the resulting solar irradiance and ambient temperature mission profiles are calculated.
Table 3 shows the averages of solar irradiance Gg,y and ambient temperature T, obtained

for the Aalborg and Petrolina mission profiles.

Table 3 — Solar irradiance and ambient temperature averages of the Aalborg and Petrolina
mission profiles.

MP Gavg (W/m?)  Tyyy (°C)
Aalborg 551.0547 15.8441
Petrolina  603.7171 29.3437

The correction factor calculation is performed based on the lifetime model used in
this work, previously presented by Eq. 2.1. In this equation, the information regarding
the power devices thermal cycling are replaced by relations between the calculated solar
irradiance and ambient temperature averages. The solar irradiance and the junction
temperature fluctuation AT} are strongly correlated and, for this reason, AT} is replaced
by the average of the solar irradiance profile, as presented in Eq. 3.3. In this equation,
Gaug 1s divided by 5 to avoid extrapolations in the lifetime model. The mean junction
temperature 7j,,, which can be represented as the sum of the ambient temperature with
the value of AT} divided by 2, is replaced by the sum of the average of the ambient
temperature profile with G, divided by 10, as presented in Eq. 3.4.

AT, = G,

j 5 (3.3)

AT;
1jjm == Tamb + TJ == Tavg +

Gavg
10

(3.4)

With the replacements of the equations 3.3 and 3.4 in the lifetime model of the

Eq. 2.1, the following expression is generated:

/ av “ avg ton 7 (Eaavg>
- a(Cen) o [ ) (i) g
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Eq. 3.5 is used to estimate a N} value for Aalborg and Petrolina mission profiles,
individually. With these N} values, LC" values for each MP are successively calculated.
Finally, with the LC' results, the correction factor F is calculated as the ratio between the
LC" of the Petrolina MP and the LC" of the Aalborg MP. Therefore, the correction factor

calculation is given by:

Eq
Gavg,AA ( < )
(M)a(amﬁl%e Ky (Tavg, aaL+— 224 AE )
F= >

(3.6)

b
—F < "
Gavg,PTR G PTR
(GavgéPTR)a(aT)ﬁl a'ug5 e kb(Tavg,PTR+%)

where Goyg,aar and T, 441, are the solar irradiance and ambient temperature averages of
the Aalborg MP, respectively. Likewise, G o9, prr and Ti,g prr are the solar irradiance and
ambient temperature averages of the Petrolina MP, respectively. The obtained correction
factor is equal to 1.5920.

However, it was verified that only the multiplication of the Error(Ts) curve by the
correction factor F is not enough to approximate the error curve of the Aalborg MP to the
error curve necessary to satisfactorily correct the LC results of the Petrolina MP. Thereby,
an additional multiplication and a mathematical manipulation was required to calibrate

the correction equation given by Eq. 3.2, resulting in:

LC cativrated(Ts) = LC(Ts) + [In(2.5 x F) x Error(Ts)]. (3.7)

The LC' results for the Petrolina MP before and after the calibrated correction
given by Eq. 3.7 are shown in Fig. 14. As observed, the calibrated correction is able to

considerably minimize the deviations between the LC' reference and the other LC' results
found for the Petrolina MP.

3.4 Steps for the Implementation of the Proposed Correction
Strategy

In summary, the application of the proposed correction methodology in PV inverters

equal to the equipment presented in this work requires that the following steps are executed:

e Step 1: Filter the lowest temperatures and solar irradiances points of the MP which

will receive the correction, as described in section 3.3.

e Step 2: After filtering, calculate the ambient temperature and solar irradiance

averages of the resulting MP.
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e Step 3: Replace the ambient temperature and solar irradiance averages in Eq. 3.6,

estimating the correction factor F.

e Step 4: Replace the F value in the eq. 3.7 and apply the correction to the desired
LC result.

On the other hand, in situations where it is desirable to correct the LC' results
of PV inverter technologies different from the device considered in this work, some steps
must first be performed. To replicate the proposed correction methodology, the following

steps must be executed:

e Step 1: Estimate the PV inverter lifetime consumption based on dc/ac stage IGBTs
considering specific solar irradiance and ambient temperature mission profiles. The
lifetime evaluation must be performed according to the methodology described in
chapter 2, considering the short-cycle thermal loading. In addition, the LC' values
must be estimated for the original MP, sampled with 7y = 1 min, and for MPs
obtained through the decimation process considering T ranging from 1 to 60 min,
at 1 min intervals. In this process, the different start configurations for the MP
decimation must be considered. For each T, the maximum and minimum LC' values,

which corresponds to the spread, must be recorded.

e Step 2: Calculate the arithmetic average of the upper and lower limits of the spread

curves.

e Step 3: Fit the obtained average values to an exponential curve represented by
Eq. 3.1, thus obtaining the s(7) curve.

e Step 4: Subtract the s(7) curve from the LC reference calculated in Step 1, obtaining
the Error(Ts) curve.

e Step 5: Choose a new MP to be corrected, different from the one previously used.
This MP will be used to find the necessary calibration for the development of the

correction equation. Therefore, the Step 1 must also be reproduced for this new MP.

e Step 6: Filter the lowest temperatures and solar irradiances points of the reference
MP, which is the profile for which the Error(Ty) curve is estimated, and of the other

location MP, as described in section 3.3.

e Step 7: After filtering, calculate the ambient temperature and solar irradiance

averages of the resulting MPs.

e Step 8: Replace the ambient temperature and solar irradiance averages in Eq. 3.6,

estimating the correction factor F.
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e Step 9: Multiply the Error(Ts) curve of the reference MP by the correction factor F
and add the product obtained to the LC' values estimated for the considered mission

profile.

e Step 10: If the correction is not sufficient or adequate to minimize the LC' deviations

caused by the T, increasing, the F factor should be recalibrated.



49

4 Case Study

The motivation of this chapter is to present the case studies used to validate the
proposed correction methodology. For this end, three new and different mission profiles

are described. The situations to be analyzed are also addressed.

4.1 Mission Profiles

Three mission profiles from different locations are used to validate the performance
of the calibrated correction equation developed in the previous chapter. Figs. 15, 16 and
17 show solar irradiance and ambient temperature data sampled in Goids (Brazil), Izana
mountain (Tenerife, Spain) and Lindenberg (Germany), respectively. All these data were

measured during one year with T, equal to 1 min.
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Figure 15 — Goids (Brazil) one-year mission profile of: (a) solar irradiance and (b) ambient
temperature.

For each studied MP, three different situations are analyzed, as follows:

e Before correction: In this situation, the LC' estimations correspond to the values
found directly through the lifetime evaluation procedure presented in chapter 2,

without any correction technique.

o After Aalborg correction: In this case, the LC estimations are corrected through

Eq. 3.2, using only the error curve generated according to the Aalborg MP.
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Figure 16 — Izana mountain (Spain) one-year mission profile of: (a) solar irradiance and
(b) ambient temperature.
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Figure 17 — Lindenberg (Germany) one-year mission profile of: (a) solar irradiance and (b)
ambient temperature.

o After the calibrated correction: In the third situation, the developed calibrated
correction equation, given by Eq. 3.7, is applied to the LC' results.

The lifetime evaluations are performed considering the single-phase grid-connected
PV system previously presented in chapter 2. Moreover, as explained in the methodology,
only the IGBTSs of the dc/ac stage and the short-cycle thermal loading are considered in

the PV inverter lifetime analysis.



o1

5 Results and Discussion

In this chapter, the calibrated correction equation determined by the proposed
methodology is applied to the LC' results estimated considering the mission profiles
presented in the previous chapter. The results after the calibrated correction are compared

to the original LC values to illustrate the advantages of the proposed methodology.

5.1 Calibrated Correction Resulis

The averages of solar irradiance and ambient temperature of each analyzed MP,
required by the proposed methodology, are presented in Table 4. These averages are used
to estimate the correction factors F of their respective mission profiles, which are also
presented in Table 4. As described in chapter 3, these factors are calculated based on the

power devices lifetime model and they are obtained in relation to the Aalborg MP.

Table 4 — Solar irradiance and ambient temperature averages of the Goias, Izana and
Lindenberg mission profiles and their respective correction factors.

MP Gavg (W/m?) Ty, (°C) F

Goids 604.2619 28.1363  1.5867
Izana 734.3473 13.3742  3.2061
Lindenberg 503.8469 15.3627  0.6799

For the mission profiles of Goias, Izana and Lindenberg, Fig. 18 shows the spread
of the possible LC results of the PV inverter obtained when the MP sampling time ranges
from 1 to 60 min. The results are shown for the situations before correction, after the
Aalborg correction and after the calibrated correction. Moreover, the LC' values estimated

considering the profiles MP; are displayed.

As observed in Figs. 18 (b) and (e), the Aalborg correction equation approximates
the LC spread of the Goids and Izana mission profiles to its LC' references, which are
0.0526 and 0.2091, respectively. This means that Eq. 3.2, in these specific cases, already
contributes to minimize the effects of the MP resolution decreasing on the LC' estimations.
However, Fig. 18 (h) shows that the Aalborg correction equation leads the LC' spread of
the Lindenberg MP for beyond of its LC' reference, which is equal to 0.0180. Thus, in this
case, the use of the Aalborg correction equation does not contribute for the reduction of
the deviations which can be found in the LC estimations when low-resolution mission

profiles are used.

On the other hand, as shown in Figs. 18 (¢), (f) and (i), the calibrated correction

equation improves the LC results for the three analyzed MPs. For the Goias and Izana
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Figure 18 — Lifetime consumption of the PV inverter IGBTs considering the Goias MP:
(a) without correction; (b) with the Aalborg correction equation and (c) with
the calibrated correction equation. Lifetime consumption of the PV inverter
IGBTs considering the Izana MP: (d) without correction; (e) with the Aalborg
correction equation and (f) with the calibrated correction equation. Lifetime
consumption of the PV inverter IGBTSs considering the Lindenberg MP: (g)
without correction; (h) with the Aalborg correction equation and (i) with the
calibrated correction equation.

mission profiles, the calibrated correction equation, when compared to the Aalborg
correction equation, enables further approximate the LC spread to its respective references.
For the Lindenberg MP, this result is even more significant, since the calibrated correction

redistributes the entire LC' spread around its LC' reference.

Fig. 19 shows how the proposed correction strategy acts on the relocation of
the spread of each analyzed MP in relation to the its respective LC' references. In this
figure, the limits of the spread for the situations without any correction strategy and with
the calibrated correction equation are compared. As observed, the developed correction
equation approximates the LC spread of each analyzed MP to its respective references,
reducing the errors which can be found in the LC' estimations when low-resolution MPs

are used.

Such results are also quantitatively exhibit in Table 5, where the maximum errors
obtained for T values equal to 10, 30 and 60 min are compared for each MP. As can be
observed, for the three mentioned sampling times and the three studied MPs, the proposed
correction strategy achieves significant results in the reduction of the LC errors. For Ty =

10 min, the smallest contribution provided by the calibrated correction equation happens



5.1. Calibrated Correction Results 53

— Without correction —— With correction
10 T T T T T
a =
=< 0
17, o
g5
e 10
©3
20
5 T T T T T
a =
=% 0
]
£ 5
N O
~
10
A 10
=3
250
=
S % 10
S
i | | | ! !
20 10 20 30 40 50 60
T, (min)
(©

Figure 19 — Lifetime consumption errors referring to the mission profiles of: (a) Goids,
Brazil; (b) Izana mountain, Spain and (c) Lindenberg, Germany.

for the Goids MP and, even so, it corresponds to a reduction of approximately 45%. For T}
= 30 min, the smallest error reduction occurs for the Lindenberg MP and corresponds to
a considerable decreasing of 47.27%. For T, = 60 min, the smallest error reduction occurs

for the Izania MP and, even so, correspond to a reduction of 29.06%.
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Table 5 — Lifetime consumption errors of the Goias, Izana and Lindenberg mission profiles
in relation to the LC' reference of each MP.

MP Ts (min) Error without Error with LC error
correction (%)  correction (%) reduction (%)

10 9.09 5.03 44.66
Goids 30 13.47 6.48 51.89

60 17.25 8.28 51.94

10 1.85 0.53 71.35
Izana 30 4.10 1.45 64.63

60 8.26 5.86 29.06

10 6.97 2.40 65.57
Lindenberg 30 12.29 6.48 47.27

60 15.62 7.29 53.33
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6 Conclusions

In this work, a correction strategy to reduce the errors in the LC' estimations of
a single-phase grid-connected PV inverter caused by the MP resolution decreasing was
proposed. The developed methodology aimed to determine a correction equation which is
able to minimize the deviations in the LC estimations of a specific PV inverter when MPs

with different sampling time values are used in the lifetime evaluation procedure.

For the development of the proposed methodology, the effects of the MP sampling
time on the LC results of the power semiconductor devices and electrolytic capacitors of
the dc/dc and dc/ac stages of the PV inverter were presented. The effects of the start
point variations for the MP decimation process were also approached. Then, a strategy to
correct the LC values calculated considering the short-cycle thermal loading of the dc/ac
stage IGBTSs of the PV inverter (which were identified as the critical-to-failure devices and
more sensitive to the MP resolution) was developed and described. Finally, the calibrated
correction equation determined by the proposed correction methodology was validated

considering three mission profiles from different regions of the world.

As attested in this study, the LC' spread is inherent to the proposed correction
strategy. However, despite this fact, the results show that the calibrated correction equation
allows to considerably reduce the deviations between the LC results and the LC references
of the considered mission profiles. As observed, the maximum errors found for each MP
analyzed were significantly reduced with the proposed strategy. Therefore, the proposed
methodology offers an alternative for obtaining more accurate LC' results in situations

where high-resolution mission profiles are not available.

The correction equation also proved to be adaptable to the characteristics of solar
irradiance and ambient temperature of different regions of the world, since it was able to
improve the LC' results of three different mission profiles. This means that the proposed
correction can be performed even without the prior knowledge of the LC reference of the
MP to be corrected. In addition, the developed methodology can be replicated for different

PV inverter technologies.
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