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Abstract

The first step of the design for reliability (DFR) approach in PV inverters is the translation of the mission profile into

thermal loading. Most works employ only a one-year mission profile even though it is known that it changes year

to year due to climatic reasons and randomness of cloud behavior. This work evaluates how mission profile length

affects the system-level reliability of a 5.5 kW PV inverter. Different mission profile lengths (1-5 years) are compared

to the typical average year (TAY) mission profile. The results indicate that the use of 1 year mission profile affects by

7 % the estimated inverter B10 lifetime.

Keywords: Photovoltaic Systems, Mission profile, Lifetime Estimation, System-level Reliability.

1. Introduction

The installed power of grid-connected photovoltaic

(PV) systems has increased considerably in the recent

years. In order to inject the generated power into

the grid, PV inverters are usually employed. The PV5

inverter must have a high conversion efficiency and

fulfill the requirements of the modern grid codes. Fig.

1 shows the structure of a single-phase grid connected

PV inverter. This topology is widely employed in

residential PV systems.10
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Figure 1: Schematic of a single-phase PV inverter with LCL filter.

Real field experience based surveys indicate that the

PV inverter causes many of the failures in photovoltaic
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systems [1]. Industrial surveys show that semiconductor

devices and electrolytic capacitors are the weakest

components in electronic systems [2, 3]. Unexpected15

and frequent failures in PV systems increase the cost

of energy due to unscheduled maintenance and/or

replacement. In order to improve the competitiveness

of the PV systems in the energy market and reduce

the cost of generated energy, more reliable PV20

inverters must be designed. Therefore, reliability

evaluation methodologies have been widely employed

in photovoltaic systems in recent years [4].

The mission profile based lifetime estimation is

an important tool for the reliability evaluation of25

electronic systems [5]. Thermal stresses are among

the main causes of failures in semiconductor devices

and capacitors [3]. Therefore, this methodology

translates the mission profile into thermal stresses in

the components. The damage in the components can30

be evaluated based on lifetime models obtained from

accelerated life tests [6].

Reference [7] presented a methodology to predict the

bond wire fatigue of the IGBTs in a 10 kW 3-phase

inverter. A mission profile based lifetime estimation is35

implemented using one-year temperature and irradiance

mission profiles. The analysis is followed by a Monte

Carlo simulation. The system-level reliability theory is

used to combine the effect of individual components.

Based on this methodology, other papers discussed40
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the important factors which affect PV inverter lifetime

[8, 9, 10, 11].

Reference [8] evaluates how the PV panel

degradation rate and installation site affect the PV

inverter lifetime. In [9], the oversize of the PV array45

with respect to the inverter rated power is investigated

and the effect on lifetime is evaluated. In these

references, only the dc/ac stage is taken into account.

The effect of the photovoltaic module characteristics on

PV micro-inverters lifetime is discussed in [10]. Only50

the dc/dc stage power semiconductors are considered.

Reference [11] proposed the mission profile-oriented

control in order to increase the reliability of PV

inverters. Recently, reference [12] evaluated the

lifetime of a PV micro-inverter, taking into account55

both dc/dc and dc/ac stages.

Regarding the role of the mission profile data,

reference [13] proposes a methodology to characterize

the mission profile of photovoltaic systems, considering

different panel orientations and different types of60

mechanical tracker. The effect of the mission profile

resolution on lifetime estimation is discussed in [4].

Furthermore, the effect of the mission profile perceptual

variations and the thermal dynamics of the PV panels

are analyzed in [14].65

All the references aforementioned consider an

one-year mission profile. The analysis assumes that

the mission profile would be identical in all years of

operation. Nevertheless, it can change from year to

year due to climatic reasons and randomness of cloud70

behavior. The effect of the mission profile length

(number of distinct years) on the estimated lifetime of

PV inverters has not been discussed in the literature yet.

Therefore, this work aims to fill this void and provide

the following contributions:75

• Analysis of the PV inverter lifetime for different

mission profile lengths;

• Benchmarking of the lifetime estimation for

different mission profile lengths and typical

average year mission profile;80

• Lifetime evaluation of a PV inverter, considering

semiconductors and capacitors of both dc/dc and

dc/ac stages.

The typical average year (TAY) is a one-year mission

profile obtained by averaging the variables (solar85

irradiance and ambient temperature) according to the

time in which these data were measured, i.e. 5

years. Thus, TAY values are the representative average

condition of each variable throughout the year [13].

This paper is outlined as follows. Section 2 presents90

the reliability evaluation procedure of the PV inverter.

Section 3 describes the mission profiles employed in the

study. The obtained results are presented in Section 4

and the conclusions are stated in section 5.

2. Mission profile based lifetime evaluation95

The lifetime estimation approach adopted in this

paper considers the power devices and the electrolytic

capacitors. The methodology is summarized in Fig. 2

and can be divided into three steps: Thermal loading

evaluation, static damage computation and Monte Carlo100

simulation.

2.1. Power Semiconductors

The flowchart for power semiconductor lifetime

estimation is presented in Fig. 2 (a). The

junction temperatures of the semiconductor devices are105

estimated based on the methodology presented in [9].

Look-up tables of the conduction and switching losses

provided by the manufactures are employed [15]. The

calculated power losses are applied to the thermal model

of each device. The thermal dynamics of each device is110

expressed by the Foster model of the junction-to-case

(Z j−c), case-to-heatsink (Zc−h) and heatsink-to-ambient

(Zc−h) thermal impedances. All the IGBTs and diodes

are considered to be in the same heatsink.

The thermal loading can be classified as long-cycle115

periods (related to the mission profile variations) and

short-cycle periods (related to the grid frequency)

[16]. All the PV inverter power devices are subjected

to long thermal cycles, due to variations in the PV

array generated power. However, the elements of the120

full-bridge inverter perform the dc/ac conversion, which

results in additional short thermal cycling. This fact is

not experienced by the boost converter elements, since

at this stage only the dc/dc conversion is performed.

For the long-cycling analysis, the rainflow algorithm125

is used to convert the irregular thermal cycles into a set

of cycles with defined average temperature T j,m, cycle

amplitude ∆T j and heating time ton. This procedure is

necessary, since most of the lifetime models consider

well defined cycles. For the short-cycling analysis, the130

average temperature is the same as that of the rainflow

algorithm. The heating time is assumed to be equal

to half of the grid period. Finally, the cycle amplitude

is computed through the analytical model proposed by

[16].135

Based on the thermal loading information, the

number of cycles to failure can be computed as follows

[17]:
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Figure 2: Mission profile based lifetime evaluation: (a) Approach for the power semiconductor devices; (b) Approach for the dc-link and input

capacitors.

N f = A(∆T j)
α(ar)β1∆T j+β0

[

C + (ton)γ

C + 1

]

exp

(

Ea

kbT jm

)

fd.

(1)

where the parameters A, α, β0, β1, C, γ and fd are

obtained from the curve fitting of power cycle tests140

and can be found in [17]. ar = 0.31 is considered in

the present work. The accumulated damage due to the

mission profile can be computed by using the Miner’s

rule, as follows:

LC =

n
∑

i

1

N f ,i

, (2)

where n is the total number of thermal cycles.145

The inverse value of the damage computed in (2),

however, cannot be interpreted as the converter lifetime,

since the power modules are not identical and the

failures can happen at different times. Therefore,

a statistical analysis is usually necessary. Initially,150

the stochastic parameters ∆T j, ton and T jm are

converted into equivalent deterministic static values,

denoted by ∆T
′

j, t
′

on and T
′

jm using the methodology

proposed by [7]. The thermal loading on the power

devices are dependent on the collector-emitter voltage155

(VCE), provided by manufacturers. In addition, the

maximum variation of VCE can also be found in the

datasheet, given an estimation of how the thermal

loading parameters, ∆T j and T jm vary as a response

of VCE . Finally, the technology factor A is also160

varied up to ±20%, representing manufacturing process

uncertainties.

Then, a Monte Carlo simulation with 10000 samples

is performed and its output is the distribution of the

power device lifetime, which usually follows a Weibull165

distribution:

f (x) =
β

ηβ
xβ−1exp













−

(

x

η

)β










, (3)

where β is the shape parameter, η is the scale parameter

and x is the operation time.

Finally, the reliability of one power device can

be evaluated by considering the Cumulative Density170

Function (CDF) F(x) of the Weibull distribution, given

by:

F(x) =

∫ x

0

f (x)dx. (4)

F(x) is usually referred as unreliability function.

2.2. Capacitors

The flowchart for the capacitor lifetime estimation is175

presented in Fig. 2 (b). According to [18], a common

used lifetime model of aluminium electrolyte capacitors

is given by:

L f = L0

(

Vc

Vn

)n

2
Th−Tn

10 . (5)

where n is usually in the range of 1 ≤ n ≤ 5

[18]. In the present paper, n = 1 is used. L0 is the180

capacitor nominal lifetime (usually in hours) under the

voltage Vn and temperature Tn. Voltage and temperature

are important stress factors. Voltage stress in the

dc-link capacitor (Cdc) is assumed constant in reason

of the voltage controller employed; while the voltage185

in the inverter input capacitor (Cpv) is the PV array’s

calculated maximum power point.
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The hot-spot temperature of the capacitors is

computed considering the frequency and the

temperature dependence of its equivalent series190

resistance (ES R), as discussed in [19]. Look-up tables

are employed to increase the speed of this process.

Additionally, the dependence on ES R and damage are

also analyzed. Then, the total damage in the capacitors

is computed through the Miner’s rule, as follows:195

LC =

m
∑

i

li =

m
∑

i

tmp

Li

, (6)

where tmp is the mission profile sample time and m is

the number of samples of the mission profile. Li is

the lifetime computed by eq. (5) during each mission

profile sample.

The estimated static damage given by (6)200

underestimates the capacitor damage, since ESR

is expected to increase over time (due to degradation).

This degradation process in ESR increases the thermal

stress and consequently reduces lifetime. In order

to make a more conservative lifetime estimation,205

a simplified degradation approach is used. A

common failure criterion for capacitors provided

by manufacturers is to assume that the ESR reaches the

double of its initial value. This reasoning suggests the

following degradation formula:210

ES Ri = (1 + LC) ES Ri−1, (7)

which guarantees that the ESR reaches the double of

its initial value at the end of life. It is important

to note that eq. (7) is a rough estimate of the

degradation process. Nevertheless, the approach is

conservative since experimental results presented in215

[20] suggests a slow degradation rate. A more

precise degradation model estimation can be reached

through the experimental characterization of a given

part number. However, this is beyond the scope of this

paper.220

In electrolytic capacitors, the thermal stress is

caused by the power dissipation on the ESR. Thus, a

variation of ±20% in the ESR value is performed to

obtain the maximum variation of the static hot-spot

temperature Th. Finally, a variation of ±15% in the225

rated useful life L0 is considered, representing the

manufacturing process uncertainties. Once the static

damage is computed, Monte Carlo simulations with

10000 samples are used to compute the unreliability

function of both Cpv and Cdc.230

2.3. System Level Reliability

If a failure in any semiconductor device or capacitor

occurs, the inverter performance and safe operation will

be compromised. Therefore, these components are in

series in the reliability block diagram. Accordingly, the235

system level reliability can be computed by:

Fsys(x) = 1 −

Nc
∏

i=1

(1 − Fi(x)). (8)

where Nc is the number of components (power devices

and capacitors) of the PV inverter. Then, it is possible

to obtain the lifetime Bx, which refers to the time when

x% of the samples have failed [7]. B10 is a common240

reliability metric used by manufacturers and design

engineers.

3. Case Study

The lifetime evaluation methodology is exemplified

considering a 5.5 kW single-phase inverter case study.245

The parameters of the inverter are presented in Table

1. The 4th generation IGBT part number IKW20N60T

[15], rated at 25 A/600 V and manufactured by

Infineon, is used in both inverter and boost converter.

The aluminium electrolytic snap-in capacitors with250

part number B43522 and manufactured by TDK are

employed in both inverter and boost converter capacitor

banks. The dc-link capacitor bank Cpv consists in 3

capacitors of 1000 µF in parallel. The boost converter

capacitor bank (Cpv) is based on 2 capacitors of 390 µF255

in parallel.

Table 1: Parameters of the PV inverter.

Parameter Value

Grid voltage (line to line) Vg 220 V

Rated power S n 5.5 kVA

Full bridge Switching frequency 12 kHz

LCL filter inductance (L f = Lg) 0.5 mH

LCL filter capacitance (C f ) 6 µF

Dc-link Voltage vdc 400 V

Dc-link capacitance Cdc 3000 µF

Boost converter inductance Lb 1.2 mH

Boost converter capacitance Cpv 780 µF

Boost converter switching frequency fsb 12 kHz

The 5-year mission profiles adopted in this work

are presented in Fig. 3 (a)-(b). These are composed

of global solar irradiance and ambient temperature

measurements from a weather station located in the260

Canary Islands. The sampling time is 1 minute. In

4



this work, a PV array of 2 parallel strings of 7 Kyocera

KD250GX-LBF2 photovoltaic panels is connected to

the PV inverter. The photovoltaic panel thermal

dynamics is modeled by a first order system with time265

constant of 5 minutes [14]. The generated power

mission profile under such conditions is presented in

Fig. 3 (c). A profile of a typical operating day is also

shown in the zoomed views of Fig. 3.
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Figure 3: Mission profiles adopted for lifetime evaluation: (a) Solar

irradiance; (b) Ambient temperature; (c) Power generated by the PV

array.

The unreliability of each component is obtained by270

following the methodology previously described. The

effect of the mission profile length on the system level

B10 lifetime is evaluated. For the sake of comparison,

the lifetime is initially evaluated considering only the

first year of the real weather data mission profile275

and assuming this profile constant for the following

operating years. The same approach is repeated,

considering the first 2, 3, 4 and 5 years of the mission

profile, as illustrated in Fig. 3, in order to show how

the mission profile length affects B10 lifetime. Finally,280

the results are benchmarked with the TAY obtained

according to [13].

4. Results

Figure 4 shows the thermal loading in all the PV

inverter components for the 5-year mission profile,285

including a zoomed view of a typical operating day.

As observed, the boost converter elements reach

higher temperatures than those of the full bridge.

Nevertheless, the full bridge components present both

long and short-term thermal cycling, which contributes290

to accelerate the bondwire fatigue. Regarding the

capacitor banks, the dc-link capacitors present higher

temperatures than the input capacitors. This fact

is related to the double line frequency harmonic

ripple experienced by the dc-link capacitor, which295

considerably increases power losses.
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Figure 4: Thermal loading of the components of the PV inverter: (a)

Full bridge IGBT and diode; (b) Boost converter IGBT and diode; (c)

Dc-link and input capacitor.

The yearly static damage derived from the thermal

loading for all the PV inverter components are presented

in Table 2. As previously discussed, the boost

semiconductors have lower static damage since they300

present only long-cycling stresses in comparison with

the full bridge elements. In addition, the dc-link

capacitor and the IGBT are notoriously the most

stressed components, with higher static damage.

Table 2: Static damage computed for each dc/dc and dc/ac

components (base of damage 10−3).

MP

length

dc/dc components dc/ac components

IGBT Diode Cap IGBT Diode Cap

1 year 0.035 0.059 6.35 15.8 0.131 19.1

2 years 0.028 0.058 6.23 16.4 0.028 18.8

3 years 0.027 0.053 6.24 16.9 0.027 19.0

4 years 0.025 0.052 6.24 16.7 0.138 19.1

5 years 0.027 0.055 6.22 16.9 0.139 19.0

TAY 0.013 0.024 6.31 11.2 0.096 17.9

The maximum deviations assumed in the Monte305

Carlo simulation are obtained based on a sensitivity

analysis. The semiconductors collector-emitter voltage

and the capacitors ESR are increased considering

5



the maximum margins provided by the manufacturer.

Based on this, the perceptual variation in the static310

values in Table 2 is computed. The obtained increases

in the static values are summarized in the Table 3. For

sake of simplicity, the power devices and capacitors

variations are assumed equal to the ones obtained

for the full-bridge IGBTs and the dc-link capacitors,315

respectively. The inputs of the Monte-Carlo simulation

are assumed to follow a normal distribution with a

confidence interval of 99.7% (corresponding to 3σ).

Table 3: Maximum parameter variation used in the Monte Carlo

simulation.

Maximum parameter

variation

Power devices Capacitors

A ∆T j T jm L0 Th

(%) 20 10 5 15 10

Figure 5 (a) presents the component and system

level unreliability curves for the 5-year mission profile.320

As observed, the full bridge IGBTs and the dc-link

capacitors limit the inverter lifetime. Figure 5 (b)

presents the component and system level unreliability

curves for the TAY mission profile. As noted, the

lifetime of the components is overestimated when the325

TAY mission profile is employed. When the averaging

process is implemented, the mission profile extreme

conditions are attenuated, i.e., the occurrences of high

solar radiance and/or ambient temperature are diluted.

Thus, maxima values are reduced and minima are330

increased, which also reduces the amplitudes of thermal

cycles and helps to overestimate the lifetime of both

capacitors and power devices. Moreover, the results for

the power devices are more sensitive to the averaging

process than the capacitors, since the damage in these335

devices is strongly dependent on the thermal cycle

amplitudes.
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Figure 5: Component and system level unreliability function when the

lifetime evaluation procedure employs: (a) 5-year mission profile; (b)

TAY mission profile.

Figure 6 shows the effect of the mission profile length

on the system level unreliability function. As previously

discussed, the averaging process to compute the TAY340

mission profile always results in an overestimation of

the converter lifetime. Moreover, the use of a reduced

length mission profile also overestimates the PV inverter

lifetime.

Finally, the B10 lifetime of the dc-link capacitors,345

inverter IGBTs and PV inverter are shown in Fig.

7. The TAY mission profile results in a system-level

B10 lifetime estimation approximately 1.3 times higher

than the continuously measured 5-year mission profile.

Finally, the difference observed when different mission350

profile lengths are employed is lower than 7 %.
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5. Conclusions

This paper analyzed the impact of the mission profile

length on the lifetime evaluation of PV inverters. The

performance of the measured data is compared with355

the typical average year approach. As observed,

the averaging process attenuates the maximum and

minimum weather conditions in the mission profile,

reducing the thermal loading in the PV inverter

components. This effect is even more relevant in the360

power modules, which are strongly dependent on the

thermal cycling amplitudes.

The results show that when TAY is used in the

reliability analysis, the lifetime prediction is increased

6



by 30% in comparison with the continuously measured365

5-years mission profile. Therefore, the TAY is not

recommended for this type of analysis.

On the other hand, the results indicate that the use of

the 1-year mission profile results in a lifetime estimation

lower than 7% when compared to a 5-years length370

mission profile. Despite the climatic randomness, the

meteorological variation of the installation site did

not result in a significant impact on the reliability

analysis. Thus, it is preferred to use the mission profile

data of one full year instead of the average multiple375

datasets. Notoriously, reduced mission profile lengths

are preferred due to the computational effort needed to

perform the lifetime evaluation.
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