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Abstract – The Photovoltaic (PV) inverters operating
with ancillary service capability have been discussed as
a solution to improve the power quality of the electrical
grid. In this context, the PV inverters can be used to
provide services such as Harmonic Current Compensation
(HCC). However, the analysis of how much this extra
functionality can affect the reliability of the PV inverter is
necessary. Thus, this work analyzes the lifetime of a threephase PV inverter taking into account the degradation of
the semiconductor devices (IGBTs and diodes) and the
dc-link capacitors. The compensation of the 5th and 7th
harmonic current components (and their combination)
are considered. The lifetime evaluation is performed
based on an mission profiles of solar irradiance, ambient
temperature, harmonic current amplitude and phaseangle. Based on the results of the adopted case study,
the HCC operation increases the lifetime consumption of
the IGBTs, diodes and dc-link capacitors. Compared to
traditional PV inverter operation, The results reveals a
reduction in the predicted B10 lifetime of 3.4 and 4.1 years,
when the PV inverter compensates 5th and 7th harmonic,
respectively. The reduction is even more significant (5.6
years) when the 5th and 7th harmonic component are
simultaneously compensated.
Keywords – PV inverter, Ancillary services, Harmonic
current compensation, Lifetime evaluation.
I. INTRODUCTION
The Renewable Energy (RE) power capacity was greater
than 256 Gigawatts (GW) in 2020, achieving another recordbreaking year [1]. In this context, Photovoltaic (PV) and wind
power systems have installed a record amount of new capacity
and they are leading this growth. According to [1], auctions
and tenders for renewable power have become one of the
most common market support mechanisms for new projects
in 2020 and 13 countries awarded nearly 50 GW of RE in new
capacity.
The PV systems can be used to inject active power to the
grid (traditional operation) or they can be used to perform
ancillary services (multifunctional operation). In this scenario,
multifunctional PV inverters have been strongly discussed
in the literature as an alternative to improve the grid power
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quality [2], [3], [4], [5]. In this operation mode, the PV
inverter provides ancillary services when it is operating below
its nominal active power specification. Some examples of
the ancillary services are the Harmonic Current Compensation
(HCC), reactive power injection and grid frequency regulation
[6], [7].
Some references in the literature have stated the lifetime
evaluation of the multifunctional inverter operating with
reactive power compensation [6], [8], [9]. In addition, the
lifetime evaluation for a single-phase PV inverter operating
with HCC was proposed by [10]. However, only the long cycle
lifetime analysis was performed in this work. In reference
[11], the lifetime evaluation for a single-phase PV inverter
with HCC including the long and short cycles analysis were
presented. However, reference [10] and [11] do not analyze
the effect of the HCC operation for a three-phase PV inverter
and do not consider the lifetime evaluation of the diodes and
dc-link capacitors. Therefore, a study to analyze the diodes
and dc-link capacitor lifetime during the HCC operation is
necessary, since these components are considered one of the
most prone to failure components in PV inverters [12].
This work is outlined as follows: section II describes the
three-phase PV system with HCC operation, focusing on the
control strategy and section III presents the lifetime evaluation
methodology for the semiconductor devices. Section IV
describes the effect of HCC operation mode on the dc-link
capacitors. In section V, a case study to perform the lifetime
evaluation of a three-phase PV inverter is presented. Section
VI presents the results of PV inverter lifetime consumption
during the HCC operation mode and the conclusions are stated
in section VII.
II. THREE-PHASE PV INVERTER WITH HCC
OPERATION
A typical three-phase PV inverter is presented in the Figure
1. As observed, the PV modules are connected to the inverter
dc-link. In addition, an LCL filter is used to attenuate the
high harmonic frequencies due to the switching process of the
semiconductor devices in the PV inverter. Also, an non-linear
load is connected to the Point of Common Coupling (PCC).
In the evaluated scenario, the PV inverter compensates the
harmonics generated by the non-linear load.
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Fig. 1. Typical three-phase PV inverter connected into the electrical
grid.
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The control strategy used in this work is presented in Figure
2. Since the HCC operation mode is implemented, the control
strategy is based on the stationary coordinates (α β 0). As
observed, there are the inner and outer loops. The inner loop
controls the output current of the PV inverter. The outer loop
controls the dc-link voltage. The dc-link voltage reference
(vdc ∗ ) is provided by the Maximum Power Point Tracking
(MPPT) algorithm. Thus, the active power reference (P∗ ) is
calculated based on the energy stored in the dc-link capacitor
and the reactive power reference (Q∗ ) is considered equal
to zero. The fundamental current references (is , α , is , β ) are
provided based on the Instantaneous Power Theory (IPT) [13].
Thus, the load current components (iLα , iL β ) are added to the
inverter current and the reference currents of the inverter (is ∗α ,
is ∗β ) are generated. A Proportional Multi-resonant Controller
(PMR) is used to control the inverter current. The tunning
procedure is discussed in details by reference [14]. Thus,
Clarke transformation is used and the SVPWM is adopted as
the modulation strategy of the system.
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Fig. 2. Block diagram of the PV inverter control strategy.

The control strategy was implemented in an experimental
bench. Thus, a power module of 10 kW, manufactured by
Semikron, was used in this work. The dc-link voltage equal to
450 V was taken as reference and the inverter was connected
to electrical grid of 220 V RMS (line to line). In addition, an
L filter (1.8 mH) was used in the experimental bench instead
of an LCL filter. , due to the resources availability when
the experiments were conducted. The output current of the
inverter is presented in Figure 3. In this case, the reference of
the inverter current was performed to obtain an injection of 6 A
of fundamental current and: 2 A of 5th harmonic component
with phase-angle 180o in Figure 3(b), 2 A of 7th harmonic
component with phase-angle 180o in Figure 3(c) and 2 A of
5th and 7th harmonic components with phase-angle 180o in
Figure 3(d). In addition, in Figure 3(a) only the injection of
the 6 A of fundamental current is performed. The harmonic
spectrum of the inverter current output is presented in Figure
4.

(d)
Fig. 3. Output current of a three-phase PV inverter injecting: (a) 6 A
of I f and: (b) 2 A of I5 with θh = 180°, (c) 2 A of I7 with θh = 180°
and (d) 2 A of I5 and I7 with θh = 180°.
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Fig. 4. Spectrum current of a three-phase PV inverter injecting: (a) 6
A of I f and: (b) 2 A of I5 with θh = 180°, (c) 2 A of I7 with θh = 180°
and (d) 2 A of I5 and I7 with θh = 180°.

III. THE EFFECT OF THE HCC OPERATION ON THE
SEMICONDUCTORS DEVICES
Before understand the effect of the HCC process in the
inverter lifetime, it is important to understand how the inverter
output current is synthesized. Considering the compensation
of the harmonic component (h) with the highest amplitude (Ih ),
the output current for phase a (isa (t)) can be presented as:
isa (t) = I f cos(ω f t) + Ih cos(hω f t + θh ),

(1)

where I f is the amplitude of the fundamental component,
ω f is the angular grid frequency and θh is the harmonic current
phase-angle. As observed, the PV inverter output current of
the dc/ac stage depends on the harmonic current parameters (h,
Ih , and θh ). As an example, the current signals of dc/ac stage
compensating 5th harmonic component with phase-angles 0◦
and 180◦ are shown in Figure 5(a).
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presented. For this specific case, the 5th harmonic component,
with phases angle 0◦ and 180◦ , are compensated by the PV
inverter. As observed, with the HCC operation mode, the
junction temperature of the semiconductor devices presents
additional power cycling when compared to the traditional PV
inverter operation.
The lifetime evaluation of semiconductor devices can be
divided as long and short cycle analysis [18]. The long
cycle is the lifetime consumption in the component due to
the variation of the environment conditions, such as solar
irradiance and ambient temperature. The short cycle analysis
is the lifetime consumption in the component due to the grid
frequency. Therefore, the short cycle lifetime evaluation of
the semiconductor devices when the inverter works with HCC
operation is not a straightforward task, since there is additional
power cycling due to the harmonic frequencies. Thus, it is
necessary a methodology to take into account all the additional
power cycling in the junction temperature due the fundamental
and harmonics frequencies.
The methodology proposed by [11] was considered in this
work. In this reference, the methodology for short and long
cycles were proposed and applied to IGBTs of single-phase
PV inverter. The flowchart for the long and short cycle
analysis are presented in Figure 6(a) and (b), respectively.
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Fig. 5. PV inverter injecting 21.5 A of fundamental current and 5 A
of 5th harmonic component: (a) Inverter current output (phase a); (b)
Power losses of the IGBT and (c) Junction temperature of the IGBT.

The lifetime evaluation of the semiconductor devices has
been discussed in recent works [15], [16], [17]. In this context,
the Physics-of-Failure (PoF) methodology has been constantly
used in the lifetime evaluation of power electronics. The
PoF can provide different reliability models based on the
strength and stress in which the component is submitted. With
regarding to the semiconductor devices, the meam junction
temperature (T jm ), the fluctuation junction temperature (∆T j )
and the heating time (ton ) are dressed as the most stress factors
in the semiconductor devices.
Since the shape of the output current is affected by the HCC
operation, the power losses and consequently the junction
temperature of the semiconductor devices are also affected.
In Figure 5(b) and (c), the power losses of an IGBT (PIGBT ),
and the junction temperature of this component (T j IGBT ) are

For the long cycle analysis, the mission profiles of the PV
inverter operation are used as the input to estimate the annual
power losses of the semiconductor devices. Thus, the mission
profile of solar irradiance, ambient temperature, harmonic
amplitude and phase-angle are used. The mission profiles
are applied to the power losses look-up table and the annual
power losses are estimated. The power losses look-up table
was previously created in a simulation environment varying
the input parameters, which are the same parameters of the
mission profile. In addition, the manufacturer information
provided on the datasheet are used and the conduction and
switching power losses are calculated.
The power losses are translated to the semiconductor
devices junction temperature by a electrical thermal model.
Thus, a thermal model based on Cauer and Foster models
are used in this work [19]. Therefore, the annual junction
temperature for the semiconductor devices are obtained. The
junction temperature are then applied to the rainflow counting
algorithm to estimate the regular parameters of T jm , ∆T j and
ton [20].Therefore, these parameters are applied to the lifetime
model, proposed by [21]:

exp

Ea
kb T jm


fd ,

(2)
where the meaning and values of the parameters A, α, β1 ,
β0 , C, γ, Ea and fd are defined in [21]. kb is the Boltzmann
constant and ar equal to 0.35 is used in this work. Besides,
the parameter fd is equal to to calculate the N f of IGBTs, as
proposed by [21].
The lifetime evaluation for the short cycle analysis is
presented in Figure 6(b). As observed, the same mission
profiles used in the long cycles analysis are used. However,
for the short cycle analysis, there is a LC look-table instead of
a power losses look-up table. Basically, the idea is to obtain
the main input parameters of the lifetime models (T jm , ∆T j and
ton ) directly from the junction temperature waveform of the
semiconductor devices (in a simulation environment). More
information about the process can be found on reference [11].
Thus, the same lifetime model of Eq. 2 is used to estimate the
number of cycle until failure for the short cycle analysis.
Since the lifetime consumption for the long and short cycle
are calculated, the damage accumulation is performed. The
Miner’s rule is used in this work, represented as follows [22]:
!
1
Ts × fn
LC = ∑
,
(3)
+
N f ,l (k) N f ,s (k)
k
where indexes l and s correspond to the long and short thermal
cycling, respectively. Ts is the sample time of the mission
profile. As observed, the power devices LC is given by a
cumulative sum of the damages caused by the long and short
cycles.
IV. THE EFFECT OF THE HCC OPERATION ON THE
DC-LINK CAPACITOR
The HCC operation also affects the current waveform of
the dc-link capacitor. Figure 7 presents the capacitor current
and its spectrum for the PV inverter working as traditional
operation and when the 5th and 7th harmonic components
(with phase-angle 0°) are compensated. As observed, low
harmonic components are presented in the dc-link current
when the HCC operation is performed. This fact increases
the capacitor power losses, which are directly related to the
capacitor current. In addition, the magnitudes of the harmonic
components in the capacitor current vary depending of the
harmonic order which is compensated by the PV inverter.
Additional tests were performed and it was observed that
the magnitudes of the harmonic components in the capacitor
current also vary with the variation of the harmonic phaseangle which is compensated by the PV inverter.
The lifetime evaluation of the dc-link capacitor is also
similar to the one used in the semiconductor devices, since
the mission profiles are taking into account. Furthermore,
the power losses of the component are also translated to
temperature profiles, which are used in the lifetime evaluation
process. The capacitor power losses estimation based on the
electrical thermal model is presented in Figure 8.
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Fig. 7. Dc-link capacitor current waveform and current spectrum
when the PV inverter injects 10 A of fundamental current with: no
harmonic content injection (a), 2 A of 5th harmonic (b) and 2 A of
7th harmonic (c).
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Figure 9 summarizes the steps for the lifetime evaluation
of dc-link capacitors. The main stress factors are the hot-spot
temperature (Th ) and operating voltage (Vc ) [12], [23]. The Th
is estimated based on the capacitor power losses, which are
calculated as:
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Fig. 9. Flowchart for the lifetime evaluation of dc-link capacitor.

2
Pc,losses = ∑ ESR(Th , iωn )Ii(RMS)
,

(4)

i

where Ii(RMS) is the RMS value of each i-th harmonic
component of the capacitor current and ESR is the capacitor
equivalent series resistance. The ESR is a function of the
capacitor current frequency and the hot-spot temperature,
parameters usually provided by the capacitor manufactures
[24]. Thus, for the capacitor ESR estimation, a look-up table
based on the capacitors datasheet information is used. Other
approaches to extracting the ESR can be found in [25]. Since

TABLE I
Main parameter of the PV system
Value
10 kW
220 V
450 V
12 kHz
12 kHz
1.8 mH
1.8 mH
3.8 µF
60 Hz
2040 µ F

V. CASE STUDY

(5)

where Rc correspond to capacitor equivalent thermal
resistance. Then, the time to failure (L) of the capacitor is
obtained by [23]:
 −n
T0 −Th
vdc
L = L0
× 2 10 ,
(6)
v0
where L0 is the lifetime under testing conditions. In addition,
vdc is the capacitor voltage, v0 is the rated voltage at test
condition and T0 is the temperature under test condition. 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 [23].
Finally, the capacitor lifetime consumption can be determined
by the Miner’s rule:
 
Ts
,
(7)
LC = ∑
Lk
k
where k is the number of samples of the mission profile.
The previous lifetime evaluation methodologies (for
the semiconductor devices and capacitor) return a fixed
accumulated damage. However, this approach is far from
reality, since deviations from model parameters are not
considered. Thus, a statistical approach based on Monte Carlo
simulation is conducted, according to [18]. The Monte Carlo
analysis is simulated for n = 10,000 samples with 5 % of
variation over the static values, and the result is fitted using
the Probability Density Function (PDF) f (x). The component
unreliability is evaluated by the Cumulative Density Function
(CDF) F(x), calculated from f (x). The parameters used in
the Monte Carlo simulation method are based on the reference
[18]. The system wear-out failure probability Fs is obtained
with the series-connected reliability model, given by:

2

Th = Tamb + Rc Pc,losses ,

G (kW/m )

the capacitor power losses are computed, Th can be estimated
by [24]:

The PV system used in this work is a 10 kW three-phase
PV inverter. The main electrical parameters of the system
are described in Table I. The used power semiconductor
devices are discrete IGBTs 600V/40A (with antiparallel diode)
manufactured by Infineon, with part number IKW40N60H3.
The dc-link capacitor used is the 680µF/400V, part number
B43303 A0687 - M90, manufactured by TDK. The capacitor
bank is composed of six dc-link capacitors. They are designed
as three strings connected in parallel and each string is
composed of two capacitors in series.
The lifetime evaluation of the semiconductor devices and
the dc-link capacitor are obtained based on a mission profiles
operation of the PV system during one year of operation.
The mission profile of solar irradiance (G) and ambient
temperature (Ta ) were sampled with 1 minute per data in the
city of Goiânia, Goiás. These mission profiles are presented in
Figure 10(a) - (b).

Ta (°C)

Parameter
Nominal power
Grid voltage (line to line)
Dc link voltage
Full-bridge switching frequency
Sampling frequency
Filter inductor - L f
Filter inductor - Lg
Filter capacitor - C f
Grid nominal frequency - fn
Dc-link capacitance - Cdc

and nC are the number of IGBTs, diodes and dc-link capacitor
in the analyzed system.
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In addition, mission profiles of the harmonic current
amplitude and phase-angle are considered in this work, as
presented in Figure 11. The harmonic profiles were measured
from a three-phase industry park and also sampled at 1 minute
per data. The measurements were performed over one year.
The histograms of the mission profiles are also presented in
Figure 12.
The 5th and 7th harmonic current components are
considered the current distortion in the nonlinear load. These
harmonic orders are selected for being very common in threephase systems, based on studies on electrical systems in
different types of commercial facilities [26]. Therefore, four
cases are analyzed:
•

nC

where FI (x), FD (x) and FC (x) are the unreliability functions of
the IGBTs, diodes and dc-link capacitor, respectively. nI , nD
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Fig. 10. Mission profile of: (a) Solar irradiance and (b) Ambient
temperature.
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Case 1: lifetime evaluation of the PV inverter without
HCC operation (base case);
Case 2: lifetime evaluation of the PV inverter injecting
only 5th harmonic current component;
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only 7th harmonic current component;
Case 4: lifetime evaluation of the PV inverter when 5th
and 7th harmonic current components are injected.
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Fig. 11. Mission profile of: (a) 5th harmonic amplitude, (b)
7th harmonic amplitude, (c) 5th harmonic phase-angle and (d) 7th
harmonic phase-angle.

Fig. 12. Mission profile histogram of: (a) 5th harmonic amplitude,
(b) 7th harmonic amplitude, (c) 5th harmonic phase-angle and (d) 7th
harmonic phase-angle.

The lifetime evaluation for the semiconductors devices and
the dc-link capacitor are performed. For the semiconductors
devices, the short and long cycles analysis are carried
out. Since the lifetime evaluation for the components were
estimated, the Monte Carlo simulation considering 10,000
samples was applied to obtain the B10 of the system and
component levels. The B10 is the percentage that 10 % of the
samples will probably failure.
VI. RESULTS
The lifetime evaluation for the semiconductor devices and
dc-link capacitors are stated in this section. With regarding
to the long cycle analysis for the semiconductor devices,
part of the power losses look-up table for the IGBTs and
diodes are presented in Figure 13. The idea is to observe
the effect of the HCC operation on the power losses of the
semiconductor devices . Thus, the compensation of the 5th and
7th harmonic current components with different phase-angles
and amplitudes combinations are performed. For this specific
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case, the active power injected by the PV inverter is set at 7
kW and the ambient temperature was set at 25 ◦ C.
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Fig. 13. Power losses for the IGBT when the
and
harmonic
components were compensated considering: (a) I5 = 10 A and I7 = 5
A, (b) I5 = 5 A and I7 = 10 A and (c) I5 = 5 A and I7 = 5 A. For the
diodes, the same study were provided: (d) I5 = 10 A and I7 = 5 A, (e)
I5 = 5 A and I7 = 10 A and (f) I5 = 5 A and I7 = 5 A.

In Figure 13(a), the PV inverter injects 10 A of 5th harmonic
and 5 A of 7th harmonic. As observed, the IGBT power losses
present critical values when the phase-angle of the 5th and
7th harmonic components are near to 110◦ . Similar behavior
is observed in Figure 13(b), where the amplitude of the 5th
and 7th harmonic components were considered 5 A and 10
A, respectively. In Figure 13(c), the harmonic amplitude
for the 5th and 7th harmonic components were both equal
to 5 A. In this case, the power losses in the critical area
for the IGBT were reduced compared to the previous cases.
Thus, it is observed an increasing in the IGBT power losses
with the increasing of the harmonic current amplitude. In
addition, power losses present critical values for harmonic
phase-angles near to 110◦ (combination of the 5th and 7th
harmonic components) .
The same study was performed to the diodes and it is
presented in Figure 13(d)-(f). As observed, the power losses
also increase with the increasing of the harmonic amplitude.
However, critical values of power losses are presented when
the 5th and 7th harmonic phase-angles are near to 0◦ or
360◦ . This behavior can be explained based on the thermal
impedance of the diodes and the thermal cycles presented in
the junction temperature of this component.
With regarding to the junction temperature of the
semiconductor devices for long cycles analyzes, the mean
junction temperature over one year operation is presented
in Figure 14. As observed in Case 1, which is the base
case, it presents the lowest junction temperature between all
the cases. Thus, the HCC operation increases the mean
junction temperature for the IGBTs and diodes. In addition,
the junction temperature for Case 3 is higher than that for
Case 2, which means higher junction temperature when the
7th harmonic component is compensated, compared to the
5th harmonic component. In addition, Case 4, which is the
compensation of 5th and 7th harmonic components, presents
the highest junction temperature. The same behavior is

LC values for the four cases considering one year mission
profile are presented in Table III. As observed, the lifetime
consumption increases with the HCC operation. Compared to
the base case, there are an increasing of 6.9 %, 8.9 % and 22.23
% for Case 2, Case 3 and Case 4, respectively.

observed for the diode.

TABLE III
LC for the dc-link capacitor considering one year mission
profile.
LC
0.0301
0.0322
0.0328
0.0370

Cases
Case 1
Case 2
Case 3
Case 4

The annual lifetime consumption for IGBTs and diodes
for the long and short cycles are presented in Table II.
As observed, the HCC operation increases the LC for the
semiconductor devices considering the short and long cycles.
In addition, the LC values for the short cycle is more
significant than these for the long cycles. For the IGBT,
compared to the base case (Case 1), it is observed an
increasing of 30.76 %, 42.73 % and 48.14 % in the LC short
cycle for Case 2, Case 3 and Case 4, respectively. With
regarding to the diode LC, it is observed an increasing of 25.67
%, 43.67 % and 57.81 % in the short cycle LC for Case 2, Case
3 and Case 4, respectively. Finally, it is observed that the LC
values for the diodes are lower than these from the IGBTs.

Since the lifetime consumption of each element over one
year was performed, the Monte Carlo simulation analysis is
applied to have a better understanding of the inverter lifetime
evaluation. Firstly, the unreliability function F(x) for the
system level considering the failure of the inverter caused only
by a specific component is performed. The F(x) curve for
each component is presented in Figure 16. In addition, the B10
values in years for each component are presented in Table IV.
IGBT

LC Short
Diode
1.2456 10−2
1.5654 10−2
1.7896 10−2
1.9658 10−2

0

The lifetime evaluation of the dc-link capacitor is
also evaluated. The same mission profiles used in the
semiconductor devices lifetime analysis were considered.
Therefore, the hot-spot temperature over one year is presented
in Figure 15.
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Fig. 15. Hot-spot temperature of one year operation for the dc-link
capacitor.

As observed, the HCC increases the hot-spot temperature of
the dc-link capacitor compared to the base case (Case 1). The
Th is higher for Case 4, which is the harmonic compensation
of the 5th and 7th harmonic components. In this context, the
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LC Long
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Case 1
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LC Short
IGBT
0.0351
0.0459
0.0501
0.0520

Case 2

0

TABLE II
LC considering the short and long cycles.
Cases

Case 1

0.2

F(x)

Fig. 14.
Mean junction temperature for one year operation
considering the long cycles analyzes for (a) IGBT and (b) diode.
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Fig. 16.
Unreliability function considering the system level
composed of: IGBTs (a), diodes (b) and dc-link capacitors (c).

As shown in Figure 16(a), considering the F(x) for the
inverter based on the IGBT, it is observed reduction in the B10
due to the HCC operation. Compared to the base case, there
are a reduction of 3.7, 4.7 and 6.3 years for Case 2, Case 3 and
Case 4, respectively. In addition, the B10 for the diodes are
smaller compared to that from the IGBT. The F(x) for the dclink capacitor is presented in Figure 16(c). As observed, the
B10 reduces due to the HCC process. Compared to the base
case, there are a reduction in B10 of 2.1, 3.3 and 4.1 for Case
2, Case 3 and Case 4, respectively.
Finally, the unreliability functions for the system level

considering all the components are presented in Figure 17.
The B10 considering all the components in the Monte Carlos
simulation is equal to 14.1, 10.7, 10.0 and 8.5 years for Case
1, Case 2, Case 3 and Case 4, respectively. Thus,it is observed
a reduction in the reliability of the inverter due to the HCC
operation. Compared to the base case, there are a reduction in
3.4, 4.1, and 5.6 years, respectively.

program
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VII. CONCLUSION
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