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Photovoltaic systems are a technology for the generation of electrical energy that is constantly increasing thanks to current
technological advances and that contributes to sustainable development. The main stages of photovoltaic systems are the
conversion stage, using an inverter, and filtering. These systems may be considered as a mature and growing technology;
however, regarding its reliability, there exists some uncertainties, and they are related to the operation, incidents, and its
potential failures, due to the number of elements, the environment, and the operating nominal values. For this reason, this
article presents a comparative analysis of the reliability of single-phase transformerless photovoltaic inverters used to inject
active power into the grid. This evaluation is carried out under the same design specifications for all the inverters analyzed; the
study is made using a mission profile considering the IEC TR 62380 standard, where the events and environmental operating
conditions are defined, and numerical simulations. This work is aimed at providing suggestions to improve the quality of the

photovoltaic system also considering reliability.

1. Introduction

Energy is an essential part of the technological and economic
development of countries and regions worldwide. The con-
stant increment in the demand and price of energy in industri-
alized countries has gradually led to the substitution of fossil
fuels for the use of alternative energies. The higher use of
those energies, mainly wind and solar photovoltaic, brings
favorable effects on the environment, such as the reduction
of greenhouse gases and other types of pollutants [1-4].

The great number of advantages that this type of energy
presents is remarkable. However, the way in which energy is
produced has certain technical disadvantages, such as depen-
dent on climatic conditions, which implies a deficiency in
energy production [3-5].

Nowadays, environmentally friendly energies have been
developed but with some drawbacks such as high penetra-
tion, which causes certain problems within the electrical
grid, such as voltage variations. The control of those systems
is very complex; therefore, the useful life and reliability of
photovoltaic systems are becoming important factors [5-7].

Advances in power electronics have allowed the appli-
cation of transformerless inverters, used in photovoltaic
systems. They have good efficiency, low volume, and light-
weight. These topologies are operated to not generate a
common-mode voltage in order to avoid the generation
of leakage currents between the photovoltaic module and
the ground. The evolution of these systems brings with it
the optimization and improvement of the semiconductors
that make up the system, such as higher voltages and
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nominal powers, best efficiencies, higher thermal resistance,
higher reliability, and lower cost [5-8].

The reliability of semiconductors and capacitors is
affected by operating temperature. Therefore, the system
losses could lead to a failure in the semiconductor devices,
such as MOSFETs and filter capacitors. The set of operating
environmental conditions of a system during its useful life is
called the mission profile. It is very important to design a
real field mission profile, under which the system will be
operating. In this way, its reliability and service life can be
guaranteed; that is, the system should be designed for an
environment with conditions similar to those that would
be operating normally [9, 10].

The most recent studies of reliability prediction are
based on the design of the mission profile, where the phases,
events, and operating environments define the mission [10,
11]. In [12], the authors calculate the converter reliability
using different prototypes and semiconductors by using the
IEC TR 62380 standard, taking into account an annual mis-
sion profile and the effect of extreme thermal cycles in a
desert area. The authors of [13] present tools for the design
of the safe operation mission profile for photovoltaic
inverters connected to the grid with LCL filter, based on sil-
icon carbide devices, including electrothermal models to
predict junction temperature of the device case. In [14], it
is evaluated the reliability of three transformerless inverters
under an annual mission profile, taking into account the
thermal load of the device, which is used for the prediction
of the useful life, providing new ways for the design of pho-
tovoltaic systems.

In this paper, the reliability analysis of different single-
phase transformerless photovoltaic inverters is made,
including an LCL filter. In each inverter, the reliability pre-
diction is calculated using the model of French Telecommu-
nications standard IEC TR 62380. The study considers
simulations using the PSIM software for the different trans-
formerless LCL inverter topologies. The objective is to deter-
mine what single-phase inverter topology presents the best
reliability, based on the effects of the mission profile during
a period. A discussion is presented on which topology is rec-
ommended based on its longevity, and comments are pro-
vided on the factors that influence failure rates, how to
improve efficiency, reliability, and useful life of the photovol-
taic system.

The article is organized as follows: A background on
transformerless photovoltaic inverters is presented, the IEC
TR 62380 reliability standard is described, and the design
and simulations are shown. Subsequently, a quantitative
analysis of the reliability employing the standard is deter-
mined, the results are also analyzed, and finally, some con-
clusions are presented.

2. Photovoltaic Inverters and Reliability

In this section, the single-phase photovoltaic inverters, the
mission profile, and the IEC TR 62380 standard are addressed
to provide the basis for the employed PV converters and reli-
ability analysis considering the mission profile.
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2.1. Photovoltaic Inverters. The single-phase inverters used
for active power injection may use a transformer, which
allows to protect and avoid leakage currents between the
photovoltaic system to the ground [15]. The advantage of
connecting the inverter with a low-frequency transformer
is galvanic isolation between the input and the output, but
it has disadvantages such as its low efficiency and big size
[5]. Another part of the system is the passive elements of
the output filter. The most common configurations are L,
LC, and LCL filters; the latter being the one that has the
advantage of smallest size and highest efficiency.

To increase the efficiency and reduce the volume, a
transformerless topology may be employed; however, a high
leakage current may appear [16, 17]. There are different
strategies to reduce the leakage current in transformerless
photovoltaic inverters connected to the electrical grid.

One strategy is to use a modulation technique that does
not generate common-mode voltage variations.

The full-bridge inverter (Figure 1) is one of the simplest
inverters. Consists of four switches organized in two legs, the
first formed by S, and S, and the second by S; and S,. This
configuration has four switching states and three different
output voltage levels. Two PWM modulation schemes may
be employed: bipolar and unipolar modulations [6, 15, 16,
18] and [19]. The unipolar modulation is not good to avoid
common-mode voltage, and the bipolar modulation should
be preferred. However, in this case, a disdvantage is the
incresed size of the output filter.

The dual buck inverter (Figure 2), based on the full-
bridge topology, combines two unidirectional buck con-
verters during the positive half cycle, S; switching at high
frequency, while S, is always on. During the negative half-
cycle, S, switches at high frequency, while S; is always on.
This produces a unipolar modulation. According to the lit-
erature, one of the advantages is the high reliability; due to
the diodes connected in series to the inductor, there are
no tripping problems and reverse recovery issues [4, 15],
and [20].

Another technique used to reduce the leakage current is
the disconnection of the photovoltaic module but keeping
the unipolar modulation. In this case, switches are added
on the DC or AC side of the inverter to disconnect the pho-
tovoltaic module from the grid and to create new routes to
reduce the leakage current.

H5 topology (Figure 3) is based on the full-bridge topol-
ogy; a switch is added on the DC side. The operation is sim-
ilar to that of the full-bridge inverter, but adding switch S;,
its main function is to decouple the DC side from the AC
side. Switches S; and S; commute at grid frequency, switch
S, switches only in the negative half cycle, and switch S,
only switches in the positive half cycle. Unipolar modulation
is obtained and allows to reduce the leakage current [15, 18],
and [19].

The HERIC topology (Figure 4) is derived from the full-
bridge converter; however, a branch is added on the AC side
in parallel to the bridge output, to isolate the PV panel from
the grid. The switches S;, S,, S;, and S, switch at high
frequency; normally MOSFETs are used and S; and S at
grid frequency; regularly IGBT’s are used. It integrates the
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Figure 1: Full-bridge inverter.
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Ficure 3: H5 inverter.

advantages of unipolar PWM modulation and reduces the
leakage current of the solar panel [15, 18], and [19].

The H6 configuration (Figure 5) is based on the tradi-
tional full bridge as well, adding two switches and two
diodes. For the operation, a unipolar modulation is consid-
ered, where the switches S, S,, Ss, and S are switched at
high frequency and MOSFETs are regularly used. Switches
S; and S, switch at grid frequency; IGBTs are generally used

and provide a current path with diodes D, and D,. During
the free conduction time, during the positive half cycle, the
current flows through S, and the diode D, allowing the dis-
connection between the photovoltaic module and the grid
[4, 15], and [18].

Another alternative to reduce the leakage current is
connecting the grid neutral point to the average input volt-
age, which eliminates variations in high frequency. The
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Neutral-Point Clamped (NPC) inverter fits in this category A unipolar modulation is used, and the output voltage has
(Figure 6). It is composed of four switches; since two three levels [4, 6, 18], and [19].

switches are added to the half-bridge inverter, the DC termi- Instead of connecting the grid neutral point to the aver-
nals are connected to two capacitors in series, which divide  age input voltage, the connection to the negative terminal of
the panel voltage, providing a common or neutral point.  the PV panel can be made. The virtual DC bus topology con-

The topology has two diodes connected to the neutral point.  siders this strategy (Figure 7); it is derived from the full-
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FiGure 7: Virtual DC bus inverter.

bridge topology and consists of five switches S, -S;. The pho-
tovoltaic panel and capacitor Cp, form a real DC bus; the
virtual DC bus is generated by Cp,. Capacitor Cp, is
charged through §, and S; to maintain a constant DC volt-
age. It can be controlled with a unipolar modulation [4,
15], and [21].

2.2. Mission Profile. A mission profile refers to define or rep-
resent certain characteristics or conditions of an operating
environment. The mission profile is defined to reproduce
the operating conditions of an electronic component set that
represents the system to evaluate. That is, the environment,
events, or phases of operation are defined (solar irradiance,
temperature, operating time, among others), to which the
components are subject during their life cycle and allows
to evaluate reliability [9, 10].

Reliability is the probability that a component will func-
tion properly during the period for which it was designed,
under the specific operating conditions. The mission profile
must be clearly defined, to avoid inaccuracies in the reliabil-
ity calculation, which will cause errors in the final develop-
ment of the system [15].

The cases that are commonly used to define a mission
profile based on a one-year cycle use component normal
operation, like:

(a) On/oft working phases
temperatures

with average outside

(b) Storage mode or inactive phases

(c) Permanent working phases with fluctuations in the
average outside temperature

The mission profile parameters are defined as follows.
The total annual relationship of times must be defined, in
the printed circuit board (PCB) which will be in permanent
operation mode (energized). This is represented by 7, as:

y
Ton = ZTi’ (1)

where 7; is the total annual relation of times for the PCB,
in permanent operation mode, with supply and at the exter-
nal ambient temperature (t,.) that surrounds the equipment
during the ith phase of the mission profile (¢,.);.

It is also important to define the total annual relation-
ship of times for the PCB in storage or inactive mode of
operation. This is represented by 7 g:

Toff =1 = Top- (2)
Adding 7, in both terms of (2) is obtained:
Ton T Toff = L. (3)

The other parameter of the mission profile that is
defined is the internal temperature increase in the compo-
nents of the PCB compared to (¢,.) during the 7., phase,
and it is represented by At;:

o= [+ 00, - ), (@

where (t,.), is the average ambient temperature of the PCB,
close to the components (it is considered the most critical
temperature), n; represents the annual number of thermal
cycles seen by the components of the PCB in phase ith of
the mission profile with a temperature variation, and Ar; is
defined as the average oscillations of the variation seen by
the components of the PCB in the phase of the mission pro-
file ith [11-14, 21].

2.3. Standard IEC TR 62380 and Reliability Design. There are
different standards used for reliability prediction based on
the mission profile. One of the best used is the IEC TR
62380 standard, which is a French standard (Union Tech-
nique de L’Electricité, UTEC C 80-810), which is used for
the prediction of the reliability of electronic components,
PCBs, and equipment.

In this standard, environmental factors are defined in the
mission profile; the data contained in the standard is
obtained from field data in different operating environments.



The reliability model used by the IEC TR 62380 standard
is based on a failure rate model to be adjusted for each com-
ponent defined as A

component*
/\component = Adie + /\package’ (5 )
Adie = Athermaleffects + AEOSeffects’ (6)

where A4, is the failure rate related to the effects in oper-
ation, Ayermalefiecis 18 the failure rate related to thermal
effects, Aposprecs 18 the failure rate related to the effects of
electrical overstress, and A, is the failure rate related

to thermo-mechanical effects.

Then, the model of the IEC TR 62380 standard is cen-
tered on the elements. In photovoltaic inverters, the main
devices are the diode, the MOSFET, the capacitor, and the
inductor.

The general mathematical model for the fit failure rate
obtained by combining (5) and (6) is

/\component = /\thermal effects T AEOS effects T Apackage’ (7)

The general model (7) is used to adjust the failure rate of
the components. Table 1 shows the factors and failure rates
of adjustments from the general model, corresponding to
the diode. The adjustment of the failure rate and factors of
the MOSFET are shown in Table 2. The inductor failure
rates are shown in Table 3. Finally, the failure rates of ther-
mal and mechanical adjustments for the capacitor are shown
in Table 4.

The parameters of Tables 1-4 are defined as follows:

Ay is the base failure rate given in the standard

Ag is the base failure rate of the component packaging

Agos is the failure rate related to electrical overstress in
the application considered

7y is the use factor for the diode (permanent or not); in
switching conditions, it is considered permanent work

(m,); = ith is the temperature factor related to the junc-
tion temperature T

7; = ith is the component working time ratio to the junc-
tion temperature ith of the mission profile

(m,), = ith is the influence factor related to the number
of annual cycles of thermal variations observed in the pack-
aging with amplitude Ar;

(At;) = ith is the variation of the temperature amplitude
of the mission profile

71, is the influence factor related to the use of the compo-
nent (protection interface or not)

7ig is the load factor for transistors related to the influ-
ence of the applied voltage

The 715 load factor described previously is used in the
standard for power transistors (FET, MOS, and IGBT),
which is given by:

Ty =Tlg + 7Ty, (8)

where 71, =0.22¢'75! and g, = 0.22%%.
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TaBLE 1: Adjustment failure rates for the diode.

Adiode
/\thermal effects {T[U A } {Zz 1(7Tf) T /(T + Toff)}
/\EOSeffects { (2 75E Z AT 0- 68) AB}
/\package {7‘[1 AB}

TABLE 2: Adjustment failure rates for the MOSFET.

Amosrer
A A ”
thermal effects {ﬂS' 0}' Zi:l (Ttt)i'Ti/(Ton + Toff)
3 0.68
/\EOS effects { (2 75E” z (AT ) ) )‘B}
/\package {7T1 AB}
TaBLE 3: Adjustment failure rates for the inductor.
Aindluctor
y
/\thermal effects /\0' {Z: (T[t)i'Ti/(Ton + Toff)}
_ j 0.68
/\EOS effects 7E [Z A T }
TaBLE 4: Adjustment failure rates for the capacitor.
Acapacitor
y
/\thermaleffects 0.1 { i=1 (ﬂt)i'Ti/(Ton + Toff)}
-3 J 0.68
/\EOSeffects 14E™. {Z,‘;l (ﬂn)i'(ATi) :|

S, represents the quotient between the maximum
applied repetitive voltage value and the specific nominal
voltage in Vpyc. S, is the quotient between the maximum
applied repetitive voltage value and the specific nominal
voltage in V5. They are determined by:

Maximun repetitive voltage Vs, Vg

©)

127 Specific nominal voltage Vg, Vs

The influence factor 7, depends on the number of
annual cycles of thermal variations to which the component
is subjected. There are two important relationships to define
this parameter, which are shown below.

(a) If the component is subjected to n <8760 thermal

cycles/year, then (), =n,>7°

(b) If the component is subjected to n>8760 thermal
cycles/year, then (), =1.7 1,

The temperature acceleration factor is given by the
Arrhenius equation, which shows that the rate of change
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71, is a function of the increase in temperature. Each compo-
nent depends on a specific adjustment value; Table 5 shows
the models for each given component.

The reliability standard based on the mission profile is
very sensitive to the temperature parameter; this can be seen
in Table 5 in the Arrhenius models. Therefore, it is very con-
venient to define the models to determine the amplitude of
the thermal variation for an on/off phase; in the following
Table 6, this parameter is defined for each component of
the inverter [11, 12, 22].

In the case of low current in the inductor in the on/off
phase, At; is calculated in the same form as in the capacitor.
As it has been observed, the thermal effects play a funda-
mental role in the reliability evaluation. It can be realized
that the mission profile is based on the effect of temperature
7, during the performance of photovoltaic systems, as
shown by the Arrhenius equation shown in Table 5. It is
dependent on the junction temperature in each one of the
components that make up the system and the effects Ar; of
the rate of temperature change during the phases.

The junction temperature T for switches and diodes is

calculated by (10):
Tj = TC + (ejc'ploss)’ (10)

where K. is the junction-encapsulated thermal resistance,
P, is the losses on the switch, and T, is the temperature
of the package.

The losses in the MOSFET are the sum of static and
dynamic losses and are represented by (7, 12, 16, 22]:

Ploss(static) = RDSon'Ifms’ (1 1)
Ploss(dynamic) = Vavg'Iavg'(ton + toff)'fSW’ (12)
Ploss = Ploss(static) + Ploss(dynamic)’ (13)

where Py is the total power losses, Ry, is the internal
resistance, I, is the effective current, I, and V,,, are the
average values, f + 4 represent the on and off time, and
S is the switching frequency.

The power loss of an inductor is defined by:

ploss =P +Pdcr+P

_inductor core

(14)

acr?

where P_ . is the core loss that can be calculated or provided
by the manufacturer, P, represents the cable loss caused by
the DC resistance, and P, is defined as the cable loss caused
by AC resistance.

For this calculation is used [17, 23]:

Pcore(mW) = KlfxByxVe’ (15)

where K, is the constant for core material, f* is the fre-
quency in kHz, B’ represents the maximum flux density, x
is the frequency exponential function, y is an exponential
function of flux density, and V, is the effective core volume.

7
TABLE 5: Arrhenius model.
Component I,
Diode m, = exp {4640[1/313 —1/(T; +273)] }
Transistor 7, = exp {3480[1/373 - V(T + 273)] }
Inductor 7, = exp {1740[1/303 — 1/(T; +273)] }
Capacitor 7, = exp {2900[1/303 ~ 1/(T; +273)] }
TaBLE 6: Amplitude of thermal variation in on/off phases.
Component At
Diode [(AT;13) + (tae),] = (tee);
Transistor [(AT3) + (0] - ()
Inductor [(ATRI3) + (tye);] = (tae);
Capacitor (to); ~ (1),
Pyerw) = Iims DCR, (16)

where I is the effective value of the peak current applied
to the inductor and DCR is the DC resistance of the

inductor.

Poerw) = I ACR, (17)

rms

where I, represents the effective value of the peak-to-
peak ripple current applied to the inductor and ACR is
the AC resistance of the inductor.

3. Power Stage and Converter Design

The photovoltaic system is comprised of a photovoltaic
panel, a conversion stage, that is the inverter, and the filter-
ing stage.

The stage responsible to inject active power into the grid
is the inverter. Main transformerless inverter topologies
were described in Section 2, which are full-bridge, double
buck, H5, HERIC, H6, NPC, and virtual DC bus.

3.1. Power Stage Design. The inverters were designed for a
power of 1kW, and an LCL filter was used in each of the
inverters, since it is intended that all the inverters are under
the same operating and design conditions to determine the
reliability of each one using the IEC TR 62380 standard for
the mission profile.

The selection of the LCL filter was based on its advan-
tages such as smaller size, higher efficiency, lower THD
percentage, and better reliability than the L and LC fil-
ters [16].

The LCL filter design considers the following aspects. In
a photovoltaic system, we have the following relationship:

Vy=V,m, (18)



where V is the voltage of the electrical grid, V,, is the volt-
age of the photovoltaic panel, and m is the modulation
index.

The resonant frequency must be in a range of values
between the network frequency and the switching frequency,
satisfying:

lofo < res stw’ (19)
where f, is the frequency of the electrical grid, f ., is the res-
onant frequency, and f is the switching frequency.

The LCL filter is the combination of a capacitor C; in
parallel with two coils L;; and Ly,; the calculation of Ly, is
obtained with:

B va(l - m)m

Ly =-t 7 (20)
n AiLf 1f sw
where Ay is the inductor current ripple.
The inductor ratio is determined by a. The relation
should be between « € [3, 7]. The relationship of the individ-
ual inductances is

Lfl :OCLfZ. (21)

The filter capacitor is selected according to (22), and it is
a function of w,, the resonant frequency (19) [4, 5, 16], [17]:

Ly+L
Cp= T (22)
LflLwares

The design parameters of the inverter and the LCL filter
were calculated using equations (18)-(22). The results are
shown in Table 7.

3.2. Reliability Design. It is important to define the concept
of reliability and the average time between failures, used to
evaluate the useful life of the inverters. Reliability was
defined previously and is represented as R(t):

R(t)=1-F(t) = th(t)dt, (23)

where f(t) is a function of failure density, ¢ is the time when
the component will fail, and F(#) is the cumulative distribu-
tion function.

In electronic systems, the exponential distribution is
used, giving that represents the useful life of electronic sys-
tems with a constant failure rate A(t) assuming that they
have survived the initial time. The exponential distribution
function is represented by:

f(t)=re™. (24)

Substituting (24) in (23) and integrating, the exponential
reliability function is obtained:
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TABLE 7: Design parameters.

LCL filter
Py=1kW

Vg =127 Vrms
va =200V
Lfl =425uH
sz =141 uH
Cf =6.6 uF

R(t)=e™. (25)

The average value of the useful life cycle before a failure
occurs in the same equipment or component is known as the
Mean Time Between Failures (MTBF) and is represented by:

MTBF:J tf(t)dt:J re=lo 1 (26)
0 )

0 nA;

It is worth mentioning that the reliability with this stan-
dard is evaluated in terms of MTBF or FIT (Failures in
Time). One FIT equals a one failure in 10E’ hours 11516, 24].

A high number for the MTBF represent good reliability.
Once these two concepts have been defined, a reliability
analysis is made for each inverter using a serial model. It is
known that a system is a grouping of interconnected compo-
nents. In this way, the reliability of the system will depend
on the individual reliability of the components. The serial
model is used since in this model if there is a failure in any
of the elements or components, the failure of the entire sys-
tem would be assumed. The serial system is defined as the
product of all the individual reliabilities that make up the
system. The analysis of A(¢) and the MTBF allows determin-
ing which component is the weakest. Thus, improving the
reliability of this component, the complete system reliability
improves.

As an example of calculation, the dual buck inverter
(Figure 8) is analyzed using the serial system to determine
its reliability.

The following considerations are taken into account for
this analysis: the reliability of the switches is equal Rg, (¢) =
R, (t) = Rg(t) = Rgy(t) = R, (¢) and that they present a con-
stant failure rate Ag = A, = Ag; = Ay = Ay.

For the diodes, the reliability is considered in a similar
manner since they have the same characteristics. There-
fore, diodes have a reliability Rp,(t) =Rp,(t) =Rp;(t) =
Rp,(t) =R,(t) and a constant failure rate Ap; =Ap, = Ap;

=Aps =4,

In the case of the inductors and the filter capacitor, the
reliability is as follows. For the inductor Ly, there is a reli-

ability R,/ (t) = R;(t) and a failure rate A; ;; = A5. The capac-
itor C; has a reliability R/ (t) =R,(t) and a failure rate
Acs = Ay Finally, the inductor Ly, presents a reliability R; g,
(t) =Rs(t) and a failure rate A;, = As.



International Journal of Photoenergy

TR0 Ry(t) -
Ry(1) - - Ry(H)
Ry(t) ———

FIGURE 8: Serial analysis of the double buck inverter.

VTRIAN  VSIN A VSIN B

S2

1 -
0.5 -4 -} - |-

0 -

I I I
0 0.01 0.02 0.03 0.04

Time (s)

FIGURE 9: Unipolar modulation and control signals. (a-e) Modulation signals (0.5 V/div) and control signals (1 V/div).
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FIGURE 10: Inverter output voltage before filter. (a, b) Output voltage (100 V/div) and output current (10 A/div).
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FIGURE 11: Active power injection to the grid. (a, b) Filter output voltage (100 V/div) and filter output current (10 A/div).

Solving the serial system would be as follows:

Ry (1) = Ry (£)-Ry () -Rs (1) Ry (1) -Rs(t)- (27)

Substituting the exponential reliability function (25) in
(27), the reliability of the series system is

Rs(t) — e—(4/11+4/\2+/\3+)t4+/\5)t_ (28)

The MTBF is calculated by substituting (28) in (26),
where the following relationship is obtained:

1

MTBF = .
AN, +40, + A+ A, + A

(29)

The process described above is made for each of the
inverters described.

4. Simulation and Reliability Results

The simulation of the inverters was carried out using the
PSIM® software, as it is a very versatile software that
allows fast simulation, thanks to the wide variety of device
models it handles.

The simulation of each of the inverters was carried out
using a unipolar open-loop modulation, since it is the type
of modulation that the branches switch at high frequency,
allowing the output filter to be small and having high effi-
ciency, in addition to generating three voltage levels at the
output.

In the filtering and coupling stage, the LCL filter will be
used for all cases. SiC MOSFETs are used in the simulation,
C3M0065090D (CREE Manufacturer). Considering the
parameters according to the manufacturer’s data sheet and
a behavior similar to the real environment as required by
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the standard, the simulations were made. For this analysis, a
test ambient temperature provided by the mission profile
was used, which is at which the device operates during the
mission profile [16].

The simulation is performed to obtain operating param-
eters required for the calculation of reliability, such as volt-
ages and currents. The failure rate adjustment models
require nominal, average, or effective values for each device.
In the case of the load factor, it requires maximum operating
values. In the case of the temperature factor, it depends on
the junction temperature of the device; therefore, average
and effective values are used.

4.1. Simulation Results. The simulation results in PSIM® are
shown in Figures 9-11. The control signals obtained are
consistent for a unipolar modulation; for illustrating pur-
poses in Figure 9, a switching frequency lower than the used
was graphed to make it visible. Unipolar modulation signals
can be observed from top to bottom on a 0.5 V/div scale and
the control signals S, S,, S5, and S, on a 0.5 V/div scale.

In Figure 10, it can be seen from top to bottom the out-
put voltage of the inverter before the output filter on a scale
of 100 V/div and the current of 8.3 A at a scale of 10 A/div.

In Figure 11, it is observed from top to bottom the out-
put voltage of the inverter after the filter, where a power of
1kW would be injected into the grid. A voltage of 180V is
observed on a scale of 100 V/div and a current of 8.3 A ata
scale of 10 A/div.

In Table 8, an inverter comparative analysis of the semi-
conductor elements is shown, as well as their efficiency,
which is a parameter on which reliability depends. The effi-
ciency of the inverters was obtained based on the simulation
with a unipolar modulation for each case.

Another important parameter by which reliability is also
measured is THD percentage. These parameters are directly
related since they are attributes that allow evaluating the
quality of the system. THD directly affects inverter reliabil-
ity; it is related to the quality and safety of the system. The
term quality refers mainly to the quality of the signal wave
and safety; it is related to the system complying with the
THD limits allowed by regulations. Table 9 shows the
THD percentage of the analyzed inverters, as well as the
switches that switch at high or low frequency.

Tables 8 and 9 show that comparing single-phase
inverters, the one with the best characteristics in both effi-
ciency and THD is the full-bridge inverter, with an efficiency
of 99.05% and a THD of 0.08200899%, followed by the vir-
tual DC bus with 99.00% efficiency and a THD of
0.01021878%, and double buck with 98.93% efficiency and
THD of 0.08270188%.

4.2. Reliability Calculation Results. The numerical reliability
calculation is performed using the IEC TR 62380 standard.
Table 10 shows the base factors taken from the standard for
each of the components that make up the inverters. The A
corresponds to the TO-220 package. The Apng factor corre-
sponds to the type of telecommunication mission profile.
Table 11 shows the mission profile, which complies with
the total annual relationship of times given in equation (3).

11

TaBLe 8: Comparison of number of elements and inverter
efficiency.

Topology Switches  Diodes  Capacitors  Efficiency
Full bridge 4 X X 99.05%
Double buck 4 4 X 98.93%
H5 5 X X 98.67%
HERIC 6 X X 98.53%
He 6 2 X 98.55%
NPC 4 2 X 98.86%
Virtual DC bus 5 X 1 99.00%
X indicates that it is not applied for the system.

TaBLE 9: Inverter THD comparison.
Topology High frequency Low frequency %THD
Full bridge $1,5,, 55, S, X 0.08200899
Double buck 81,85 85,84 X 0.08270188
H5 Sy, 840 Ss S, S, 022131262
HERIC $1,8,, 85,5, Ss5 Sg 0.22176104
Hé6 $1>8,55 85, 8¢ S5, 84 0.22176183
NPC NV S5, 85 0.17539819
Virtual DC bus ~ S;,5,, 53, 84 S5 X 0.01021878

X indicates that it is not applied for the system.

TaBLE 10: Adjustment factors for power components.

Component Ao Ag Asos Ty m
Diode 0.7 FIT 5.7 40 1 1
Transistor 2 FIT 5.7 40 1
Inductor 0.6 FIT

There is only one annual working phase to consider for a
permanent working.

The mission profile of Table 11 is given for a permanent
working; inverters operate with conditions, and values for
“ground; stationary; non weather protected”(ground; fixed
for Mil-HDBK-217F) can be calculated for various climates.

The mission profile is related to the failure rate adjust-
ment equations shown in Tables 1-4. The time parameters
and operating cycles shown in Table 11 are applied to the
adjustment equations. The temperature factor is determined
by the temperature of Table 11, and the junction tempera-
ture is obtained with values from simulation, using the
Arrhenius model.

Table 12 shows the results of the reliability calculations
for each of the single-phase inverters analyzed in this study.
It can be observed that the full-bridge inverter and virtual
DC bus present better reliability compared to the other
inverters, with a lower failure rate and a higher MTBF.

The full-bridge being the best of these, with a 193.415FIT
failure rate and an MTBF of 0.005171FIT, followed by the
virtual DC bus with a 240.671FIT failure rate and
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TaBLE 11: Mission profile.

Application type  Environment type Equipment type (te)i'C (t); C 1, 7o T nycycles/year AT, “Clcycle
Telecom Ground fixed (GF) Transmitting and access 11 31 0.5 0.25 0.25 365 8
TaBLE 12: Total reliability of inverters. 1
Topology Asystem(FrT) MTBF (FIT) /
Full bridge 193.415 0.005171 0.8
Double buck 377.555 0.002649
H5 332.691 0.003006 0.6
HERIC 379.937 0.002632 ’
H
Ho6 379.997 0.002632 =
NPC 285.485 0.003503 04
Virtual DC bus 240.671 0.004155
0.2
04 \
0
0 0.02 0.04 0.06 0.08 0.1
0.3 x10° hrs
Time (hrs)
g — Reliability full bridge
E 02 —— Failure rate full bridge
E FIGURE 13: Representation of the probability of failure of the full-
L
~ bridge inverter.
0.1
98.40%. Now the worst case, the H6 inverter has an MTBF
of 0.002632FIT, equivalent to an annual failure probability
0 | of 0.33% and reliability of 96.70%. The number of years also
! ! indicates that the inverter that would present a probability of
0 0.03 0.04 . . . .
105 hrs failure in the first instance is the H6. It can be seen that the
curve of the complete bridge has a longer lifetime compared
1 Brid He to the other inverters. The full-bridge turned out to be the
—— Full Bridge NPC most reliable inverter; it is convenient to represent the reli-
— DoubleBuck e+ Virtual DC Bus ability cumulative distribution function (24). The cumula-
T I:I;RIC tive distribution function can be interpreted as the

FiGUure 12: Comparative graph of the reliability of single-phase
inverters.

0.004155FIT MTBE. The virtual DC bus inverter and the
HERIC present a very similar failure rate and MTBF, only
differentiated by the contribution of some element’s failure
rate in the NPC inverter. The inverters with the worst reli-
ability are the HERIC with a failure rate of 379.937FIT and
a 0.002632FIT MTBF and the H6 with a 379.997FIT failure
rate and a 0.002632FIT MTBF.

In Figure 12, a comparative graph of the reliability of the
different single-phase inverters analyzed is observed, repre-
sented in FIT. Analyzing the best case of the full-bridge
inverter, it has an MTBF of 0.005171FIT, equivalent to an
annual failure probability of 0.16% and reliability of

probability of failure presented by the system in FIT. In
Figure 13, a relationship between the reliability function
and the failure probability function of the full-bridge
inverter is observed, through an equilibrium point at the
intersection of the curves.

It is important to highlight, although the full-bridge
inverter has better reliability and efficiency, its use is not rec-
ommended; since it presents a leakage current between the
PV and ground, and it is higher than that allowed by the
European standard VDE 0126-1-1 [25], which should not
be higher than 300 mA.

Table 13 shows the percentage of contribution of each
component to the total failure rate of the system, concerning
the number of components in Table 8. It is observed that the
failure rate depends directly on the number of components
that make up the system. Therefore, the reliability is directly
related to the number of elements that the system has. In
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TaBLE 13: Percentage of contribution to the failure rate of the photovoltaic system.
Inverter failure rate LCL filter failure rate
Switches . . .
Topology MOSEET Parasitic diode Diodes Capacitors Inductors Capacitors
Full bridge 97.73% X X X 2.21% 0.06%
Double buck 50.06% X 48.77% X 1.13% 0.04%
H5 71.00% 27.67% X X 1.30% 0.03%
HERIC 74.61% 24.23% X X 1.13% 0.03%
Ho 74.61% X 24.22% X 1.13% 0.04%
NPC 66.21% X 32.25% X 1.51% 0.03%
Virtual DC bus 98.14% X X 0.04% 1.78% 0.04%

X indicates that it is not applied for the system.

addition, it is visible that in each one of the inverters that
were analyzed, which are the components that have the most
contribution to the failure rate of the system, that is, the
components that may have the most failures and that may
have a shorter lifetime. To reduce the power losses and
increase reliability, the C3M0065090D SiC MOSFET (CREE
Manufacturer) is used. Since the turn-on resistance is too
low, a synchronous rectification occurs when the current
becomes negative in the device; therefore, the free-wheeling
diode does not conduct during this time, as traditionally
occurs in the inverters. Since the MOSFET’s voltage drop
is smaller than the diode forward voltage, the MOSFET con-
ducts for positive and negative currents, Certainly, there are
some topologies where diodes conduct and synchronous rec-
tification does not occur.

In general, in inverters, the highest percentage of failure
contribution is made by the switches, followed by the diodes,
then the inductors, and with the lowest percentage the
capacitors. The characteristics of an MKP capacitor were
used; it has advantages such as thermal and electrical stabil-
ity, reliability, and a long useful life.

It is also observed that the switching frequency is a
parameter that greatly affects the reliability. If the switching
frequency is reduced, the reduction of losses is considerable.
When determining reliability, the parameter that is related
to the standard, through the Arrhenius model, is the junc-
tion temperature and thermal resistance of the component
encapsulation. Therefore, the failure rate depends on the
bonding temperature and the temperature in the casing; this
is on the mission temperature profile. Reducing the switch-
ing frequency reduces the component failure rate by 0.10%.
Then, it is obtained a A .., = 193.214FIT and an increment

of the MTBF to 0.005176FIT.

Other simulations were carried out to verify the impact
of the device on the reliability; a 3rd Generation SiC MOS-
FET (C3MO0025065D) was used since the internal resistance
is smaller, as mentioned previously. Then, better results were
obtained; the losses were reduced, and there is a positive, but
small, effect on reliability.

Following the analysis that has been made is recom-
mended to the designer to increase the MTBF of the systems,
since it is the parameter that measures the useful life of the
system. This may be achieved by using component heat dis-
sipation and cooling systems to reduce thermal stress and at

the same time reduce the component failure rate as well as
using devices made of better materials such as silicon car-
bide, which have lower (better) thermal resistance.

Also, from the analysis, the converter with fewer compo-
nents will be the best option for reliability but not forgetting
the leakage current of the PV system. Then, of all the
inverters studied, the best alternative is the virtual DC bus
inverter with SiC devices. This is because it offers a low
THD, high efficiency, best reliability, and useful life while
satisfying the leakage currents for PV system standards.
The following alternative is the NPC inverter. Certainly,
the final selection of the inverter is left to the designer, since
the difference is relatively small between them.

5. Conclusion

This article presents the prediction of the reliability of differ-
ent single-phase inverters using an LCL filter in the filtering
stage. For the calculation and approximation of the predic-
tion of the reliability, the standard IEC TR 62380 is used.

In this study, they were compared the full-bridge, double
buck, H5, HERIC, H6, NPC, and virtual DC bus converters.
The full-bridge inverter presents better reliability and better
useful life. In addition, it features a higher THD percentage,
at better efficiency. The virtual DC bus and NPC inverters
have the following best realiability, there is a small difference
in reliability and efficiency. The use of a virtual DC bus
inverter with SiC devices is recommended since the full-
bridge presents higher leakage current than allowed by the
standards.

The study shows that the devices present a failure rate
percentage in the following order: switches, diodes, induc-
tors, and to a lesser extent, capacitors. It was observed that
the switching frequency affects the reliability of the compo-
nent to a lesser extent.

The parameter that directly affects reliability is the num-
ber of elements that make up the system. The reliability and
average useful life of the systems can be increased, using
cooling systems to reduce thermal stress, which is the
parameter that directly relates to the failure rate and there-
fore the reliability of the system. It is also recommended to
use silicon carbide devices, which are components with
smaller internal resistance and thermal resistance that allows
to have few losses, high efficiency, and reliability.
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