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Abstract: The cost of the PV energy reduction is still required to increase the penetration level of PV
systems in the energy market. The reliability of PV inverters is one of the important aspects to be
enhanced in order to reduce the cost of PV energy, since it is closely related to the maintenance cost
and the annual energy production. In this paper, the lifetime of NPC and T-type inverters, which are
three-level inverter topologies that are widely used for PV systems, are comparatively evaluated with
a 30 kW grid-connected PV system. It is performed by focusing on power devices since the power
electronic components of both converters are the same except for the power devices. Therefore, this
result can represent the comparison of the reliability performance of the NPC and T-type inverters.
The power loss and temperature distributions of power devices are analyzed and their efficiencies
are compared at different power levels with different switching frequencies. The lifetimes of the
reliability-critical power devices in the NPC and T-type inverters are estimated, respectively with a
one-year mission profile of the PV system, and the results are compared.

Keywords: PV inverter; reliability; three-level inverter; lifetime; power device; IGBT module

1. Introduction

Solar photovoltaic (PV) energy is one of the promising candidates as an alternative to fossil fuel
energy for clean electricity generation. Thanks to continuous cost reduction in PV panels and the
balance of systems (BOS) in the last decade, the penetration level of a PV system has increased with
rapid growth in renewable energy market [1]. Nevertheless, in order to further increase the penetration
level of the PV system, it is still required to improve its competitiveness by reducing the cost of energy
by a factor of around three as recommended in [2]. In order to achieve this target, many aspects need to
be enhanced. Especially, the reliability of PV systems is one of the important aspects to be considered,
since it is closely related not only to the maintenance cost but also to the annual energy production of
the PV system [1]. In other words, the reliability improvement of the PV system, which leads to the
maintenance cost reduction and increase in annual energy production, is one of the possible solutions
to decrease the cost of PV energy.

Based on the field experience, it has been found that the PV inverter takes a great portion of the
main causes of failure events and downtime and thus one of the most fragile parts in PV systems [3,4].
Therefore, much research has been performed on the reliability of PV inverters such as reliability tests,
condition monitoring, lifetime estimation, and control strategies to analyze and improve the reliability
of the PV inverter [5-13]. However, as mentioned above, even though the reliability of PV inverters
plays an important role to decrease the cost of PV energy, there is still a lack of study on this when
the different PV inverter topologies are compared in order to choose the proper topology for the PV
system. Typically, the efficiency, total harmonic distortion (THD), and leakage current are considered

Energies 2020, 13, 1227; doi:10.3390/en13051227 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-9374-7140
http://dx.doi.org/10.3390/en13051227
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/5/1227?type=check_update&version=2

Energies 2020, 13, 1227 2of 14

and emphasized, since these aspects are closely related to the energy production as well as the volume
and weight of the PV inverter [14]. In [14,15], the junction temperature profiles of the power devices in
different single-phase PV inverter topologies are analyzed and compared. However, it is not enough to
show the reliability of single-phase PV inverter topologies.

The three-level inverters are attractive topologies for both high-power and low-power PV
systems due to the outstanding efficiency and lower THD compared with the conventional two-level
inverter [16,17]. The configurations of PV systems can be divided into an AC module, string,
multi-string, and central configurations depending on the rated power of the PV system. Typically,
neutral-point clamped (NPC) and T-type three-level inverter topologies are widely used for from a
string inverter configuration of small power to a central inverter configuration of high power [18].
Previous research performed the evaluation of three-phase three-level inverter and converter topologies
for a motor drive where the efficiency, semiconductor chip area, and harmonic machine losses were
taken into account for the comparison factors of the three-level inverter and converter topologies, but
the lifetime was not considered [17].

In this paper, the comparative evaluation of the lifetime of three-phase NPC and T-type three-level
inverters for the grid-connected PV systems is performed. Except for the power devices, the required
power electronic components and applied stress on these components in both inverters are the same.
Therefore, it can be expected that the lifetime of other components in both inverters are the same as each
other. Therefore, the lifetime of the power device can represent the reliability comparison of the NPC
and T-type inverter systems. A 30 kW grid-connected PV system is considered as a case study. In the
first section of this paper, configurations of the NPC and T-type inverters are briefly described. Then,
the power loss distributions of the power devices in the NPC and T-type inverters are analyzed, and the
efficiency of both inverters is compared at the rated power and half of the rated power with different
switching frequencies from 3 to 30 kHz. After that, the temperature distributions of the power devices
in the NPC and T-type inverters are analyzed. Finally, the lifetimes of the reliability-critical power
devices in the NPC and T-type inverters are estimated and compared with a one-year mission profile
consisting of the solar irradiation and the ambient temperature in order to compare their reliability.

2. PV NPC and T-Type Inverters

2.1. Description of PV System Configurations of NPC and T-Type Inverters

Figure 1 shows the simplified configuration and control structure of a three-phase grid-connected
PV system, where a DC/DC boost converter and a DC/AC inverter called the PV inverter are used as
an interface between the PV array and grid. This two-stage configuration is commonly used in PV
systems with relatively small rated power from 1 to 30 kW, where the maximum power extraction
from the PV arrays is achieved by controlling the DC/DC boost converter.
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Figure 1. Configuration and control structure of two-stage three-phase PV system (PI—proportional
integral, PLL—phase-locked loop, PWM—pulse width modulation, S—switching function).
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Depending on the application and power rating, the DC/DC converter is included or not. Typically,
the DC/DC boost converter is not employed in the central PV system configuration for high rated
power [18].

Figure 2 shows the simplified circuit diagrams of the NPC and T-type inverters. The NPC inverter
consists of 4 IGBTs (Sx1n) (x = A,B,C), Sx2N), Sxan), and Sxyn)), 4 diodes (Dxin), Dx2v), Dx3avy, and
Dxan)) and 2 clamping diodes (Dcx; and Dcy») in each phase as shown in Figure 2a, where all IGBTs
have the same voltage and current ratings.
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Figure 2. Simplified circuit diagrams of three-level inverters: (a) neutral-point clamped (NPC) inverter;
(b) T-type inverter.

The T-type inverter is composed of 4 IGBTs (Sxi(1), Sx2(m), Sx3(r), and Sxsr)) and 4 diodes
(Dx1¢1), Dx2(1), Dx3(T), and Dx4(1)) in each phase, as illustrated in Figure 2b. In contrast with the NPC
inverter, the half-bridge IGBTs (Sx1(1) and Sx«1)) have higher voltage and current ratings than the
neutral-point IGBTs (Sxy() and Sy3(1)), and the half-bridge diodes (Dx1() and Dx4r)) have a higher
voltage rating than the neutral-point diodes (Dx» ) and Dxj3(7)) but have similar or smaller current
ratings in a T-type inverter.

2.2. Efficiencies and Power Loss Distributions of NPC and T-Type Inverters

The efficiency is one of the important performance factors of PV inverters, since it is related to the
energy production and the cost of PV inverters. In this section, efficiencies of NPC and T-type inverters
in 30 kW PV systems are evaluated at the rated power and half of the rated power under the different
switching frequencies. Since the typical switching frequency range of the PV inverter with IGBT is not
above 30 kHz, the range of f;;, from 3 to 30 kHz is considered for the efficiency comparison. The related
parameters of the PV system are listed in Table 1. It is worthwhile to mention that the conventional
space vector modulation (SVM) is applied to both topologies, and the power losses of semiconductor
devices are only considered for the comparison of the efficiency. In respect to the Safe Operating Area
of the power devices, the maximum junction temperature of the power device is one of the important
factors. Typically, the rating of the power device module and cooling system capacity are chosen so that
the junction temperature under the rated power of an inverter is 70%-80% of the maximum junction
temperature [19]. For that, the proper IGBT modules F3L75R07W2E3_B11 and F3L75R12W1H3_B11
from the same manufacturer are selected for NPC and T-type inverters, respectively. The maximum
junction temperature allowed for the power devices in both IGBT modules is 175 °C, and they have
almost the same price.

The heat-sink to ambient thermal resistance Ry, is set to 0.108 K/W, so that the maximum
junction temperature of the IGBT in the T-type inverter is 120 °C at the rated power when the
switching frequency is 30 kHz and the ambient temperature is 30 °C. The same Ry, is applied to the
NPC inverter.
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Table 1. Parameters for 30 kW photovoltaic (PV) inverter system. NPC: neutral-point clamped.

Parameters Value
Rated output power (P) 30 kW
DC-link voltage (Vpc) 650 V
Grid phase voltage (V) 220 Vrms
Output current (I) 45.45 Arms
Grid frequency (fgiq) 60 Hz
Power factor 1
IGBT module (NPC) F3L75R07W2E3_B11
IGBT module (T-type) F3L75R12W1H3_B27

The power loss of the power device consists of the conduction loss and switching loss. The
average conduction loss (P¢) in one switching cycle is represented as

Pc=Vcg-Ic-D 1)

where I is the collector current, D is the duty cycle, and V is the collector—emitter voltage.
The switching loss of the IGBT is calculated as

Psw = fsw - Esw )

where fgy is the switching frequency and Egyy is the switching energy of the power device, which is
the summation of turn-on and turn-off energies.

Figure 3 shows the Eg;, and Vg on of the IGBT in the NPC inverter. It can be seen that the
values are influenced by the junction temperature. Therefore, the junction temperature should be
considered for the power loss calculation. The simple foster thermal model is used to estimate the
junction temperature. A more detailed description of the thermal model is given in the next section.
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Figure 3. The turn-on and turn-off energies (Eo; and Eoﬁr) and forward voltage drop (Vcg) of the IGBT
in the NPC inverter under different junction temperatures: (a) Eon and Eop; (b) V.

Figure 4a,b shows the power loss distributions of phase A of the NPC and T-type inverters,
respectively at the rated power with the switching frequency (fs,) of 20 kHz.
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Figure 4. The power losses distributions: (a) NPC inverter; (b) T-type inverter at the rated power with
few of 20 kHz.
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The medium range of switching frequency from 12 to 25 kHz is often used to reduce the size of
passive components. Further, for the residential PV system, the fs;, above 18 kHz is typically chosen to
avoid acoustic noise. Due to those reasons, 20 kHz of fs, is selected for the case study.

In the case of the NPC inverter, the outer IGBTs (Sa1(n), Sasv)) and the inner IGBTs (Sa2n), Saznv))
have the different power losses even though the same IGBTs are used. The conduction loss is the main
power loss of the inner IGBTs, since each of the inner IGBTs is clamped for half of the fundamental
period complementary, and the current flows through the clamped inner IGBT. On the other hand, in
the case of the outer IGBTs, not only the conduction loss but also the switching loss has a large portion
of the power loss, since they are switched on and off with high current. As the switching frequency
increases, the power loss difference between the outer and inner IGBTs is getting bigger. The power
losses of clamping diodes also take a big portion of the total power loss. The power loss of the S 41(7) and
Sa1(r) are dominant in the T-type inverter. There are several reasons. First, the S41(1) and Sa4T) have
the higher rated power than S4y(r) and S43(7). Therefore, it has higher power loss. Second, the turn-on
periods of S41() and Sa41) are longer than those of Sy and S 43(7) since typically, the modulation
index of the PV inverter is high and thus S47(1) and S441) have higher conduction losses. Finally, in
typical SVM, Sy(t) and Sa3(1) are clamped for half of the fundamental period alternately, whereas
Sa1r and Say) are turned on and off with high current. Therefore, they have high switching loss.

The efficiencies of T-type and NPC inverters at the rated power (P1gg%,) and half of the rated
power (P5g9,) with different switching frequencies are shown in Figure 5. As the switching frequency
increases, the efficiencies of both inverters decrease due to the increased switching losses. The main
benefit of the T-type inverter compared with the NPC inverter comes from the reduced conduction loss,
since there are no two IGBTs in series. However, the higher rated IGBT used for the half-bridge in the
T-type inverter has higher switching loss than that of the IGBT used for the NPC inverter. Therefore,
the efficiency of the T-type inverter is outstanding, and its superiority in the efficiency is clearly seen in
the relatively low switching frequency region. As the switching frequency increases, the benefit of
the T-type inverter in the efficiency is reduced. The efficiency at P59, has the same trend but better
efficiency with that of at P1pge,. This may be due to the lower junction temperatures of the power
devices at P59, than that of at P79, which leads to the lower power loss, as shown in Figure 3, but it
could be different depending on the semiconductor and packaging technologies.
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Figure 5. Efficiencies of T-type and NPC inverters with different switching frequencies.

From the results of the efficiency comparison, it can be clearly seen that the T-type inverter is
superior to the NPC inverter in terms of efficiency in the considered switching frequency range with
these target IGBT modules.

2.3. Temperature Distributions of NPC and T-Type Inverters

It shows that the power losses of IGBTs are dominant and also show uneven loss distribution
among the power devices for both topologies. It may lead to uneven junction temperature distributions
among the power devices. The temperature distributions of the power devices in NPC and T-type
inverters are analyzed to investigate the most reliability-critical devices in terms of temperature stress
in both inverters, since typically the lifetimes of the both PV inverters are dependent on them.
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The temperature distributions under the steady-state condition are considered at P;ggo, with fs
of 20 kHz for the case study. Further, the heat sink to ambient thermal resistance Ryy;—,) is set to
0.225 K/W so that the maximum junction temperature of the power device in the T-type inverter is
about 70% of the maximum allowed junction temperature at the rated power when the f;;, is 20 kHz
and the ambient temperature is 30 °C. Furthermore, the thermal capacitance of the heat sink to ambient
is neglected since the steady-state condition is considered.

The power device thermal network consists of thermal impedances of junction to case (Z(j—¢)),
case to heat sink (Z,(—p)), and heat sink to ambient (Zy,(,—q)). The thermal characteristic of power
devices from the junction to case Zyj—) or from the junction to heat sink Zy,;_p,) can be represented by
a Foster model as

Zin(j-e)(H) = Y Ri(1=e¢7/7) 6)
i=1

where 7 = RC and i means the different layers of a module for the Foster model.
Figure 6 shows the thermal equivalent block diagram of a part of an NPC IGBT module with a
Foster model and the related parameters obtained from the datasheet are listed in Table 2.
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Figure 6. The thermal equivalent block diagram of a part of the IGBT module with a Foster model.

Table 2. Parameters for a 30 kW PV Inverter system.

Point (i)
Topology Thermal Impedance 1 5 3 4

IGBT (Sx123,4) 0.051 0.117 0.426 0.506
NPC IGBT Module Rj-n (K/W)  Diode (Dx1234) 0.097 0.219 0.576 0.508
(F3L75R07W2E3_B11) Diode (Dcxi12,3,4) 0.062 0.145 0.444 0.449

7 (s) - 0.0005 0.005 0.05 0.2
IGBT (Sx1,4) 0.032 0.062 0,312 0.543

T-type IGBT Module Ry (K/W) IGBT (Sx2,3) 0.142 0.309 0.719 0.58
(F3L75R12W1H3 B27) Diode (Dx1,4) 0.15 0.323 0.739 0.588
Diode (Dx23) 0.25 0.3 0.5 0.65

7 (s) - 0.0005 0.005 0.05 0.2

Finally, the junction temperature of the IGBT (or diode) is obtained from the thermal impedances
and the power losses of IGBT and IGBT module as

TjcBr)(t) = Ploss(icBT) (1) * Zin(j=h) (t) + Ploss(1GBT_Modute) (t) * Zin(n=a) (t) + Ta 4)

where Tjcpr) = the junction temperature of the IGBT, Pjss1p1) = the power loss of the IGBT, Zyy,;—y,) =
the thermal impedance of junction to heat sink, Pjyss1GBT Modute) = the power loss of the IGBT module,
Zin(h—q) = the thermal impedance of heat sink to ambient, and T, = ambient temperature. It is worth
mentioning that in steady-state temperature analysis, Z,;—,) is simply considered as a constant thermal
resistance Ryy,—,) due to the large thermal capacitance of heat sink to ambient, and the average value
of Pioss(IGBT Module) for the fundamental period is applied.



Energies 2020, 13, 1227 7 of 14

Figure 7a shows the junction temperatures (T)) of the power devices in the NPC inverter. There is
a large temperature difference between the inner and outer IGBTs due to the different loss distributions,
and the outer IGBTs have the highest T; of 117.5 °C, which is 15 °C higher than that of the inner IGBTs.

It means that the outer IGBTs are the most reliability-critical device, and they play the key role in the
lifetime of the NPC inverter.
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Figure 7. Junction temperatures of the power devices at the rated power when f5;,, = 20 kHz and
Rinn—g) = 0.225 K/W: (a) NPC inverter; (b) T-type inverter.

The power devices that have the highest T; in the T-type inverter are the half-bridge IGBTs, Sa1(7)
and Sa4T), as shown in Figure 7b. The T; of Sa1(1) and Sayr) are about 124 °C, and it is higher than
that of the neutral-point IGBTs, which is about 29 °C.

From this result, it is found that the S41(r) and Sa ) are the most reliability-critical devices in
the T-type inverter. Furthermore, it can be expected that the chip sizes of the inner IGBTs in the NPC
inverter and the neutral-point IGBTs and diodes in the T-type inverter can be reduced in the PV system
since their T; are relatively low compared with the IGBTs having the highest temperatures in both
topologies, and it may lead to the reduction of the costs of power modules.

When the same Ryy,;—,) of 0.225 K/W is applied to both topologies, the maximum T; of the IGBT in
the T-type inverter is greater than that of the IGBT in the NPC inverter by about 6.5 °C. It means that
for the same power rating, the Ry, of the NPC inverter can increase so that the maximum T; of
the IGBT is about 124 °C. In other words, the heat-sink size or cooling system capacity for the NPC
inverter can be reduced, which leads to the cost reduction of the PV system.

Figure 8 shows the junction temperature of the power devices in the NPC inverter when Ry

increases by 0.03 K/W from 0.225 to 0.255 K/W. Then, T; of Sa1av) and Sayy) increase from 117.5 to
about 124 °C, which is the same with Tj of S1(r) and Sayr)-
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Figure 8. Junction temperatures of the power devices in the NPC inverter at the rated power when fs
=20 kHz and Ry,_q) = 0.255 K/W.
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3. Lifetime Evaluation of NPC and T-Type Inverters

The lifetime of the reliability-critical power devices in the NPC and T-type inverters are evaluated
under a one-year mission profile of the PV system. Except for the power devices, the other power
electronic components required for both inverters are the same. Therefore, the lifetimes of the power
devices could be a benchmark for the reliability comparison of the NPC and T-type inverter systems.
From the previous analysis, it has been found that the outer IGBTs (Sx(x = 4,5,c)1(N)» Sx4(n)) in the NPC
inverter and the half-bridge IGBTs (Sx1(1), Sx4(7)) in the T-type inverter are the most reliability-critical
component under the given PV inverter specification listed in Table 1 with an fsy of 20 kHz.

It is worth noticing that the temperature stress is considered when the lifetime evaluation of
the power devices is carried out, since it is the main cause of the wear-out failure of standard power
modules [20]. Furthermore, in this target system, power devices are not the discrete devices but rather
the power module. It means that the lifetime of the power module is mainly dependent on the most
stressful device, as analyzed in [21]. Therefore, the lifetime evaluation should be focused on them.

Figure 9 shows the lifetime evaluation procedure of the power devices in PV inverters with the
mission profile. The loss profile of the power device in a PV inverter needs to be obtained first from PV
system information such as the power device characteristics, PV inverter characteristics, and mission
profiles of a PV system. Then, the power loss profile is translated into the thermal loading of the power
device. After that, the required stress factors such as junction temperature swing (AT;) and mean
junction temperatures (Tj;;) used in a lifetime model are extracted from the thermal loading profile by
using a Rainflow counting method. Finally, the lifetime of the power device is estimated based on a
Miner’s rule by putting the accounted temperature stress factors into a lifetime model.

PV Inverter related
Device related Electric Characteristics

Characteristics (with specific topology (sola‘r irradiation and
and control method) ambient temperature)

| ]

Mission Profile |

Step 1
Thermal Model with
Thermal Impedance Power Loss Profile
Zm(i—qs Zlh(r-.'u, Zdh(’l-n‘)
l
Step 2 T;

Rainflow Counting Temperature Profile

Method
I Step 3
A
e Extraction of
'Ll.fetlme. MOd,e} Temperature Stress
NEfAT) f(Tiw) St or) Factors (AT, T, o)
[
Step 4
A

Lifetime Consumption
(based on Miner’s rule)

Figure 9. Lifetime evaluation procedure of the power devices in the PV inverter.

3.1. Mission Profile of PV System

The solar irradiation and the ambient temperature are considered as the mission profile of the
PV system, since they are the main factors that affect the PV power production. The mission profile
recorded from Spain for almost 1 year (351 days) with the sampling rate of 1 minute/data shown in
Figure 10 is used for the lifetime evaluation. It can be seen that the ambient temperature is varied from
about -5 to 30 °C, and the solar irradiation is constantly high throughout the whole year.
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Ambient Temperature (°C)
>

Time (10° minutes. / div)

Figure 10. The solar irradiation and the ambient temperature for the mission profile of the PV system
recorded in Spain with the sampling rate of 1 minute/data.

3.2. Junction Temperature Profile from Mission Profile

The generated power by PV arrays is determined by these two values based on the panel
characteristic model and then the PV power profile corresponding to the mission profile is obtained,
where the MPPT efficiency is assumed as 99% and the generated PV power is limited to 120% of the
rated power of the PV inverter so that the junction temperature of the power devices is within its Safe
Operating Area.

Based on the input power of the PV inverter, the power losses of the target devices, which are
outer IGBTs and half-bridge IGBTs in the NPC and T-type inverters, respectively are determined. Then,
the corresponded junction temperatures of the IGBTs are acquired based on the Foster thermal model of
the IGBTS, as previously explained in the sections C and D of §III. After that, the junction temperature
profiles of the IGBTs are obtained by using a look-up table, which is generated based on the information
about the junction temperatures under the different input power levels and the ambient temperatures,
where the junction temperature of the device is determined when the input power of the PV inverter
generated by the PV arrays and the ambient temperature is given. The look-up table-based analysis is
helpful to deal with a lot of the data of the one-year mission profile. Furthermore, since the data are
recorded with a sampling rate of 1 minute/data, the real-time simulation, which takes a long time to
have the junction temperature profile, may not be required.

Figure 11 shows the junction temperature profiles of the outer IGBTs and half-bridge IGBTs of the
NPC and T-type inverters, respectively. It is observed that Sx;(1) and Sx41) in the T-type inverter have
relatively higher junction temperatures than Sx;y) and Sxy(y) in the NPC inverter during the whole of
the year.

——Sxim» Sxan

—Sx1ms Sxam)

—-
N
)

100

Junction Temperature (°C)
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O

Figure 11. Junction temperature profiles of the outer IGBTs of the NPC inverter and half-bridge IGBTs
of the T-type inverter.
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3.3. Lifetime Evaluation

The temperature stress factors should be extracted from the temperature profile of the power
device in order to evaluate the lifetime of the power device with a lifetime model in respect to
temperature stress. The junction temperature swing (AT}), mean junction temperature (Tj;), and
junction temperature swing on-time period (f,,) are considered, and they are extracted by using a
Rainflow counting method [22].

ATj and Tj;, extracted from the junction temperature profiles of the outer IGBTs and half-bridge
IGBTs of the NPC and T-type inverters are shown in Figure 12a,b, respectively.

150 Junction Temperature Swing (A7)

le:

3
e

7;,& 5y /e -’ ""”M "-' ""\.‘\y‘»ﬂ'/‘" Mvuu-‘ /"‘.l,y e -;- ®
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. .
Time (10° minutes / div)
(b)

Figure 12. Junction temperature swing and mean junction temperature extracted from the junction
temperature profiles by the Rainflow counting method: (a) outer IGBTs of the NPC inverter;
(b) half-bridge IGBTs of the T-type inverter.

It is shown that the AT; and T, extracted from the junction temperature profiles of the half-bridge
IGBTs of the T-type inverter are higher than those of the outer IGBTs of the NPC inverter. Therefore, it
can be expected that the T-type inverter has a shorter lifetime than the NPC inverter.

The extracted stress factors are put into the lifetime model in order to obtain the number of
cycles to failure by the given stress factors of AT}, Tjy,, and f,,. Since the lifetime models of the target
IGBT modules in this study are not available, the lifetime model presented in [23] is used. Therefore,
the estimated lifetime results of the IGBTs should be considered only for the purpose of the lifetime
comparison between the NPC and T-type inverters.

Finally, the Damage Accumulation (DA) of the IGBT is calculated based on the Miner’s rule, which
is one of the most widely used cumulative damage models, and it is defined as

DA:Z:—Z 5)
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where 7, is the number of cycles accumulated at a certain temperature stress S; and N; is the number of
cycles to failure at the temperature stress S;.

Consequently, DA can be used to indicate how much damage of the IGBT is accumulated or how
much life of the IGBT is consumed during the mission profile and the time at which DA reaches 1% or
100% is considered as the lifetime of the IGBT.

Figure 13a shows the DA of the Sx;v) and Sx4n) of the NPC inverter when the PV inverter is
operated with the given mission profile. The DA during the given mission profile of 351 days is 0.039
(or 3.9%), and thus, it is expected that the lifetime of the outer IGBT of the NPC inverter is about
25 years. In the case of the T-type inverter, the lifetime of the half-bridge IGBTs is expected to be
11 years, since the DA of Sxy(r) and Sxy) is 0.089 (or 8.9%), as shown in Figure 13b. It can be seen that
the NPC inverter has about 2.3 times a longer lifetime than the T-type inverter under the same mission
profile of the PV system.

10
— Sy Sxum

81— Svims Sxum

Damage Accumulation (%)

Time'(l()5 minutes‘/ div)

Figure 13. Damage accumulation (DA) of the outer IGBTs of the NPC inverter and the half-bridge
IGBTs of the T-type inverter during the mission profile.

One of the main reasons that they have different lifetimes is due to the different thermal loadings.
As shown in Figure 10, Sxy(1) and Sxy(r) of the T-type inverter have higher AT; and Tj,, than Sxi(n)
and Sxyn) of the NPC inverter throughout the whole year, which thus leads to the shorter lifetime.
The voltage rating of the IGBT is also related to its lifetime. The voltage rating of the IGBT in the
NPC inverter is 650 V. On the other hand, the IGBTs that have a 1200 V voltage rating are used for
the half-bridge legs of the T-type inverter. The voltage rating of the IGBT is related to the IGBT chip
thickness. The higher voltage rating of the IGBT means that the thicker thickness of the IGBT and the
chip thickness affects the lifetime, since as the chip thickness increases, the higher thermomechanical
stress is applied, and thus it leads to the shorter lifetime as explained in [23,24]. This effect is taken
into account in the considered lifetime model as voltage class. This is another reason that the T-type
inverter has a shorter lifetime than the NPC inverter.

The lifetime of T-type inverter without changing in the inverter output performance can be
improved by reducing Ryp,—,), which can be achieved by increasing the size of the heat sink or by
improving the cooling system capacity. That leads to the decrease in the mean junction temperature
and thus the lifetime increases, as shown in Figure 14.

Figure 14 shows the DA of the Sxy(r) and Sxy ) of the T-type inverter when Ry, is reduced.
By reducing Ry—a), Tjm 0f Sx1(1), and Sxy) of the T-type inverter is reduced, and therefore the DA
during the given mission profile decreases. It can be seen that when Ry,(;,—,) decreases by 0.145 K/W,
DA is about 0.0384 (or 3.84%) and thus the expected lifetime is about 25 years. It is almost the same
with the lifetime of the NPC inverter. Consequently, from the above analysis, it can be concluded that
the lifetime of the NPC inverter is higher than that of the T-type inverter and thus has superiority over
the reliability of the T-type inverter in this case study with a specific mission profile. Further, the T-type
inverter requires higher cooling capacity than the NPC inverter in order to have the same lifetime.
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Figure 14. DA of the half-bridge IGBTs of the T-type inverter during the mission profile when Ry,,—4)
is 0.225 K/W or 0.145 K/W.

4. Conclusions

In this paper, the reliability of the most widely used three-level inverter topologies for PV systems,
which are NPC and T-type inverters, has been comparatively evaluated by focusing on the power
devices with a 30 kW grid-connected PV system. It has been shown that the T-type inverter has the
outstanding efficiency compared with NPC inverter in the considered switching frequency ranges
from 3 to 30 kHz. Therefore, the T-type inverter is able to produce more energy from the PV arrays at
the same operating condition. However, even though the T-type inverter has better efficiency, the NPC
inverter has better thermal behavior. Both inverters have the non-uniform power loss distributions and
thus have different junction temperatures among devices. In the case of the T-type inverter, the IGBTs
located at half-bridge legs have the highest junction temperatures of 124 °C and the outer IGBTs of the
NPC inverter have the junction temperature of 117.5 °C, which is the highest junction temperature in
the NPC inverter when they have the same Ry(,—;) of 0.225 K/W. The Ryy,;—,) of the NPC inverter can
increase by 0.255 K/W so that it has the same maximum junction temperature of 124 °C with the T-type
inverter. Consequently, the smaller heat-sink size or cooling system capacity can be used for the NPC
inverter compared with T-type inverter. Finally, the lifetime of the reliability-critical devices in the
NPC and T-type inverters has been estimated by considering almost one-year mission profile of the PV
system, and the result has been compared.

The lifetimes of the power devices in the NPC inverter and T-type inverter are 25 and 11 years,
respectively. It can be seen that the NPC inverter has 2.3 times longer lifetime than that of the T-type
inverter. Thus, when a typical lifetime warranty of 25 years provided by the manufacturers are
considered as presented in [17], it is expected that the cost of the PV energy with the T-type inverter is
higher than that of the NPC inverter due to the maintenance cost and a cutback in the total energy
production due to the downtime of the PV system. The T-type inverter needs an Ry,,—,) of 0.145 K/W
for the same lifetime of 25 years with the NPC inverter, and therefore requires a higher capital cost
than the NPC inverter.

It is worthwhile mentioning that it is not always the case that it is proper to choose an NPC inverter
to reduce the cost of energy due to better reliability, since the result could be different depending on
the PV inverter parameters such as the switching frequency, modulation index, and power rating.
Therefore, this result should be used for emphasizing the importance of the reliability of PV inverters
on the cost of PV energy.
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