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Abstract — Mission profiles such as environmental and
operational conditions together with the system structure
including energy resources, grid and converter topologies
induce stress on different converters and thereby play a
significant role on power electronic systems reliability.
Temperature swing and maximum temperature are two of
the critical stressors on the most failure prone components
of converters, i.e., capacitors and power semiconductors.
Temperature related stressors generate electro-thermal
stress on these components ultimately triggering high
potential failure mechanisms. Failure of any component
may cause converter outage and system shutdown. This
paper explores the reliability performance of different
converters operating in a power system and indicates the
failure prone converters from wear out perspective. It
provides a system-level reliability insight for design, control
and operation of multi-converter system by extending the
mission profile-based reliability estimation approach. The
analysis is provided for a dc microgrid due to the increasing
interest that dc systems have been gaining in recent years;
however, it can be applied for reliability studies in any
multi-converter system. The outcomes can be worthwhile
for maintenance and risk management as well as security
assessment in modern power systems.

Index Terms - reliability, mission profile, system
architecture, dc microgrid, lifetime, energy management,
critical stressor, application-specific reliability.

. INTRODUCTION

Power electronics are the key enabling technology in a
wide range of applications comprising of smart-grids, e-
mobility, aerospace, energy transmission systems,
consumer electronics, and lighting. The increasing use of
power electronic converters in modern electrical systems
brings new reliability challenges, in terms of accumulated
failure, availability, and maintenance. Therefore, reli-
ability analysis of power electronic converter intensive
system is one of the important tools to support the model-
based decision-making and to identify key design
variables, e.g., environmental and operational factors.

Reliability of an engineering system is the probability
that the system meets some specified demands under
specified environmental conditions [1]. A power electron-
ics system is a cluster of power converters including
various components in its power stage. The failure of an
individual component may cause the system to shut
down. Therefore, identifying fragile components, their
stressors and understanding their failure mechanisms are
essential for modern power system reliability assessment.

Semiconductors and capacitors are known as the most
fragile components of power converters [2], [3]. The
component failure occurs once the applied stress exceeds

This work was supported by the Reliable Power Electronic-Based
Power System (REPEPS) project at the Department of Energy
Technology, Aalborg University as a part of the Villum Investigator
Program funded by the Villum Foundation.

the corresponding strength. The main critical stressor for
these components is the temperature related stress
comprising of high temperature and temperature cycling.
The thermal stress can be induced by mission profile,
system architecture and control strategy. Mission profile
can be divided into environmental conditions — such as
solar irradiance, wind speed, ambient temperature, and
humidity — and operational conditions (e.g., load profile).
Furthermore, the system architecture includes type of
energy resources, converter topologies, and grid
structures — such as ac grid, dc grid, etc. Depending on
the application and corresponding architecture, the
applied control strategy such as voltage and current
controllers, modulation scheme, maximum power point
tracking (MPPT) approaches for a single unit as well as
power/energy management strategy for a multi-unit
system specifies the stress level of the converter
components.

Reliability of power converters can be estimated by
the reliability of its failure prone components. Classic
reliability assessment methods, e.g., MIL-HDBK-217,
models the failure rates considering different overestima-
ted constants modeling the impact of environmental and
operational condition without considering physical
randomness, statistical and model uncertainties. How-
ever, mission profile-based approaches employ physics of
failure techniques together with the uncertainty analysis
in order to estimate the fragile components reliability.
Therefore, considering the reliability behavior of key
components and root causes of failure mechanisms, the
converter reliability can be properly modeled.

Power electronic reliability engineering efforts aim at
improving the reliability of power converters. The
individual converter reliability can be enhanced by
employing Design for Reliability (DfR) concepts [5]-[10]
and various active control strategies [2], [6], [7], [11]-
[16]. However, reliability improvement in a multi-
converter system requires analyzing the system level
impact of mission profiles and architectures on the
reliability. The state-of-the-art reliability prediction
methods estimate an individual converter lifetime to
avoid or limit its components to a specific level of
reliability. However, modern power systems consist of
different converters with various applications and
structures. Design, control, planning and operation of
such systems require deep understanding the impact of
mission profiles, control strategies, converter structures,
and operating interactions among converters.

With the recent advances in power electronics, dc
power systems, are gaining more interest over ac systems
[17]-20]. Therefore, this paper investigates the impact of
mission profiles and system architecture on the reliability
of multiple power converters operating in a dc microgrid.
Reliability analysis in a dc microgrid based on wearing

0093-9994 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTA.2019.2920470, IEEE

Transactions on Industry Applications

out of semiconductor devices studied in [21]. While, this
paper presents a comprehensive reliability analysis
considering the influence of semiconductor devices and
capacitors. Furthermore, in order to point out the impact
of mission profile, climate conditions of two locations
and load profile of apartment and clinic loads with
different characteristics are considered. In the following,
the microgrid structure and its control strategy are
explained in Section Il. Afterwards, the converter
reliability estimation approach is explained in Section IlI.
Numerical analysis and results are reported in Section IV.
Finally, Section V summarizes the outcomes.

II. DC MICROGRID STRUCTURE

Fig. 1 shows a typical dc microgrid with different
kinds of energy resources including a Photo-Voltaic (PV)
array as a renewable source, a Battery Storage (BS) unit
and a Fuel Cell Stack (FCS) as a dispatch-able source. In
the following part, the electrical model of the energy
resources, the corresponding energy conversion stage and
control strategy are explained.

A. Energy resources

The operating point of the dc/dc converters (i.e., duty
cycle) and hence its reliability can be affected by the
input voltage, which is specified by the energy resources.
Thereby, the dynamic behavior of the input voltage of
energy resources is accurately modeled as shown in Fig.
2. The PV array includes three parallel-connected strings,
which have five series-connected panels. The output
power-voltage characteristics of the PV array in terms of
solar irradiance and ambient temperature are shown in
Fig. 2(a) and the PV panel specifications are summarized
in Table 1. Furthermore, the output voltage-current
characteristics of a Proton-exchange membrane 5 kW
FCS is shown in Fig. 2(b) [22]. Moreover, a 1000Ah
Lead-Acid battery storage is considered with the output

de Microgrid
L pr 1PV 1Py

voltage-current characteristics shown in Fig. 2(c) in terms
of its State Of Charge (SOC) level.

B. Converter topologies and control

The input voltage for the PV converter is between 250
V and 350 V as shown in Fig. 2(a), and hence a
conventional boost converter can properly interface the
PV array to a dc grid with a rated voltage of 400 V. The
converter structure and the corresponding control block
diagram are shown in Fig. 1(a). Furthermore, following
Fig. 2(b) the FCS voltage is between 72 V and 110 V,
and hence, a converter with a higher voltage gain and a
higher input current is required. Therefore, a Four-phase
Floating Interleaved Boost Converter (FFIBC) [23]-[25]
as shown in Fig. 1(b) is considered for the FCS. The
corresponding control block diagram is also shown in
Fig. 1(b). The battery storage (BS) is connected to the dc
grid through a bi-directional boost converter as shown in
Fig. 1(c) illustrating the converter topology and its
control block diagram. Furthermore, the converters
parameters are summarized in Table I1.

C. FCS converter switching scheme

Suitable switching scheme by considering 90° phase
shift between the carrier signal of each phase in the
FFIBC can intensively reduce the input current ripple
[24], [26], which can enhance the lifetime of the FCS.
However, this paper proposes another switching scheme
considering 90° phase shift between phases 1, 3, 2, and 4
(see Fig. 1(b)) respectively, which can reduce the ripple
current of output capacitors as well. Applying 180° phase
shift between phases 1 and 2 (and also between phases 3
and 4) can significantly reduce the output capacitor’s
current ripple and hence extend its lifetime.

Control Block Diagram
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Fig. 1. Topology of the dc microgrid including their control structure.
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Fig. 2. Output characteristics of energy resources, (a) PV array, (b) Fuel Cell Stack (FCS), and (c) Battery Storage.
Table I. PV Panels and PV System parameters.
Parameter Symbol Value
Panel Rated Power P (W) 345
Open Circuit Voltage Voe (V) 64.8
Short Circuit Current lsc (A) 7.04
MPPT Voltage Vi (V) 54.7
MPPT Current In (A) 6.26
Voltage temp. Coeff. a (%/K) -0.27
Current temp. Coeff. B (%/K) 0.05
Number of Series panels Ns 5
Number of Parallel panels Ny 3
Table 1. Power converter parameters.
Converter Parameters PV converter FCS Converter Battery
Converter
Rated power 5 kw 5 kW 5 kW
Switching frequency 20 kHz 20 kHz 20 kHz
Output capacitor 2x200 pF (Cy) 5x200 pF (Cy, Cqg) 2x200 pF (Co)
ESR per Capacitor @ 100 Hz 035Q 024 Q 035Q
Capacitor thermal resistance 19.5 KIW 28 KIW 19.5 KIW
Capacitor thermal time constant 10 min 10 min 10 min
DC inductor 1mH 1mH 1mH
IGBT IGB15N60T IGB15N60T IGB15N60T
Diode IDV20E65D1 IDV20E65D1 -
Battery capacity 1000 Ah
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Fig. 5. Solar irradiance of (a) Arizona, (b) Denmark, and (c) load current of clinic and apartment during the days of 307 to 314.

D. Mission profiles

The loading profile of the converters depends on the
microgrid load profile and output power of renewable
resources, which can be correlated by the energy
management strategy provided in the dc microgrid. The
PV system is considered as a renewable resource, and the
annual solar irradiance on a tilt angle equal to the region
latitude, and ambient temperature for two different
regions, Arizona and Denmark, are shown in Fig. 3(a)
and (b). Moreover, the annual irradiance and the annual
temperature are shown in Fig. 3(c).

In order to model the load demand, two types of loads
are considered including a small clinic and an apartment
load as shown in Fig. 4(a) and (b). The reasons of
selecting these types of loads are the differences in their
annual peak load and its duration, daily peak load and its
duration and occurrence time as well as the significance
of the clinic load rather than the apartment load in terms
of reliability. This is depicted in Fig. 4(a), which the
annual peak load of the clinic is almost 6 months, while it
is only about 3 months for the apartment load. Notably,
the generation and storage systems are designed for the
peak load of 13 A for both cases. These differences may
affect the annual load profile of the converters, and
consequently, their aging process. Moreover, the daily
load profile and solar irradiance for 307" to 314" days of
a year are shown in Fig. 5. It can be seen that the daily
peak of the clinic is concurrent with the solar irradiance.
However, the peak load of the apartment happens in the
morning and in the evening when the solar power is not

available. This fact may affect the loading profile of the
battery storage and consequently the FCS converters.

E. Energy management system

Energy management system controls the energy and
power flow within the microgrid in order to supply its
demand by extracting the maximum allowable power
from PV array and taking into account the energy storage
level of battery, SOC. The PV system is operating in the
MPPT mode under different climate conditions, i.e., solar
irradiance and ambient temperature, to supply the load
and charge the battery if the SOC is lower than 100%. If
the PV and battery cannot support the load, the FCS has
to supply the remaining power of the system. Notably, the
battery storage is only charged by the PV power
(renewable energy). In order to enhance the lifetime of
the battery, the maximum depth of discharge of 50% is
recommend in the energy management system [27], [28].
The power flow among different energy sources during a
day is shown in Fig. 6 indicating different loading
profiles for PV, battery and FCS according to the load
profile and SOC of BS. The annual load energy,
converted energy by PV, FCS converters and absolute
converted energy by the battery converter are reported in
Table I11.

I11. CONVERTER RELIABILITY ESTIMATION
Active switches and capacitors are two of the most
fragile components widely concerned in power electronic
converters [3]. These components should be appropriately
designed at a desired strength level in order to withstand
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Table 111._Annual converted Energy by the power converters for different Cases in the dc microgrid.

. Load Energy FC Energy PV Energy Absolute Battery

Case  Region  LoadType  “\iwmyr)  (MWhiy) (MW  Energy (MWhiyr)
| Arizona Clinic 28.813 12.866 15.747 4.632
1 Apartment 20.570 4.736 15.634 15.050
1 Denmark Clinic 28.813 22.586 6.064 0.918
[\ Apartment 20.570 14.357 6.051 3.409

applied stresses — such as the electrical loading and
thermal cycling — during a target lifetime. The designed
strength and applied stress have a range of distribution
due to the manufacturing, operational and model
uncertainties condition variations, and hence, the
probability of failure can be estimated from the mismatch
of stress and strength levels on each device. In this paper,
the failure probability of the converter components will
be estimated employing the mission profile based
reliability approach discussed in [29].

The main failure stressors on power electronic
converters are typically caused by electrical loading and
temperature cycling. These stress sources should be

translated into thermal stresses on the devices.
Afterwards, the components failure probability and
reliability can be estimated employing either

experimental models or Monte-Carlo simulations. In this
study, an experimental model [29] is used for estimating
the capacitor lifetime. Furthermore, the reliability of
active switches is estimated by applying Monte-Carlo
simulations and an empirical lifetime model.

A. Electro-thermal stress mapping
State-of-the-art lifetime models of a device are based
on the thermo-mechanical behavior of its materials.

Therefore, the electrical loading of a device should be
translated into a thermal stress such as hot-spot or
junction temperature. The electro-thermal models of
capacitor, diode, and IGBT are shown in Fig. 7(a), (b)
and (c) respectively. In this study, the Foster model is
employed as it is given in the component’s datasheet.
Furthermore, the heatsink temperature is assumed to be
constant and 20°C higher than the ambient temperature.

In order to carry out the electro-thermal stress
mapping, each converter is simulated individually under
different loading conditions and ambient temperature.
Afterwards, the hot-spot temperature of capacitor, T,
junction temperature of diode, Tjp and junction
temperature of IGBT, Tj.o are summarized in a look-up
tables as shown in Fig. 7(d). In the next step, power flow
program is employed to find out the annual loading
profile of converters (lc.) according to the energy
management strategy and mission profiles (I, Ta, lioad)
as shown in Fig. 8(a). Therefore, the annual profile of
capacitor hot-spot temperature, diode and IGBT junction
temperatures are found by employing the look-up tables
established for each converter. These temperatures are
utilized to predict the reliability of the components as
explained in the following.
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B. Capacitor reliability modeling

According to [30], [31], the lifetime model of
electrolytic capacitors depends on the operating voltage
and hot-spot temperature as:

% VD il

L=L2 ™ G )
where L; and L, are the lifetime under rated and operating
conditions, Ty, T, are the rated and operating hot-spot
temperatures, and V, V, are the rated and operating
voltages. The constant exponents of n; and n, can be
obtained from [31], which in this paper are n; = 10 and n;
= 4.2. The consumed lifetime (CL) of an individual
capacitor during a year is expressed as:

N N
cL=y-t - k 0

T Ty
Lok k= —= vV

L.2 M (k)™M
2 G

where ti is the duration of operation under the operating
temperature, Tox, and voltage Vo is the ki sample of the
mission profile. The reciprocal of CL presents the
lifetime of the capacitor under a given mission profile. In
order to obtain the failure density function, several
capacitors can be tested applying a target mission profile.
This procedure is time consuming and the reliability data
cannot be applied for other mission profiles, and
therefore, the lifetime estimation can be performed by
testing some capacitors under a rated voltage, a ripple
current and an upper category temperature. These results
can be used for estimating the failure density function of
similar capacitors with a same technology, rated lifetime,
and upper category temperature.

For instance, in this study, the reliability test data for
an electrolytic capacitor (56 pF, 35 V) with a rated
lifetime of 5.000 hr and an upper category temperature of
105 °C provided by [29] are employed. In this test, nine
capacitors were tested and the normalized capacitance of
them are summarized in Fig. 9(a). The end of life
criterion of the individual capacitor is when its
capacitance drops by 20% to its initial value. The failure
probability distribution function for these test results are
shown in Fig. 9(b) which is fitted by the Weibull
distribution function with a 50% confidence level [29] as:

QW =1- exp[—(;jﬂ] 3)

where o and g are the scale and shape factors. The shape
factor g depends on the failure mechanisms and material
characteristics of capacitors and it is not affected by the
operating condition. Hence, for different mission
profiles, the capacitors with a same materials will have a
same shape factor equal to 5.12 [29]. However, the scale
factor depends on the operating condition and it is equal
to a time when the accumulated failure probability
distribution reaches 0.63. In order to estimate o by
employing test data for a desired mission profile, the By
lifetime can be calculated by the reciprocal of CL in (2)
for different By rated lifetime L, provided in Fig. 9(b).
Thereafter, the By lifetime data is fitted by the Weibull
distribution function to find out a and g, where g is equal
to 5.12 as mentioned before. Therefore, the capacitor
unreliability function can be expressed by the Weibull
distribution function with the calculated o and g. Finally,
it is assumed that the converter malfunctions if one of the
capacitors fails. Therefore, the reliability of the capacitor
bank can be obtained by a series reliability network
model as:

NC
Re =] [Rewi 4)
k=1

in which Rc being the reliability of capacitor bank, Rc is
the reliability of individual capacitor, and Nc is the

number of capacitors. The capacitor reliability
calculation procedure is illustrated in Fig. 8(b).
C. Power semiconductor switches reliability
modeling

The main dominant failure mechanisms on the power
switches are solder joint fatigue and bond-wire
cracking/lift off. The number of cycles to failure (N«) due
to the solder joint failure is related to the case
temperature variation A7; which can be calculate by (5),
where K and y being the curve fitting parameters.

N fs — K- ATCV (5)

Furthermore, following power cycling tests provided in
[32], the lifetime of semiconductor switches, IGBT and
diode, depends on a minimum (/for mean) junction
temperature, temperature swing and its heating time. The
empirical lifetime model presented in [32] illustrates the
number of cycles to failure, N, as:

N, = A (AT )% -exp(——Lr ) 18
(= AT el ) (6)

j.min
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where Tjmin is the minimum junction temperature, AT is
the junction temperature swing, ton is the heating time of
the power cycling. Moreover, the constants A, f1 , 2, and
£33 can be obtained according to test data provided in [32].
Furthermore, power cycles with a heating time below 60
seconds highly contribute to the bond wire wear out,
hence, the number of cycles to failure for different to, is
modeled as [33]:

2.25, t, <0.1s
N t -0.3
(tn) (Lj , 0.1s <t,, <60s ()
N,(15) 15
0.33, t,, >60s

! on

Following Fig. 8(c), the annual junction temperature
of IGBT and diode should be decomposed and classified
by a cycle counting methods, for example using the rain-
flow algorithm, into h classes in order to obtain the
number of cycles of Nn, minimum temperature, Tjmin-h,
temperature swing A7 and heating time ton.n for h®
class. The number of cycles to failure for class h, N¢.p, is
found by substituting Tjmin-h, 47jn and tonn into (6) and
(7). Therefore, the damage of class h, Dy, on the device is
calculated by:

N
D, :Nih . 8

f-h

Consequently, according to the Miner’s rule, the annual
accumulated damage (AD) linearly depends on the
individual damage of each temperature cycle and can be
expressed as AD = > Dy. Following [4], the accumulated
damage, heating time, number of cycles and minimum
and swing temperature values should be translated into
static values with the same damage effect on the device.
The reciprocal of this accumulated damage presents the
lifetime of the device. However, in practice, the lifetime
model parameters as well as the device electrical and
thermal parameters are not constant and should have a
distribution due to the manufacturing, operational and
model uncertainties. In this study, 90% confidence level
for model parameters A, Bi, B2, and Bz and operating
parameters Timin, 4T} , and ton are considered in order to
obtain the lifetime of each devices. Afterwards, a
population of 10,000 power switches is employed in
Monte-Carlo simulation in order to obtain the failure
density function, and cumulative distribution function,
also called unreliability function, for each device.
Finally, the converter failure occurs if one of the switches
fails. Hence, according to series reliability network
modeling, the reliability of IGBTs and diodes can be
obtained by multiplying the reliability of individual
device as:

Rq :HRQ—k' Ry :HRD—k 9)
K

where Rg and Rp are the reliability of IGBT and Diode,
Ng and Np are the number of IGBTs and diodes of the
converter.

D. Converter reliability calculation
The converter reliability depends on the reliability of
each components, and any component (e.g., diode, and/or
IGBT, and/or capacitor) malfunction causes converter
failure. Hence, following reliability network model, the
converter reliability is defined as a series connection of

individual components as. Therefore, the total converter
reliability (Rr) is equal to:

R =R. xRy xR, - (10)
Notably, the unreliability function is the complementary
of Rr. The predicted unreliability function in this paper is
attributed to the accumulated failure probability due to
the wear out of converter hardware, i.e, its fragile
components, while other failure sources such as random
failures and software malfunction are not considered in
this paper.

IV. RELIABILITY ESTIMATION — NUMERICAL
ANALYSIS

In this section, the accumulated probability of the
converters due to the wear out of IGBTS, diodes and
capacitors, here called unreliability, is shown in Fig. 1.
Converters wear out probability is estimated under
mission profiles of Arizona and Denmark with the load
profiles of a small clinic and an apartment. The obtained
results are discussed in the following. Moreover, the
impact of switching scheme on the FCS reliability is
explained subsequently.

A. Impact of mission profiles

Impact of environmental conditions — 1: According
to Fig. 10, the very first observation that can be made is
that the converters operating in Denmark are more
reliable than in Arizona as shown in Fig. 10 for both
types of loads. This is due to the higher solar energy
potential in Arizona as shown in Fig. 3, which directly
affects the loading of PV converters. Furthermore, it
induces more power cycles to the other converters and
consequently reducing their reliability as well. Moreover,
the high ambient temperature in Arizona increases the
thermal damages of the converters’ components.
Therefore, the climate condition affects the reliability of
converters operating in a microgrid and it must be taken
into account during design and planning procedure.

Impact of environmental conditions — 2: The output
capacitor banks have a dominant impact on the reliability
of the battery and FCS converters. However, in
Denmark, the PV converter reliability is limited by the
active switches, such as IGBTs and afterwards, diodes,
while for the PV converter in Arizona, the capacitor bank
still has the dominant influence. In order to investigate
the reason behind this behavior, the annual accumulated
damage on the IGBT, diode and capacitor bank of the PV
converter under given mission profiles are reported in
Fig. 11(a). As it can be seen, the damage of the capacitor
bank is almost ten times the IGBT in Arizona, while the
IGBT and Diode damages are negligible. However, in
Denmark, the capacitor bank damage is small and
comparable with the IGBT and diode damages. This is
due to the fact that the annual converted power by PV,
and consequently, the loading of the capacitor bank in
Denmark is lower than in Arizona according to Fig. 3
and Table IIl. Meanwhile, the PV converter has
encountered more power cycles (current swings) under
Denmark mission profile than Arizona as shown in Fig.
11(b). Hence, the IGBT and diode damages in the case of
the Denmark mission profile is high. Therefore, the
active switches have a significant impact on the PV
converter reliability in Denmark, while the capacitor
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bank is limiting its reliability in Arizona. Moreover,
according to Fig. 11(a), the total damage of the PV
converter under the Denmark mission profile is quite
lower than its damage under Arizona mission profile,
implying a better reliability for the PV converter in
Denmark rather than in Arizona as shown in Fig. 10.
Impact of operational conditions — 1: The reliability
of the battery converter in clinic load is better than the
apartment load as shown in Fig. 10. Following Fig. 5 and
Fig. 6, the peak of the clinic load occurs concurrent with
the sunny hours, while the peak of the apartment load
happens in the morning and evening when there is no
solar power. Hence, following the energy management
strategy, the loading of the battery converter in the case
of apartment is higher than in the clinic as reported in
Table Ill. This fact is due to the daily peak load
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characteristics, and it can be improved by demand side
management or peak shaving if it is possible.

Impact of operational conditions — 2: Furthermore,
the FCS converter reliability in clinic load is less than the
apartment load as shown in Fig. 10. According to the
energy management strategy, the FCS converter has to
supply the mismatch energy between the PV and the
load. Comparing the annual load profiles shown in Fig. 4,
the annual peak load duration in the clinic is almost 6
months, while it is 3 months for apartment. Furthermore,
the annual energy of clinic load is 1.4 times of the
apartment load as reported in Table Ill. Considering the
same rating for FCS converter, which is sized based on
annual peak load of 13 A, its higher loading in clinic load
reduces corresponding reliability.
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Fig. 10. Accumulated failure probability of converters due to the wear out of IGBTS, diodes, and capacitors function of converters within their
useful lifetime; (a) Case I: Clinic load in Arizona, (b) Case II: Apartment load in Arizona, (c) Case IlI: Clinic load in Denmark, (d) Case IV:
Apartment load in Denmark — PV: Photo-Voltaic, BT: Battery, FC: Fuel Cell.
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Fig. 11. PV converter damage analysis; (a) Annual damage on the converter components and (b) power cycling (current swing) on the converter
under mission profiles of Arizona and Denmark.

B. Impact of system architecture

Impact of energy resources: As already mentioned,
the system architecture is one of the affecting factors on
the converter reliability. In this study a dc microgrid with
one dispatchable unit, FCS, one non-dispatchable unit,
PV and storage system is considered as shown in Fig. 1.
Therefore, three different kinds of energy resources are
employed. According to the energy management system,
the PV converter is operated in MPPT mode, and hence it
experiences any stresses induced by PV arrays. However,
the FCS and battery are almost constant DC sources;
hence, the thermal stress on these converters comes from
PV and load. Even though the FCS converter has more
components, the PV converter has the least reliability.
Therefore, this clearly highlights the converter reliability
dependency on the energy resources.

Impact of application (load): Furthermore, utilizing
of the considered DC microgrid for a clinic application
has different reliability characteristics compared to an
apartment application. As shown in Fig. 10, the battery
converter reliability in clinic load is better than apartment
load. Meanwhile, the FCS converter has higher reliability
in apartment load application. However, the reliability of
battery and FCS converters in Arizona is almost 0.999.
As the clinic is a very sensitive load, the reliability of
these converters should be redesigned to enhance its
reliability. Moreover, the PV converter reliability may be
not acceptable for clinic application in Arizona, where it
is 0.99 within a 10-year operation. Therefore,
application-specific analysis identifies the weakest
converters in the system level, which should be improved
to reach a desired level of reliability.

C. Impact of control level

Impact of switching scheme on FCS converter
reliability: As already discussed, employing the proposed
switching scheme can decrease the capacitor ripple
currents in FCS converter FFIBC. The current waveform
of inductors and the up-stage (phase 1 and 2) capacitor
bank of the FFIBC, with the regular and proposed
switching schemes are shown in Fig. 13 at a full load
condition. As a result, the RMS value of the capacitor
ripple current at full load condition can be decreased by
15% and consequently improving the reliability of the
capacitors and the converter. For instance, the reliability
of the FCS converter under regular and proposed
switching scheme supplying the clinic load in both
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regions is shown in Fig. 12 implying a notable
enhancement of the overall converter reliability. As it can
be seen from Fig. 12, employing the proposed switching
scheme will decrease the FCS converter unreliability
from 6.6E-3 to 1.2E-3 for the Arizona mission profile
and from 4E-3 to 3E-5 for the Denmark mission profile.
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Fig. 13. Effect of switching pattern in the capacitor ripple current.
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Fig. 12.  Unreliability of FCS converter under different
switching schemes suppling the clinic load.
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V. CONCLUSION

This paper has explored the impact of mission profile,
control strategy, and operation interaction among
multiple connected converters with different applications.
As a result, it provides deeper system-level insight into
design, operation and planning of modern power systems
for reliability assessment and risk management.

According to the analysis, mission profiles have the
significant impact on the power converter reliability. For
instance, the PV converter unreliability in Arizona is
almost 200 times of that in Denmark. Furthermore, the
load profile characteristics affects the loading and
consequently the reliability of the converters. As an
example, the battery converter unreliability under
apartment load is almost 2~3 times of that under the
clinic load.

Another factor affecting the converter reliability is its
application and topology. The PV converter has the
lowest reliability since it experiences the whole solar
irradiance and ambient temperature fluctuations. While
the thermal stress induced by PV power and load profile
is shared between the battery and fuel cell converters.
According to the analysis, under given operating
conditions, the PV converter unreliability is almost 2~10
times of other converters.

Furthermore, depending on the application and
mission profiles, different components may play a major
role on the converter lifetime. The obtained results show
that the PV converter reliability in Arizona is limited by
the capacitors while the semiconductor devices have the
dominant impact on its reliability in Denmark.
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