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Abstract—This paper investigates and quantifies the
consequences of ignoring power converter failures in the
system-level design of microgrids. To achieve this goal, the
process of converter-level reliability modeling, calculating the
availability, and finally obtaining the system-level reliability
indices are explained. A model-based and mission profile-based
system-level design methodology has been used, which considers
both reliability and cost. Further, the methodology has been
implemented in a case study, once considering and once ignoring
the power electronic failures. Accordingly, it has been shown
that ignoring the converter failures can lead to an unreliable
system-level design and jeopardizes its cost-effectiveness in the
long run.

Keywords—Reliability, Adequacy, Microgrid Design, Power
Electronic Failures, Power Systems

L INTRODUCTION

Nowadays, more renewable energies are being integrated
into the electrical power grid, which requires an extensive use
of Power Electronic (PE) converters. Consequently, due to the
intermittent nature of renewables as well as the failures of the
power converters, the reliability of the modern power grids
and microgrids faces different challenges compared to those
of the conventional grid [1]. Therefore, to ensure the modern
grid reliability, an adequate system-level design is crucial. In
other words, enough generation and storage resources must be
considered in the design phase to guarantee that the system
will keep its acceptable reliability over time. As categorized
in [2], various methods exist for planning and optimizing the
distributed generation resources and microgrids. Typically,
for the system-level design and when calculating the number
of required resources, only the uncertainty of renewable
generation is considered, and the PE failures are ignored. In
this regard, in [3], a data-driven approach based on the K-
means algorithm has been used to design the microgrids,
considering the limitations in electricity exchange. Similarly,
[4] uses a Mixed Integer Linear Programming (MILP)
approach to size the PhotoVoltaic (PV) and Battery Storage
System (BSS) units in a microgrid. Notably, both the
reliability and economic model of the aforementioned
microgrid have been developed and plugged into the MILP.
Likewise, [5] uses a multi-objective optimization method
based on a genetic algorithm to design active distribution
networks considering the reliability and cost. The multi-
objective programming has also been used in [6] to find the
optimal design of microgrids to minimize the cost while
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maximizing the reliability. In [7], a method has been
developed for the optimal design of off-grid microgrids with
a focus on reliability and N-1 criterion. Also, in [8], a method
has been presented based on a multi-scenario technique and
using bilevel programming to plan the distribution networks
with distributed generation. Notably, the uncertainty of
generation is tackled by considering a mix of probabilistic and
time series approaches. In [9], a method has been proposed for
the optimal sizing of residential microgrids to minimize the
costs by considering the model predictive control for dispatch.
Likewise, [10] proposes a cost-based framework to determine
the size and generation mix of renewable resources with
respect to converter efficiencies and the growing ratio of DC
loads. However, none of these works have considered the PE
failures and studied their influence on the robustness of the
proposed system-level design methodologies. On the other
hand, PE failures and converter aging will result in
degradation of the system performance over time. This can
eventually make the system unreliable in the long run, if not
taken into account in the design phase [11]. Also, due to the
costs associated with unreliability, system operating costs will
increase over time. In contrast, if the system is overdesigned
and more resources are used than what actually is needed, the
investment cost increases unnecessarily, and the design would
not be cost-effective. Hence, ignoring the power converter
failures or using an unrealistic reliability model for them will
introduce errors to the system-level design, which in turn, can
cause unreliability over time (due to the inadequate system
design) or lead to economic losses (due to the overdesign of
the system and the cost of interrupted energy).

Therefore, this paper studies the influence of power
converter failures on the system-level design of a modern
power grid. For demonstration, this paper will determine the
adequate number of PhotoVoltaic (PV) and Wind Turbine
(WT) units needed for a reliable system design, considering
both PE failures and generation uncertainties. Therefore, first,
the process of converter-level reliability modeling as well as
calculating the converter availability will be explained. Then,
this information will be used together with modeling the
uncertainty of renewable generation to calculate the system-
level reliability indices. Next, these indices will be used to
quantify not only the system-level reliability but also the
economic consequences of unreliability. Finally, the system-
level reliability and cost will be used as the decision variables
to determine the required number of PV and WT units based
on the reliability-cost-based framework. Further, for a case
study, the system-level design will be done, once considering
the PE converter aging and once neglecting that, where the
impact of mission profiles will be considered too. Finally, the



performance of these two design cases will be evaluated and
compared with each other in terms of reliability and costs to
investigate how ignoring the PE failures influences the
adequacy of the system-level design.

II. SYSTEM-LEVEL DESIGN METHODOLOGY

The process of obtaining the system-level reliability
indices for a microgrid is shown in Fig. 1, where the first step
is modeling the converter-level reliability. PE converter
system failures can be classified into wear-out and random-
chance failures. The wear-out failures can be modeled
according to Fig. 2 [12]. First, the mission profiles (loadings)
must be translated into the component stressors. Since the
temperature and its cycling are the main stressors of PE
components [13], in the wear-out modeling only the
temperature is considered. The translation of the mission
profiles to the temperature can be done by using the electro-
thermal models. In other words, first, the power losses must
be calculated by using the electrical models, and then the
power losses should be mapped into the temperature of
reliability-critical components. Next, the rainflow counting
algorithm must be used to classify the temperature profile into
several cycles, which determines the stress on the component
(i.e., intensity and duration of the cycles). Subsequently, the
component lifetime model (which determines the strength of
the component) together with the component stress is input to
the Miner's rule to calculate the Damage of the component.
Due to small differences during the manufacturing processes,
no two components are exactly the same, and thus, some
uncertainties are introduced here. So, by using the Monte
Carlo simulation, this Damage variation is transformed into a
probability distribution (i.e., a Probability Density Function
(PDF)) to account for these uncertainties. Finally, when the
process is done for all the reliability-critical components and
their Damage distributions are obtained, the converter-level
reliability, R(#), can be calculated by using the Reliability
Block Diagram approach (RBD) [14].

It is worth mentioning that wear-out failures have their
roots in the accumulated damage over time and originate from
the inside of the components. On the other hand, random-
chance failures originate from external sources such as the
converter failure, e.g., due to lightning. This type of failure can
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Fig. 1. Obtaining the system-level reliability indices for a microgrid
(SI: solar irradiance profile, WS: wind speed profile, P;: load power
profile, Pconverter: output power profile of power converters, LOLE:
Loss Of Load Expectations, and EENS: Expected Energy Not
Supplied).
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Fig. 2. Power electronic converter reliability modeling process
(converter reliability modeling block in Fig. 1).

be modeled with a constant failure rate, 4, which can be
obtained from the field data [16].

For each converter, the random-chance failure rate, A,
together with the converter repair rate, x4, and the converter-
level wear-out reliability, R(?), are needed. This information is
used to calculate the availability of each converter, A(%),
according to the algorithm shown in Fig. 3, where Af is the
time step, N, is the number of time points, and f{¢) = -dR(¢)/dt.
This algorithm is based on the method explained in [17],
where more details for the implementation of it have been
provided. Afterward, the system-level reliability indices are to
be calculated based on the block diagram shown in Fig. 1. The
availability of each converter, together with the system state,
which is calculated based on the state enumeration technique
[18], will then be used to calculate the state probabilities, Pr.
In addition, as shown in Fig. 1, mission profiles (solar
irradiance profile, wind speed profiles) are given to the
performance model of the microgrid (which includes
modeling of PV, WT, and BSS) to calculate how much power
is available at any given moment. Eventually, the available
power profiles, Peonverrer, as well as load profiles , P, and state
probabilities, Pr, are convolved over time to calculate the
system-level reliability indices, i.e., the LOLE and EENS.
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Fig. 3. Algorithm for converter availability modeling block in Fig. 1.
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Fig. 4. Reliability-cost-based system-level design methodology (Npy:
number of photovoltaic units, Ny7: number of wind turbine units,
LOLE: loss of load expectation, EENS: expected energy not supplied,
A: random-chance failure rate, 4: repair rate, R: converter wear-out
reliability, OF objective function, CT: constraint, and the system-
level reliability assessment framework was shown in Fig. 1).

The LOLE is a prediction of the annual interruption
duration, which must be lower than a certain value (typically,
4 [hr/yr] < LOLEuee < 8 [hr/yr]) decided by the policy-
makers. Therefore, in order to have a reliable system design,
the condition LOLE < LOLE . must be met at any given
time. Similarly, EENS is a prediction of the amount of energy
interrupted annually. Notably, this index can be translated into
monetary values and used for economic studies by using the
concept of VoLL (Value of the Lost Load) [19], which
indicates the cost associated with the interruption of each unit
of energy, and it is typically multiple times of the energy
price. In other words, the EENS determines how much energy
will be interrupted due to unreliability, and the VoLL
determines the monetary value of the interrupted energy.

In this paper, it is assumed that PV units and WTs have
already been designed at the converter level with a given rated
power. However, at the system-level design, it should be
decide how many PV units (Npy) and WTs (Nyr) must be used.
To make this decision, this paper models the problem as an
optimization problem, where Npy and Nyr are decision
variables, and the accumulated cost at the end of the planning
horizon is the "objective function", OF, whereas the system-
level reliability is a "constraint", C7. A block diagram of the
problem has been shown in Fig. 4. Two costs are considered
in this case, the cost of investment and the cost of unreliability.
The cost of investment can be calculated as a product of the
cost of each unit (Cpy and Cyr) and the number of units (Npy
and Npyr). Similarly, as explained before, the cost of
unreliability can be obtained by multiplying the EENS and
VoLL. Therefore, the objective function can be defined as the
accumulated costs at the end of the planning horizon, Tpy,
which can be written as

Tru
OF =N,,C,, +N,,C,, + VoLL.Z EENS(y) (1)
y=1
Also, to check whether the optimal solution meets the
constraint conditions (i.e., required reliability target), the
following equation can be used
c {0 , LOLE > LOLE,

target

1 , LOLELLOLE 2)

target

When CT = 1, the solution meets the reliability
requirements and therefore is acceptable (and vice versa).

Since the developed models (shown in Fig. 1 to Fig. 4) are
fast, different combinations of Npy and Nyr can evaluated to

check which solution yields the best results. By using the
methodology explained above and is shown in Fig. 4, the
corresponding OF and CT are calculated. Finally, the optimal
solution is the one that has the minimum OF and, at the same
time, its CT = 1.

III.  RESULTS AND DISCUSSION

In this section, the consequences of ignoring power
converter aging on the system-level design will be
investigated by analyzing a case study. The goal of the case
study is to determine the number of PV and WT units Npy and
Nyr(as shown in Fig. 5) that are required to ensure the system
reliability within a 10-year planning horizon, i.e., Tpy = 10
[yr]. It is assumed that the PV units and WT units are already
designed at the converter level, and their power ratings are
assumed to be 7 and 5.5 [kW], respectively. The power
converters used in this study for PV and WT systems are
shown in Fig. 6 and Fig. 7, respectively. Additionally, the
corresponding parameters for these converters are presented
in Table I. Also, grid parameters are provided in Table II.
Moreover, a battery storage unit is assumed with a fixed power
rating and storage capacity, which are 51 [kW] and 5.5
[MWh], respectively. Also, the price of units are Cpy = 7952
[$] and Cyr = 7233 [$], while and the VoLL = 42 [$/kWh]
[20], [21]. It is also worth mentioning that power
semiconductors and capacitors are considered as reliability-
critical components for this study.

Furthermore, Fig. 8 shows the mission profiles (yearly
profile of solar irradiance and wind speed profiles) used for
the first case study, whose location is Aalborg, Denmark.
Also, the ambient temperature has been used for the converter-
level wear-out modeling.
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Fig. 5. Overall schematic of the case study.
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Fig. 6. Schematic of the PhotoVoltaic (PV) system used for case
studies.

Back-to-Back Converter

Fig. 7. Schematic of the Wind Turbine (WT) system used for case
studies.



TABLE I. CONVERTER PARAMETERS FOR THE PHOTOVOLTAIC (PV)
AND WIND TURBINE (WT) SYSTEM SHOWN IN FIG. 6 AND FIG. 7

Parameter Va.lue for PV Value for WT
inverter converter

Output power 7 (kW) 5.5 (kW)
Ve 800 (V) 500 (V)
Sow 2500 (Hz) 10000 (Hz)
Ly 3.5 (mH) 1.5 (mH)
Ly 0.5 (mH) -
G 22 (uF) -
R, - 0.1(Q)

TABLE II. GRID PARAMETERS FOR THE CASE STUDY

Parameter Value
Ve 230 (V)
fe 50 (Hz)
R, 0.5 ()

According to the method explained in section II, the
optimal (Npy , Nyr) has been found for two cases, where case
I ignores the power converter aging while case II considers it.
In this regard, Fig. 9(a) shows the objective function, OF, for
case I, where the value of CT has also been shown. From the
above method and from Fig. 9(a), the optimal values for case
I are (Npy="1, Nyr=8). Similarly, Fig. 9(b) shows the OF for
case Il where PE converter aging is taken into account. As Fig.
9(b) shows, the optimal point for (Npy , Nir) changes in this
case and more generation resources are needed. As a result,
when the PE converter aging is considered, the optimal
solution will be (Npy = 10, Nyr = 15). This is reasonable
because, in this case, the degradation of the system-level
performance due to converter aging is considered. Therefore,
to compensate for it in the long run, more generation resources
must be used in the system (design margin). Notably, by using
the design method proposed in this paper, this margin can be
calculated effectively.

Now for these two different system designs, that is (Npy =
7, Nyr=8) for case I and (Npy = 10, Nyr= 15) for case II, the
values of LOLE and OF are calculated for a 10-year planning
horizon. The value of LOLE for these two cases in addition to
the LOLE g are shown in Fig. 10(a). As Fig. 10(a) shows, at
the beginning of the planning horizon where the converters are
new, both cases meet the LOLE ¢ requirements (i.e., LOLE
< LOLE!age). However, at the end of the planning horizon, for
case [ (where the system was designed without considering PE
converter aging), the LOLE exceeds the required level. In
other words, even though the system performance is
acceptable when it is new, the system violates its reliability
requirements after a few years, due to the aging of power
converters and the increased failure rate. In contrast, since
more resources have been used for the case II design, even
though the system performance degrades over time due to
converter aging and even though the LOLE increases, the
LOLE will still remain below the required level even at the
end of the planning horizon.

Also, Fig. 10(b) shows the accumulated costs over time
within the planning horizon. As it can be seen from Fig. 10(b),
at the beginning of the planning horizon, where the converters
are new, case | seems more cost-effective because fewer units
are used in the design, and therefore less investment cost has
been expended. Nevertheless, as the converters age, the EENS
increases and the system becomes more unreliable.

1 2 3 4 5 6 7 8 9 10 11 12
Time [months]

(2)

Wind Speed [m/s]

1 2 3 4 5 6 7 8 9 10 11 12

Time [months]
(®)

Fig. 8. Aalborg mission profiles: (a) yearly profile of solar irradiance
and (b) yearly profile of wind speed.
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Fig. 9. Variation of the objective function, OF, in terms of the number
of PV and WT units (Npy , Nyr) given Aalborg mission profiles, where
CT shows whether the constraint is met or not: (a) case I ignoring PE
failures, and (b) case I considering PE failures

Accordingly, the cost of unreliability increases over time such
that, at the end of the planning horizon, the total cost in case I
overtakes that of case II. This means that in the long run, case
IT would be more cost-effective compared to case 1.

To study the effect of mission profiles on the robustness of
the system-level design, a new set of mission profiles will be
studied hereafter. These mission profiles are shown in Fig. 11
and are related to a location is Las Vegas, NV [22]. A similar
process will be repeated given these new profiles to study the
effect of mission profiles and generation uncertainty on the
reliability and cost-effectiveness of the system-level design.

Similar to the previous study, two cases will be
investigated with the new mission profiles, where case I
ignores the power converter aging while case II considers it.
In this regard, Fig. 12(a) shows the objective function, OF, for
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Fig. 10. Comparison of case I and case II designs using Aalborg
mission profiles: (a) system-level reliability by comparing the LOLE
over time, and (b) cost-effectiveness by comparing the OF showing
the accumulated costs over time.

case I, where the value of CT has also been shown. From the
above method and from Fig. 12(a), the optimal values for case
I are (Npy =9, Nwr = 0). Similarly, Fig. 12(b) shows the OF
for case Il where PE converter aging is taken into account. In
case I, the optimal values are (Npy = 12, Nyr = 3). As it can
be confirmed by these results, even with the new set of
mission profiles, more generation resources must be
considered in the design phase when the PE failure are taken
into account. It is reasonable to consider some design margin
at the beginning to avoid unreliability due to PE failures and
costs associated with it in the long run. Notably, the method
proposed in this paper, enables quantifying this margin.

Furthermore, for case I that is (Npy =9, Nyr=0) and for
case II and (Npy = 12, Nyr=3), the values of LOLE and OF
are calculated for the 10-year planning horizon. The value of
LOLE for these two cases in addition to the LOLE g are
shown in Fig. 13(a). From Fig. 13(a), it can be seen that at the
beginning of the planning horizon where the converters are
new, both cases meet the LOLE 4. requirements (i.e., LOLE
< LOLE 44e1)- Nevertheless, at the end of the planning horizon,
for case I, the LOLE exceeds the required level. As a result, if
PE failures are not considered in the design phase, the system
would not be able to meet its reliability standards in the long
run. Further, as shown in Fig. 13(b), at the end of the planning
horizon, the total accumulated costs in case I (ignoring PE
failures) will exceed that of case II (considering PE failures.
In other words, case II design will be more cost-effective in
the long-term since its running costs will be lower due to a
lower cost of unreliability.

Since the proposed method in this paper is mission profile-
based, it is possible to study the influence of mission profiles
and generation uncertainty on the system-level design. For
example, it can be seen that, for the designs based on Aalborg
mission profiles (Fig. 8) the share of WTs is considerable,
while in the designs based on Las Vegas' mission profile, the
optimal design is PV-dominated. This is also reasonable
because in Aalborg, Denmark there is an abundance in the
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Fig. 11. Las Vegas mission profiles: (a) yearly profile of solar
irradiance and (b) yearly profile of wind speed [22].
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Fig. 12. Variation of the objective function, OF, in terms of the
number of PV and WT units (NPV , NWT) given Las Vegas mission
profiles, where CT shows whether the constraint is met or not: (a) case
T ignoring PE failures, and (b) case II considering PE failures.

wind resources compared to solar resources. In contrast, in Las
Vegas, NV, the solar resources are copious. As a result, the
optimal design for these two locations is different, which can
be quantified by using the model-based and mission-profile-
based approach proposed in the paper.

It can be concluded from Fig. 10(a) and Fig. 13(a),
designing the system without considering the PE converter
aging will cause unreliability in the long run, although it might
seem fine at the beginning of the system operation. Likewise,
from Fig. 10(b) and Fig. 13(b) it can be understood that
ignoring the PE converter failures can also lead to economic
losses in the long run and challenge the cost-effectiveness of
the design due to the cost of energy not supplied and the VoLL.
Further, the mission profiles and generation uncertainties
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mission profiles: (a) system-level reliability by comparing the LOLE
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seriously influence the system-level design, which can be
incorporated by using the method proposed in this paper.

IV. CONCLUSION

Failure of power converters is typically ignored when
designing renewable-based grids or microgrids at the system
level. However, due to the converter aging and the subsequent
degradation of system performance, the system may face
challenges in terms of reliability as time passes. Hence, this
paper aims to study and quantify the impact of power
converter aging on the robustness of the system-level design
of the microgrids. To do so, first, the process of reliability
modeling of PE converters has been explained. Then, a
method has been presented to calculate the converter
availability accordingly. Subsequently, the availabilities are
combined with the uncertainty of renewable generation to
calculate the system-level reliability indices EENS and LOLE.
Then, the system has been designed according to these indices
by using a reliability-cost-based approach. By using this
approach, the system has been designed once considering and
once ignoring PE converters' failures. Next, the performance
of the two design cases has been compared in terms of
reliability and cost-effectiveness. It was shown that when
ignoring PE converter's aging, the system unreliability can
increase to the extent that it might surpass the allowed level.
However, if the converter failures and aging are considered at
the design phase, this unacceptable unreliability at the end of
the planning horizon can be prevented by considering some
design margin at the beginning. Notably, the value of this
design margin can be calculated by using the method proposed
in this paper. Also, since the system becomes more unreliable
over time and the energy not supplied increases, the
consequent economic losses (cost of unreliability) jeopardize
the cost-effectiveness of the system design. Moreover, since
the method presented in this paper is mission profile-based,
the mission profiles can be incorporated into the system-level
design and their impact can be studied quantitatively.
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