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Abstract—Reliability is of importance for operation mainte-
nance and cost reduction in power electronics and systems. Based
on the reliability models of power devices, reliability-oriented
power sharing in microgrids enforces the redistribution of power
among converters to prolong the lifetime of the entire system, and
droop control is typically used herein. However, this could affect
the system stability, which contradicts the prerequisite of secure
operation. In light of the above, this article is aimed to reveal this
limitation of reliability-oriented droop control and emphasize its
impact on system stability. Accordingly, a framework of stability-
constrained reliability-oriented droop control is proposed, together
with solutions that can help to enhance the stability. With this, the
reliability of the system could be further improved without violating
the stability criteria. Moreover, experimental tests and long-term
reliability evaluations are included, which demonstrates that the
aforementioned issues can be effectively addressed alongside with
the proposed framework and solutions.

Index Terms—AC microgrids, droop control, power distribution,
power electronic systems, reliability, stability.

I. INTRODUCTION

THE development of power electronics is benefiting indus-
trial applications and the utilization of renewable energy

sources (RESs) [1], [2]. In practice, electrical or thermal stresses
are seen as the main causes of degradation and possible failures
of the devices in systems. As a result, the functionability of the
entire system may be influenced, and additional economic costs
are required for maintenance [3]. The issue becomes significant,
especially when the RES with various mission profiles are highly
penetrating into the system. This may contribute much to extra
stresses on components [3].

Reliability of power electronics and systems is consequently
attracting much attention. Reliability indicates the ability that a
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component or system is functioning well as per the requirements
[4], which are normally used to plan the maintenance and achieve
lower economic costs [5]. The reliability of devices or systems
can be measured by the probability of failures (unreliability), or
the estimated length of time before a failure appears (lifetime).
There are mathematical approaches in reliability engineering
like [6] and [7], but in the field of power electronics, much
emphasis has been put on the failure mechanisms, so that the
reliability can be improved in a more targeted way [8].

Based on this, the reliability of power electronic systems
is thereby derived considering the functional relationship of
the components inside it [9], [10], wherein reliability-oriented
design and power sharing are proposed to prolong the lifetime
of the entire system considering all components. In power
electronic converters, the stresses on the components are redis-
tributed [11], while in multi-converter systems like microgrids,
secondary or in certain cases tertiary controllers are normally
used to plan the power sharing among the converters [12], [13],
[14]. The basic rule is that more fragile parts or the parts with
shorter lifetime should undertake less stresses.

However, system stability is often not considered for analysis
as reliability analysis is normally performed in long timescale
with probabilistic approaches. Stability is the ability of a system
to reach a steady state after a disturbance [15], and reflects if
the system can operate securely, e.g., without abnormal oscil-
lations or power outage. There are mainly two stability mod-
eling approaches: state-space-based [16] and impedance-based
approaches [17], [18], which have been compared and quanti-
tatively mapped in [19]. A system can become unstable when
there is, e.g., a mismatch in system parameters, a sudden fault,
or a power disturbance beyond the adjustability of the system
[15], [20].

In the literature, the studied systems are always assumed to be
stable throughout its entire lifetime. For example, the frequency
and voltage limits are not considered when designing the power
flow in [21], and the control parameters in the reliability-oriented
power sharing in [13] are adjusted only considering the accu-
mulated damage in the devices. Though stability corresponds
to a smaller timescale, it is a necessity for systems to function
well in the long term, and instability issues are not negligible
herein, which is not addressed in the literature. It is thereby
of significance to integrate the stability analysis into reliability
evaluations in order to formalize the reliability-oriented design
with more stability constraints for both reliable and secure power
supply.
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Therefore, this article is aimed to look into this issue and
emphasize the role of stability in the reliable operation of
microgrids, and proposes a framework of stability-constrained
reliability-oriented droop control for microgrid systems. Sta-
bility analysis is performed under the scenario of reliability-
oriented control. Potential instability is revealed accordingly,
and the system reliability should be bounded by stability criteria,
which is an intuitive connection between the two indices. Certain
solutions for stabilizing the system are presented, with which the
system reliability can be further improved.

The rest of this article is organized as following. Section II
presents reliability-oriented power sharing in microgrids, and
the stability of a multiconverter microgrid with reliability-
oriented droop control is modeled in Section III, together with
practical solutions to stability enhancement. A framework of
stability-constrained reliability-oriented droop control is pro-
posed and explained in Section IV. Moreover, experiments
and long-term reliability analysis are presented in Section V,
illustrating the significance of stability analysis and the effective-
ness of the stabilizing techniques for reliability-oriented droop
control. Finally, Section VI concludes this article.

II. RELIABILITY-ORIENTED POWER SHARING IN MICROGRIDS

A. Reliability of Power Converters and Microgrids

To evaluate the system-level reliability of a microgrid, it is first
decomposed into smaller parts, such as converters, loads, lines
and filters. In this article, the influence of power converters is
focused on, which is dependent on the electrothermal stress and
the reliability of power components. It is investigated in [22] that
power semiconductors and capacitors are among the most fragile
components in power converters. Thus, their lifetime models are
introduced in this section considering mission profiles in power
electronic applications.

One of the most commonly-used lifetime model of power
semiconductors is given in (1) [23], where the lifetime is mainly
determined by the average junction temperature Tjm and the
swing of the junction temperature ΔTj

Nf = A ·ΔTα
j · exp

(
β1

Tjm

)
· tγon (1)

in which, A, α, β1, and γ are the constant coefficients obtained
through power-cycling tests [24].

Based on the Miner’s rule [25], the accumulated damage of
power semiconductors is the sum of damage in all time intervals
from the initial state, as

Dsw =
∑
i

n(i)

N
(i)
f

(2)

where n(i) and Nf
(i) are the counted number of power cycles

in the ith time interval and the rated cycles-to-failure under
the corresponding mission profile, respectively. By the end
of life (EOL) for a device, the accumulated damage should
be 1.

The lifetime of capacitors is calculated from the voltage and
its corresponding loading condition [26], as

L = L0 · 2
T0−T
n1 ·

(
V

V0

)−n2

(3)

where V and T are the voltage and temperature at use, V0 and
T0 are those in rated conditions, L0 is the rated lifetime, and n1
and n2 are constant coefficients.

The accumulated damage of capacitors is expressed as

Dcap =
∑
i

Δt(i)

L(i)
(4)

with Δt(i) and L(i) being the duration of the ith time interval and
rated lifetime under corresponding mission profile, respectively.
By the EOL, the accumulated damage should also be 1.

The time-to-failure data of components over time follows
Weibull distribution. Therefore, the reliability of a device in a
system can be described by the cumulative density function as

R (t) = exp

[
−
(
t

η

)β
]

(5)

where β is the shaping parameter in the Weibull distribution, and
η is the characteristic lifetime of the component. The estimated
lifetime obtained from (2) and (4) is normally referred to as
the B10 lifetime in (5), namely the time t when the reliability
of the component R(t) decreases to 90%, or 10% of the device
population fail to operate.

Assuming that there are no parallel paths in the reliability
block diagram [9], the reliability of a converter Rconv is then the
multiplication of the reliability of all the components inside. If
the total number of fragile components is N, this can be expressed
as

Rconv =

N∏
j=1

R(j). (6)

The overall damage or consumed lifetime of a converter with
M components can be formulated as the average of the damages
of all the considered components [27], as

Dconv =
1

M

M∑
j=1

D(j)
sw or cap (7)

where Dconv represents the normalized damage of the converter.
If all converters are supposed to operate as per the functional

requirements, the system-level reliability RMG should be the
multiplication of the reliability of all converters in the system

RMG =
M∏
j=1

R(j)
conv. (8)

The entire procedure is thereby illustrated in Fig. 1. The relia-
bility of components is first evaluated based on the mission pro-
files (loading, ambient temperature or other factors that influence
the stresses) and the subsequent thermal and electrical stresses,
and the system-level reliability can be derived according to (6)
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Fig. 1. Evaluation procedure of system-level reliability for a three-phase
DC–AC converter.

Fig. 2. Droop control in multi-converter microgrid systems, where p̃ and q̃ are
the active and reactive power directly calculated from the measured voltage vo
and current io.

and (8). Moreover, the Monte Carlo method can be employed
when the uncertainty of parameters is considered.

In this article, in order to simplify the analysis, the dc voltage
of converters are assumed to be constant without dynamics, and
only the degradation of power semiconductors is considered
when evaluating the system reliability. There will be similar
conclusions if capacitors are also considered.

B. Reliability-Oriented Power Sharing of Microgrids

The overall reliability of a microgrid is dependent on the
converter with the lowest reliability. To enhance the overall
reliability, the converter consuming more lifetime should share
less loading. Thus, the power flow among converters can be
adjusted accordingly.

In microgrids, one of the most commonly-used power control
strategies is droop control, where the frequency and amplitude
of voltage are controlled according to their respective droop
relationships with the filtered instantaneous active power P and
reactive power Q. It is expressed as (9) and Fig. 2 [28]

f = f0 −mp (P − P0)

V = V0 − nq (Q−Q0) (9)

Fig. 3. Topology of the studied three-phase AC microgrid. For each converter,
Lf and Cf are the inductance and capacitance of the LC filter, Ll is the inductance
of the line, and io1, 2 are the corresponding current flowing into the PCC.

TABLE I
KEY PARAMETERS OF THE STUDIED TWO-CONVERTER SYSTEM

where (P0, f0, Q0, V0) is the given nominal operation point, and
mp and nq are the active and reactive droop gains, respectively.

Subsequently, a reliability-oriented droop control strategy has
been introduced in [13] and [29], where the active droop gain
mp is adjusted as

mp = mp0 ·
[
α+ (1− α) · βλ

m

]
(10)

where βm is the adjustment coefficient with respect to the
accumulated damage D, 0 ≤ α ≤ 1 is a weighting factor of the
conventional and reliability-oriented droop control, and λ > 0
indicates the role of Di in affecting the droop gain mp.

The adjustment coefficient βm can be given as [29]

βm =

{
D0/Di if P < P0

Di/D0 if P ≥ P0
(11)

where D0 is the reference value of the accumulated damage.
It can be, e.g., either the minimum, maximum or average of
the accumulated damage of all converters in the system. In this
article, all relevant discussions are based on (10) and (11) unless
specifically stated otherwise.

III. STABILITY ANALYSIS OF RELIABILITY-ORIENTED DROOP

CONTROL

To illustrate the stability issue with reliability-oriented droop
control, a three-phase microgrid consisting of two converters
is chosen as an example, which is shown in Fig. 3. Two dc–ac
converters operate in parallel at the point of common coupling
(PCC). A resistive load is connected to the PCC. The key
parameters are given in Table I.
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Fig. 4. System performances when the droop gain of converter 1 is increased,
including (a) frequency of the two converters, and (b) voltage at the PCC.

A. Stability Modeling of Reliability-Oriented Droop Control

In the reliability-oriented power sharing method in Sec-
tion II-B, the target is to reduce the loading on the converters
consuming more lifetime, which is implemented by adjusting
the droop gain. According to (9), given that the frequency f of
all converters is equal, the loading on converters increases in
accordance with the droop gain mp when P < P0, and decreases
contrarily, when P>P0. It also means that the droop gain should
be increased in one or more converters under this scenario.
However, this will lead to a stability issue. For example, in Fig. 4,
when the droop gain of converter 1 is increased from 10 mp0 to
20 mp0, the operation point will move according to (9) with
a lower frequency. However, when the droop gain is further
increased to 40 mp0, the frequency becomes divergent, and
the instability appears with increasing oscillations. The system
cannot continue operating even if all components and converters
have not yet worn out.

Nevertheless, the instability can be explained by stability
modeling approaches. The state-space-based modeling in [16]
is employed in this section. To simplify the analysis, the dy-
namics of the double voltage loop are neglected unless specified
otherwise, and the system is then modeled with the following
small-signal state vector Δx

(k)
conv (k = 1 or 2)

Δx(k)
conv = Δ

[
δ(k) P (k) Q(k) i

(k)
s v

(k)
o i

(k)
o

]T
(12)

where is and io are, respectively, the currents through the filter
inductor Lf and the line Ll, and vo is the output voltage of the
converter. The voltage at PCC (load voltage) is then determined

Fig. 5. Eigenvalue loci of the example system when the active droop gain of
converter 1 ranges from mp0 to 50 mp0, (a) location of all eigenvalues, and (b)
zoomed view of low-frequency modes. A pair of eigenvalues move toward the
RHP, indicating the instability.

by the load resistance and the sum of io1 and io2 according to
the Kirchhoff’s law.

Subsequently, the state space of the microgrid can be con-
structed as:

d
dt

[
Δxconv1

Δxconv2

]
= AMG

[
Δxconv1

Δxconv2

]
(13)

where AMG is the state matrix.
With the above model, the eigenvalue loci are plotted in Fig. 5.

When the droop gain of Converter 1 is increased from mp0 to
50 mp0, a pair of poles move toward the right-half plane (RHP),
which confirms the instability. This instability mode shows an
angular frequency (around 300 rad/s) close to the fundamental
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Fig. 6. System unreliability over time when the droop gain of converter 1
changes. The system goes unstable when mp1 is larger than 30 mp0.

frequency ω1 (314 rad/s), so the instability should be a low-
frequency oscillation, which accords with the simulation results.

Based on [15], the instability due to parameter mismatch
should be classified as converter instability. Thus, to solve this
issue, the modification of controllers is a major focus in the
following sections.

B. System-Level Reliability Bounded by Stability Criteria

In addition, the results in Section III-A also mean that the
reliability of the entire system is bounded by the stability criteria.
To illustrate this concern, reliability evaluation is performed in
the study case. The nominal power of both converters is set
as 5 kW, and the droop gain as mp2 = 10 mp0. The power
semiconductors in converters 1 and 2 are selected differently
as Infineon FS25R12KT3 (1200 V/25 A) and FP30R12KE3
(1200 V/30 A), respectively. To improve the system reliability,
Converter 2 with higher power rating is consuming its lifetime
more moderately, and should share more loading. Thus, the
droop gain of converter 1 is increased.

The system reliability is then evaluated in Fig. 6. As the system
is a relatively simple example consisting of only two converters,
the B10 lifetime of the system ranges around tens of years. For a
certain mp1, the power sharing between the two converters can be
determined based on the droop relationship (9) and the loading.
However, when mp1 increases from 10 mp0 to 50 mp0, the system
goes beyond the stability boundary, though the estimated B10

lifetime appears longer. In other words, the reliability of the
system is constrained by the stability.

Therefore, to further improve the reliability performance of
the entire system, it is practical to modify the controllers to
enhance the system stability. In this article, two approaches will
be introduced in this aspect: modifying the low-pass filter (LPF)
of power in the droop control, or using a power system stabilizer
(PSS) consisting of a lead-lag compensator.

Fig. 7. Eigenvalue loci of the example system when the active droop gain of
converter 1 ranges from mp0 to 50 mp0.

C. Stability Enhancement by Low-Pass Filter

An LPF in the droop control is employed to obtain the dc
component of the active and reactive power. As presented in
Section III-A, the frequency undergoes divergent oscillations
when instability occurs. Therefore, decreasing its bandwidth
may help to enhance the system stability to some extent by
suppressing the frequency oscillation.

In the study case, the eigenvalue loci when the bandwidth of
the LPF varies are plotted in Fig. 7. The cutoff frequency of
the LPF is modified into 5%, 2.5%, and 1% of the fundamental
frequency. When the bandwidth of the LPF decreases, the domi-
nant pair of poles move further away from the RHP. Though the
poles are still approaching the imaginary axis for large droop
gains, the stability margin of the system could become larger.

Simulations have been conducted to illustrate the feasibility
of this approach. The cutoff frequency ωc is decreased to ωc0/2,
or 5% of the fundamental angular frequency ω1. The system
remains stable until mp1 is increased to 50 mp0. In comparison
with Fig. 4, there could be more options for the droop gains,
leading to more possibilities for a longer lifetime of the system.

It should also be noted that a lower bandwidth ωc also in-
dicates more control delays, or larger inertia (slower dynam-
ics) of the converter. If ωc is further decreased, the dynamic
performance of the system will be largely influenced, resulting
in longer settling time ts and larger overshoot during settling
in Fig. 8 when there is a transient in the system. This issue
could further aggravate, when the voltage is controlled by double
closed-loop controllers [28] in practice.

D. Stability Enhancement by Power System Stabilizer

To mitigate the oscillations in frequency, it is also practical to
compensate the frequency by a PSS using a lead-lag compen-
sator [30], which is shown in Fig. 9. The tuning procedure of
this PSS is relatively easy to follow compared to other stabilizers
like [31], [32], and such PSS based on harmonic compensation
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Fig. 8. Frequencies of the two converters when the droop gain of converter 1
is increased. The cutoff frequency ωc is decreased to ωc0/2.

Fig. 9. Modified active power control with a PSS.

does not influence the power sharing among converters. In
principle, a signal with the same amplitude and opposite phase
of the frequency oscillation is generated, such that the particular
oscillation can be compensated to zero.

The PSS is designed based on the procedure in [30], including
the following.

1) Lead-Lag Compensator (Compensator in Fig. 9): At the
oscillation frequency, the phase response of the compen-
sator should be complimentary to that of the LPF in the
droop controller (LPFDRP).

2) Washout Filter (filter 2 in Fig. 9): The washout filter is used
to suppress the dc offset in the measured active power p̃.
Its phase response at the oscillation frequency should be
sufficiently small, such that it causes negligible influence
to the phase of the oscillation component.

3) Gain of the PSS KPSS: It is critical in the compensation
that the gain through the path of the droop controller is the
same as that of the PSS. KPSS is designed to ensure this.

Furthermore, to minimize the influence of high-order har-
monics (e.g., switching-frequency harmonics) in the measured
power and smoothen the compensation signal, another LPF can
be alternatively added in the PSS, which is filter 1 in Fig. 9
and denoted as LPFPSS. Compared to the LPFDRP, the LPFPSS

should not affect the phase of the oscillation component signif-
icantly, but should be able to suppress high-order harmonics
as well. A second-order LPF is thereby used in this article.
Its cut-off frequency is designed to be between the oscillation
frequency and the frequency of harmonics to be suppressed,
while the damping ratio is a tradeoff between the suppression

TABLE II
DESIGNED PARAMETERS OF THE PSS IN THE STUDY CASE

Fig. 10. Frequencies of the two converters when the droop gain of Converter
1 is increased and voltage loops are considered. (a) Without PSS. (b) With PSS
employed in both converters.

of overshoots during transients and the minimization of phase
shifts at the oscillation frequency.

In the studied case, the oscillation of frequency is measured
as 271 rad/s, and the phase delay at this frequency caused by
the LPFDRP is –83.4°. Based on the design procedure in [30], a
group of PSS parameters can be designed as shown in Table II.
It should be noted that the gain of the PSS KPSS in Table II is the
gain for converter 2 KPSS2, while the gain for converter 1 KPSS1

is calculated proportionally based on the two droop gains, i.e.,
KPSS1 = KPSS2 × mp1/mp2.

Simulations have also been conducted to validate the perfor-
mance of the PSS, wherein the voltage loops are considered.
The frequencies of the two converters are shown in Fig. 10, and
the cases without the PSS and with the PSS are compared when
mp1 increases. The results show that, by employing the PSS in
Fig. 10(b), the system will be much more stable than Fig. 10(a).
The compensation of the frequency oscillation could also extend
the boundary of system reliability under stability constraints, as
it allows further increase of the droop gains.

IV. FRAMEWORK OF STABILITY-CONSTRAINED

RELIABILITY-ORIENTED DROOP CONTROL IN MICROGRIDS

To address the aforementioned issues in a more coherent
way, it is critical to integrate stability analysis on the systems
into the reliability-oriented control or design. The framework
of stability-constrained reliability-oriented droop control for
microgrids is thereby proposed as shown in Fig. 11.

The entire framework includes both the reliability and stability
techniques. In reliability-oriented droop control, the power flow
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Fig. 11. Framework of stability-constrained reliability-oriented droop control
for microgrids.

is calculated to obtain the system reliability, and the droop
gain is adjusted based on the performances of converters and
updated every certain period, whereas stability criteria now act
additionally as the constraints of the droop adjustment. The
stability criteria can be either the aforementioned small-signal
stability or voltage or frequency constraints in terms of the
droop relationship. If stability cannot be satisfied, the relia-
bility performance should be reconsidered; or stability should
be improved by, e.g., by using a PSS. If both stability and
reliability performances cannot be satisfied in the system, then
maintenance might be required. This could happen when, e.g.,
the system is approaching its EOL.

Remark 1: In this framework, both power flow calculation
and stability modeling involve system-level coordination, yet
there is not necessarily a strong requirement of communication
among converters as the droop gains can be updated by sec-
ondary or tertiary control period, e.g., by month.

Remark 2: This framework addresses the stability concern in
the reliability-oriented power sharing specified in (10) and (11).
For other reliability-oriented control strategies, system stability
should be likewise speculated to ensure safe operation.

V. EXPERIMENTAL TESTS AND LONG-TERM VALIDATIONS

To better illustrate the issue addressed in this article and
validate the proposed framework, experiments and long-term
reliability evaluations are presented in this section.

Fig. 12. Experimental setup, where two three-phase DC–AC converters are
installed in each converter rack.

Fig. 13. Load voltage and output currents of the two converters when the droop
gain of converter 1 is increased from 10 mp0 to 50 mp0.

A. Experimental Tests of Instability

The experimental setup is shown in Fig. 12, in which the
topology is similar to that in Fig. 3. Two 7-kW dc–ac converters
operate as the converters 1 and 2 respectively, and inductors
are employed as the line impedances. The load resistance is
downscaled to 28.75 Ω due to the available hardware resources,
but the other parameters remain the same as given in Table I
unless specified otherwise.

The instability when the droop gain increases from 10 mp0 to
50 mp0 is illustrated in Fig. 13, where the voltage at PCC (load
voltage) and the two output currents io1 and io2 are measured.
The protection inside the setup is triggered due to the subsequent
overcurrent after the transient, which indicates that there is a
boundary of stability for the power sharing.

The instability is also illustrated under smaller transients,
where the droop gain of converter 1 mp1 is increased from 16 mp0

to 20 mp0. It is shown in Fig. 14(a) that the instability appears
in the form of frequency oscillation, and in Fig. 14(b), the oscil-
lation is reflected in the current as low-frequency oscillation.

The experimental results agree with the discussions and sim-
ulations in Section III-A, showing that the instability could arise
if one or more droop gains are increased for the sake of reliability
enhancement. The stability criteria are limiting the boundary of
the system performance.

B. Experimental Tests of Stability Enhancement by PSS

Moreover, based on the setup in Section V-A, a PSS is
employed in the experiments to enhance the system stability.
In this case, it is measured that the oscillation of frequency is
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Fig. 14. Instability when the droop gain of Converter 1 is increased from
16 mp0 to 20 mp0, including: (a) the divergent frequency of the two converters
and (b) the load voltage vload and the two output currents io1 and io2.

TABLE III
DESIGNED PARAMETERS OF THE PSS IN THE EXPERIMENTS

83.14 rad/s, and the phase delay is –69.3°. Similar to Section II-
I-D, the PSS parameters can be designed as given in Table III.

The experimental results are shown in Fig. 15. With the PSS,
the oscillation when mp1 = 20 mp0 is well compensated, and
the system could reach a new steady state. Besides, when the
droop gain mp1 is further increased to 20 mp0, the system can
still operate without divergence in stability. Hence, it can be
concluded that the PSS has much potential to enhance the system
stability.

However, it should also be noted in Fig. 15 that the frequency
is decreasing due to the droop relationship given in (9), when
the droop gain mp1 increases. This means that in practice, the
limit of frequency is also a critical concern, so that the power
capacities of the sources and lines are not violated.

C. Long-Term Evaluation of Reliability

Moreover, a power system based on the CIGRE low-voltage
benchmark network in [33] is selected as a study case, to
illustrate the significance of stability constraints in long-term

Fig. 15. Effects of the PSS when the droop gain of Converter 1 is increased
from 16 mp0 to 40 mp0, including: (a) the frequency of the two converters and
(b) the load voltage vload and the two output currents io1 and io2.

Fig. 16. Structure of the power system for long-term reliability evaluation.

reliability performance. The system is shown in Fig. 16, which
is an ac microgrid consisting of five dc–ac converters and
five resistive loads, and the system operates in islanded mode.
Key parameters related to reliability evaluations are given in
Table IV. It is also assumed here that the degradation of capac-
itors is not considered, and the types of the power devices are
selected differently for the converters, so that the power sharing
could make more difference in the system reliability.

The reliability performance of the system is evaluated when
the droop gains of converters 2 and 3 mp2 and mp3 are changed,
as shown in Fig. 17. Compared with the example in Fig. 6,
the system consists of more converters and thus has much
shorter estimated lifetime. When different power sharing among
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TABLE IV
KEY PARAMETERS OF THE STUDY CASE ON LONG-TERM PERFORMANCE

Fig. 17. Estimated lifetime of the system in terms of the variation of droop
gains mp2 and mp3. The stable region of the system is also marked as the shaded
area.

converters is achieved under different droop gains, the estimated
lifetime of the system could vary from around 30 months to
55 months, but the stability of the system is limiting the lifetime
to around 45-50 months. It is shown that stability analysis is
of significance in reliability evaluations, and that enlarging the
stability region could contribute to a higher reliability of the
entire system.

VI. CONCLUSION

In this article, the instability in reliability-oriented droop con-
trol has been revealed and analyzed. Instability may occur due to
the adjustment of droop gains, and accordingly, solutions have
been applied to enhance the stability of the system and to further
prolong the lifetime of the system via reliability-oriented power
sharing. The feasibility of the techniques has been validated by
simulations and experiments.

Besides, a relationship between the stability and reliability
of microgrid systems has also been revealed from the analysis:
the stability is bounding the reliability, and should be taken into
consideration in reliability design and control. The evaluation
of system performance combining stability and reliability can
potentially be a more practical guideline for the design and
operation of microgrids. To extend the scope of this article in
the future, the stability constraints can also be generalized as a
time-variant performance, which can be regularly updated based
on, e.g., mission profiles, power grid profiles, or maintenances.
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