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Three-stage resilience
enhancement via optimal
dispatch and reconfiguration for a
microgrid

Yi-Syuan Wu, Jian-Tang Liao and Hong-Tzer Yang*

Department of Electrical Engineering, University of National Cheng-Kung (NCKU), Tainan, Taiwan

Extreme weather causes an increase in power system failure. Previous studies on
system resilience have often overlooked the user-side of a microgrid. This study
proposes composite resilience indices (RI) based on the power supply of a large-
scale manufacturing campus microgrid to quantify its ability to withstand extreme
events. The proposed Rl consider load priority, minimum supply load, total energy
supplied, and the performance recovery-to-degradation slope ratio in an
islanding microgrid. Accordingly, this study presents a three-stage resilience
optimal dispatch and reconfiguration strategy, including energy-level
scheduling, grid-level reconfiguration, and dynamic-level verification. A multi-
objective optimization approach is used for energy scheduling, followed by
system reconfiguration via DIGSILENT system modeling to meet the grid code
and maximize load supply. Value at Risk methods are used to verify microgrid
stability and load shedding requirements, supported by the virtual synchronous
generator control of the energy storage system. The test results from a practical
large-scale manufacturing campus microgrid validate the proposed approaches
for enhancing system resilience considering load values.

KEYWORDS

battery energy storage system, microgrid, multi-objective optimization, power system
resilience, power system simulation, risk management, system reconfiguration, virtual
synchronous generator

1 Introduction

Recently, extreme weather disasters have occurred frequently, leading to an increasing
number of considerable impacts on power systems. These events unfold rapidly and cause
extensive damage, resulting in high repair costs and economic loss. In the United States,
weather-related power outages cost between $250 to $750 billion annually (Vugrin et al,
2017). Infrastructure damage is not limited to singular occurrences and may result in
complex events affecting communication, water, transportation, natural gas, and other
systems (Stankovic et al., 2023).

Globally, governments invest in carbon reduction technology to combat the greenhouse
effect and promote the integration of renewable energy (RE) into the grid. However, RE
lacks inertia and stops operating during power outages, limiting its effective utilization
despite its capacity to supply electricity.

Technological progress and societal advancements have increased the demand for
reliable electricity supplies, prompting a focus on grid resilience (Bie et al., 2017). Microgrid
technology improves resilience by integrating and managing distributed energy resources
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(DERs) to minimize costs and facilitate seamless transitions between
grid-connected and islanded modes as required (Hamidieh and
Ghassemi, 2022).

Microgrid technology ensures an uninterrupted power supply
during outages by enabling grid-following DERs to continue
generating power, optimizing energy efficiency, and enhancing
resilience. This makes microgrid deployment attractive to users
affected by power interruptions.

Traditional reliability indices consider the performance of a
power system in withstanding unexpected failures or outages of a
single or multiple facilities (N-1 or N-2) within a specified period.
For example, probabilistic indices such as loss of load probability
and expected power not supplied (da Costa et al., 2021). These
accidents have a high probability of occurrence, but a relatively low
impact, affecting only a few users for seconds to hours.

However, high-impact, low-probability (HILP) events resulting
from disasters can cause multiple system component failures.
During such events, system operators are primarily concerned
with maintaining functionality throughout the event to reduce
potential losses (Braun et al., 2020). The literature Kaloti and
Chowdhury (2023) extensively describes reliability and resilience,
and explains the clear distinction between the two.

Resilience quantification involves assessing the entire process from
a HILP event occurrence to restoration, considering the time-response
relationships at each stage. HILP event severity profoundly affects
resilience assessments, with event selection being crucial and often
contingent on maintenance manager budgets and risk tolerance.

Reference Huang et al. (2022) resents a method for developing
multiple scenarios of HILP events, accounting for equipment failure
probabilities. Modern power grids, categorized as cyber-physical
power systems, require the consideration of failures in information
and communication facilities (11 et al., 2022). Assessing HILP event
severity (Zhou et al., 2020) recommends employing the conditional
value at risk (VaR) method, allowing managers to set confidence
levels for decision making.

Resilience indices (RI) are often quantified using resilience
trapezoids (Li et al,, 2017; Mahzarnia et al., 2020; Panteli et al., 2017;
Yao et al,, 2023) or customized formulas (Chanda et al., 2018). However,
customized formulas may rely on the dispatcher experience and lack
universal applicability. Additionally, resilience assessment based on
predicted weather intensity (Ti et al, 2022; Wang et al,, 2021a), such
as typhoon wind speed, is common. However, regions that face multiple
natural disasters may simultaneously challenge the applicability of
specific resilience assessment mechanisms. Further discussion of their
universal applicability is required.

Regarding resilience improvement methods, several studies have
focused on determining the repair sequences of damaged components.
According to Liu et al. (2023) maintenance resources are limited, and
the repair sequence affects system resilience. Therefore, it proposed a
method based on stochastic search to determine the arrangement of
repair sequences. To reduce the computation time and ensure solution
quality, (Li et al., 2022), adopts a reinforcement learning method for
decision making in the repair stage.

Reference Jiang et al. (2022) first calculated the impact of each
component on resilience based on the probability of equipment
failure and its impact on the system. The repair sequence was
determined according to the impact indicator. When a system
includes multiple microgrids, prioritizing the restoration with
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shorter islanding durations can enhance grid resilience (Liu
et al.,, 2017).

Microgrid applications support grid resilience. Reference Hong
et al. (2022) introduces a dynamic shedding strategy that leverages
real-time system inertia, validated through dynamic simulations, but
is limited by measurement, communication, and computation
speeds. With advancements in energy storage system (ESS)
technology, Wang et al, (2021) proposed a multi-objective
optimization method to determine ESS capacity and location,
alongside a three-stage scheduling method to enhance resilience.

In (Mohan et al., 2022), a fuzzy control method was proposed to
control ESS for preventing microgrid blackouts. The method can
effectively delay the depletion of energy, but it lacks integration with
other technologies. The method of mutual support between
microgrids Bian et al. (2018) has also been proposed to enhance
resilience. However, the method is limited to closely connected
situations and are not feasible during interruptions in the utility grid.
Reference Confrey et al. (2020) focused on scheduling methods for
microgrids with high photovoltaic (PV) penetration, while
overlooking system constraints.

In practical applications, the scheduling of power resources
should be integrated with system reconfiguration (SR) to ensure
that solutions can satisfy system constraints. Literature Huang et al.
(2017) proposes an optimization method to obtain generator
scheduling and system topology that minimize load shedding and
costs. Additionally, a two-stage optimization method to achieve
minimal load shedding through reconfiguration has also been
proposed Shen et al. (2021). Although reducing load shedding
can mitigate system performance degradation, it does not
consider other aspects such as degradation or recovery speed.

Furthermore, both Yang et al. (2023); Xia et al. (2022) use system
reconfiguration as a method for power restoration. Yang et al. (2023)
proposes an optimal investment strategy for soft open points, which
can be combined with distribution system reconfiguration to reduce
costs and enhance resilience. Xia et al. (2022) employs fuzzy control
to execute the optimal power restoration strategy, considering load
importance and generation ramp rate. However, both methods focus
solely on the reconfiguration during the power restoration phase,
and only (Xia et al., 2022) considers system stability.

In terms of improving decision-making speed, Chowdhury and
Zhang (2024), uses the two-stage stochastic optimal power flow
method to improve system resilience. Reinforcement learning (RL)
techniques have also been used to enhance system resilience (Kadir
et al., 2024; Fan et al, 2024). While RL’s fast computation can
facilitate real-time decision-making, training decisions through a
reward mechanism does not guarantee that the decisions will always
meet system constraints.

To improve user-side system resilience, He et al, (2018),
proposes a three-stage optimization method that simultaneously
considers electricity and gas demand. The proposed strategy not
only accounts for load priority and energy limited but also handles
HILP events from onset to completion (holistic coverage). However,
the lack of discussion on system constraints and stability may affect
its practical feasibility. In contrast, Tong et al. (2024) provides a
comprehensive analysis of users’ gas and electricity demand but
lacks consideration of system and equipment-level constraints.

Most existing methods for distribution system reconfiguration
to enhance resilience only consider capacity constraints without

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1461383

Wu et al.

TABLE 1 A comparison of resilience enhancement strategies.

10.3389/fenrg.2024.1461383

References Loads priority  Energy limited  System constrains = System stability = Holistic coverage
Xia et al. (2022) o X o o X
Yao et al. (2023) X X o X o
Mohan et al. (2022) o X o o X
He et al. (2018) o o o X o
Tong et al. (2024) X X o X o
Chowdhury and Zhang (2024) o o o X X
Kadir et al. (2024) o X o X o
Fan et al. (2024) o X o X o
Hong et al. (2022) X X o o o
Huang et al. (2022) X o o X o
Proposed method o o o o o

addressing the issue of limited energy because the upstream side is
generally assumed to have sufficient energy. However, this is not
applicable to user systems when the main grid interrupts.

Based on the discussion above, this paper proposes a three-stage
resilience enhancement optimal scheduling strategy, which involves
energy, grid, and dynamic levels. From the three perspectives, the
strategy ensures that scheduling meets system constraints and
manages net load fluctuations, thereby maintaining system
stability. In addition, the proposed method can also cope with
HILP accidents from start to finish. A comparison of resilience
enhancement strategies is detailed in Table 1. The main
contributions of this study are as follows:

o Modification of composite resilience indices: This paper refines
the existing composite RI to make the index more suitable for large
power consumers rather than transmission/distribution systems.
The load curve used to calculate resilience is passed through a
weighted process to incorporate load prioritization considerations.
In addition, the index that considers degradation and recovery
ratios (Yao et al., 2023) was modified to account for both time and
amplitude, rather than just time. All indices are presented as
percentages or ratios, enhancing comparability between different
sites. Furthermore, the index representation method has been
standardized to ensure that “the bigger, the better” applies to all
composite indices, facilitating easier comparisons.

Three-stage resilience enhancement optimal scheduling
strategy: This paper proposes a three-stage resilience
enhancement optimal scheduling strategy. Given that the
values in the composite RI are not consistent with each
other, resilience optimization is treated as a multi-objective
optimization problem. Most existing distribution system
restoration methods consider only capacity constraints,
neglecting the issue of limited energy since upstream side is
assumed to have sufficient energy. To properly manage energy
supply and avoid a complete blackout, the first stage of
proposed algorithm uses multi-objective genetic algorithm
(MOGA) to search for an optimal power scheduling that
maximizes the composite RI. In the second stage, SR

Frontiers in Energy Research

strategy is designed to incorporate system constraints based
on the optimal power scheduling.

o Dynamic simulation in outage process: In the third stage of
proposed method, dynamic simulation is considered. Existing
scheduling methods seldom addresses stability throughout the
entire outage process. By analyzing the probability distribution
of the rate of change in historical load and PV generation data,
the proposed method employs value at risk (VaR) and

to assess

the
function of DIgSILENT PowerFactory software, the system

predefined confidence levels the necessary

variation conditions. Using dynamic simulation
tolerability of the power scheduling obtained in the first two
stages is tested. If oscillations cause frequency to drop below
the lower limit, load shedding is performed until the

constraints are met, enhancing practical applicability.

Integration of virtual synchronous generator (VSG) control
and dynamic Modeling: This study integrates the VSG control
of ESS and constructs a dynamic model. In the third stage,
dynamic simulations demonstrate that VSG can effectively
support frequency, thereby reducing the need for load
shedding and further enhancing resilience.

The remainder of this study is organized as follows: Section 2
introduces RI for power systems. The detailed three-stage resilient
optimal dispatch and reconfiguration strategies are presented in
Section 3. The computational results are presented in Section 4.
Finally, Section 5 concludes the study.

2 Resilience indices

Resilience assessment methods for power systems often focus on
calculating the duration from event occurrence to full recovery,
referred to as event duration (ED). Early studies, such as the
resilience triangle (Vugrin et al., 2017), emphasized post-incident
recovery capability. Recent discussions have expanded this concept
to a trapezoid Li et al. (2017), as shown in Figure 1, considering
factors such as degradation speed and extent, and investigating the
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FIGURE 1
Schematic diagram of resilience trapezoid evolution (Li

et al,, 2017).

impact of ED. The event process was divided into three stages: Stage
I, degradation; Stage II, recovery; and Stage III, infrastructure
recovery (IR). An explanation of each stage and its
corresponding time points is provided in Table 2; Figure 1.
When system encounters a HILP event, a performance measure
(MoP) is often used to assess its resilience. The MoP can represent
various state variables of the grid such as voltage, frequency, and
supplied load. For large-power users, primary consideration of the
load supply is to support production. Therefore, it is more
appropriate to use the supplied load or critical demand as MoP
to measure resilience. Based on different considerations, existing RI
can be categorized into two types: those based on resilience trapezoid
and those that consider the cost. These are described as follows.
In the calculation of the indicators mentioned in Section 2.1, the
definitions of the related variables are shown in Table 2; Figure 1.

2.1 Resilience indicators based on the
resilience trapezoid
The vulnerability index (VI), calculated as (Equation 1), is

suitable for assessing the extent of MoP decline during extreme
events (Li et al, 2017), which can be improved by applying

TABLE 2 Variables and timing description of resilience trapezoid curve.

10.3389/fenrg.2024.1461383

microgrid technology. Ideally, VI should be zero and reach
1 when the system is completely out of power.

M, - M,

VI
M,

(1)

A drawback of VI is lack of representation of the temporal
behavior. To address this, the normalized degradation index can be
adopted to assess system resilience (Li et al.,, 2017), as shown in
(Equation 2). The physical significance of degradation index (DI) is
the ratio of electrical energy lost during the degradation period to the
original electrical energy supplied over the same time interval
without any events. Therefore, a smaller value of DI is preferable.
The time interval considered ranges from the degradation start time,
t4, to the time when degradation reaches its lowest point, t,. , as
illustrated in Figure 1. Besides, the restoration efficiency index (Li
et al, 2017) also be proposed to assess the efficiency of the
restoration phase.

[ (M, - M ()dt

DI =
M, (te £2)

)

Literature Mahzarnia et al. (2020) introduces a composite index
based on the resilience trapezoidal concept by incorporating three
performance metrics, including power-supply shortage, recovery
speed, and recovery degree. Simultaneously, the probability of
occurrence of different HILP scenarios was also considered.
Reference Panteli et al. (2017) proposed a composite index, ®AETI,
to represent each stage’s characteristics separately. @ indicates decline
rate, A reflects extent, E signifies degradation duration post-event, and
IT represents recovery speed, as shown in (Equation 3-6). In (Ti et al,
2022), multiple events with the probability of occurrence, ps, were
considered to estimate power resilience, as shown in (Equation 7).

M, — M,
Q=0 (3)
tpe - te
A =M~ M, (4)
E=t —tp (5)
M,-M
n=——"x (6)
tpir - tpe

Stage Timing

I L1 From event to the beginning of degradation, usually very short te Event occurs
tg Degradation starts
12 Performance degradation tpe Event ends
11 1.1 Wait for microgrid restoration t, Restoration starts
1.2 During microgrid restoration tor Restoration finished
111 1.1 Wait for IR tie IR starts
111.2 During IR Epir IR finished
Variables definition M, Original performance without events
M. Minimum performance degraded by events
M(t) Performance response curve
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s M (t)dt
Rleyp, = zp(”) (7)
s=1 tg s

M, - M (t)]dt

Most indicators focus on the trapezoidal area. Although the area
of power trapezoidal can represent a partial symbol of resilience, an
assessment of response capability is lacking. Literature Yao et al.
(2023) highlights the significance of shape, noting that varying rates
of degradation and recovery can affect resilience. Therefore, the
resistance to recovery ratio (Rg/r) Yao et al. (2023) was proposed as
an evaluation indicator, as shown in (Equation 8).

tpe - te
tpir - te

(8)

Ryr =

2.2 Resilience indicators with cost
considerations

A previous study Panteli et al. (2017) proposed a RI, recovery
resilience (RR), that considered costs, as shown in (Equation 9). Lost
revenue impact (LRI) represents the energy shortage indicator and total
restoration (TR) represents cost investment, which is aggregated using a
weight factor (). The denominator is the product of load weight factor
(W), peak load (PLN;) of the i load under normal conditions, and
recovery phase duration (D;) at time t.

The unit of LRI is the same as that of energy, representing the
product of restored energy quantity completed by the t™ recovery phase
and its duration. LRI is expressed in (Equation 10), which mainly
represent the energy shortage, but calculate based on the difference of
actual peak load (PLN;) and original peak load (PLR;;).

TR considers labor, component replacement, and generator
operation costs, as shown in (Equation 11). LC; represents the
labor cost per hour for category j, and WH j; represents the working
hours. The component replacement cost is the product of cost (RC,,)
per component n and quantity (RP,,;) replaced. The difference in the
generator operating costs is the cost of deploying generators during a
disaster. This was calculated as the discrepancy between normal
(OC,) and event process operating costs (OC;) multiplied by
generated power (PG_,) and duration.

LRI +ux TR

RR=———""°2"°"
> > W, (PLN;)D;,
[

©)

LRI =) W;(PLN; - PLR;,)D, (10)
t i

TR = Z[ZLQ x WH; + (z RC, x RP,,),) + <Zoc, - ocn> X PGz‘tDt]

(11)

Determining the weighting values between LRI and TR is

challenging. Additionally, consumers should prioritize the
recovery of power supply over the cost of additional investments
required to enhance resilience. For example, in steel enterprises, an
unexpected power outage can cause blast furnace slag solidification,
leading to significant economic losses. The resilience indices, RR, is
comprehensive but prioritize economic factors over load supply.
This makes RR more suitable from the perspective of power

companies and for use in a distribution or transmission system.

Frontiers in Energy Research

10.3389/fenrg.2024.1461383

This study focuses on optimizing resilience in user-side
microgrid systems, necessitating the modification of existing
indices to a more suitable form. Industrial loads have varying
levels of importance and priority. Therefore, the original load
curve P, obtained by summing the individual loads P,;, as
shown in (Equation 12), should be weighted. The weighting
method used in this paper is shown in (Equation 13), where the
weighted load P;Neight
each load assigned by the operator. For calculations of RI, the

is calculated using pre-defined weights w; for

weighted load curve should be used to better reflect power usage
and industrial needs of consumer.

P;)ri — Z Pn,t

P =N N w0 (Pai)

i

(12)

(13)

Based on the analysis above, it can be observed that composite
indicators provide a more comprehensive representation of system
resilience. Therefore, this paper proposes RI tailored for user-side
applications, as shown in (Equation 14-16). Where R; is minimum
load supply, R, is supplied energy, and Rj is recovery-to-degradation
slope ratio. Many existing indicators are not conducive to cross-site
comparison. Hence, the proposed indices are presented as percentages
or ratios. Additionally, these indices are calculated based on the
weighted adjustments in (Equation 13) rather than the original load,
to meet users’ needs for prioritizing loads.

Equations 14, 15 respectively represent robustness and
restorability of the system, which are more classical and
frequently used indicators in the existing literature. However,
current indicators seldom inspect the shape of resilience
trapezoid, specifically the degradation and recovery slopes. In
practical applications, even if the supplied energy or minimum
load values are the same, users prefer slower power supply
degradation and faster recovery. Although (Yao et al, 2023)
mentions the shape of resilience trapezoid, the indicators are
ratios of time lengths and do not consider the magnitude.
Therefore, this paper proposes a modified index, as shown in
(Equation 16), representing the ratio of recovery to degradation
slop. To ensure all three indices are interpreted as “the larger, the
better,” R; considers the absolute value.

M
R, = mm[ YRO) ] (14)
[ M ()t
e e — (15)
jti"Mo(t)dt
recoverary slope |(M pr = Mpe) / (ter —t:) (16)

R; = degradation slope B | (MPe - Mo)/ (tPe - te)

3 Three-stage resilience optimal
dispatch and reconfiguration strategy

The methodology proposed in this study (Figure 2) consists of
three stages: energy, grid, and dynamic levels. Defining the detailed
characteristics of HILP event beforehand is crucial, including the
event type, ED, and DERs status. Factors such as equipment
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The Ist stage:
energy-level scheduling

The 3rd stage:
dynamic-level verification

The 2nd stage:
grid-level reconfiguration
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FIGURE 2

T

Flowchart of the proposed three-stage resilience optimal dispatch and reconfiguration strategy

availability, ESS State of Charge (SOC), and fuel storage conditions
influence the blackout occurrence. Consideration of RE and load
forecasting during events is essential for comprehensive supply
scheduling and planning.

The first stage, energy-level scheduling, aims to ensure a
continuous power supply during an event by optimizing DERs
scheduling while considering the limited energy capacity. It
prioritizes resilience optimization and energy adequacy without
considering grid code compliance.

In the second stage, SR is adjusted to satisfy grid codes and maximize
load supply based on the first-stage power scheduling results. The first
two stages focus on steady-state planning and scheduling, without
considering operational variations. The third stage verifies the
dynamic-level capability of handling system fluctuations.

3.1 Energy-level scheduling

In the first stage, the generation scheduling of each DER within
the microgrid considers energy adequacy and grid resilience. The
input data for the generation scheduling model includes ED of
HILP, as well as the status of DERs and loads. The status of DERs
and loads must be obtained through forecasting techniques.
Objective function (Equation 17) optimizes three RI: minimum
load supply (R;), total supplied energy (R,), and recovery-to-
degradation slope ratio (Rs).

Min [R;, Ry, Rs]

DG pESS
Pt,n ’Pf,n

(17)
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This is a multi-objective optimization problem, where the
decision variables are the output powers of ESS and diesel
generators (DGs). The optimal solution is searched using a
multi-objective genetic algorithm to ensure that permitted
satisfy the constraints of DERs’ equipment. The ESS
or discharging power (PES
rated power (S'°°) of the power conversion system

solutions
charging should be less than or
equal to
(PCS), as expressed in (Equation 18):

In addition, ESS instant energy storage behavior conformed to
charging and discharging in continuous time intervals (Equation
19). P35 <0 represents charging. The actual energy stored in ESS is
the charging energy consumption multiplied by charging efficiency
(7). Conversely, during discharge (PSS >0), the released power
divided by discharging efficiency (745" represents the actual energy
consumed by battery.

The SOC of ESS is defined as ratio of the stored energy to
battery capacity, as shown in (Equation 20), where Effls and
EESS<ap represent the current energy stored and energy storage
capacity, respectively. To prevent overcharging or over
discharging, a battery is typically constrained to operate
within a specific SOC range, as illustrated in (Equation 21),
where SOCR® and SOCD®* represent the minimum and

maximum SOC of the n™ ESS, respectively.

Pl s
EFS, - 7t PSS, when Py’ <0 (charge)

EtEiS = ESS (19)
EP — — when P’ >0 (discharge)

disch
n
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ESS
t,n
ESS,ca
E,; ™"

SOC,, = (20)

SOC™" < SOC,,, < SOCK™ (21)

For DG, the power output (PPS) should be less than rated
capacity (SP¢) , as shown in (Equation 22). The capacity of fuel tank
is limited, and the remaining fuel (Lff) during event decreases
because of continued power generation (Equation 23). Here, #¢
represents the efficiency of conversion between fuel and electricity.
The remaining fuel should be above the user-defined lower limit

(LPG:miny a5 shown in (Equation 24).

PPy <8¢ (22)

DG
L?nG = LQCI;,n - Pe ! Pt,n (23)
LS >LPomn (24)

Equation 25 represents the power-balance constraint, where Py
and P are the power of PV generation and load, respectively.
Typically, after entering islanded mode, the original demand far
exceeds the available supply capacity of microgrid. To achieve an
immediate balance between supply and demand, the power supply
and load demand must be adjusted at any time.

PV PG HESS load
QP QP QPN ) PV T (25)
n=1 n=1 n=1 n=1

The power output from DG and ESS in this stage optimizes the
trapezoidal shape of resilience. However, energy-level scheduling
does not consider power flow analysis, leading to overly ideal results
due to the neglect of line losses. Therefore, in the second stage, grid-
level scheduling incorporates simulation analysis to correct
scheduling results and ensure feasibility.

3.2 Grid-level reconfiguration

In this stage, the objective is to minimize the disparity between
energy-level scheduling results and actual supply load by optimizing
SR while meeting the grid code. In addition, DIgSILENT power
simulation software ensured grid safety through power flow analysis.

The objective function of grid-level scheduling (Equation 26) is to
maximize power supplied while minimizing total system losses. The
total power is calculated by summing the product of importance-based
weight factor of each load and its respective demand.

Particle Swarm Optimization (PSO) is used to maximize

resilience considering load value and system losses. The PSO
CcB
tn

function (Equation

algorithm adjusts the controllable switches s;;’ in microgrid to
the objective 26),
convergence through power flow analysis. In (Equation 26), each
load Pltf’,jj, has its own weight w? . By summing up the loads of nl}?ad

total loads and p° types of weighted loads, the weighted total load
total

optimize ensuring

value is obtained. After subtracting the system loss loss'**® obtained
through power flow analysis from the total load value, the result is

defined as the objective function value.

Prio ni‘,""d
Max
load total
<CB z w? - ZPM,P - loss' (26)
tn p=1 n=1
Frontiers in Energy Research

07

10.3389/fenrg.2024.1461383

line rnline
Peb b1 Qb pe1
— bus
Vt,b+1 P]ine
Vbbus Z]ine t,b+1_b+2
t, b_b+1 I rnline
—3 > 1 J Qb 41 be2
—
[line
t,b_b+1
bus - bus bus :nbus
Py +JQcp Pepi1 T7Qpi1

FIGURE 3
Schematic diagram of distribution network.

A schematic representation of distribution network is shown in
Figure 3. According to Kirchhoff’s voltage law, voltage (V?}) at bus
) at the
connected bus b + 1, as shown in (Equation 27). T R‘b’ib .1 Tepresents

b equals the voltage drop across branch plus voltage (V}’,‘b‘il

current flowing from bus b to bus b + 1 through the branch, and

line

z,";,, represents impedance of the branch.
bus __ 7line line bus
Vie =1 b Zbn + Vibn (27)

The feeder impedance is a complex number comprising resistive

line ; line
(ry"5,1) and reactive (x;";,,

28). The losses caused by feeder impedance were calculated using

(Equation 29), where rg‘,‘iﬂ

) components, as shown in (Equation

represents resistive component of the
feeder impedance. Based on power conservation theorem, power
flow must satisfy the balance Equation 30 and reactive power must
be the same (Equation 31), where Pi%¢,  and Q!¢ = means the real
and reactive power flow from bus b to bus b + 1, respectively.

Zg?iﬁl = r}jii&l +j . x}jiiﬂ (28)

lossi™s = (|15, ])” - i (29)

Pii,gibu = Pﬁiil + Pgil,mz + lossgfm (30)

fe = Qs+ Qe ([T, )) A, (D)

Compliance with the grid code, including bus voltage limits
(Equation 32) and branch current limits (Equation 33), is crucial at
this stage, where V2" ™ and V2" ™" are the upper and lower limit
of bus voltage. Also, I Z‘jﬂax represents the current limit from bus b
to bus b + 1. DIgSILENT initializes the power generation of DG and
ESS based on the results of energy-level scheduling. The simulation
software uses Newton-Raphson method to solve the power flow
equations iteratively until system convergence, potentially resulting
in different power outputs from the initial settings.

The adjusted real and reactive power from DERs satisfy power
conservation theorems (Equation 34) and (Equation 35), where PE‘;S
and Q}’,‘gs are the real and reactive power load at the bus b. DG
generation is subject to a rated capacity limit S?S, as shown in
(Equation 36). Similarly, the real (Pffls) and reactive (Qfﬁs) powers
from ESS through PCS are constrained to lower than the apparent
power capacity, SES
However, power systems that incorporate hybrid energy sources

, as shown in (Equation 37).

involve significant uncertainty. When system operators need to
consider energy uncertainty while performing unit commitment
or economic dispatch, the interval power flow (IPF) method is
required (Zhang et al,, 2023). The algorithms used to solve IPF
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affine
limit

models mainly include the interval iteration method,
arithmetic, optimizing-scenarios method, and central
theorem (Wang et al., 2024).

Most IPF methods must incorporate probabilistic statistics and
optimization techniques. Therefore, the proposed method separates
power flow and energy uncertainty into two stages. In this stage, grid-
level reconfiguration, AC power flow analysis is performed using
DIgSILENT to ensure compliance with system constraints. Energy
uncertainty is addressed in the third stage, as introduced in Section 3.3.

Vbus,min < ‘/buS < Vbus, max (32)
S 1 3
B PV LESS
D Py +loss, , = ZPPV ZP?,? + Y P (34)
b=1 n=1
ZQ"“S () AT ZP (35)
(Pre)” +(Qpe) <8y (36)

(Quss) <58 (37)

(PEss)’ +

3.3 Dynamic-level verification

After energy- and grid-level scheduling, the optimal DER
scheduling and SR for each time period were obtained and
confirmed to be feasible through power flow analysis. However,
practical operations often involve fluctuations that are not validated
using dynamic simulations during the first two stages.

In particular, the penetration of RE was relatively high in
islanded microgrids. Microgrids may experience system-wide
blackouts owing to excessive transient fluctuations that trigger
protection systems. Therefore, the results obtained from the first
two stages must undergo a dynamic-level analysis to ensure grid
reliability during operation.

The net load depicted in (Equation 38) using historical data
drives the microgrid fluctuations calculated using (Equation 39).
The net load fluctuation probability density function and cumulative
distribution function curves is shown in Figure 4, where PL and PPV
represent the load and PV generation power at time f.

The VaR method applies a confidence level to evaluate net load
fluctuations against acceptable thresholds. For example, at a 90%
confidence level, the net load fluctuation at point A can be computed
using (Equation 40). A dynamic simulation was performed to assess
the system’s ability to withstand these fluctuations.

Pnet PL P (38)
PL-PY)—(pL, - P
AP?et,rate — ( d t L) ( ;:71 t_l) x 100% (39)
Py, - P
net,VaR L PV A
APIYVR = (P - P} ) x —— (40)

100

Islanded microgrids adjust DER output in real-time to restore
the supply-demand balance, often using droop control for frequency
regulation and power sharing. When there is a deviation between
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FIGURE 4
Schematic diagram of VaR on change-rate of net-load with 90%

confidence level.

measured frequency ( f,) and nominal frequency (f"), the output
variation (APfef ) of the nth DER is adjusted by parameter (k,),
which is calculated using (Equation 41).

Frequency variation is represented by the swing Equation 42
(Hong et al., 2022), where HEG and SEG denote inertia and rated
capacity of the nth generator, respectively, and fP" is system’s
nominal frequency.

The frequency variation rate (RoCoF,) and power imbalance (AP;)
are related. AP; is the difference between total mechanical power (P;")
and electrical power (P;). Assuming operation at the rated frequency,
that is, P =1 pu, swing equation can be simplified as (Equation 43).

8P = (1 ) (= %) (a)

HDGsDG
22 Iz & Dn v RoCoF, = P™ — P¢ = AP, (42)

ZZHDG DG

fo

AP, is a time-varying variable. Assuming a constant load during

- RoCoF, = AP, (43)

frequency response, AP; represents the initial net load variation plus
. resp . .
responding power from power source (P, *), as illustrated in
(Equation 44). The frequency deviation, a cumulative value over
time, can be derived from (Equation 43) as shown in (Equation 45):

AP, = AP’ + P{* (44)
(AP® + P{*P) . fm

Af, = J.RoCoFt dr = J 2 HOGSPs dt (45)

To avoid triggering under frequency relay, the maximum
(Afow) is  defined as the
difference between minimum allowable frequency (f*) and

allowable frequency deviation

normal system frequency (f), expressed in (Equation 46) (Hong
et al., 2022). Since it represents a frequency drop, A f21°V is negative.
The total duration spans from the event occurrence ¢ = 0 until the

resp

frequency reaches nadir (t'). P,*" can be expressed as power-

ramping rate (k") multiplied by total duration.

tb (APO + kTotal . t) . fn
allow _ L _
Af =f-fo= Jo 2Y HPGSDG

(APt (1))
- 2y HPGSPG (46)

dt
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From (Equation 46), t* can be derived as shown in (Equation 47)
(Hong et al., 2022).

_AP® + \/(APU)Z + 4Afallow,kTotal,ZHEGs£)G
- fll

L _
t= kTotal

(47)

If there are no real roots for the solution to (Equation 47),
triggering the lower limit of permissible frequency is impossible.
Therefore, the constraint that must be satisfied is given by (Equation
48). Using (Equation 48), the maximum permissible initial net load
power variation (AP*¥°%) can be derived by (Equation 49).

4. Afallow . kTotal . ZHEGSEG
f n
1_4 . Afa].low . kTotal . ZHEGSEG
f n

(AP°) + <0 (48)

APO <AP0,a.llow —

(49)

The net load variation is calculated at a specified confidence
level, as shown in (Equation 40). If AP?“’V"‘R exceeds AP%3lOW it
indicates that, at this confidence level, the planned islanded
microgrid cannot withstand the disturbance, as confirmed by
dynamic simulations. Thus, shedding additional demand (P*"e?)
is necessary, as calculated in (Equation 50).

0,all t,VaR
AP allow __ AP:IC al
A/100

Pshed — (50)

The load-shedding selection starts with the lowest priority and
smallest power demand, accumulating to P4 A dynamic
simulation was conducted to ensure that frequency nadir
remained above an acceptable threshold. The third stage
concludes, and the strategy returns to second stage for SR and
analysis of the next time interval, iterating until the end of event.

4 Simulation results
4.1 System parameters

The feasibility of the proposed method was validated using the
power system of a large-scale manufacturing campus in Taiwan. The
single-line diagram of the park is shown in Figure 5, which includes
13 DGs with a total installed capacity of 458 MW. Relevant
parameters are provided in Table 3. There are 51 controllable
switches, of which 3 are normally open, and the rest are
normally closed. Some modifications were made to the PV, ESS,
and tie lines.

The actual maximum power consumption of the campus is
approximately 800 MW, with load supply prioritized into three
categories. The assumed load curves for each category are illustrated
in Figure 6A, with the priority order being Load A > B > C. The PV
power generation curve is shown in Figure 6B. HILP event assumed
a power outage from the grid at different times with varying ED to
validate the
proposed method.

improvement in system resilience using the

4.1.1 Energy-level scheduling
We assumed that HILP event occurred at 6 a.m. and lasted for
6 hours. The multi-objective optimization results of the first stage
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(energy-level scheduling) are shown in Figure 7A. The figure
illustrates the Pareto front of multi-objective optimization
problem. Solutions on the Pareto front are non-dominated with
respect to each other. In this study, the solution closest to the origin
is selected, namely the knee point, as a compromising result for
scheduling.

The scheduling results of compromising solution during 6-h
ED are shown in Figure 7B. It can be observed that PV generation
starts to increase around 9 a.m. Consequently, the scheduling
results show that the energy output from DGs is more
concentrated before 9 a.m. to maximize the utilization of PV
generation. This demonstrates that the first stage of scheduling
method not only considers the capacity limitations of DGs but
also adaptively adjusts to solar generation trend. However, since
the load also begins to rise after 9 a.m., even though PV
generation increases, DGs still need to maintain a certain
output to balance supply and demand.

In the optimal scheduling stage, DERs should be properly
managed during event, ideally depleting their remaining energy
just as event concludes. This approach prevents premature energy
release that could lead to a complete blackout in the later stages of
event and avoids an overly conservative scenario where excessive
energy remains unused.

Figure 7C illustrates the residual energy trajectory for each
DERs. The values for ESS are represented as SOC, while for
DGs, the values reflect the remaining fuel corresponding to
residual energy. Figure 7C demonstrates that the proposed
method nearly exhausts fuel by the end of event. Although
G1 and G10-G13 still have 30% of their energy remaining, the
actual residual energy is low due to their smaller capacity and fuel
storage space.

4.1.2 Grid-level reconfiguration results

The first-stage of energy-level scheduling only optimizes DERs
power scheduling for resilience and does not guarantee compliance
with grid code. Therefore, the second-stage SR was verified through
power flow analysis using DIgSILENT. SR consider the differences
in load importance and line losses. The results at 10 a.m. after SR
optimization are shown in Figure 8A. This diagram indicates that
the manufacturing campus can be divided into four supply zones,
namely pGrid 1 to pGrid 4.

At 10 a.m., PV generation is sufficient; therefore, the tie line
2 from 402 to 301 is closed, allowing PV to supply loads A at buses
301 and 304, as indicated by the orange blocks, pGrid 2. Figure 8B
shows the scheduling results for HILP event. It can be observed that
the ideal results from energy-level scheduling require sacrificing
some load to comply with the grid code.

Figure 8C presents the power supply ratio for each load category
at 15-minute intervals following the SR optimization. The majority
of ED, power is prioritized to critical loads A. Post 9 a.m., the
increase in PV generation is capable of meeting almost 80% of the
demand for load A. By incorporating the design of load weight
factors, SR strategy can efficiently supply most of the power to loads
A and B, thereby enhancing RI

The proposed method is compared with two intuitive
operational methods currently used on campus and the
method from Mohan et al., 2022. The methods currently used
on campus include “Supply A” and “Supply A + B.” Due to the
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FIGURE 5
Single-line diagram of the campus system.
TABLE 3 Related parameters of the considered campus.
Generator Capacity (MVA) Gl G2 G3 G4 G5
14 20 30 30 30
G8 G9 G10 Gl11 G12
66 80 14 14 14
Duration of rate-power output (hours) Gl G2 G3 G4 G5
5 4.5 4 4 4
G8 G9 G10 Gl1 G12
3 2 5 5 5
PV Capacity (MWp) PV1 PV2 PV3 PV4
50 50 50 50
ESS Capacity 15 MW/ 60 MWh
efficiency Charge 98%/discharge 98%
Demand Peak load 800 MW
Load Weight A: 0.5, B: 0.333, and C: 0.166

lack of tie lines, the system is divided into eight small power
supply zones during a power outage, based on the primary
transformers (TR1-TR8). Since all PV inverters are grid-
connected types, PV in non-generator zones will shut down

due to the lack of a reference voltage.

In addition to comparing with the two existing intuitive
methods, references with similar application scenarios to the
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methods are described as follows:

G6

66

G13

14

G6

G13

G7

66

G7

proposed method are added for comparison. Mohan et al., 2022
aims to enhance the resilience of the distribution system through
optimized energy storage scheduling. The three comparison

o Supply A + B method: Loads category of A and B are supplied
intuitively. If power capacity or energy in each zone is
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insufficient, the smallest loads B are gradually shed until a

balance is achieved. If shedding all loads B is still insufficient,

the smallest loads A are gradually shed.

o Supply A method: Provides power exclusively to loads A and

gradually sheds the smallest loads first if power supply ability,

including capacity or energy, is insufficient.
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o Ref. method (Mohan et al., 2022): Fuzzy logic is used to control

the charging and discharging of ESS to enhance system resiliency,
considering the load importance and the SOC of ESS.

Figure 8D compares the proposed method with different control
methods. All curves represent the weighted load supply. It is evident
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D

Grid-level reconfiguration results of six-hour HILP event (A) Microgrid partition (B) Scheduling results (C) Power supply ratio (D) Weighted power

supply with different dispatch methods (Mohan et al., 2022).

that the proposed method supplies a higher load value during event
compared to the two intuitive operational methods. Particularly, the
power supply curve after 9:00 shows that the proposed method can
supply more load by fully utilizing PV generation through system
reconfiguration compared to “Supply A” and “Supply A + B”.
Compared to “Supply A + B”, “Supply A” delays load shedding
until 09:15 by shedding load B.

Moreover, since the method from Mohan et al. (2022) also
considers PV generation and load importance, the weighted power
supply curve is similar to that of the proposed method. However,
“Ref. method” only considers ESS charge and discharge control and
lacks the energy-level scheduling present in the proposed method.
Therefore, during HILP, the proposed method optimizes energy
allocation based on resilience index.

The comparison of RI for the four scenarios is listed in Table 4. It
is evident that the proposed method outperforms the intuitive
operational methods. Additionally, since R, incorporates the
weight of demand, it is clear that the proposed method
prioritizes supplying loads with higher value. Although the
proposed method performs slightly worse than “Ref. method” in
Ry, this is a trade-off characteristic of Pareto solutions in multi-
objective optimization.

Rs represents the recovery over degradation slope ratio. The
proposed method outperforms the other methods, indicating its
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ability to mitigate the rate of power reduction and accelerate the
restoration of power supply. Additionally, the comparison of
“Supply A”, “supply A + B” and “Ref.” methods across three RI
reveals that a single indicator is insufficient for evaluating grid
resilience. A comprehensive set of indicators should be used to assess
resilience based on the needs of operator.

4.1.3 Grid-level reconfiguration results

The grid-level reconfiguration ensures that steady-state
operating satisfy the grid codes. However,
uncertainties in load and PV can lead to net load fluctuations,
potentially causing stability issues in islanded microgrids. In other
words, microgrid must be able to ride through the fluctuations
caused by loads and RE.

In this study, VaR method was adopted, with a confidence level
of 97.5%, corresponding to a VaR of 2.5%. This is approximately
equivalent to a net load variation of 10%. Therefore, through
dynamic simulation, a 10% net load variation is applied to the
four pGrids obtained by the second stage. The system architecture
diagram of the four uGrids is shown in Figure 8A, respectively
represented by different colors. Dynamic simulation was performed

conditions

on each pGrid to confirm whether the respective minimum
frequency dropped below 59.5 Hz. If it does, it indicates that
when VaR = 2.5%, a uGrid may trigger low-frequency protection
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TABLE 4 Resilience indices of HILP event (Mohan et al., 2022).

10.3389/fenrg.2024.1461383

Supply A+B Supply A Ref. Proposed
6-hour HILP event
R, (Min. supply load) 16.02 % 20.15% 50.82 % 41.98 %
R, (Total energy supplied) 3433 % 32.75 % 49.58 % 52.28 %
R;3(Re-de slope ratio) 0.19 0.35 0.23 0.50
8-hour HILP event
R, (Min. supply load) 0% 16.32% 0% 34.29 %
R, (Total energy supplied) 33.25 % 31.80% 39.56 % 49.28 %
R;(Re-de slope ratio) 0 0 0 0.31
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FIGURE 9

Dynamic-level verification result under confidence-level 97.5% at 10 a.m. (A) uGrid one frequency (B) pGrid 2 frequency (C) uGrid 3 frequency (D) PV

power in pGrid 3 (E) uGrid 4 frequency (F) ESS power in pGrid 4.

due to net load fluctuations. In other words, the current solution still
requires some load shedding to ensure stability.

Taking 10 a.m. as an example, Figure 9 depict the simulation
results of a 10% instantaneous net load surge occurring at 60 s for
four pGrids. Figure 9A shows the simulation results for uGrid 1. The
frequency nadir was 59.46 Hz, which triggered a low-frequency
relay. The system may enter a blackout state, indicating that uGrid
1 cannot withstand a 10% net load fluctuation. According to (50),
the shedding requirement of pGrid 1 should be at least greater than
Phed The final shedding value was determined to be 4.8 MW owing
to the nonlinear shedding behavior of breakers. After shedding, a
10% net load fluctuation resulted in frequency nadir of 59.61 Hz,
ensuring that low-frequency protection was not triggered.
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Figure 9B shows the simulation results for uGrid 2. Under the
original load conditions, with confidence level of 97.5%, frequency
nadir was 59.45 Hz. Shedding 5.23 MW was necessary to increase
frequency nadir to 59.52 Hz. In pGrid 3, there are more PV system
connected. After experiencing a 10% net load fluctuation, frequency
nadir falls below 59.5 Hz, as shown in Figure 9C. It is worth noting
that the activation of low-frequency protection will cause the PV
system to disconnect, as shown in Figure 9D. This will exacerbate the
supply-demand the transient period.
Consequently, the frequency further accelerates downward to
58.2 Hz. Through simulation verification,uGrid 3 needs to shed
13.15 MW of load to ensure the system can withstand net load
fluctuations at a 97.5% confidence level.

imbalance  during
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In addition to DGs and PV units, uGrid 4 was connected to ESS.
If ESS operates under fixed-power control, uGrid 4 cannot withstand
a 10% net load fluctuation. The frequency nadir drops to 59.14 Hz,
as shown in Figure 9E. A further reduction of 34.3 MW in supply
power is required to increase frequency nadir to 59.75 Hz.

The addition of VSG control to ESS helps increase the inertia of
the grid, enhancing the ability of microgrid to handle sudden
fluctuations in net load. When the frequency suddenly decreases,
ESS with VSG control can provide instant power to support system
frequency, as shown in Figure 9F. As shown in Figures 9E, F, when
there is a sudden increase in net load, the ESS with VSG control will
instantly increase its output to support the frequency. Based on the
simulation, VSG control effectively increases frequency nadir to
59.69 Hz without additional load shedding. Other frequency control
methods may have similar effects; however, this study merely used
VSG (Long et al., 2021) as a demonstrative case for analysis.
it evident that Grid-level
reconfiguration generally does not consider transient system

From the above results, is
fluctuation issues. Through dynamic-level verification, it is
possible to plan for a higher level of supply stability within an
islanded area. Taking the event at 10 a.m. as an example, the
originally planned load supply was 646 MW.

However, considering 97.5% confidence level for the net load
fluctuations, an additional shedding of 5748 MW was required,
which is equivalent to reducing the supply by 8.9% to ensure system
stability. If ESS with VSG control, the shedding requirement decreases
to 23.18 MW, thereby reducing the curtailed load from 8.9% to 3.59%.

4.2 Eight-hour HILP event

To verify the feasibility of the proposed method, different HILP
events were assumed to occur in the campus. The HILP event occurs
at 12 p.m. and lasts for 8 h. Due to limited oil storage capacity and
PV generation dropping to zero after 6:00 p.m., the 8-hour incident
poses a challenge to the power supply. If the load is not properly
scheduled, the system will experience blackouts, resulting in
additional restart costs.

Figure 10 shows the weighted power supply curves for the 8-
hour HILP event under different methods described in Section 4.2.2.
“Supply A”, which only supplies loads A, does not result in a
complete blackout during the event, but the total power supply is
significantly lower. Both “Supply A + B” and “Ref. Method”
experience total blackouts after PV generation ceases because
they lack the energy-level scheduling of the proposed method.

Additionally, Table 4 lists the RI for different scheduling
methods. When the HILP incident becomes more severe, the
proposed method demonstrates a more significant advantage over
other methods. The fact that Ry is zero indicates that both “Supply A
+ B” and “Ref. method” lead to total blackouts. Although “Supply A”
avoids a complete blackout, the proposed method improves R, by
55% compared to “Supply A”.

The proposed method shows significant improvements across
all three indicators. In addition to preventing blackouts, the
minimum power supply increases from 68 MW with the “Supply
A” method to 177 MW. Compared to other methods, the first stage
of energy reservation in this method enhances the system’s
resilience.
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Weighted power supply of eight-hour HILP event with different
dispatch methods (Mohan et al., 2022).

4.3 Sensitivity analyses

In the proposed three-stage resilience enhancement method, ED is
required as an input for the first stage. However, actual situations often
differ from expectations. To validate the practical feasibility of the
proposed method, this paper conducts grid resilience enhancement
planning based on HILP event of 6 h ED. Compare the method
proposed with “Supply A + B” and “Supply A” methods to examine
the impact on RI when actual ED differs from originally set duration.

As shown in Figure 11, the proposed method outperforms the other
two methods across all three RI. Since R; is defined as the minimum
load supplied, it primarily indicates system’s robustness. R; is minimally
affected by ED, as it relates more to system’s ability to maintain essential
loads during disruptions. Therefore, when ED is shorter than expected,
it does not affect the value of R, as illustrated in Figure 11A. However, if
the actual duration exceeds the expected time, the initially planned
energy may become insufficient towards later stages of the event,
potentially leading to a decrease in R;.

When ED is 8 hours, R; decreases from 40% to 36%. The
“Supply A” and “Supply A + B” methods intuitively supply critical
loads without optimal planning based on system topology and PV
generation. Consequently, when ED exceeds 7.5 h, some units in the
traditional control methods deplete their energy, resulting in a
supply load lower than the initial minimum load, thereby
reducing R,. Particularly, “Supply A + B” method leads to a
complete blackout, which can be found by R; equal to 0.

This mismanagement of energy is even more evident in R,. As
shown in Figure 11B, R, for “Supply A” and “Supply A + B” are inversely
proportional to ED. The proposed method, within the scheduled
duration of 6 hours, utilizes available energy efficiently, leaving only a
small amount of residual energy in minor DGs due to topological
constraints. Therefore, even if ED extends, the supplied energy is not
significantly impacted. Instead, when the duration exceeds expectations,
R, value only slightly decreases, from 53% to 50%, because the energy
planned for later stages is not fully utilized before the event ends.

The R; represents the ratio of recovery to degradation slopes.
The degradation phase primarily tests system’s robustness, thus it is
less sensitive to ED. In other words, the denominator of R; remains
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The impact of different actual power outage duration on Rl when HILP is estimated to be 6 h (A) Ry (B) Rz (C) Rs.

almost unchanged in this sensitivity analysis. However, shorter
actual ED correspond to shorter recovery times, which positively
impacts Rs since recovery slope is in the numerator.

Conversely, if actual ED exceeds the expected length, the
recovery slope does not change significantly. However, if the
duration surpasses a certain threshold, such as more than 1.5 h
in this case, the insufficient energy in later stages may result in a loss
of recovery capability, as shown in Figure 11C.

The above analysis indicates that the proposed scheduling
method outperforms traditional “Supply A” and “Supply A + B”
methods under varying ED. The actual duration significantly
influences RI. Furthermore, optimal energy scheduling can
prevent microgrid from entering a complete blackout. However,
if ED significantly exceeds expectations and depletes energy sources,
even optimized scheduling may not improve R; and Rs.

5 Conclusion

This study proposes composite resilience indices for a user-side
microgrid, considering load priority, the speed of supply decline and
recovery, and energy shortages. Additionally, a three-stage optimal
dispatch and reconfiguration strategy for resilience is proposed,
analyzing aspects such as energy supply and demand, system steady-
state, and dynamic-state constrains. A feasible scheduling strategy
was obtained by integrating DIGSILENT simulations.

Furthermore, the proposed method can schedule heterogeneous
resources to optimize RE utilization. The integration of load and RE
forecasting techniques can be considered for future work. Dynamic-
level validation ensures that the protection system is not triggered by
net load fluctuations within appropriate risk tolerance levels. The
introduction of VSG in ESS reduces the need for demand shedding
at the same desired risk level.

Compared with the existing “supply A” method, simulation
results show that the proposed method increases the minimal power
supply (R;), supplied energy (R;), and recovery-degradation slope
ratio (R3) by 21.83%, 19%, and 1.5, respectively. For an 8-hour HILP
event, “supply A + B” and “Ref” method would experience a
complete blackout, whereas the proposed method remains superior.
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Sensitivity analysis of ED uncertainty indicates that the
proposed method maintains its advantage over existing methods
even with changes in ED. Moreover, when there is a discrepancy
between expected and actual ED, the proposed method still
outperforms the existing methods in all RI. The approach
proposed in this study not only provides more feasible
scheduling solutions for the user-side microgrid to cope with
HILP events but also significantly enhances system resilience.
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