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Abstract

Recent seismic events have highlighted the need to enhance the resilience of electrical distribution systems to minimize
prolonged service interruptions for end users. This paper introduces a risk-based resilience-oriented framework for reconfig-
uring active distribution systems to prioritize critical load supply in post-earthquake conditions. The risk-based framework
comprises: (1) modeling earthquake characteristics, (2) assessing seismic component failures, and (3) implementing a
resilience-focused reconfiguration strategy. Earthquake features are modeled using attenuation relationship, and compo-
nent failure probabilities are evaluated through fragility curves and Monte Carlo Simulation. A two-step reconfiguration
is then employed to restore critical loads using local Distributed Energy Resources (DERs). The first step maximizes the
Restored Load Value while ensuring generation adequacy and maintaining a radial network structure. This step is formulated
as a Tree Knapsack Problem and solved using a heuristic Depth-First Search-Particle Swarm Optimization approach. The
second step validates the security of the reconfigured network using Optimal Power Flow, minimizing voltage deviations as
the objective. The proposed methodology is applied to the IEEE 69-bus test system, considering the seismic vulnerabilities of
substations, lines, and DERs, as defined by HAZUS. Simulation results demonstrate the framework’s effectiveness, showing
its potential as a decision-support tool for Distribution System Operators to enhance resilience and ensure critical load supply
after earthquakes.

Keywords Active distribution systems - Earthquakes - Resilience enhancement - Reconfiguration

1 Introduction industrial activities. However, this infrastructure is increas-
ingly exposed to a range of threats, including natural
1.1 Motivation disasters, cyber-physical threats, and man-made attacks. Tra-

ditional power system planning often focuses on credible
Modern society relies heavily on electrical infrastructure, contingencies, such as N-1 or N-2, but tends to neglect more
which is essential for supporting social, commercial, and  severe, low-probability, high-impact events, like N-K con-
tingencies, which are crucial for ensuring power continuity
during extreme scenarios. In addition, the aging of elec-

5 Mohsen Simab trical components worsens system vulnerabilities, as many
msimab@]ar.ac.ir components are widespread and difficult, costly, and time-
Mohsen Ghanbarizadeh consuming to replace or retrofit across the entire system [1,
mohsen.ghanbarizadeh @iau.ac.ir 2].

Taher Niknam Natural disasters cause substantial damage to electri-
niknam @sutech.ac.ir cal infrastructure through distinct mechanisms. Among

these, extreme weather events represent the most frequent
cause of power disruptions, accounting for approximately
80% of U.S. outages between 2000 and 2023 [3]. While
weather-related events primarily affect above-ground infras-
tructure—such as transmission lines and poles—through
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predictable mechanisms, earthquakes present fundamen-
tally different challenges. Seismic events can simultaneously
damage both above-ground and underground components,
including substations, generation plants, distribution lines,
and buried cables. Crucially, earthquake damage tends to
be more concentrated and structurally severe. Additionally,
unlike weather events—where damage patterns are often pre-
dictable enough to allow for the pre-positioning of restoration
resources—earthquakes strike without warning and typically
overwhelm local response capabilities [4]. These differ-
ences can result in significant infrastructure damage and
high societal costs. For instance, the 2021 Tiburon Penin-
sula earthquake caused $6.1 billion in economic losses, the
2020 Zagreb earthquake resulted in $8 billion in damages,
and the 2021 Fukushima earthquake led to $1.6 billion in
losses [5]. In addition to the economic costs, these disasters
often result in prolonged power outages. Following Japan’s
2011 Tohoku earthquake, 4.6 million customers experienced
extended service interruptions [6].

The destructive impact of earthquakes emphasizes the crit-
ical need for strategies to reduce their adverse effects on
electrical infrastructure. Distribution systems, in particular,
are highly vulnerable due to their radial network config-
urations, insufficient seismic design, and interdependence
with other infrastructures. The collapse of nearby buildings
or bridges can exacerbate outages and damage the network
further. To address these vulnerabilities, a comprehensive
approach is necessary to enhance system resilience. This
paper proposes a risk-based framework aimed at improving
post-earthquake performance by prioritizing the restoration
of critical loads, integrating Distributed Energy Resources
(DERs), and ensuring operational security under seismic con-
ditions.

1.2 Literature review

The inherently stochastic nature of natural disasters—char-
acterized by unpredictable timing, location, and intensity—-
poses significant challenges to conventional power system
planning. This uncertainty underscores the importance of risk
assessment in ensuring grid performance, which typically
involves three key components: (1) hazard characterization,
(2) vulnerability assessment, and (3) loss identification and
mitigation measures. Studies in this field may focus on a sin-
gle hazard [7-9] or address multiple hazards simultaneously
[10]. Additionally, risk assessments may examine electrical
infrastructure in isolation or incorporate interdependencies
with other critical systems, such as transportation networks
and water treatment facilities [11, 12].

Various risk-based approaches have been explored to
enhance power system performance against natural disas-
ters. For hurricanes, historical wind speed data and fragility
curves have been used in studies such as [ 7] to estimate annual
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failure probabilities through fault tree analysis, while digi-
tal twin technology has been employed in [8] for real-time
component monitoring. Tornado-related research, including
[9], has been conducted using graph theory to assess sys-
tem performance, although flow analysis is often neglected.
Scenario-based resilience and cost analyses, as presented in
[13, 14], have been applied to compare different pole mate-
rials (wood, concrete, steel) under tornado loads. Overhead
line vulnerabilities to extreme wind and ice accretion [15,
16], as well as wildfires [17], have also been examined, with
dynamic line rating incorporated in [17] to model wildfire
impacts on conductor temperature and current flow. Through
these diverse methodologies, evolving strategies for improv-
ing power system performance across hazards have been
demonstrated.

Resilience, as defined by the IEEE Task Force on "Def-
inition and Quantification of Resilience" [18], is the ability
of a system to anticipate, absorb, adapt to, and recover
from disruptive events while minimizing their magnitude and
duration. The multi-phase time-dependent resilience trape-
zoid introduced in [18] captures the performance of power
systems under extreme events, with adaptability to differ-
ent hazard characteristics. Figure 1 illustrates this concept,
where Py and Pp represent the system’s normal and degraded
resilience levels in pre- and post-disturbance states, respec-
tively. The key time intervals include Te, T}, Ty, and T are the
time of event onset, end of disturbance progression, restora-
tion initiation, and full recovery, respectively. Resilience
enhancement measures are classified based on T into plan-
ning strategies and operational strategies as detailed in Fig. 1.

Seismic planning strategies focus on preemptive mea-
sures to enhance system robustness, including substation
retrofitting, replacing overhead lines with underground
cables in urban areas, anchoring power transformers, opti-
mally allocating DERs, and implementing preventive island-
ing techniques in power systems. While these measures
improve resilience, electrical components respond stochasti-
cally to seismic forces, increasing the risk of equipment fail-
ure and consumer disruptions following strong earthquakes.
Operational strategies, on the other hand, are designed to
enhance post-earthquake system recovery. These include
mobile power source scheduling, network topology reconfig-
uration, and switching in distribution systems, all of which
help restore functionality and mitigate service disruptions.
Table 1 provides a detailed classification of seismic resilience
studies in electrical energy systems, comparing the voltage
level of the case study, resilience enhancement actions, and
vulnerable components considered.

In [10], a multi-risk assessment framework is proposed
that supports both operational and planning enhancement
measures, considering the impacts of earthquakes and hurri-
canes. The study identifies substations and transmission lines
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Fig. 1 The multi-phase resilience trapezoid performance curve defined in [18]

Table 1 Literature review of seismic resilience enhancement strategies in power systems—methodologies, system levels, and component vulnera-
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as the most vulnerable components for each hazard, respec-
tively. The primary objective is to evaluate system reliability
indices. Since substations are among the most vulnerable
components of electrical infrastructure during earthquakes,
identifying the most at-risk elements within a substation is
considered essential for enhancing system resilience. In [19],
a statistical analysis was conducted to identify the critical
parameters influencing substation vulnerability. The four pri-
mary factors found to be most significant are the equipment’s
year of manufacture, anchoring conditions of heavy equip-
ment, structural integrity of load-bearing elements, and the
design of control systems. In several studies [20-22], fault
tree analysis has been employed to model substation vul-
nerabilities as an optimization problem. The objectives in
these studies have been set to mitigate Energy Not Supplied
(ENS) [20], optimize Risk Reduction Worth (RRW) [21],
and minimize the total cost, which includes both interruption
and damage expenses [22]. In studies [23-25], the identi-
fication of critical substations for retrofitting transmission
systems has been prioritized. In [23], Fussell-Vesely (FV)
importance measures have been applied to determine critical
substations, while DC-Optimal Power Flow (DC-OPF) has
been used to estimate ENS. In [24], a two-step Optimiza-
tion versus Solution (OvS) framework has been introduced,
where potential retrofitting solutions are initially selected,
followed by the application of DC-OPF to compute ENS.
In [25], a decision-dependent probability approach has been
proposed for substation retrofitting and expansion planning.
The problem has been formulated as a three-level optimiza-
tion framework, and the Nested Column and Constraint
Generation (NC&CG) method has been implemented for its
solution. Furthermore, in [26], Bayesian network algorithms
have been utilized to develop a probability-based model in
which substation functionality is assessed based on the fail-
ure probabilities of individual components. This approach
allows for a more precise evaluation of substation resilience
and supports targeted reinforcement strategies.

In [27, 28], pole retrofitting and Mobile DER allocation
are proposed as planning measures. In [27], a stochastic
bi-level programming model minimizes investment and inter-
ruption costs in the first stage, while reducing load loss
in the second stage using a decomposition approach. In
[28], a min—max-min model is introduced to minimize plan-
ning costs, maximize damage, and reduce load shedding
across three stages. In [29], investments in both grid-side
and demand-side measures are used to minimize load shed-
ding, modeled as a Mixed-Integer Nonlinear Programming
(MINP) problem with a bi-level approach. In [30], a Mixed-
Integer Linear Programming (MILP) model is developed
for routing mobile DERs to ensure power supply. In [31],
batteries are used to maximize supply to critical loads in
emergencies, formulated as a Linear Programming (LP)
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model. Similarly, [32] presents a data-driven LP model for
scheduling repairs and allocating mobile DERs.

The interdependence of electrical and gas systems, known
as the Integrated Energy System (IES), is explored in
[33-35]. In [33], optimal hardening is presented as a multi-
level optimization problem, solved using the C&CG method.
In [34], a two-stage Distributional Robust Optimization
(DRO) problem is proposed to minimize economic losses,
with operational costs evaluated using the Weymouth gas
flow model and DC-PFE. The effects of gas pipeline leaks
on utility generation and load curtailment after earthquakes
are discussed in [35]. In [36], an attacker-defender model
identifies worst-case earthquake scenarios, solved as a two-
stage problem using Gurobi. In [37], an equipment repair
sequence is proposed to minimize functionality loss, with
a Genetic Algorithm (GA) used for optimization. In [38],
switching transmission lines is suggested to reduce load
curtailment, evaluated with DC-OPF. Finally, [39] aims to
minimize generation and curtailment costs during cascad-
ing failures, formulated as a MILP model with power flow
analysis.

1.3 Gap analysis

While existing studies summarized in Table 1 offer valuable
approaches to seismic resilience, they reveal several gaps in
the current literature. First, most works focus exclusively
on either transmission or distribution systems, neglecting
their operational interdependencies. Only a limited number,
such as [20], considers both upstream substations and local
DERs. Second, prevailing methodologies typically assess
component vulnerabilities in isolation, using topology-based
proxies such as fault trees or connectivity graphs. This
approach overlooks the dynamic, system-wide cascading
effects triggered by seismic disruptions, especially those
mediated by power flow interdependencies across grid ele-
ments. Third, few existing frameworks provide systematic
strategies for suppling critical loads after seismic events.

Our proposed framework addresses these gaps through a
unified, risk-informed network reconfiguration approach. It
integrates probabilistic seismic hazard modeling and com-
ponent fragility analysis with AC power flow constraints and
the operational limits of DERs. In addition, it incorporates a
load prioritization mechanism that adapts to post-earthquake
system conditions to supply critical loads. This risk-based
framework enables adaptive reconfiguration and DER dis-
patch to maintain the continuity of critical services after
seismic events. This capability, as evidenced by the com-
parative analysis in Table 1.
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1.4 Main contributions

This paper employs a standard risk-based reconfiguration
framework that accounts for the vulnerabilities of upstream
substations, distribution lines, and local DERs, with a focus
on integrating probabilistic risk assessment and power flow-
based modeling to simulate cascading failures. This approach
provides Distribution System Operators (DSOs) with an
adaptive strategy to optimize DER utilization, enhance
system resilience, and minimize service disruptions after
earthquakes. The framework builds on the proven need for
active distribution systems to supply critical loads during
contingencies [40-44], as demonstrated by the 2011 Japan
earthquake and the 2015 Greece wildfire, where local DERs
successfully provided backup power [6]. However, previous
studies on utilization of DERs to supply critical loads have
typically overlooked the specific impacts of natural disasters,
such as earthquakes, on distribution systems [45—47]. This
paper addresses this significant gap by tailoring the solution
to seismic hazards.

The standard risk-based framework begins by incorporat-
ing earthquake characteristics, using Peak Ground Accel-
eration (PGA) as the stress parameter. The second stage
evaluates seismic impacts on distribution system components
using fragility curves and Monte Carlo Simulation (MCS) to
account for the stochastic nature of component failures. In
the third stage, a resilience-oriented reconfiguration is pro-
posed, where the distribution system’s topological structure
is adjusted through the manipulation of switches and tie-
switches. This ensures critical loads are supplied through
local DERs while adhering to operational constraints through
OPF. The main contributions of this paper are summarized
below:

e Power Flow-Integrated Probabilistic Risk Assessment for
Seismic Resilience: This study uniquely integrates prob-
abilistic seismic risk assessment of distribution system
components with network topology modeling and OPF
analysis to evaluate cascading failures and identify opti-
mal system reconfigurations under earthquake hazards.

e Modeling and solving the reconfiguration problem: The
resilience-oriented reconfiguration is formulated as a two-
stage problem to meet the urgent need for fast decision-
making in post-earthquake conditions. This approach
streamlines the process, enabling quick identification of
the optimal reconfiguration to restore power to critical
loads and minimize service disruptions,

e Assessment of planning measures effectiveness: The
impact of planning measures, such as component
retrofitting, on the operational resilience of the distribution
system is investigated. Specifically, how these measures

influence the performance of the proposed reconfigura-
tion strategy in enhancing the system’s ability to recover
and maintain service after an earthquake is examined.

It is important to note that although the proposed
risk-based resilience-oriented reconfiguration is specifically
designed for seismic hazards, it can also be adapted to address
other natural disasters or cyber threats by making the neces-
sary adjustments in the first and second stages.

2 Big picture of the proposed framework
2.1 Assumptions

To provide a clear understanding of the framework, the
following assumptions are considered: 1. The DSO is respon-
sible for ensuring the supply of critical loads after an
earthquake, and load priorities have been predefine;. 2. All
DERs within the active distribution network are controllable
and can regulate both active and reactive power generation; 3.
Controllable switches are installed on all lines, and their sta-
tus can be adjusted following an earthquakes; 4. The failure
probability of overhead lines is assumed to be independent; 5.
End-user customers in the distribution system are not vulner-
able to post-earthquake conditions, and their demand remains
constant; 6. The duration of outages following earthquakes
is expected to exceed the capacity of emergency backups,
such as batteries, making it necessary to supply critical loads
through local DERs. 7. The repair time for the damaged sub-
station is longer than that of the damaged overhead lines.
Therefore, the local DERs serve as the only power supply
until the substation is restored.

2.2 Risk-based resilience enhancement measures

The proposed framework consists of three stages: (1) incor-
porating earthquake characteristics using PGA as the stress
parameter, (2) assessing seismic impacts on distribution com-
ponents via fragility curves and MCS, and (3) implementing
resilience-oriented reconfiguration by adjusting switches and
tie-switches to ensure critical loads are supplied by local
DERs while maintaining operational constraints. Figure 2
illustrates the overall structure of the risk-based proposed
framework, which will be explained in detail in the follow-
ing sections.

Stage I: Earthquake modeling

The impacts of natural disasters on electrical components
are assessed using specific stress parameters, which are sum-
marized in Table 2.

Seismic faults with high geological risks are identified
using historical earthquake catalogs. Geology and seismic
engineering principles are then applied to assess potential
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Fig. 2 Big picture of the risk-based resilience enhancement proposed framework against earthquakes

Table 2 Stress parameters are generally considered inrisk-based assess-
ment frameworks for natural disasters [48]

Natural disasters Stress parameters

Lightening Flash to ground density

Earthquakes Peak ground acceleration, Peak ground
velocity

Wildfires Temperature and Carbone particle

Ice storms Wind speed and ice load

Wind storms Wind Speed

Hurricanes Wind Speed

Floods Water level

seismic hazard areas. The propagation and attenuation of
seismic energy are significantly influenced by the pattern
of earthquake waves, making it crucial to consider the soil
type at the locations of electrical components. One key seis-
mic intensity parameter PGA, which measures the maximum
horizontal intensity of earthquake shaking experienced by
surface-installed components, such as substations, overhead
lines, and DERs. PGA plays a vital role in determining the
seismic load on electrical infrastructure. To quantify PGA,
the general attenuation relationship can be used as follows
[49]:

log(PGA) = ¢ + F1(B)+ F2(D) + F3(p) + e 1)
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The log refers to the natural logarithm. The parameter
PGA measured in [gmz], which quantifies stress, increases
with greater earthquake magnitude (M) in [Mw] and
decreases as the distance (D) in [Km] from the epicenter
to the component location grows. Factors such as geolog-
ical site characteristics and the nature of the fault rupture
and soil type are incorporated through the function F3(p),
where p includes these additional variables. A constant term
Y is included in the model, and the uncertainty in PGA is
expressed through a random error component, e.

Stage II: Vulnerability of components and evaluation of
components failure

Distribution system components, including upstream sub-
stations, overhead lines, and DERs, exhibit stochastic behav-
ior under seismic shocks. Their vulnerability is assessed
using fragility curves, which estimate the probability of
failure based on PGA. Each component’s fragility curve fol-
lows a lognormal Cumulative Distribution Function (CDF).
Fragility curves can be developed using various approaches,
including expert judgment, empirical methods, analytical
methods, and hybrid techniques. The use of lognormal dis-
tributions for fragility curves is a well-established practice
in seismic risk assessment, supported by both empirical evi-
dence and theoretical justification [50]. Specifically, the log-
normal distribution effectively captures the positive-valued
and skewed nature of structural capacity, making it well-
suited for modeling seismic performance [51]. The fragility
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curve is defined by the logarithmic mean (1) and standard
deviation (B8) of the PGA parameter, which represent the
thresholds for damage states and their associated variability.
The probability that a structure reaches or exceeds a given
damage state (¢) is expressed by the following [50]:

1 Sp
P(¥|Sp) = @—ln(—) 2)
By

AD, 9

In this expression, the function ® denotes the standard
Cumulative Distribution Function (CDF) of a lognormal dis-
tribution. Sp represents the spectral displacement, while
Ap,y indicates its median value. The parameter B indicates
the standard deviation of the natural logarithm of the spec-
tral displacement at which the structure is likely to enter a
specific damage state.

In this paper, the failure probability of a section P
(FailurelPGA),,. is based on Hazus Earthquake Model Tech-
nical Manual (chapters 8 and 11). Components are cat-
egorized into five damage states: none, minor, moderate,
extensive, and complete. To quantitatively assess seismic vul-
nerability under a given PGA, it is necessary to use fragility
curves, which express the probability that a structure will
experience a specific damage level or higher. However, esti-
mating the probability of a particular damage state—rather
than a cumulative exceedance—requires computing the dif-
ference between consecutive fragility curves. Each damage
state is further associated with a Damage Ratio (DR), which
represents the expected percentage of structural damage as
defined in HAZUS. These ratios enable the conversion of
probabilistic damage assessments into measurable impacts
on infrastructure. The failure probabilities for each dam-
age state and for the component as a whole are provided
in Egs. (3)—(7) and (8), respectively.

Prinor = P (minorlPGA) — P (moderatelPGA) 3)
Proderate = P (moderatelPGA) — P (extensivelPGA) (@)
Pexiensive = P (extensivelPGA) — P (complatelPGA) 5)
Peomplate = P (complatelPGA) (6)
Poone = 1 — P(minorlPGA) @)

Psc (FallurelPGA) = (Pminor X DRgléinOre)

moderate
+ ( Pmoderate X DRSC )

SC

+ (P extensive X DReXtenSiVe>

complate
+ | Peomplate X DRgc )

®)

Prinor> Pmoderates Pextensive> Peomplate> and Pnone are the
probabilities of failure for the damage states: minor, mod-
erate, extensive, complete, and none, respectively. DR;IC‘inore,
DRmoderate pRextensive 54 DRE™P® gre the damage ratios
for the minor, moderate, extensive, and complete damage
states, respectively. Substations’ fragility curves are cate-
gorized based on voltage levels into high-, medium-, or
low-voltage groups. Power generation fragility curves are
divided into small and large generation units based on capac-
ity. In this study, upstream grids are modeled as low-voltage
substations, while DERs are represented as small power
plants. The fragility curve parameters, logarithmic mean
value (1) and logarithmic standard deviation (), are pro-
vided in the corresponding Table 3.

To assess the failure state of components, each iteration
of MCS follows a systematic procedure to ensure statisti-
cally reliable results. For each component, a random number
uniformly distributed between [0,1] is generated. If the com-
ponent’s failure probability exceeds the generated random
number, the component is considered to have failed in that
iteration; otherwise, it is deemed functional. This process
is repeated for all components across multiple MCS itera-
tions. The simulation continues until a predefined stopping
criterion is met, ensuring a robust estimation of the sys-
tem’s failure probabilities [52]. Two common stopping rules
include halting the simulation when stopping criterion falls
below a predefined threshold, and running a fixed number of
samples and checking if stopping criterion meets the desired
tolerance [53]. MCS exhibits fluctuating convergence, with
estimated outputs approaching their true values as the num-
ber of simulations increases [53]. To balance accuracy and
computational efficiency, a stopping rule is applied based on
the coefficient of variation (¢), defined as:

o
o =
E(x)

©))

E(X) is the estimated expectation and « is the stan-
dard deviation. A lower o indicates greater confidence in
the results.

The proposed framework allows for evaluating the impact
of component retrofitting by simply replacing the fragility
curves of non-retrofitted components with those of retrofitted
ones. This flexibility enables a seamless assessment of how
retrofitting affects overall system performance.

Stage III: Resilience enhancement measure

Quantifying resilience is essential for evaluating and
refining enhancement strategies to ensure they remain both
actionable and adaptable. In the context of an active distri-
bution system, operational resilience can be assessed using
metrics such as the time to recovery of substations (e.g.,7 —
T, asillustrated in Fig. 1) and the degradation in system per-
formance (e.g.,Pp — Pp also shown in Fig. 1). According to
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Table 3 Fragility curves of

distribution system components Damage Status Minor Moderate Extensive Complete

for different damage states [50] Parameter N 8 N P N P N 8
Non-reinforced Status
Substation 0.13 0.65 0.26 0.50 0.35 0.40 0.70 0.40
Overhead line 0.24 0.25 0.33 0.20 0.58 0.15 0.89 0.15

DER 0.10 0.50 0.42 0.50 0.42 0.50 0.58 0.50

Reinforced components Status
Substation 0.15 0.70 0.29 0.55 0.45 0.45 0.90 0.45
Overhead line 0.28 0.30 0.40 0.20 0.72 0.15 0.89 0.15
DER 0.10 0.55 0.21 0.50 0.48 0.50 0.78 0.50

Seismic Resilience Guidelines, utilities are required to pre-
identify critical loads and ensure their rapid restoration after
disruptive events [54].

In this paper, we propose the Restored Load Value (RLV)
as the primary resilience metric, which quantifies the cumu-
lative amount of prioritized critical load restored over time.
This metric captures the performance degradation and the
speed of recovery, aligning with widely accepted resilience
definitions that include robustness, rapidity, and resourceful-
ness [18]. Critical loads (e.g., hospitals, emergency services)
are assigned priority levels based on utility guidelines, and
local DERSs are deployed via network reconfiguration to sup-
ply these loads through isolated networks. This improves Pp
and consequently mitigates the total degradation (Py — Pp),
enhancing resilience before full restoration is achieved.

Identifying isolated networks is challenging due to the
nonlinear nature of network constraints, which makes direct
optimization computationally difficult. To address this, a
two-stage approach is used. In the first stage, the problem
is simplified by relaxing certain constraints. Specifically,
network losses and bus voltage constraints are ignored, trans-
forming the complex MINP problem into a more manageable
MILP formulation. This two-stage measure is strategically
designed to overcome the computational intractability of
solving the full MINLP problem under post-disaster time
constraints. The first stage guarantees topological feasibility
and critical load prioritization, while the second stage ensures
operational viability through power flow analysis, mirroring
the actual decision-making hierarchy used by utility oper-
ators during emergency response. This allows for efficient
preliminary optimization while preserving key structural
properties. Critical loads powered by local DERs are selected
at the first stage, ensuring that the network maintains a radial
structure and meets generation adequacy requirements. In
the second stage, an OPF analysis is performed to compute
power losses and enforce operational constraints, ensuring
feasibility. The objective in this stage is to minimize volt-
age deviation, which is crucial for maintaining the proper
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operation of critical loads during emergencies. This two-step
framework reduces computational complexity while main-
taining solution accuracy, providing a practical and reliable
approach to network reconfiguration [55].

3 Problem formulation and solution
3.1 Problem formulation

The key question is how to optimally reconfigure the dis-
tribution network to supply critical loads in post-earthquake
conditions by DERs while ensuring that security constraints
are met. The two-step problem is as follows:

Step One

To address this, the distribution network is modeled as
an undirected, node-weighted graph, where each node rep-
resents a load, and each edge represents a distribution line.
The loads are assigned three different priority levels, repre-
sented by weights of 100, 10, and 1 [56]. The highest weight
(100) is assigned to critical facilities, such as hospitals, fire
stations, food supply centers, and water purification plants. A
medium priority (10) is given to gas stations, police stations,
and government buildings. Residential customers and other
non-critical loads are assigned the lowest priority (1). A cri-
terion called the Restored Load Value (RLV) is introduced in
(3) to evaluate the effectiveness of network reconfiguration.
By focusing on the RLV, the framework ensures that crit-
ical loads are prioritized while maintaining overall system
stability and security.

RLV, =P x W (10)

RLV,, P;, and W, represent the restored load value, active
power, and weight of load /, respectively.

The interrupted loads in post-earthquake condition are the
candidates which can be supplied by local DERs. The sup-
plied loads by local DERs must be capable of operating as
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isolated networks. In the first stage, power losses and bus
voltage constraints are ignored, making it crucial to check
generation adequacy and ensure that the radial structure con-
straints are satisfied. The selection of high-priority loads
powered by local DERs is formulated as the (Tree Knap-
sack Problem) TKP problem. The problem can be expressed
as follows:

MaxTRLV (X, y) (1)
Subject to
TRLV(X,y) =Y RLV;(X,y) (12)
iel
x. €1{0,1},Vee C (13)
D Pe(y) < Pyi(y).¥YgeG (14)
cei
xx=1,VceG (15)
Dt b =) x—1 (16)
(a,b)ei c€ei

TRLV and RLYV; are the total restored load value and
the restored load value of island i, respectively. X and y
are the set of binary variables and matrix of numbers pro-
duced stochastically to determine components failure state,
respectively. C, I, and G are set of candidates, set of iso-
lated networks, and set of DERs, respectively. Moreover, i,
¢, and g are index of isolated networks, index of candidates,
and index of DER nodes, respectively. P. and P, ; are active
power of the candidate ¢ and Generated power of DE Ry in
island i, respectively. ¢ (a, b) is binary variable demonstrat-
ing the edge connection two candidates a and b. If the edge
connection is available, ¢ (a, b) = 1; otherwise, ¢ (a, b) =
0. x. is the state variable of the candidate selection; if the
candidate is selected x. = 1; otherwise, x. = 0.

The objective function is designed to maximize T RLV in
post-earthquake conditions. In Eq. (11), the RLV for each
isolated network denoted as,R LV; is calculated. In (13) x, is
the state variable of the candidate selection; if the candidate is
selected x, = 1; otherwise, x. = 0. Equation (14) checks the
generation adequacy of each isolated network to ensure that
it can supply the required power. In Eq. (15), it is assumed
that each DER serves as the root of an isolated network and
is responsible for supplying other nodes within the isolated
network. Finally, Eq. (16) evaluates the radial structure of
each island, ensuring that the selected network configuration
follows a unique radial structure. This means the number of
edges in the network equals the number of selected nodes
minus one, by the radial constraint.

Step two

In the second step, power losses and bus voltages are calcu-
lated for each isolated network. The objective in this stage is
to minimize V D (Voltage Deviation) while ensuring that all
operational constraints are met. To achieve this, OPF analysis
is applied. The load is divided into two categories: control-
lable (C L;) and uncontrollable (U L;) as follows:

P=CL+UL; (17
CLi=d x P, 0<d <1 (18)
UL =¢ x P 0<e¢g <1 (19)

P;, CL;,and U L; are active power of the restored load /,
uncontrollable part of load /, and controllable part of load /,
respectively.

To meet the OPF constraints, the controllable portion
of the load is curtailed. Key controller parameters in the
OPF process include the curtailment of controllable loads,
the reactive power generation from capacitor banks, and the
active and reactive power generation from local DERs. The
OPF formulation is presented as follows:

MinV D = Min » |Ue = Unomina| (20)
cei
Subject to
ploss — Z Ga.b) (Ua2 +UZ — 2U,Up cos Q)ab) (21)
(a,b)ei
0™ = > Bup (Uj +Uj —2UqUp sin %b) (22)
(a,b)ei
Pe= Y |UaUpYaplcos(Ba — O +Bap)Ve € i (23)
(a,b)ei
Qc= > UsUpYaplsin(@s — O +Pap)Ve € i (24)
(a,b)ei
Z P+ Piloss < Z Pg (25)
cei g€l
Z 0.+ Q}oss < Z 0, (26)
cei gei
ymin < . < ymax Ve ei (27)
Sap < Sp Y(a.b)€i (28)
PP < Py < PP (29)
oMt < 0, < O™ (30)
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0 < Qup < QI 31)

Unominal> Ue, U™, U™ U, and Uy, are nominal voltage,
voltage of node ¢, maximum voltage, minimum voltage, volt-
age magnitudes of node a and voltage magnitudes of node b,
respectively. Y45, Gg,p, and B, are admittance magnitude
line, real part of the line admittance, and imaginary part of the
line admittance connecting nodes (a, b), respectively. P, and
Q. are active power and reactive power of the candidate c,
respectively. @45, 65, and 8, are phase angel of Y,;, phase of
node b, and phase of node a, respectively. Sq,, and S73* are
the used line capacity and the maximum line capacity con-
necting nodes a and b, respectively. Pl.1OSS and Q%OSS are active
power loss and for isolated network i and reactive power loss
and for isolated network i. P,, ng“i“, and PgmaX are active
power, minimum active power, and maximum active power
generated through D E R, respectively. Q,, Qg‘i“, and Q"
are reactive power Minimum reactive power, and Maximum
reactive power generation of DER g, respectively. Qcap and

’CT;;‘," are reactive and maximum reactive power generation
of capacitor bank, respectively.

The objective function of the second stage is to mini-
mize voltage deviation in each isolated network as shown
in (20). In Egs. (21) and (22), the active and reactive power
losses for the isolated networks are calculated, respectively.
Equations (23) and (24) determine the active and reactive
powers of the nodes. Equations (25) and (26) evaluate the
active and reactive power generation adequacy of the net-
work. Equations (27) and (28) check the voltage and line
capacity constraints. In Egs. (29) and (30), the limitations on
active and reactive power generation from DERs are evalu-
ated. Finally, Eq. (31) assesses the reactive power generation
limits of the capacitor banks.

3.2 Proposed solution

Step 1: Many nodes may not satisfy the radial and generation
adequacy constraints outlined in Egs. (13—16), and these can

be eliminated before solving the optimization problem. The
Depth-First Search (DFS) algorithm is applied to identify the
nodes that satisfy the constraints (14—16) for each DER. The
nodes selected through DFS are then considered candidates
for solving the TKP problem presented in Eqs. (12—16). This
approach helps to efficiently filter out nodes that cannot meet
the necessary constraints before attempting to solve the opti-
mization problem. Algorithm #1 describes the procedure for
finding these initial candidates using the DFS method. For
more details on the DFS algorithm [57] is referred.

In this paper, Particle Swarm Optimization (PSO) is used
to solve the TKP problem. The PSO algorithm is inspired by
the cognitive and social behaviors observed in bird flock-
ing. It has been widely applied to various power system
challenges, including unit commitment, demand-side man-
agement, expansion planning, and reactive power regulation
[58]. PSO is easy to understand and implement, requiring
only a few parameters, and it achieves stable convergence in
a short amount of time [59]. The algorithm defines particles,
each representing a potential solution, through a mixture of
initial candidates with binary decision variables. Each parti-
cle has two attributes: position (5) and velocity (V), both of
which are updated in every iteration (if). A particle moves
toward the best solution based on its own past experience
and the best experience of other particles. The updates for
S and V are shown in Egs. (32) and (33), respectively. The
process continues until the best solution is found, determined
by evaluating the fitness function.

SA£I+1 — Sét + ‘/Sil+1 (32)

Vil =y it +c1r{t(p§.t - S;’) +corl! (pif - S§t> (33)

where s is the index of PSO particles, c¢; and ¢, are accel-
eration constants, r; and rp are random numbers between
[0-1], w and it are inertia weight and counter of iterations,
pg and p; are the best global point and best individual point
for particle s in PSO.

Convert the distribution network structure to an undirected graph structure
Remove the failed lines from the undirected graph structure
Input ,7 (Number of DER as the roots of the graph)

1. fort=1:T

2. Apply DFS to find the nodes satisfying (14-16) for DER,
3. Save the obtained nodes as candidates to solve problem (12-16)
4

end for
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Algorithm #2 presents the procedure for solving TKP
through PSO, where IT is the number of iterations. More
details about PSO can be found in [59].

The city is supplied by a 66/12.6 kV substation. It
is assumed that one feeder of the distribution system is
similar to the IEEE-69 bus system, with the single-line dia-
gram shown in Fig. 4. The total active power demand is

Input 7, (Number of DER as the roots of the graph)

Insert PSO parameters
fort=1:T

1. Consider the obtained nodes from Algorithm #1 for DER, as the potential solutions

2. Encode particles for DER,
3. Initialize P and S for every particle
forit=1:IT

4. Calculate the fitness function (12-16) for every particle
5. Update S and V regarding (32) and (33) for every particle
end for
The best solution for DER; is obtained

end for
The best solution for all DERSs are obtained

Step 2: DIgSILENT Power Factory has a strong toolbox
for distribution systems [60]. In this paper, the OPF is solved
with this toolbox.

The summary of the proposed framework and the solution
is presented in Fig. 3.

4 Numerical results
4.1 Case study

Iran is located on a major seismic belt and has experienced
numerous destructive earthquakes. Ghir, a city in the south-
ern part of Fars Province, near the Ghir fault, was struck by
a magnitude 6.5 (Mw) earthquake in 1972 [61]. The seismic
data for Ghir used in this study is based on [61, 62], and
the attenuation relationship specific to Ghir—presented in
Eq. (34)—is based on the characteristics of the central Zagros
seismic zone, where the city is located and was developed
through a region-specific empirical approach that combines
recorded strong-motion data, geological and tectonic fea-
tures, and regression analysis [49].

B +0.38
log (PGA) =5.67+0.318 ———
1.06
—0.77Log (D) — 0.016D (34)

To assess the impact, the city is divided into three seismic
zones based on the distance from the earthquake’s epicenter
to various components, and three different PGAs are calcu-
lated. The parameters for the fragility curves are provided in
Table 3. It is important to note that all components are in a
non-reinforced state.

3,802.19 kW, while the reactive power demand is 2694.60
kVAr [63]. The maximum line capacity is 150 A, and the
voltage rating is 12.6 kV. The voltage limits are set to 0.95
per-unit for the minimum voltage (U™™) and 1.05 per-unit
for the maximum voltage (U™*). The installed DERs pro-
vide 820 kW. Small gas turbines have been installed within
the system to support critical loads in post-earthquake con-
ditions, as detailed in Table 4. The power factor of the DERs
can be adjusted within the range of [0.8 lead, 0.8 lag]. Addi-
tionally, a set of capacitor banks with a total capacity of 600
kVar is installed at node 27 to support voltage regulation and
reactive power compensation. A detail of the load priority
is presented in Table 5. The customers are divided into con-
trollable, partly controllable, and uncontrollable sections, as
shown in Table 6. PSO parameters are shown in Table 7,
where N, is the population size.

4.2 Basic scenario

In the base scenario which is a snapshot of earthquake dam-
ages, the earthquake epicenter is located 15 km, 20 km, and
25 km from the equipment in zones 1, 2, and 3, respectively.
The earthquake has a magnitude of 6.5 Mw. Using the atten-
uation relation in Eq. (34), PGAs are calculated for each
seismic zone, followed by MCS to assess component failures.
The resulting PGAs and failed components are summarized
in Table 8. The upstream substation and eight distribution
lines fail due to the earthquake. The substation failure discon-
nects the entire distribution system from the upstream grid.
To restore power, the proposed method is applied, identifying
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Fig. 3 The three-stage risk-based resilience-oriented framework against earthquakes

feasible isolated networks, as shown in Fig. 5 and Table 9.
Through Depth-First Search (DFS), DER1 and nodes 14-27
are selected as potential candidates. PSO is then applied,
selecting nodes 18-22 to be supplied by DER1.

In the second stage, OPF is executed, resulting in a power
loss of 1.2 kW within the selected island. A similar restoration
process is applied for other DERs. The total RLV is 29,750
units, the total restored loads is 763.05 kW, the total power
loss and reactive loss are 5.2 kW and 2.02 kVar, respectively.
Additionally, the capacitor bank generates 600 kVAR of reac-
tive power, and the DER power factor is set to 0.95 (lead) for

@ Springer

all units. To satisfy OPF constraints, the controllable portion
of the load at node 24 is curtailed.

4.3 Scenario analysis of earthquake magnitude

In this section, the earthquake magnitude varies, while the
distance to components remains constant. Table 10 presents
the calculated PGAs for different seismic zones. For con-
sistency, all loads are assigned equal weights (weight = 1),
meaning the restored load is equal to the RLV. Given the
stochastic nature of the seismic response, MCS is performed
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Fig.4 Single line diagram of IEEE-69 bus system divided into three seismic zones

Table 4 Characteristics of 4 DERs installed to IEEE 69-bus system until the stopping criterion—a < 0.05—is satisfied, ensuring
statistically reliable results across various possible isolated
DER Number 1 2 3 4 . .
network configurations [53]. The proposed reconfiguration
Node number 19 4 52 65 method is then applied, and the results are illustrated in
Capacity (kW) 200 120 400 100 Fig. 6. The findings reveal that for weak earthquakes, the

Table 5 Details of the three types of priority of loads

restored load is minimal as the damage to the distribution
system is negligible. As the earthquake intensity increases,
the restored load grows, primarily due to substation fail-

ure, which forces DERs into islanded operation and makes

Priority Weight Node number

type reconfiguration more effective. However, for strong earth-
quakes (magnitude 7 +), the restored load drops sharply due

High 100 6,9,12,18,35,37,42, 51, 57, 62 to the high vulnerability of DERs, limiting their ability to

Medium 10 Other nodes maintain power supply. The restored loads for different earth-

Low 1 7,10, 11, 13, 16, 22, 28, 38, 43-48, 60, quake magnitudes are 112 kW, 350 kW, 472 kW, 765 kW,

03 632 kW, and 231 kW, with the restored load decreasing by

18% from magnitude 6 to 7 and 70% from magnitude 6

Table 6 Characteristics of customer’s load shedding to 8. This demonstrates that DER-based reconfiguration is
effective for earthquakes but becomes increasingly ineffec-

Node number Load type ¢ d tive as earthquake intensity rises dramatically, highlighting

Other nodes Uncontrollable 1 0 the importance of earthguake.—resilient DERs', such as 'pho—
tovoltaic power plants, in regions prone to high-magnitude

26, 27, 34, 39,41, 4344, Controllable 0 1

48, 53-56,58, 66-69 earthquakes.
11, 13,16, 21, 38, 24 Partly controllable 0.4 0.6

@ Springer



15018

Electrical Engineering (2025) 107:15005-15023

Table 7 PSO parameters applied

for simulation Parameter Np w c1 [s5) 1T
Quantity 200 1.2 1.2 0.9 2000
Table 8 Seismic data and
components failure data Seismic zone Distance (km) PGA (%) Failed components
regarding the basic scenario ‘
Zone 1 15 5.4 Substation, Line (3,59), Line (68,69), Line (28,29)
Zone 2 20 5.1 Line (55, 56), Line (39, 48), Line (47, 48),
Zone 3 25 4.9 Line (13, 14), Line (57-58)

4.4 Evaluation the effect of components retrofitting

This section evaluates the effect of component retrofitting
on the proposed resilience framework. To achieve this, the
fragility curve parameters for retrofitted components, as
shown in Table 3, replace those used in the previous sim-
ulations, while all other assumptions remain unchanged.
The results, compared to the non-retrofitted scenario, are
illustrated in Fig. 7. The findings indicate that retrofitting
components before an earthquake, combined with post-event
network reconfiguration, significantly enhances resilience.
Strengthening the upstream substation helps prevent distri-
bution system disconnection from the main grid, reducing
the need for reconfiguration. However, for high-magnitude
earthquakes where substation failure is inevitable, the ability
of local DERs to supply critical loads becomes crucial for
maintaining system operation.

In the non-retrofitted scenario, the interrupted loads
increase significantly with earthquake intensity, reaching
200 kW, 1001 kW, 1410 kW, 2009 kW, 3154 kW, and
3602 kW for magnitudes 3, 4, 5, 6, 7, and 8, respectively.
When retrofitting measures are applied, these values drop to
49 kW, 204 kW, 506 kW, 609 kW, 812 kW, and 1222 kW,
highlighting a significant improvement. However, in extreme
earthquakes (magnitude 8), power interruptions remain sub-
stantial (1222 kW) due to the simultaneous failure of both
the substation and local DERs. This emphasizes the limita-
tions of retrofitting alone and the need for a comprehensive
resilience strategy, incorporating DER reinforcement, alter-
native power sources to further mitigate disruptions during
severe seismic events.

4.5 Comparison with other methods

To assess the efficiency of the proposed resilience enhance-
ment method, its results are compared with the approaches
presented in [64]. In [64], isolated networks are only per-
mitted when the total DER generation exceeds the total load
in the isolated network. If the total load surpasses the DER
capacity, the isolated network is not allowed, leading to a
failure in the resilience enhancement process, and the DERs
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must be shut down. For instance, in the network snapshot
from Section IV-B, the total load in every isolated network
exceeds DER generation under [64], preventing any load
restoration and resulting in a RLV of zero.

In contrast, the proposed method offers superior resilience
performance by ensuring that critical loads can still be sup-
plied, even when the upstream grid is disconnected or when
the total interrupted load is less than the available DER
generation. To comprehensively evaluate system perfor-
mance under different damage scenarios, the basic scenario
from Section IV-B was repeated, with results summarized
in Table 11. The findings demonstrate that the average
VRL obtained using the proposed method is significantly
higher than that of [64]. This improvement highlights the
key advantage of the proposed approach—its ability to
dynamically reconfigure the network, optimally allocate
DER resources, and maintain power supply to critical loads
under extreme conditions, making it a more effective and
reliable resilience strategy.

4.6 Scenario analysis of DER penetration

This section investigates the effects of DER penetration
on the distribution system’s performance through scenario-
based analysis. The study assumes that DERs are directly
connected to the 12.6 kV distribution network, with their
cumulative capacity limited to 60% of the feeder’s total
load (2,281.2 kW). The DER portfolio consists of four
units (DER1-DER4), contributing 12.2%, 48.8%, 14.6%,
and 24.4% of the total DER capacity, respectively. The seis-
mic scenario and input data align with the baseline conditions
defined in Section IV.B.

MCS were conducted for varying DER penetration levels,
with the results summarized in Table 12. The analysis reveals
that higher DER penetration increases RLV. However, the
rate of RLV growth diminishes at elevated penetration lev-
els. This nonlinear trend is attributed to the vulnerability of
distribution lines, which constrains the system’s ability to
fully utilize available DER generation for supplying addi-
tional loads.
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Fig.5 Isolated networks supplied by local DERs regarding the basic scenario

Table 9 Details of the isolated networks supplied by local DERs regarding the basic scenario

DER First stage RLV Second Stage
Number
PSO Selected Restored loads Active Power loss Reactive Power loss VD
particles nodes (kW) (kW) (kVar) (p-w)
1 14-27 18-22 180.3 7155 1.2 0.56 0.01
8-10,43-47 8,9,42 109.35 4185 1.1 0.42 0.02
18-27, 24-27, 379 13,780 2 0.67 0.01
51-54 51-54
4 59-69 61-68 94.4 4630 0.9 0.37 0.01
Total 763.05 29,750 52 2.02
Table 10 The calculated PGA for . ]
scenario analysis of earthquake Seismic zone Magnitude (Mw)
magnitude 3 4 5 6 . g
PGA Zone 1 0.44 0.47 0.50 0.53 0.56 0.59
PGA Zone 2 (smz) 0.41 0.44 047 0.50 0.52 0.56
PGA Zone 3 (;—'}) 038 0.41 0.44 0.47 0.50 0.53

5 Conclusion and future works
5.1 Conclusion

This paper introduces a risk-based reconfiguration frame-
work for active distribution systems in seismic hazard
conditions. The framework consists of earthquake modeling,
vulnerability assessment, and resilience-oriented reconfigu-
ration, formulated as a two-step optimization problem. The
effectiveness and flexibility of the proposed method were

Table 11 Comparison of the proposed method with the methods pro-
posed in [64]

Method in this paper Method in [64]
Restored loads (kW) 772 245
RLV 29,654 9,320

demonstrated through extensive simulations. In Section I'V-
C, the impact of earthquake intensity on distribution system
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Fig.6 Restored load through the proposed reconfiguration approach for different earthquake magnitude
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Fig. 7 Comparison of the power interruption for retrofitted and non-retrofitted components

Table 12 Results of scenario ]
analysis of DER penetration for DER penetration (%) 0 10 20

30 40 50 60

the basic case study
Generation Capacity (Kw) 0 380.2 760.4

RLV 0 13,537 24,752

1140.6 1520.8 1901 2281.2
44,521 55,675 65,231 68,778
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performance was analyzed, revealing that DER-based island-
ing becomes essential when substation failures occur. In
Section IV-D, the benefits of component retrofitting were
evaluated, showing that reinforcing critical infrastructure sig-
nificantly enhances resilience. Additionally, in Section IV-E,
an alternative reconfiguration strategy was examined, further
demonstrating the proposed method’s superiority in main-
taining power supply to critical loads. The results highlight
that combining planning measures (component retrofitting)
with operational measures (reconfiguration) significantly
improves system resilience. In Section IV-F, the benefits of
high DER penetration for resilience enhancement is demon-
strated. By leveraging local DERs and adaptive reconfigura-
tion, this framework provides a more effective and practical
solution for post-disaster power restoration. Ultimately, the
proposed method serves as a valuable decision-support tool
for distribution system operators (DSOs), enabling faster and
more reliable recovery in earthquake-affected regions.

5.2 Limitations and future works

This study focused on controllable DERs, such as gas tur-
bines and diesel generators, which can regulate active and
reactive power generation after earthquakes, with their failure
being the only uncertainty considered. Future research will
explore the advantages and challenges of renewable energy
sources like wind turbines and photovoltaic systems, which
introduce greater uncertainty in power generation but may
enhance resilience in supplying critical loads. Additionally,
this study assumed that end-user buildings and infrastruc-
ture remain undamaged during earthquakes. Investigating
building vulnerability would provide valuable insights into
end-user disruptions and could account for overhead line
failures caused by collapsing structures. Another limitation
is the neglect of underground cable damage due to seismic
activity. Future studies should identify key stress parameters
such as Peak Ground Velocity (PGV) and Peak Ground Dis-
placement (PGD) for underground cables and compare the
resilience of overhead lines and underground cable systems
in seismic conditions [65]. One key limitation of this study
is the use of generalized fragility curves, which do not cap-
ture the effects of aging infrastructure or substation-specific
layout due to limited publicly available data. As a result, the
accuracy of loss estimates may be affected by these unmolded
real-world complexities. Future work should incorporate
more advanced, region-specific vulnerability models beyond
HAZUS to enhance the realism and precision of the sim-
ulations. On the other hand, assessing substation layouts
(e.g., single bus-bar, double bus-bar, etc.) and evaluating the
impact of design standards—such as IEEE 693, which spec-
ifies the ability to withstand a Peak Ground Acceleration
(PGA) of 0.5 g without failure—can be considered practical
measures for enhancing planning and resilience. Addressing

these aspects will help refine disaster-response strategies and
improve the overall resilience of distribution networks.
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