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ABSTRACT: With the increasing penetration rate of distributed generators (DGs) in the distribution network, DGs
with independent power supply capability provide strong support for distribution network fault recovery. Traditional
fault reconfiguration methods often rely on static load priorities and fail to fully consider the time-varying dynamic
characteristics of outage costs, resulting in shortcomings in the economy and adaptability of restoration strategies. To
address this, this paper proposes a fault reconfiguration method that integrates day-ahead prediction and a dynamic
load restoration set. Firstly, a Long Short-Term Memory network optimized by Variational Mode Decomposition and
the Marine Predators Algorithm is used for the day-ahead prediction of DG output, providing a data foundation for
rapid response upon fault occurrence. After a fault occurs, a time-varying dynamic load priority restoration set is
constructed based on load outage cost analysis, comprehensively considering the load importance level and the decay
characteristics of outage costs, forming an economy-oriented restoration objective. Furthermore, the islanding process
and the main network reconfiguration process are unified into a single model, constructing a Mixed-Integer Second-
Order Cone Programming model. This model is validated using the CPLEX solver on the IEEE 33-node and 69-node test
systems. Simulation results show that, compared to traditional static reconfiguration methods, the proposed strategy not
only ensures the continuous power supply to important loads but also significantly reduces user outage costs, achieving
the synergistic optimization of power supply reliability and economy.

KEYWORDS: Distribution network; intelligent optimization algorithms; LSTM neural network; islanding formation;
main grid reconfiguration; second-order cone programming (SOCP); distributed generation (DG)

1 Introduction

With the rapid development of China’s power system, the requirements for power supply reliability and
security in distribution networks have significantly increased [1]. Concurrently, the deployment of intelligent
devices such as Distribution Automation Terminals (DATs) has substantially enhanced the detectability and
controllability of distribution networks. This enables precise regulation of distribution grids and accurate
switching control, laying the foundation for maximizing power restoration during faults through network
reconfiguration and islanding formation [2].

Driven by China’s “Dual Carbon” strategy, the integration of renewable energy sources in distribution
networks continues to grow. The resulting active distribution networks make islanded power supply feasible
for outage areas. However, traditional reconfiguration strategies have become inadequate for modern active
distribution networks due to the incorporation of renewable energy. These strategies cannot support outage

@ Copyright © 2026 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



https://www.techscience.com/journal/EE
https://www.techscience.com/
https://doi.org/10.32604/ee.2026.074052
https://www.techscience.com/doi/10.32604/ee.2026.074052
mailto:xxf_chd@163.com

2 Energy Eng. 2026;123(10):5

areas through islanding formation, necessitating in-depth research on network reconfiguration strategies for
active distribution networks with DG during fault conditions.

During distribution network reconfiguration, speed requirements for post-fault processing often exist.
Therefore, day-ahead prediction of DG output is essential. Current prediction methods in power systems
primarily include statistical approaches and artificial intelligence (AI)-based predictive models. Among
statistical methods, Exponential Smoothing [3] and Hidden Markov Models (HMMs) [4] are representative,
yet such algorithms fail to capture certain features within the data. Consequently, Al-based predictive
models [5] demonstrate superior practical utility due to their enhanced nonlinear fitting capabilities and
comprehensive utilization of data details. Specifically, the Long Short-Term Memory (LSTM) network [6,7]
enables accurate prediction for data with strong temporal patterns and has been extensively applied in
time-dependent forecasting domains.

The essence of both main grid reconfiguration and islanding formation in distribution networks lies
in adjusting the status of tie switches and sectionalizing switches to modify the network topology, thereby
maximizing the restoration of power supply to outage areas. Numerous studies have addressed distribution
network fault recovery and islanding formation. Reference [8] proposed an islanding strategy for outage areas
based on the Knapsack Tree Algorithm but neglected dynamic variations in load demand and DG output.
Reference [9] demonstrated the superiority of dynamic reconfiguration over static approaches. Reference [10]
emphasized the necessity of considering dynamic load-DG interactions during islanding. Consequently,
static reconfiguration methods prove inadequate for complex recovery requirements and may compromise
solution feasibility. Furthermore, research indicates that outage cost per unit load decays exponentially over
time [11], necessitating time-varying reconfiguration strategies.

Regarding the coordination of reconfiguration and islanding, existing literature typically treats them
as separate processes. Reference [12] employed reconfiguration for power quality improvement, while Ref-
erence [13] developed an islanding-based recovery method using dynamic distributed linear programming
to optimize island formation. Reference [14] proposed an improved Kruskal algorithm-based islanding
scheme considering electrical distance and critical loads, coupled with a reconfiguration model to minimize
active power losses and switching operations. These studies failed to integrate islanding with main grid
reconfiguration during faults. Although Reference [15] combined both processes, it lacked in-depth analysis
of outage cost implications.

In the optimization of reconfiguration strategies, scholars have employed various intelligent algorithms.
For instance, reference [16] combined Particle Swarm Optimization with a plant growth simulation algorithm
to reduce network losses, while reference [17] introduced the Seagull Optimization Algorithm to co-
optimize reconfiguration and reactive power compensation. Furthermore, the coordinated optimization of
reconfiguration and load control has garnered attention. Reference [18] proposed a reconfiguration model
integrating a minimum spanning tree algorithm with an improved genetic algorithm to optimize load
shedding. However, few of the aforementioned studies have sufficiently considered the new challenges
introduced by distributed generation—such as harmonic pollution, as highlighted in reference [19]—or
have deeply integrated the processes of islanding and main network reconfiguration under fault conditions.
Simultaneously, as emphasized in reference [20], precise switch configuration is crucial for implementing
load management, which further underscores the importance of comprehensively considering switch
operations and load priorities during reconfiguration.

In summary, the core contribution of this paper lies in proposing a distribution network reconfiguration
method that accounts for dynamic cost variations, aiming to achieve cost-economic restoration. Building
upon the characteristic of time-decaying outage costs, the approach rapidly establishes a dynamically
updated load priority recovery set based on day-ahead forecasts of distributed energy output, forming the
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cornerstone of the reconfiguration strategy. By integrating islanding formation with main grid reconfigura-
tion during fault conditions, network reconfiguration serves as the technical means to achieve the ultimate
objective of optimal load and cost recovery. While reconfiguration guides the system’s transition from fault
state to power supply restoration, the economically reliable recovery of loads constitutes the overarching
optimization goal that fundamentally governs the generation and selection of reconfiguration schemes.
This framework ultimately accomplishes a comprehensive fault self-healing technology that simultaneously
considers both cost and load importance.

Key innovations include:

1. Enhancing traditional LSTM networks via intelligent optimization algorithms for domain-specific
adaptability;

2. Proposing a novel time-varying load priority recovery set incorporating decaying outage costs, it
provides a reliable objective for post-fault management in distribution networks. The dynamic restora-
tion set generated by this method serves as the core decision-making benchmark for reconfiguration
strategies, enabling the restoration process to holistically balance load importance with power supply
restoration economics;

3. Reducing computational burden through integrated islanding-reconfiguration coordination, providing
an efficient solution approach for the proposed dynamic cost-based reconfiguration method.

2 LSTM-Based DG Output Forecasting Utilizing VMD and Intelligent Optimization Algorithms

In active distribution network fault reconfiguration, process immediacy is crucial. Consequently, initiat-
ing reconfiguration solely based on real-time DG output data after fault occurrence often prolongs response
time. To address this limitation, this study employs a Variational Mode Decomposition (VMD)-enhanced
LSTM network with intelligent optimization algorithms for day-ahead wind-solar output forecasting. This
approach obtains predicted DG output data in advance, enabling immediate fault reconfiguration using
forecasted data during outages.

2.1 Fundamental Principles of VMD

Variational Mode Decomposition (VMD), an adaptive signal decomposition method, achieves effective
frequency-domain partitioning and separation of signal components. Its fundamental process involves
iteratively solving a variational model to determine the center frequencies and finite bandwidths of intrinsic
mode functions (IMFs).

The mathematical expression for the k-th order IMF is given by:

F, = Ai (t)cos (¢x (1)), €]
Fo= ¢ (= 2200 @

In the equation, F, is the u(t) function, Ai(#) is the u(t) instantaneous amplitude, k = 1, 2, ..., K,
F, is the wi(t) function, wi(t) is the center frequency of u(t), ¢« (t) is the non-monotonically decreasing
phase function.

By Hilbert transform obtaining the analytic signal of ux(t), thus acquiring the unilateral spectrum:
h
[8(t)+—]>euk(t) 3)
mt

In the equation, §(t) is the impulse function, h represents this time instant.
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By adjusting the center frequency wi () of each u(t), and mixing with the unilateral spectrumin Eq. (3),
obtaining the baseband signal:

[(5@) . %) - (t)]efwkf (4)

By calculating the gradient of the demodulated signal, obtaining the bandwidth of the demodulated
signal to establish the constrained variational model expression:
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In the equation, f is expressed as f(t), representing the input signal, {ux } = {p1, 25 ..., i > are k mode
components, {wi } = {w, wy, ..., wi }, are the frequency centers corresponding to the k mode components. To
convert it into an unconstrained variational problem, introducing a quadratic penalty factor and Lagrange
multiplier, thereby obtaining the augmented Lagrangian expression:
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In the equation, « is the penalty factor, A(¢) is the Lagrange multiplier, the operator “()” represents the
inner product.
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In the equation, ¢ is the convergence tolerance.

Using the multiplier alternating direction method continuously alternately updating #}*', and after
satisfying Eq. (8), immediately stopping iteration, obtaining k mode component values.

2.2 Fundamental Principles of the Marine Predators Algorithm (MPA)

The MPA, as a novel metaheuristic optimization algorithm, exhibits superior performance in solving
complex problems due to its rapid convergence, high accuracy, and strong stability. It emulates marine
predators’ foraging strategies based on Lévy and Brownian motions, along with optimal encounter strategies
for biological individual interactions.

The MPA procedure comprises four phases:

1. Initialization: Randomly initializes prey positions, representing algorithm initialization.

2. Optimization: Predators select strategies based on prey behavior, enabling balanced local and
global search.

3. Fish Aggregating Devices (FADs) and Eddy Effect: Addresses local optima traps. Predators employ
long-jump steps to escape eddies, preventing premature convergence.
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4.  Population Update: Implements a 50/50 predator-prey update strategy, enhancing global search while
accelerating local search through FAD-induced vortex effects.

Additionally, MPAs memory mechanism retains optimal solutions, outperforming comparable algo-

rithms. The mathematical formulation is expressed as:

2.2.1 Initialization

Initialize the Prey matrix, namely the prey matrix:

Xy = X+ rnd (- Xo) ’

In the equation, X,,;, is the lower bound of the search space, X, is the upper bound of the search
space, rand() represents a random vector, taking values between 0 and 1.

Obtain the Prey matrix:
X1 ... X4
Prey =1 : : : (10)
X1 oo Xpg4

In the equation, n denotes the population size, and d represents the dimension of the solution.

The Elite matrix maintains the same dimensionality as the Prey matrix. At the end of each iteration, the
predators in the current iteration are compared with the top predators from the previous iteration, and the
Elite matrix is updated with the superior predators.

X, ... Xy,

Elite = : : (11)
Xp - Xy

2.2.2 Optimization

Optimization process is divided into three sequential phases, where the dynamic interplay between
predator-prey velocity ratios governs the simultaneous simulation of both predator and prey movement
behaviors. These operational phases are defined as follows:

Initialization Phase: When the prey’s instantaneous velocity exceeds the predator’s velocity (i.e.,
high prey-to-predator velocity ratio), the prey population exhibits Brownian motion-inspired exploratory
patterns. During this phase:

{stepsize,» :RB®(Elitei—RB.® Prey;) “L2...n Iter<11termax 1)
Prey; =Prey; + P- R ® stepsize; 3

In the equation, stepsize; represents the movement step size, Rp represents a random vector based on
the normal distribution of Brownian motion, ® is the entry-wise multiplication operator, P is an arbitrary
constant that can be modified according to actual conditions, R is a random vector taking values between
0 and 1, n represents the population size, Iter represents the current iteration count, Iter,,,, represents the
maximum iteration count.

Intermediate Optimization Phase: When predator and prey velocities reach approximate parity, the
prey population employs Lévy flights to conduct local exploitation, while the predator population utilizes
Brownian walks to perform global exploration.
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stepsize; = Ry @ (Elite; - Ry @ Prey;) =1,2...n/2 lIz‘er < Iter < zIter (13)
Prey; = Prey; + P- R ® stepsize; T 3 m 35 mae
stepsize; = Rg ® (Rp ® Elite; — Prey;) 1 2

=n/2...,n —Iterma.x < It —Itermax 14
{Preyi = Elite; + P- CF ® stepsize; n/ 31t ma < frer< 3 [ETma (14)

In the -equation, R, denotes a random vector following a Lévy distribution.
CF = (1 - Iter/Itermax) *!¢"/*rmax denotes the adaptive parameter that regulates the predator’s movement
step size.

Late Optimization Phase: when the predator’s velocity exceeds that of the prey, the optimization
algorithm enters a state of intensive exploitation. During this phase, predator agents employ Lévy flights to
execute targeted pursuit behaviors.

2
=1,2...n Iter> gMax_Iter (15)

stepsize; = R, ® (R ® Elite; — Prey;)
Prey; = Elite; + P- CF ® stepsize;

2.2.3 FADs and Eddy Effect

Prey, - {Pr ey; + CF [Xmin + R ® (Xmax — Xmin)] ® Ur < FADs 16)

Prey; + [FADs(1-r) +r] (Prey, —Prey,,)r>FADs

In the equation, FADs represents the degree to which fish aggregation devices affect the optimization
progress, U denotes a binary vector,  is a random number between 0 and 1, and r; and r, are random indices
of the prey matrix.

2.2.4 Population Update

This process updates the Elite Matrix. Through the comparison of the individual fitness of the predator
matrix and the elite matrix in this iteration, if it is better than the elite matrix, it will be replaced until the
algorithm requirements are met.

2.3 LSTM Neural Network

As an improved recurrent neural network (RNN), it can effectively solve the prediction time series with
long intervals in recurrent neural networks, and its structure is shown in Fig. 1.

The status of the unit
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Figure 1: Schematic illustration of the LSTM structure
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In the figure, the output #; of the LSTM neural network will be determined by the output A,_; at the
previous time, the unit state ¢;_; at the previous time, and the input x; at this time.

3 Typical Energy Storage Device Output Model

As a critical component in active distribution networks, energy storage devices play a pivotal role
in fault reconfiguration technology for such systems. Serving as the power source supporting reliable
power restoration in de-energized areas, research on the output performance of energy storage devices
directly impacts system reliability and the effectiveness of reconfiguration strategies. Consequently, prior
to implementing unified reconfiguration of active distribution networks under fault conditions, this paper
first conducts a comprehensive analysis of energy storage device output characteristics to establish their
operational constraints during fault scenarios. Building upon this foundation, this section focuses on
establishing an energy storage technology modeling framework and developing an integrated output model
for distributed power sources, thereby providing essential energy support for the formulation of distribution
network fault reconfiguration strategies.

3.1 Energy Storage System Output Model

Unlike wind and photovoltaic power, the output model of energy storage systems is relatively complex.
Therefore, the primary consideration is to limit its output range through operational constraints. In this
paper, both capacity and power limitations are taken into account comprehensively. Additionally, to consider
the lifespan of energy storage equipment, simultaneous charging and discharging behaviors are not allowed.

3.1.1 Charging and Discharging Constraints

Ecp+Ef <1, (17)

this equation is used to restrict the charging and discharging states of energy storage. Specifically, when E,
is 1, it indicates that the energy storage device is charging; when E; is 1, it indicates that the energy storage
device is discharging. This constraint enforces that the sum of E; and Ef must not exceed 1, mathematically
ensuring that both states cannot be 1 simultaneously, thereby implementing a hard constraint against the
prohibited behavior of “simultaneous charging and discharging” This model establishes the foundation for
subsequent development of a safe operational framework for the energy storage system.

3.1.2 Energy Storage Device Charging Model

Although the possibility of energy storage devices remaining in a charging state during fault conditions
in the distribution network is very low, it is still necessary to model this scenario to ensure the overall validity
of the model.

At
Ept = Eq + 0 Pch,taldt> Pch,t < Pepmax (18)

In the equation, E, represents the initial energy level of the energy storage device, Ex; represents the
energy level of the device after a time interval of At, Py, ; represents the charging power of the device at time
t, a; represents the charging efficiency of the device, P, qx represents the maximum charging power of
the device.



8 Energy Eng. 2026;123(10):5

3.1.3 Energy Storage Device Discharging Model

At
EAt = E() - L Pf’t/(lzdt, Pf,t < Pf,max (19)

In the equation, E, represents the initial energy level of the energy storage device, Ex; represents the
energy level of the device after a time interval of At, Py, represents the discharging power of the device at
time f, a; represents the charging efficiency of the device, Py, represents the maximum discharging power
of the device.

3.1.4 State of Charge of Energy Storage Device and Its Constraints

In practical applications, energy storage systems often use the State of Charge (SOC) to indicate their
remaining capacity. This paper adopts a dynamic SOC update model widely used in hybrid energy storage
systems, which performs recursive calculations of the SOC based on the operating mode of the energy
storage device.

During charging (Pg; > 0):

Pg,-t-
SOC, = SOC,_, + —t = ek (20)
N
During discharging (Pg,; < 0):
Pr ;- At
SOC; = SOC,_y + L — (21)

Nais " En

In the equation, SOC; and SOC;_; represent the state of charge at time t and ¢ — 1 respectively; Pg ; denotes
the charging/discharging power of the energy storage device at time t; 7., and 74;s represent the charging
efficiency and discharging efficiency of the energy storage device respectively; Ey is the rated capacity of the
energy storage device; and At is the time interval.

Meanwhile, to ensure the safe operation of the energy storage device, overcharging and over-discharging
are not allowed. The safety constraints for the energy storage device are expressed in Eq. (22) as follows:

SOCuin < SOCyy4 1 < SOCax (22)

In the equation, SOC,;, represents the minimum SOC of the energy storage device, and SOC,,,
represents the maximum SOC of the energy storage device.

3.2 Integrated Output Model for Distributed Power Sources

In practical applications, energy storage devices are often combined with photovoltaic panels and wind
turbines to obtain a relatively stable power output, providing strong support for the reconfiguration process
of distribution networks, especially in the division of islands. The integrated output of distributed power
sources is shown in Eq. (23):

Ppg =Pf+Pg+PE (23)

In the equation, Ppg represents the integrated output of distributed power sources, Py represents the
output of wind turbines, P, represents the output of photovoltaic units, and Pg represents the output of the
energy storage system.
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The output of distributed power sources used in the fault reconfiguration process of distribution
networks in this paper is derived from this equation.

4 Unified Model for Fault Reconfiguration and Islanding Partition in Active Distribution Networks

During the operation of distribution networks, faults in the upstream grid may result in the loss of
main power supply in some areas. To ensure continuous power supply to these areas, distribution network
reconfiguration strategies have emerged. Distribution network reconfiguration aims to form self-sufficient
power islands in fault areas during grid faults by reasonably scheduling the power of distributed power
sources and energy storage devices, and utilizing interruptible loads, thereby reducing user outage losses and
enhancing the reliability of power supply in distribution networks. This chapter will explore the research
content of fault reconfigur-ation and islanding partition models for active distribution networks, including
the establishment of objective functions for network reconfiguration, constraint conditions for network
reconfiguration, and adaptation to the CPLEX solver, providing theoretical support and practical guidance
for the islanding operation of actual distribution networks.

4.1 Priority Restoration Set for Loads That Vary over Time

When faults occur in distribution network lines, the strategies for reconfiguration and islanding
partition of active distribution networks become particularly important. The main objective during this fault
handling phase is to, after a fault in the distribution network line, reasonably adjust the grid structure so
that the main grid can support as many power-loss nodes as possible, and to rationally allocate distributed
power sources within the distribution area to form self-sufficient island regions for load nodes that cannot
be connected to the distribution network due to the fault. This ensures that critical loads avoid power loss,
reduces outage costs for users, and thus enhances the safety and reliability of power supply in distribution
networks. Therefore, this paper prioritizes the establishment of a priority restoration set for loads that vary
over time. This strategy complies with the requirements of IEEE 1547-2003 for utilizing islanding operation
of distributed power sources to improve power supply reliability. It also provides strong support for the
current situation where modern active distribution networks account for an increasing proportion, and is
an important means to ensure the safety of power supply.

For power-loss load areas that cannot be connected to the main grid, after the island is formed, the
power supply that was originally uniformly dispatched by the upstream grid will be shared by the distributed
power sources and energy storage devices within the island. This transition requires precise calculation and
balancing of power supply and demand within the island to ensure its stable operation. Therefore, fault
reconfiguration in distribution networks is not merely a simple

process of load shedding and power source connection; it is a complex process involving multiple aspects
of the power system and requiring comprehensive consideration of various factors.
1) Load power loss considering load importance weight

The classification of power load levels is a crucial aspect in power systems. Based on the importance of

the load and the impact of power interruption, power loads can be divided into three levels: Level I load,
Level IT load, and Level I1I load.

Level I load refers to the load that, once its power supply is interrupted, will cause significant losses
to personal safety, economic development, and normal order. For example, all loads related to life safety,
commercial centers in major cities, and important public places belong to Level I load.
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Level II load refers to the load where power interruption would cause considerable losses to social
economy and normal order. These loads are typically important loads for local government departments,
large and medium-sized enterprises, hospitals, schools, and so on.

Level I1I load refers to the load where power interruption would not have a significant impact on social
economy and normal order. These loads are usually general loads found in small businesses, rural areas,
remote regions, and so forth. The classification criteria for different load levels are summarized in Table 1.

Table 1: Load classification

Importance level Classification conditions
I No power interruption allowed under any circumstances
II Minimize power outages
I Can be cut in shortage

Based on different load levels, power systems will adopt different power supply measures to ensure the
reliability and safety of loads at various levels. In the context of islanding partition, load levels will be reflected
in the weight assigned to each node.

Based on this, the evaluation elements for the priority restoration set based on load importance levels
can be derived, and its expression is:

n
f] = minZa)iPL,ixi (24)
i=1

In the equation, x; epresents the proportion of load outage, where x; = 0 indicates complete restoration
of power supply to the outage load, and conversely x; = 1; P ; represents the active power of the load at node
i; w; represents the load weight coefficient of node i, with values of 100 for Level I load, 10 for Level II load,
and 1 for Level IIT load.

From the above Eq. (24), it can be seen that when partitioning islands, nodes with greater weights will
be prioritized for inclusion within the island. However, when the weight coefficients of two outage nodes are
equal, which outage node should be included in the island? At this point, the outage cost of the two nodes
needs to be considered, with the node having the higher cost being prioritized for inclusion in the island.

2) Time-varying load outage cost

When certain areas of the active distribution network are operating as islands and the power supply
capacity from distributed generation and energy storage is insufficient, some loads need to be shed to
maintain supply-demand balance. In the process of load shedding, priority can be given to interrupting loads
with lower load weights and smaller outage losses among the outage nodes. If the power supply capacity
remains insufficient, loads of higher importance will be shed based on their load importance levels and the
degree of outage losses.

Due to the significant social losses caused by power outages to Category Iloads, it is necessary to ensure
continuous power supply to Category I loads during upper-level grid faults, strive to maintain continuous
power supply to Category II loads, and allow power outages to Category III loads during island operation.

From the trend of power outage losses over time, most electric power users exhibit a nonlinear positive
correlation between outage losses and outage duration, characterized by a steep slope initially and a gentler
slope later on. This is summarized in the user loss diagram shown in Fig. 1, where the red curve represents
the user loss curve over time, and the green bars represent user losses per unit of time.
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Traditional load priority restoration strategies predominantly rely on static load importance classifica-
tions, failing to adequately account for the time-varying attenuation characteristics of outage costs. Therefore,
this paper proposes a user loss attenuation model that varies with outage duration. It not only considers
the static importance of loads but also introduces a dynamic dimension of cost. This model will make the
distribution network more inclined to continue supplying power to loads with the least outage in the previous
period during island partitioning, the distribution network tends to prioritize continuous power supply to
loads that experienced the least outage duration in the previous time period, in order to reduce the total user
losses during faults in the active distribution network. The expression is given in Eq. (25):

fz = minZCiPL,ixiy (25)

i=1

In the equation, C; represents the initial user outage loss cost at node #; y represents the loss attenuation
constant, which corresponds to the change in area per unit time of the bar chart shown in Fig. 2.

A Userloss

Total user loss curve

[ User loss per unit of time

| s —

0 t1 t2 3 t4 5 6 7 8 Time

Figure 2: User losses over time

While minimizing the total outage cost, the proposed model also strives to maximize the power supply
restoration. The underlying logic is that by accurately characterizing the time-varying nature of outage costs,
the optimization algorithm can prioritize the restoration of loads that yield the highest “cost savings” per unit
of available power capacity at any given moment. This economically-guided restoration strategy essentially
drives the system towards islanding and reconfiguration that achieves the largest possible supply scope and
the highest comprehensive benefit. Consequently, it simultaneously reduces the total cost while maximizing
the amount of restored de-energized load.

This time-varying cost model serves as the core mechanism for minimizing total outage losses post-
fault. Its optimization principle lies in transforming cost assessment from static to dynamic through the
introduction of the temporal dimension, enabling the reconfiguration strategy to precisely respond to the
attenuation characteristics of outage losses. As illustrated in Fig. 2, due to the nonlinear decay of user loss
curves, prioritizing the restoration of loads at stages with higher loss rates during any decision-making
moment allows the same power supply capacity to achieve greater cost reduction benefits. This systematically
guides the reconfiguration process toward global loss minimization.

Next, we discuss the impact of this model on island partitioning for power outage areas in distribu-
tion networks.
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As shown in Fig. 3, when DG is connected to the distribution network at node a, and nodes i and j are
the outage nodes during a fault, if the equivalent loads f,; and f}; are equal.

i a j

Figure 3: Analysis model for cost losses in distribution networks

Both nodes could potentially be included in an island without affecting the overall f;, ignoring the
impact of user outage costs. However, if the impact of user outage costs is taken into account, since the user
outage cost f5; < f2;, the outage load at node i should be prioritized for inclusion in the island. This approach
can effectively reduce the user outage costs within the island.

3) Load power loss considering load importance weight

In traditional islanding strategies, a fundamental assumption is typically made: each independently
operating island contains only one distributed generator (DG) as the primary supporting power source. This
assumption simplifies the complexity of control and protection, ensuring the stability of islanded operation.
However, in actual distribution network fault scenarios, the location of faults and the distribution of outage
areas are random, which may result in multiple DGs being isolated within the same outage area. If the “one-
island-one-source” principle is strictly followed, forcing multiple interconnectable DGs to be divided into
smaller islands may lead to unnecessary load shedding within the power supply range of individual DGs due
to capacity limitations, thereby reducing the system’s power supply restoration capability.

Therefore, the model proposed in this paper does not enforce the “one-island-one-source” rule. Instead,
through optimized search, it allows for the formation of multi-source islands. The fundamental objective is
to restore as much of the outage load as possible, particularly high-priority loads, while ensuring the safe
operation of the system, thereby achieving comprehensive minimization of outage costs and load losses.

4.2 Construction of the Objective Function for Island Partitioning Based on the Load Priority Restoration
Set

After analyzing the weight of load importance levels and the cost weight of outage load losses, we can
obtain the objective function for island partitioning based on the load priority restoration set. This function
will comprehensively adjust the load priority restoration set based on the load outage duration and outage
ratio, while ensuring that the weights based on load importance levels remain unaffected.

The comprehensive objective function for distribution network reconfiguration is shown in Eq. (26):
f=min (B, fi + B2f2) (26)

In the equation, B; and S, are the weights for the two parts of the load priority restoration set, with
p1 + B2 = 1. In this paper, both 3, and f3; are set to 0.5.

1) Constraint Conditions

An active distribution network contains active equipment such as wind turbines, photovoltaics, and
energy storage. When a fault in the upper-level grid necessitates distribution network reconfiguration
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and island partitioning, the primary operational constraint that needs to be satisfied is the system power
flow constraint.

Distribution network reconfiguration must satisfy the radial structure constraint, meaning the recon-
figured network must contain no loops while ensuring all energized nodes remain connected to the power
source. This constraint forms the basis for simplifying protection settings, avoiding circulating currents,
and ensuring stable operation in distribution networks. From a graph theory perspective, a radial network
constitutes a spanning tree structure. For a connected energized area with n nodes, the number of energized
branches must be exactly n — 1. This ensures the existence of a unique path between any two nodes.
Mathematically, this constraint is enforced by limiting the total number of closed branches through Eq. (27)
to guarantee loop-free operation.

Im € GM (27)

In this paper, the DistFlow power flow constraint suitable for radial networks is used, a framework
specifically designed for accurate power flow calculation in radial distribution networks. Based on branch
flow theory, this model directly formulates the relationship between power flow between nodes and voltage
drop, circumventing the complexity inherent in traditional Newton-Raphson methods designed for whole-
network power flow calculations. Its core advantage lies in using branch power and the square of node
voltages as variables, which gives the constructed power balance and voltage equations clear physical
meaning and a tractable mathematical form within radial networks, making them highly suitable for
embedding into optimization models. With a 0-1 variable Z; j indicating whether a line is disconnected or
not. This enhances the applicability of the flexible topology transformation characteristic during the fault
restoration process of the distribution network with the DistFlow power flow constraint. Additionally, the
direction from the initial node to the terminal node in the branch information is defined as positive.

To enhance the mathematical rigor and optimization efficiency of the model, and in line with common
practices in the DistFlow framework, the squares of voltage and current are introduced as optimization
variables, defined as:

U; =V} (28)
Iij=1I; (29)

In the power balance equations, the line loss (I’R) can be directly expressed as I;; x R, thereby avoiding
the nonlinearity inherent in the current variable I itself. Moreover, the original power-voltage-current
relationship is non-convex. By adopting V? and I” as variables, the non-convex constraints can be naturally
relaxed into a convex second-order cone formulation. This transformation enables efficient determination
of the global optimum or high-quality feasible solutions using solvers such as CPLEX.

The constraint equations based on the DistFlow power flow constraint are shown in Eqs. (30)-(34):

Zpit,j - ZP},k - Z ri,jﬁ,j = (Pjt,L - Pjt,DG) > (30)
Y QL= Qh - 2wl = (Qh - Q) (D

i
power, node active load, and total active power output of DG at node j in time period ¢, respectively;

> Qi I Q; i ]t L Q;) pe represent the total injected reactive power, total outgoing reactive power, pre-

In the equations, 3. P} ;, ¥ P; \, P} ., P]  represent the total injected active power, total outgoing active

—t
dicted reactive load, and total reactive power output of DG at node j in time period ¢, respectively; I; ;
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—t —t
represents the squared current term on the branch from node i to node j in time period t; 3. r; ;1; ;, > xi,;1; ;
represent the total active and reactive line losses injected into the line at node j at time ¢, respectively.

The big M method is a mathematical approach commonly used to solve optimization problems con-
taining discrete variables. Its core concept involves introducing a sufficiently large constant M to transform
logical constraints into linear inequalities, thereby adapting them to the requirements of mixed-integer
programming solvers. The use of the big M method enables the line voltage drop balance equations to be
applicable to complex distribution networks with variable topologies. The constructed line voltage drop
balance equations are shown in Eqs. (30)-(32).

m,-,j = (1 - Zf,]) M, (32)
2 2
—t — Pi;) +(Qi,
U, - U; <mij+ 2(ri,jP,t’j + xi,ij,j) - (rij + xf,j) ( ’]) Ut( ’J) , (33)
i
2 2
—t — P;) +(Qi,
U;—U; Z—mi,j+2(1’i,jpl»t,j+Xi,ij,j)_(T?,j-i-xiz,j) ( ’]) ﬁt( ’]) (34)

i

—t
In the equation, M represents a very large constant; U; represent the square of the voltage at node i
in time period #; r; j, x; j represent the resistance and reactance of the line from node i to node j; Pf, i Qf, j
represent the active and reactive power injected from node i to node j in time period ¢.
In addition, to ensure the safe and stable operation of the distribution network, the parameters of each

line in the distribution network during a fault need to satisfy the capacity and voltage constraints shown
in Eqs. (35) and (36).

t t t
~Z! M <P! <ZLM

—Z;yéCinZ@M' v (i,j) | (35)
(P) +(Qh)) < Smas®
(1-y)’ U <TU, < (1+)" U} (36)

In these two equations, Eq. (33) represents the capacity constraint for the branches of the distribution
network, and Eq. (34) represents the voltage deviation constraint for the nodes of the distribution network;
Smax represents the maximum allowable capacity of the line, U represents the square of the rated voltage at
the load node, and y represents the allowable degree of voltage deviation.

2) Second-Order Cone Relaxation Suitable for CPLEX Solver

Due to the inability of the CPLEX solver to solve non-convex problems, it is necessary to perform
second-order cone relaxation on the quadratic constraints relating voltage, current, and power mentioned
earlier. This is shown in Eq. (37):

2Pit’j —t —t

2Q; <I,;+U,;, (37)
—t —t

1 U

i,j o ijlly

The meanings of the physical quantities contained in the equation remain consistent with those
mentioned earlier.
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3) Flowchart of the Distribution Network Reconfiguration Process Aimed at Minimizing Outage Load and Cost
Losses

The flowchart of the distribution network reconfiguration process aimed at minimizing outage load and
cost losses is shown in Fig. 4:

s it the
initial

moment of
failure?

Construct the load Cost weight

priority restoration set revision

Constraints l

Solve using the
CPLEX solver

Next-
moment
failback?

Figure 4: Flowchart

The fault reconfiguration strategy process for active distribution networks can be summarized as follows:

1. At the initial fault moment, establish a distribution network reconfiguration framework using the
load priority restoration set as the optimization objective and the aforementioned constraints as
operational limits.

2. Solve the distribution network reconfiguration framework to obtain the optimal load priority restora-
tion set under comprehensive evaluation metrics of load power loss and outage cost. Control line switch
states through distribution network reconfiguration to restore power to nodes within the optimal load
priority restoration set, thereby achieving the reconfiguration objective.

3. Ifthe faultis resolved in the next time step, terminate the operation. Otherwise, update the outage cost
evaluation metric according to Eq. (25), refresh the load priority restoration set, and return to Step 2 to
continue the solution process.

5 Case Analysis
5.1 The Day-Ahead Output Forecast Part

Since the form of output prediction of distributed energy resources is very similar, the experimental part
will mainly predict photovoltaic power generation, and the VMD-MPA-LSTM method mentioned above
will be used as the prediction method.
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5.1.1 Parameter Settings

To validate the performance of the proposed VMD-MPA-LSTM method in photovoltaic power gen-
eration forecasting, it is essential to configure the key parameters of the prediction model. The forecasting
inputs are selected based on critical environmental factors influencing PV output, including solar irradiance,
ambient temperature, atmospheric pressure, and humidity. Among these, solar irradiance serves as the
most direct and fundamental driver of photovoltaic power generation and has been widely adopted as the
primary input for prediction models in relevant studies [21]. The parameter settings of the MPA optimizer,
aimed at efficiently searching for the optimal hyperparameters of the LSTM network, are summarized in the
table below.

Table 2 lists the parameters.

Table 2: Predict some of the experimental parameters

Parameter Setting

Radiance, air temperature, air

Forecast basis 1
pressure, humidity

MPA population 30
The maximum number of MPA iterations 30
MPA optimizes the upper boundary of the number of hidden cells 300
MPA optimizes the lower boundary of the number of hidden cells 50
MPA optimizes the upper bounding of the training cycle 300
MPA optimizes the lower boundary of the training cycle 50
MPA optimizes the upper bounds of learning rate 0.01
MPA optimizes the lower bound of the learning rate 0.001

5.1.2 Experimental Results

The prediction results of the VMD-MPA-LSTM method for photovoltaic power generation are illus-
trated in Fig. 5. To validate the applicability of the proposed approach, the experiment conducted forecasts
across 83 time intervals, employing LSTM and VMD-LSTM as benchmark models for comparative analysis
of prediction curves. The dataset features a temporal resolution of 1 h, comprising 295 time points in total.
It includes meteorological parameters such as solar irradiance, ambient temperature, atmospheric pressure,
and humidity, along with historical power data. After undergoing preprocessing steps including data
cleaning, feature standardization, and sequence reconstruction, the dataset was chronologically partitioned
with 70% allocated for training and 30% for testing. This partitioning strategy ensures no future information
leakage during model training, thereby establishing a high-quality data foundation for the modeling process.
As demonstrated, the proposed VMD-MPA-LSTM prediction method effectively forecasts distributed
energy resource power output data, exhibiting superior performance in capturing dynamic generation
patterns compared to conventional models.

To enhance the visual clarity of experimental results, a comparative analysis was conducted using
LSTM, VMD-LSTM, VMD-SSA (Sparrow Search Algorithm)-LSTM, and the proposed VMD-MPA-LSTM
methodologies. This comparative framework aims to underscore the advantages of our developed prediction
approach. Performance evaluation was based on three key metrics: Root Mean Squared Error (RMSE),
Mean Absolute Error (MAE), and Mean Absolute Percentage Error (MAPE). A detailed breakdown of the
evaluation results is presented in Table 3, demonstrating that the proposed VMD-MPA-LSTM model exhibits
superior predictive capabilities across all assessment criteria compared to the benchmark algorithms.
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Figure 5: Distributed energy output forecast chart

Table 3: Predict some of the experimental data

The name of the method Training set metrics Test set metrics Time (s)
RMSE MAE MAPE RMSE MAE MAPE
LSTM 2.6348 21925 16.678% 3.3064 2.5811 26.8629% 4.4219
VMD_LSTM 22717 19491 14319% 2.2718 19125 173324%  16.6866
VMD-SSA-LSTM 0.3906 0.3192 2.2712% 1.0003 0.8464 9.0028%  2986.5234
VMD-MPA-LSTM 0.3833  0.3129 2.2585% 1.0456 0.8926  9.2354%  2151.5362

As shown in Table 3, the VMD-MPA-LSTM prediction method demonstrates superior accuracy
compared to LSTM and VMD-LSTM approaches, with the performance gap between VMD-MPA-LSTM
and VMD-SSA-LSTM being negligible in terms of prediction accuracy. However, the VMD-MPA-LSTM
method exhibits significantly enhanced computational efficiency, reducing calculation time by 834.9872 s
relative to VMD-SSA-LSTM, thereby effectively minimizing computational complexity while achieving rapid
prediction capabilities. This combination of high precision and operational speed underscores the proposed
VMD-MPA-LSTM method’s superiority in balancing forecasting accuracy and real-time performance,
making it particularly advantageous for applications requiring both reliable energy output prediction and
efficient computational resource utilization.

To validate the effectiveness of the prediction model under different starting points of the dataset, a
multi-start rolling prediction method was adopted. The dataset was divided into three subsets (rows 1-120,
rows 91-210, and rows 176-295, with each subset containing 120 data points) for experimental evaluation.
The results are presented in Table 4.

The model demonstrates stable performance across test sets with varying data distributions and starting
points. Particularly in Experiment 1 and Experiment 3, the VMD-MPA-LSTM model achieves comparable or
even superior accuracy to the similarly-performing VMD-SSA-LSTM model, as evidenced by its lower RMSE
and MAPE values in Experiment 3. This indicates that the model does not rely on specific data segments and
possesses strong generalization capability, enabling it to adapt to different operating conditions.
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Table 4: Comparison of multi-start prediction results

Experiment The name of the Training set metrics Test set metrics Time (s)
method RMSE MAE MAPE RMSE MAE MAPE

LSTM 23129 18246 12.367%  2.063  1.6415 9.7885% 5.4387

VMD_LSTM 1.7394  1.4395 10.108% 19784 1.6054 10.066% 23.1738

VMD-SSA-LSTM  0.35084 0.25921 2.2827% 11796 0.98713 9.8017% 4877528
VMD-MPA-LSTM  0.3539 0.26028 2.3024% 1.0898 0.92836 9.1035%  2335.2850

LSTM 24791 19935 16.289% 2.6635 2.2225 21.171% 11.0892
2 VMD_LSTM 1.8785 15694 13.098% 2.0011 1.6703 16.050% 22.6019
VMD-SSA-LSTM  0.25483 0.19853 1.8401% 0.38369 0.33334 2.5134% 698.795535
VMD-MPA-LSTM  0.25723 0.19223 1.8335% 0.33888 0.28837 2.0472%  1515.581
LSTM 31939 25816 24.54% 3.0605 2.6117  21.64% 3.9037
3 VMD_LSTM 1.6519 13445 13.44% 2.4248 21634 18.73% 19.6511

VMD-SSA-LSTM  0.46428 0.38733 3.7663% 19326 17978 19.2803% 1283.66107
VMD-MPA-LSTM  0.44147 0.35908 3.612% 17765 1.6272 17.6762%  1409.253

In summary, the multi-start rolling prediction experiments fully validate the effectiveness, robustness,
and superiority of the VMD-MPA-LSTM model for distributed energy output forecasting tasks. It not
only significantly improves prediction accuracy but also demonstrates consistent generalization perfor-
mance, thereby providing a fast and reliable data foundation for subsequent distribution network fault
reconfiguration strategies.

5.2 Distribution Network Fault Reconstruction

In this paper, appropriate modifications are made to the IEEE 33-bus distribution network system by
incorporating distributed generation equipment. This modified system is then used as a case study to analyze
the fault restoration strategy proposed in this paper, which prioritizes the restoration of load sets over time.

5.2.1 Parameter Setting

The IEEE 33-bus system used in this paper is shown in Fig. 6, where the dashed lines represent standby
tie lines.

Figure 6: IEEE 33-bus distribution network
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The computational setup, including solver parameters and Environment, is detailed in Tables 5 and 6.

Table 5: Computational setup

Category Value
Solver CPLEX

Absolute MIP gap tolerance 1.0
Big-M value 100

Big-M value 32.06
Number of nodes 33
Number of branches 37

Number of time periods 4
Total decision variables ~255

Table 6: Computational environment

. JVM Total Average
tational MATLAB VM
ComP tationa . CPU model JVM max allocated execution time per
environment version memor . .
memory time period
PCWIN64 R2024a Iin7t il(EES)O?{Og(;é\g) 1.5GB 0.6 GB 10.34 s 2.58s
(24.1.0.2537033) ' ' ) ' )

GHz

The importance weights of the nodes are shown in Table 7, and the cost weights for nodes 2 to 33 at time
point 1 are set as follows: [14; 18; 19; 16; 12; 9; 15; 100; 17; 13; 11; 100; 205 8; 50; 50; 50; 7; 5; 105 19; 6; 14; 165 13; 50;
8;11; 9; 100; 18; 14] (Unit: Ten Thousand Yuan).

Table 7: Setting of node importance weights

Importance level Nodes Weights
I 9,3,31 100
II 16,18,27 10
I Else 1

In the fault reconfiguration model, black-start capability serves as a prerequisite for islanded operation.
This capability enables distributed generators to self-start and establish stable operating conditions after
complete grid voltage collapse. The optimization model ensures each island contains at least one black-start-
capable power source through constraint formulation, thereby guaranteeing the restorability of outage areas.

This case study addresses post-fault emergency reconfiguration scenarios, whose technical objectives
fundamentally differ from operational optimization. During fault reconfiguration, the system switches anti-
islanding protection functions from preventive blocking in normal operation to supportive enabling for
planned islands through preset control logic. This functional transition constitutes the technical prerequisite
for implementing reconfiguration strategies rather than an optimization objective, thus ensuring the relia-
bility and timeliness of post-fault power supply restoration. The status of distributed power sources is set as
shown in Table 8. Due to the large fluctuations and poor stability in the output of distributed power sources
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without energy storage, they are not considered as supporting power sources for islanding in this paper for
the time being. The total output of photovoltaic and wind power generation at each time point is shown
in Fig. 7.

Table 8: Configuration parameters of distributed power sources

Energy type Nodes Capacity (MW)

. 7 500

Photovoltaic + Energy Storage 3 300

. 27 200

Wind Power + Energy Storage 17 300
2000 :

—e—pv
1800 = Wind | |

1600 1
1400 ]
1200
1000
800
600
400

200

Figure 7: Schematic diagram of distributed power output and load power

Assuming that the model experiences a fault starting at 8 oclock, with an additional faulty line occurring
at 9 oclock, and subsequently the fault is cleared and repaired by 10 oclock. The faulty lines are shown
in Table 9.

Table 9: Faulty line setting

Fault time Faulty line
8:00 6,14, 19, 25, 32
9:00 6,14,19, 21, 25, 32

5.2.2 Scheme Setting

To analyze the feasibility and superiority of the fault reconfiguration scheme for distribution networks
proposed in this paper, which comprehensively considers both cost and power supply, four comparative
schemes are proposed for the fault scenarios set up in this paper:

Scheme 1): When constructing the load priority restoration set, both cost factors and load importance
factors are comprehensively considered. This is the scheme proposed in this paper.
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Scheme 2): When constructing the load priority restoration set, cost factors are not considered, and only
load importance factors are taken into account.

Scheme 3): When constructing the load priority restoration set, only cost factors are considered, and
load importance factors are not taken into account [22].

Scheme 4): When constructing the load priority restoration set, both cost factors and load importance
factors are compre-hensively considered. However, within the cost factors, the dynamic changes in cost are
not taken into account.

5.2.3 Experimental Results and Analysis

The distribution network is set to experience a fault starting at 8:00 a.m. and is repaired by 10:00 a.m.
At 8:00 and 9:00 a.m., after applying the fault reconfiguration strategy proposed in this paper, the reconfigu-
ration results for these two time periods are shown in Fig. 8. It can be observed that the fault reconfiguration
scheme proposed in this paper tends to prioritize the power supply to important nodes and nodes with
higher outage costs. At 8:00 a.m., due to the relatively low photovoltaic power generation at this time, node
12 is directly disconnected, and a large number of nodes undergo load shedding to ensure power supply
quality. At 9:00 a.m., both wind and photovoltaic power generation increase, so no nodes are disconnected
in the distribution network, but load shedding is still required for multiple nodes. Since the time-varying
load priority restoration set mentioned in this paper mainly targets changes in load outage losses after a fault
persists for a period of time, the reconfiguration effects of the four schemes mentioned above during the 9:00
to 10:00 a.m. period are compared, and the results are shown in Table 10. It can be observed that, compared
to Scheme 2 and Scheme 3, Scheme 1 proposed in this paper does not exhibit significant changes in the
proportion of power supply restoration. This is determined by the total output of distributed generation at
the time of the fault. Therefore, the main comparison focuses on two aspects: cost loss and the proportion of
power supply to critical loads. Compared to Scheme 2, Scheme 1 incurs a total cost loss of only RMB 2,077,279,
which is much less than the RMB 2,579,150 of Scheme 2, demonstrating a significant advantage in cost loss
control. When compared to Scheme 3, which only considers cost loss, although Scheme 1 incurs a cost loss
that is nearly RMB 130,000 more than Scheme 3, Scheme 3 fails to fully restore Class II loads. Therefore,
Scheme 1 better meets the actual demands of power supply in distribution networks compared to Scheme
3. In Scheme 4, due to not considering the dynamic changes in cost loss, the cost loss of load interruption
amounts to RMB 2,183,638, slightly higher than Scheme 1. This also verifies the necessity of constructing a
dynamic load priority restoration set. A comprehensive comparison of the evaluation indicators for these
four experimental schemes is presented in Table 11.

O Power shortage node = Broken circuit

4 © Power shortage node == Broken circuit < © Pov . ) P .
23 24 25 ©® Power outage node = Closed circuit 3 24 25 . RO\:E’ ou 399 node b nod = Closed circuif
® Restore power supply nodes estore power supply nodes

26 27 28 29 30 31 32 33 26 27 28 29 30 31 32 33

12 13 14 I|S 16 17 18

19 20 21 22

(a) 8:00-9:00 (b) 9:00-10:00

Figure 8: Diagram of distribution network fault reconfiguration results
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Table 10: Islanded nodes after reconfiguration

Fault period Island number Nodes within the island
1 7,8,9,10, 11, 20, 21, 22
8:00-9:00 2 13,14
3 15,16,17,18, 33
1(3 is merged into 1) 7, 8, 9,10, 11, 12, 13, 20, 21, 22
9:00-10:00 2 14, 15, 16, 17, 18, 33

Table 11: Comparison of experimental results

Load priority restoration set Evaluation indicators
Experimental Whether Proportion of  Total loss cost Proportion of - Proportion of
scheme Whether cost . . . power power
. . importance is power (Unit: ten . .
is considered considered restoration  thousand yuan) restoration for  restoration for
¥ Class I loads Class IT loads
1 Yes Yes 64.48% 207.7279 100% 100%
No Yes 64.50% 257.9150 100% 100%
3 Yes No 64.40% 194.7424 100% 86.3%
Disregarding
4 dynamic Yes 64.47% 218.3638 100% 100%
changes

Experimental results for different ratios of the p parameter are shown in Table 12 and Fig. 9.

Based on sensitivity analysis across multiple  ratio configurations, a clear trade-oft relationship between
load loss and cost loss has been revealed. As ; increases from 0.2 to 0.8, the system optimization mode
gradually shifts from load-priority dominance to cost-optimization dominance, with the corresponding
cost loss decreasing from 2.4686 million yuan to 2.0111 million yuan. Fig. 9 visually confirms this trend,
clearly demonstrating the gradual reduction in economic losses as the optimization focus shifts toward cost
efficiency. Comprehensive evaluation indicates that the balanced configuration scheme (p; = 0.5, 3, = 0.5)
achieves the optimal balance between load restoration and cost control. This configuration not only ensures
continuous power supply to critical loads but also maintains operating costs within a reasonable range,
thereby validating the critical role of weight parameters in multi-objective optimization coordination and
their engineering applicability.

Table 12: Sensitivity analysis of the B parameter

Load priority restoration set Evaluation indicators

Experimental Whether Proportion Total !oss cost Proportionof Proportion of

scheme Whether cost . (Unit: Ten power power
. . importance is of power . .

is considered considered restoration Thousand restoration for restoration for

Yuan) Class I loads Class I loads
1 0.2 0.8 64.53% 246.8620 100% 100%
2 0.4 0.6 64.51% 214.6725 100% 100%
3 0.5 0.5 64.48% 207.7279 100% 100%
4 0.6 0.4 64.49% 204.5728 100% 100%
5 0.8 0.2 64.42% 201.1123 100% 94.2%




Energy Eng. 2026;123(10):5 23

= %omparison of Total Cost Losses for Each Configuration

w
o

246.86

250

214.67 207.72 204.57 201.11

N

o

o
T

-
o
o

(9
o

o

Total Cost Loss (ten thousand yuan
&
o

Figure 9: Comparison of total cost loss under different configurations

To further validate the sensitivity of the proposed reconfiguration strategy to the decay parameter y,
this paper conducts an experimental analysis on three configurations: y = 0.2, y = 0.5, and y = 0.8, as
shown in Fig. 10. The results indicate that the load loss patterns across four time periods remain entirely
consistent under different y values. The power supply restoration ratio for critical loads (Grade I and II)
remains unaffected by variations in y, consistently achieving 100%. Although the restoration sequence of
non-critical loads exhibits minor fluctuations with changes in y, the restoration priority based on load
importance hierarchy remains stable. This demonstrates that the load priority restoration set constructed in
this study possesses strong robustness to variations in the y parameter, further confirming the reliability of
the proposed strategy in practical engineering applications.

Comparison of Load Loss in Different Time Periods - Sensitivity Analysis of y Parameter
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Figure 10: Comparison of load loss under different y values

To verify the adaptability and scalability of the proposed fault reconfiguration strategy in more
complex network structures, this section further conducts simulation experiments using the IEEE 69-node
distribution network system as a case study. Compared to the 33-node system, the 69-node system features
a more complex structure and a wider load distribution, which better reflects the typical characteristics of
real-world distribution networks. This helps comprehensively evaluate the effectiveness and robustness of
the proposed method.
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Based on the experiments with the two starting time points of 8:00 and 11:00, a comparative experiment
with a fault starting at 10:00 was added in this paper to further validate the adaptability of the parameter
configuration B = 0.5 and y = 0.2 during peak load periods. The experimental results are shown in Fig. 11.

Analysis of the Impact of § on the Fault Reconstruction Process
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Figure 11: Analysis of the impact of  on the fault reconstruction process

Under the parameter settings of p = 0.5 and y = 0.2, both load loss and cost loss during the fault recon-
struction process exhibit significant time dependence. In terms of load loss trend, the system experiences
relatively high load loss during the initial fault stage (8:00). As the reconstruction progresses, the load loss
gradually decreases, showing a substantial reduction by 11:00, indicating that this parameter configuration
demonstrates good dynamic adaptability in load recovery. Regarding cost loss, although some fluctuations
occur between 9:00 and 10:00, the overall trend shows a decline, suggesting that this parameter combination
effectively balances load importance and economic considerations. Overall, the configuration of B = 0.5
and y = 0.2 achieves an effective trade-oft between load recovery and economic costs during the fault
reconstruction process, particularly demonstrating superior comprehensive performance in the later stages
of reconstruction.

The IEEE 69-node system used in this study is illustrated in Fig. 12, where the dashed lines represent
backup tie lines.

The importance weights of nodes are presented in Table 13.

Assuming that the model experiences a fault starting at 8 oclock, with an additional faulty line occurring
at 9 oclock, and subsequently the fault is cleared and repaired by 10 oclock. The faulty lines are shown
in Table 14.

The distribution network experienced a fault starting at 8:00 and was fully restored by 10:00. The
reconstruction results for the two time intervals (8:00 and 9:00) using the proposed distribution network
reconfiguration strategy are shown in Fig. 13. To further analyze the impact of different weight configurations
on the reconfiguration performance of the 69-node system, a sensitivity analysis of the B parameter is
conducted, and the results are shown in Table 15.
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Figure 12: IEEE 69-bus distribution network

Table 13: Setting of node importance weights

Importance level Nodes Weights
I 9,12, 31, 52 100
II 16, 18, 27, 45 10
III Else 1

Table 14: Faulty line setting

Fault time Faulty line
8:00 6,14, 19, 25, 32, 45, 55
9:00 6,14, 19, 21, 25, 32, 45, 55, 60
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Figure 13: Diagram of distribution network fault reconfiguration results

Table 15: Sensitivity analysis of the B parameter

Load priority restoration set Evaluation indicators
Experimental Whether Whether Proportion Total loss cost Proportion of Proportion of
scheme cost is importance is of power (Unit: Ten power restoration  power restoration
considered considered restoration Thousand Yuan) for Class I loads for Class II loads
1 0.2 0.8 76.51% 375.67 100% 100%
2 0.4 0.6 76.52% 342.15 100% 100%
3 0.5 0.5 76.54% 328.72 100% 100%
4 0.6 0.4 76.49% 315.15 100% 100%
5 0.8 0.2 76.32% 307.21 100% 87.5%
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A comprehensive analysis of the reconfiguration performance under different weight configurations
during the 8:00-10:00 fault period demonstrates distinct trends in system performance. When f; = 0.2 and
B, = 0.8, the system exhibits the highest total cost loss of 3.7567 million yuan, indicating that overemphasizing
outage cost while neglecting load importance leads to increased overall losses during the initial fault stage.
As B, progressively increases, the total cost shows a consistent downward trend. Specifically, during the
9:00-10:00 period, the configuration with B; = 0.5 and B, = 0.5 yields a total cost of 3.2872 million yuan,
representing a relatively balanced operational state. When B, increases to 0.6 with B, = 0.4, the total cost
further decreases to 3.1515 million yuan, establishing an optimized configuration. The lowest total cost of
3.0721 million yuan is achieved with p; = 0.8 and , = 0.2, though this configuration may compromise power
supply reliability for non-critical loads during periods of insufficient PV output at 8:00.

As illustrated in Table 13, maintaining the load importance weight ; within the 0.5 range throughout
the fault period enables effective control of total cost while ensuring continuous power supply to critical
loads. These results validate the rationality and practical effectiveness of the proposed fault reconfiguration
strategy, which comprehensively considers both load importance and outage costs in coordinating multi-
objective optimization.

6 Summary

This paper investigates the self-healing mechanism of novel distribution networks incorporating DG
post-fault, initially employing the VMD-MPA-LSTM methodology to forecast DG power output in day-
ahead scheduling, thereby providing real-time operational references for immediate distribution network
response during contingencies. Subsequently, the study constructs time-varying load priority restoration
sets by comprehensively evaluating load criticality and cost-based load interruption losses across different
operational periods. Through systematic experimental validation, the following conclusions are derived:
the proposed framework enables accurate DG output prediction to support rapid fault response, while the
developed multi-criteria load restoration strategy optimizes recovery sequences by balancing operational
priorities and economic factors, collectively enhancing the self-healing capability and resilience of modern
distribution systems under distributed energy integration scenarios.

1)  The proposed VMD-MPA-LSTM method enables fast and accurate prediction of distributed energy
resource output, providing effective data support for the required distributed energy output parameters
at the exact moment of system faults. This capability ensures real-time operational references for
immediate fault response in modern distribution networks integrating distributed energy systems.

2)  The proposed distribution network fault reconfiguration scheme, which integrates cost considerations
with load criticality evaluation, enables effective post-fault network reconfiguration. Furthermore, the
formulation of time-varying load priority restoration sets aligns with practical operational require-
ments, enhancing the applicability and real-world value of the proposed methodology.

3) Compared to traditional methods that solely prioritize load importance in constructing load pri-
ority restoration sets, the proposed scheme demonstrates superior cost control performance while
simultaneously addressing the power supply demands of critical nodes, thereby offering enhanced
practical applicability.

This paper primarily investigates distribution network fault restoration strategies that incorporate load
interruption costs and load criticality considerations. For future research, it is recommended to explore more
detailed aspects such as the economic impacts of network losses or investigate whether DG units without
energy storage systems can effectively support the reconfiguration process of distribution networks under
different operational scenarios.
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