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As the risk of extreme fault conditions to power supply reliability escalates, the
importance of supply recovery within active distribution networks (ADNs) is
exponentially increasing. However, the utilization of a single resource strategy
is insufficient to fully exploit the supply recovery potential of the ADN’s diverse
and flexible resources. Therefore, a flexible resource coordination supply
recovery for ADN considering multiple demand responses is proposed. This
strategy utilizes distributed generation (DG) and energy storage system (ESS)
as distributed power supply units, and involves the operational flexibility of soft
open points (SOPs) to couple DGs with ESSs. Meanwhile, the demand response
consisting of transferable and interruptible loads is taken into account, with its
load regulation capability harnessed to supply recovery. A supply recovery model
is established to coordinate the flexibility of source, network, and demand sides,
which is further transformed into a second-order cone programming (SOCP)
model to enhance solution efficiency with accuracy preservation. Simulations
conducted on a modified IEEE 33-node system validate the effectiveness of the
proposed strategy in maximizing supply recovery.
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1 Introduction

In recent years, the concept of active distribution network (ADN) resilience has gained
considerable attention, with supply recovery being identified as a pivotal feature that
significantly contributes to enhancing system reliability (Yan and Li, 2020). Supply recovery
is crucial for the safety of ADNs, especially in the context of the growing popularity of
distributed generation (DG) (Dubey et al., 2019). Currently, using a single resource to meet
recovery demands overlooks the benefits of multiple resource cooperative scheduling in
maximizing supply recovery potential (Saberi et al., 2021).

Previous studies have investigated the supply recovery within the ADN. Zhang et al.
(2021) put forward a two-stage stochastic optimization method proposed to enhance
resilience and restore ADNs by considering the coordination of mobile resources, repair
crews, DGs, and ESSs. Lei et al. (2023) utilize convex hull theory to construct the recovery
strategy, the using of the new theory has advanced the recovery level. Zhang et al. (2021)
refer to a mixed integer linear programming (MILP) based sequential restoration method in
ADNs proposed by considering network reconfiguration and frequency dynamic

OPEN ACCESS

EDITED BY

Pengfei Zhao,
Chinese Academy of Sciences (CAS), China

REVIEWED BY

Kaiping Qu,
China University of Mining and Technology,
China
Qianzhi Zhang,
Cornell University, United States
Qianyu Zhao,
Tianjin University, China
Tiankai Yang,
Dalian Maritime University, China

*CORRESPONDENCE

Chen Bingbing,
chen_bingbing111@outlook.com

RECEIVED 14 September 2024
ACCEPTED 09 December 2024
PUBLISHED 17 February 2025

CITATION

Bingbing C, Jiateng L, Haotian W, Haiwei W and
Yunfan C (2025) Flexible-resource coordination
supply recovery of active distribution network
considering multiple demand responses.
Front. Energy Res. 12:1496247.
doi: 10.3389/fenrg.2024.1496247

COPYRIGHT

© 2025 Bingbing, Jiateng, Haotian, Haiwei and
Yunfan. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Energy Research frontiersin.org01

TYPE Original Research
PUBLISHED 17 February 2025
DOI 10.3389/fenrg.2024.1496247

https://www.frontiersin.org/articles/10.3389/fenrg.2024.1496247/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1496247/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1496247/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1496247/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2024.1496247&domain=pdf&date_stamp=2025-02-17
mailto:chen_bingbing111@outlook.com
mailto:chen_bingbing111@outlook.com
https://doi.org/10.3389/fenrg.2024.1496247
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2024.1496247


constraints. Vita et al. (2023) prioritize power supply continuity
from a critical load perspective, achieving a 100% restoration rate for
critical loads. However, the existing body of literature, as previously
discussed, predominantly concentrates on the refinement of
optimization techniques and the exploitation of individual
resources. This focus, while valuable in its own right, has
inadvertently overlooked the critical aspect of integrating and
harnessing the unique, inherent resources that are intrinsic to the
ADN. The singular approach to resource management fails to
capture the synergistic potential that emerges from the interplay
of various resources within the ADN ecosystem. By not considering
the composite nature of these resources, the literature has missed an
opportunity to explore the complex dynamics that could lead to
more efficient and effective energy management strategies. The
integration of these resources is not merely an additive process
but a transformative one, where the whole is greater than the sum of
its parts.

Flexible resources such as energy storage systems (ESSs) and
DGs are commonly utilized in ADN, while their roles can be varied
in the context of supply recovery. Upon the network’s transition to
islanded operation due to a fault, some nodes shift from PQ control
mode to V/f mode to maintain voltage and frequency stability within
the islanded region (Poudel and Dubey, 2018). In this process,
alongside the controllable distributed power supply, the ESS
contributes to supply recovery through its charging and
discharging capabilities.

Resources like ESS and DG enhance ADN operation with
considerable flexibility. However, the challenge lies in efficiently
networking these resources to strengthen the supply recovery effect
during extreme events. SOPs, a product of advanced power
electronics, introduce a novel approach to enhance the flexibility
of ADN topologies. SOPs offer two primary advantages over
traditional tie lines: firstly, they enable precise real-time control
of system power flow by adjusting the power output of the connected
feeders; secondly, they mitigate the reverse power flow issues that
arise due to the high penetration of DGs within the network (Cao
et al., 2016). Mardanimajd et al. (2024) establishes an SOP-
integrated flexible power flow management model, improving
power flow optimization. Li et al. (2024) develops an
optimization configuration model with SOP to facilitate
coordinated complementarity between distribution network
devices. To date, the application of SOPs to coordinate multiple
flexible resources in supply recovery has not been extensively
investigated, and the operational optimization functionalities of
SOPs remain largely untapped (Zhao et al., 2024). As described
in Zhang et al. (2024), SOPs utilized in extreme scenarios involving
complete power loss in ADNs are lacked of consideration.
Therefore, fully leveraging the advantages of SOPs and applying
them to supply recovery is of substantial positive significance for
enhancing the reliability and flexibility of the recovery process.

Additionally, the demand response is widely utilized as a flexible
end-user resource on the demand side to enhance the scheduling
effect. Liang et al. (2024); Mansouri et al. (2021); Melgar-Dominguez
et al. (2020) offer a comprehensive analysis of the benefits and
application environments of demand response, which plays a crucial
role in enhancing economic efficiency. Liu et al. (2024) introduces
demand response to an AC/DC Hybrid Distribution Network and
establishes a comprehensive recovery strategy encompassing voltage

source converter (VSC) control and demand response, ultimately
achieving efficient recovery. Li et al. (2024) constructs demand
response models for multi-energy systems and integrates them
into recovery strategies. The analysis suggests that the integration
of demand response can contribute positively to supply recovery.

Under extreme disasters, the efficient utilization of limited
resources is crucial for achieving maximum supply recovery.
Previous research has only focused on a subset of resources in
the ADN, failing to fully exploit the potential for supply recovery
from multiple flexible resources across the source, network, and
load. Consequently, this paper proposes a flexible resource
coordination supply recovery of an ADN considering multiple
demand responses. This strategy alleviates the supply recovery
burden through demand response mechanisms and connects the
entire network’s resources with SOPs, enabling efficient cooperation
and operation of diverse flexible resources such as ESSs and DGs
within the network. It can effectively address the following scenarios:
1) The main grid loses power supply to the distribution system due
to faults or other reasons; 2) Distribution network failures caused by
severe weather conditions; 3) Grid collapses due to human factors.
The major contributions of this paper are summarized as follows:

Multiple flexible resources in the source, network, and load sides
are coordinated with SOP to improve the supply recovery effect. By
leveraging SOP to enhance network topology flexibility, the barriers
between the source, network, load, and storage resources are
bridged, enabling the unified scheduling of a larger scale of
flexible resources.

The integration of diverse demand responses into the supply
recovery strategy is a pivotal step towards enhancing the recovery
rate. By employing demand response, the strategy aims to bolster the
flexibility of the demand side, which in turn substantially alleviates
the strain on the power supply system. This is achieved through the
judicious management of interruptible and transferable loads,
ensuring that the system’s power supply is not overburdened.
Through this optimized load management, the strategy facilitates
the efficient allocation and use of the network’s limited resources,
thereby maximizing the overall effectiveness of the supply
recovery process.

The following chapters are the main work completed in this
paper. Section 2 delineates the role of resources at each stage and
establishes corresponding models for each. Section 3 develops a
supply recovery model that orchestrates the operation of various
resources across the source, network, load, storage, and power
electronic device domains, and incorporates the control strategies
for DGs, ESSs, and SOPs. Case studies are given in Section 4 to verify
the effectiveness of the proposed method using a modified IEEE 33-
node system. Section 5 concludes the paper with a discussion.

2 Modeling of supply recovery
considering demand response and
multiple flexible resources
coordination

This paper delves into the supply recovery challenge, which is
crucial for security, by formulating optimization strategies that
harness the cooperative potential of ADN resources. It integrates
demand response and multiple resources within the network to
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optimize supply recovery capabilities, aiming to maximize the
supply recovery potential through a collaborative supply recovery
model that respects operational constraints.

2.1 Distributed generation model

ADN sources are classified into controlled and uncontrolled
categories based on their regulatory performance in power
adjustment.

2.1.1 Controllable distributed generation (CDG)
operation constraints

In contemporary ADNs, micro gas turbines are predominantly
utilized as CDG. The operational constraints are typically
formulated as follows:

PCDG,min
i ≤PCDG

t,i ≤PCDG,max
i

−P
CDG
t,i

����������
1 − ϑi min( )2

√
ϑi min

≤QCDG
t,i ≤

PCDG
t,i

����������
1 − ϑi min( )2

√
ϑi min����������������

PCDG
t,i( )2 + QCDG

t,i( )2√
≤ SCDG

i

where PCDG
t,i and QCDG

t,i are the active and reactive power injection by
CDG at node i at time t, respectively; PCDG,max

i and PCDG,min
i are the

upper and lower limits of active power provided by CDG; SCDG
i is the

capacity of CDG at node i; ϑimin is the minimum power factor angle
of CDG/NDG at node i.

2.1.2 Uncontrollable distributed generation (NDG)
operation constraints

NDG predominantly photovoltaic, represents a crucial clean
energy technology characterized by substantial generation
variability and timing dependence. The operational constraints
are expressed as:

0≤PNDG
t,i ≤PNDG,max

t,i

−P
NDG
t,i

����������
1 − ϑi min( )2

√
ϑi min

≤QNDG
t,i ≤

PNDG
t,i

����������
1 − ϑi min( )2

√
ϑi min����������������

PNDG
t,i( )2 + QNDG

t,i( )2√
≤ SNDG

i

where PNDG
t,i andQNDG

t,i are the active and reactive power injection by
NDG at node i at time t; PNDG,max

i and PNDG,min
i are the upper and

lower limits of active power provided by NDG; SNDGi is the capacity
of NDG at node i.

2.2 Energy storage operation model

Achieving supply-demand balance within an isolated network
through the scheduling of ESSs charging and discharging strategies,
while comprehensively considering the losses and active/reactive
characteristics. With the direction of power flow into the ADNs
considered positive, the operational constraint of ESS can be depicted as:

���������������
PESS
t,i( )2 + QESS

t,i( )2√
≤ SESSi (1)

−QESS,max
i ≤Q

ESS

t,i ≤QESS,max
i

PESSη
t,i � μESSi

���������������
PESS
t,i( )2 + QESS

t,i( )2√
EESS
t+Δt,i � EESS

t,i − PESS
t,i + PESSη

t,i( )Δt (2)
EESS,min
i ≤EESS

t,i ≤ EESS,max
i (3)

where PESS
t,i is the charging and discharging power of the ESS at node

i at time t; QESS
t,i is the reactive power output of the ESS at node i at

time t, and the maximum output is represented as QESS,max
i ; SESSi is

the capacity of the ESS at node i; μESSi is the loss coefficient of the ESS
at node i; PESSη

t,i is the loss of the ESS at node i at time t; EESS
t,i is the

remaining power of the ESS at node i at time t; The upper and lower
limits are EESS,max

i and EESS,min
i respectively; Δt is the scheduling

interval; EESS
t+Δt,i is the remaining power of the ESS at time Δt at node i.

2.3 SOP operation model

SOPs, innovative power electronic devices installed at traditional
contact switch positions, address the limitations of conventional
switches in power regulation. By controlling power exchange
between feeder sides, SOPs can alter the system’s current
distribution, enhancing overall power system operation with
optimized efficiency (Zhang et al., 2021). SOP devices mainly
consist of three topological structures: back-to-back voltage source
converters (B2B VSC), unified power flow controllers (UPFC), and
static series synchronous compensators (SSSC) (Ebrahim et al., 2024).
Among them, the B2B VSC stands for its ability to asynchronously
connect AC lines, decoupling feeders via a unique DC capacitive link,
which is why this form of SOP is primarily chosen for this article.
Integration of the SOPs in an ADN is shown in Figure 1.

It is assumed that converters VSC1 and VSC2 are connected to
node i and j of the ADN, respectively. The SOP needs to meet the
following operational constraints:

PSOP
t,i + P

SOP

t,j
+ PSOPη

t,i + PSOPη
t,j � 0

PSOPη
t,i � σ i

���������������
PSOP
t,i( )2 + QSOP

t,i( )2√
(4)

PSOPη
t,j � σ j

���������������
PSOP
t,j( )2 + QSOP

t,j( )2√
−QSOP,max

i ≤QSOP
t,i ≤QSOP,max

i

−QSOP,max
j ≤QSOP

t,j ≤QSOP,max
j

PSOP
t,i( )2 + QSOP

t,i( )2 ≤ SSOP
i( )2 (5)

PSOP
t,j( )2 + QSOP

t,j( )2 ≤ SSOP
j( )2 (6)

where PSOP
t,i andQSOP

t,i are active and reactive power injection by SOP
at node i at time t; PSOPη

t,i is the active power loss of SOP at node i; σ i
is the loss coefficient of SOP at node i; QSOP,max

i is the upper limit of
reactive power transmitted by SOP on node i; SSOPi indicates the
capacity of SOPs at node i.
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2.4 Multiple demand response model

Demand-side electrical loads can be categorized into price-
responsive and incentive-responsive loads. Price-responsive loads
can shift their electricity consumption based on price signals,
allowing for load transfer during certain periods to respond to
the time-of-use energy prices from the upper-level network,
known as demand-side transferable loads (Wang et al., 2024).
Incentive-responsive loads, on the contrary, are those that,
through contractual agreements or other means, allow for
interrupting some loads when necessary, classifying them as
demand-side interruptible loads. The load engaged in demand
response must adhere to the following constraints:

PDR
dt � PDR,D

dt + PDR,Z
dt

PLD
dt � PDRH

dt + PDR
dt

PLD
dt − PDR

dt ≤PYDmax
dt (7)

where PLD
dt is the predicted electrical load value; PDRH

dt and PDR
dt are

respectively the electrical load value after the demand response at
time t and the electrical load value participating in the demand
response; PDR,D

dt , PDR,Z
dt are interruptible and transferable power load

values at time t respectively, when PDR,Z
dt is positive, it represents the

outgoing power load, and vice versa; PYDmax
dt is the maximum power

load allowed by the distribution system at time t.

2.4.1 Demand-side interruptible loads

0≤PDR,D
dt ≤ αP,D

dt · PLD
dt (8)

0≤ ∑ZT
t�1

PDR,D
dt ≤PDRmax

int (9)

where ZT is the total response period; PDRmax
int represents the

maximum interruptible load; θP,Ddt is the proportions of
interruptible electrical loads at time t.

2.4.2 Demand-side transferable loads

−θP,Zdt · PYD
dt ≤PDR,Z

dt ≤ θP,Zdt · PYD
dt

∑ZT
t�1

PDR,Z
dt � 0 (10)

where θP,Zdt is the proportions of translational electrical loads at
time t.

The sources of motivation for the two methods are different,
hence how they affect demand response is also different, impacting
the distribution of load from both temporal and spatial
perspectives. By stimulating the transfer of transferable load
through price incentives and achieving the interruption of some
interruptible load pass incentives, both methods are carried out in
parallel to respond to the load demand during the fault period. As
shown in Formulas 9, 10, applying price-based demand response
during the fault period only serves to shift the load and does not
change the total electricity consumption during that period; yet,
incentive-based demand response will lead to a reduction in
electricity consumption.

2.5 Optimal power flow of ADNs considering
flexible topologies

2.5.1 Power flow constraints
This chapter is grounded in a radial ADN, accounting for the

controllability of power sources, and involves the construction of the
Distflow model for a selected branch’s operating state at time t. The
power flow computation is critical for the supply recovery process
within ADN, with its foundational constraints represented by
Equations 11–29.∑

ik∈Ωz

Pt,ik � ∑
ji∈Ωz

Pt,ji − RjiI
2
t,ji( ) + Pt,i (11)

∑
ik∈Ωz

Qt,ik � ∑
ji∈Ωz

Qt,ji − XjiI
2
t,ji( ) + Qt,i (12)

U2
t,j � U2

t,i − 2 RijPt,ij + XijQt,ij( ) + R2
ij + X2

ij( )I2t,ij (13)

I2t,ij �
P2
t,ij + Q2

t,ij

U2
t,i

(14)

where i and j are node numbers; Ut,i , and Ut,j are the voltages of
nodes i and j at time t respectively; Pt,ik and Qt,ik are the active and
reactive power transmitted by branch ij at time t; Rij and Xij are

FIGURE 1
Integration of the SOPs in an ADN.

Frontiers in Energy Research frontiersin.org04

Bingbing et al. 10.3389/fenrg.2024.1496247

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1496247


the resistance and reactance of branch ij; Ωz is the set of
ADN branches.

As the distribution system evolves, the integration of numerous
controllable units necessitates their outputs to be managed
effectively, as Equations 15, 16.

Pt,i � PCDG
t,i + PNDG

t,i + PESS
t,i + PSOP

t,i − αiP
DR
dt (15)

Qt,i � QCDG
t,i + QNDG

t,i + QESS
t,i + QSOP

t,i − αiQ
L
t,i (16)

where Pt,i and Qt,i respectively represent the active and reactive
power transmitted by branch i at time t; QL

t,i is the reactive power
consumed by the load at time t.

The big-M method is incorporated into the model (Pineda et al.,
2024). Equations 11–14 are further transformed into:

−Mγij ≤Pt,ij ≤Mγij

−Mγij ≤Qt,ij ≤Mγij

0≤ I2t,ij ≤Mγij

U2
t,i − U2

t,j − 2 RijPt,ij + XijQt,ij( ) + R2
ij + X2

ij( )I2t,ij +M 1 − γij( )≥ 0

U2
t,i − U2

t,j − 2 RijPt,ij + XijQt,ij( ) + R2
ij + X2

ij( )I2t,ij −M 1 − γij( )≤ 0

where M is a very large constant; γij indicates the open state of
the branch ij; when the branch is closed, γij is 1, otherwise
γij is 0.

2.5.2 Radial operation constraints
The ADN must adhere to radial operation constraints, as

delineated below:

γij ∈ 0, 1{ }
γij � τij + τji, ij ∈ Ωz

∑
ij∈Ωz

τij � 1,∀i ∈ Ωz/Ωy

∑
ij∈Ωz

τij � 0,∀i ∈ Ωy (17)

0≤ τij ≤ 1, 0≤ τji ≤ 1

where Ωy represents the set of source nodes under isolated
operation of the power distribution system; τij represents the
topological position relationship between node i and node j, τij �
0 indicates that node j is located downstream of node i, and vice
versa. In addition to realizing the topological requirements of the
system, the radial constraint of the system can also select the
control mode of the controllable unit. If constraint Equation 17 is
satisfied, node i is chosen as the root node to provide voltage
support in the formed island, and the related control strategy at
node i is set as Vf control.

Compliance with the requisite safe operation constraints
is mandatory:

Ui
min( )2 ≤U2

i,t ≤ Ui
max( )2

0≤ I2ij,t ≤ Iij
max( )2

whereUi
max andUi

min are the upper and lower limits of the voltage of
the node i respectively; Iijmax is the upper current limit of the
branch ij.

3 Supply recovery model and model
transformation

3.1 Model linearization and convex
optimization

Second-order cone programming (SOCP) represents a class of
convex optimization problems, facilitating the efficient solution of a
wide range of optimization design issues. The constraints outlined in
this paper involve both integer and quadratic terms, conversion of
this model into a SOCP formulation enables an efficient solution
approach (Srirangarajan et al., 2008).

The new optimization variables are first introduced using
permutations. ut,i and it,ij to replace the squared terms of node voltage
and current in the above equationsU2

t,i、I2t,ij, obtaining Equations 18–25.

∑
ik∈Ωz

Pt,ik � ∑
ij∈Ωz

Pt,ij − Rijit,ij( ) + Pt,i (18)

∑
ik∈Ωz

Qt,ik � ∑
ij∈Ωz

Qt,ij − Xijit,ij( ) + Qt,i (19)

it,ij �
P2
t,ij + Q2

t,ij

ut,i
(20)

0≤ it,ij ≤Mαij (21)
ut,i − ut,j − 2 RijPt,ij + XijQt,ij( ) + R2

ij + X2
ij( )it,ij +M 1 − γij( )≥ 0

(22)
ut,i − ut,j − 2 RijPt,ij + XijQt,ij( ) + R2

ij + X2
ij( )it,ij −M 1 − γij( )≤ 0

(23)
Ui

min( )2 ≤ ut,i ≤ Ui
max( )2 (24)

0≤ it,ij ≤ Iij
max( )2 (25)

The transformation of Equation 20 yields a nonlinear constraint,
which is relaxed into a second-order cone constraint as Equation 26,
and subsequently converted to a standard second-order cone form,
as presented in Equation 27.

P2
t,ij + Q2

t,ij ≤ it,ijut,i (26)
2Pt,ij

2Qt,ij

it,ij − ut,i

�����������
�����������
2

≤ it,ij + ut,i (27)

Through the transformation, the model is transformed into a
second-order cone programming problem that can be solved efficiently.

By applying second-order convex relaxation, Equations 1, 2 for
CDG/NDG, Equations 3, 4 for ESS, and Equations 5, 6, 7, 8 for SOPs
are converted into rotating cone constraints, streamlining the
solution process.

PCDG
t,i( )2 + QCDG

t,i( )2 ≤ 2
SCDG
i �
2

√( ) SCDG
i �
2

√( )
PNDG
t,i( )2 + QNDG

t,i( )2 ≤ 2
SNDG
i �
2

√( ) SNDG
i �
2

√( )
PESS
t,i( )2 + QESS

t,i( )2 ≤ 2
SESSi �
2

√( ) SESSi �
2

√( )
PESS
t,i( )2 + QESS

t,i( )2 ≤ 2
PESSη
t,i�
2

√
σESS
i

( ) PESSη
t,i�
2

√
σESS
i

( )
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PSOP
t,i( )2 + QSOP

t,i( )2 ≤ 2
PSOPη
t,i�
2

√
σSOP
i

( ) PSOPη
t,i�
2

√
σSOP
i

( )
PSOP
t,j( )2 + QSOP

t,j( )2 ≤ 2
PSOPη
t,j�
2

√
σSOP
j

⎛⎝ ⎞⎠ PSOPη
t,j�
2

√
σSOP
j

⎛⎝ ⎞⎠
PSOP
t,i( )2 + QSOP

t,i( )2 ≤ 2
SSOP
i �
2

√( ) SSOP
i �
2

√( )
PSOP
t,j( )2 + QSOP

t,j( )2 ≤ 2
SSOP
j �
2

√( ) SSOP
j �
2

√( )

3.2 Supply recovery strategy for ADNs under
multiple resources synergy

To mitigate the impact of distribution network faults, this paper
proposes to study a supply recovery strategy that leverages the

synergy of multiple resources from the source, network, and load
side. Based on the strategy, DG and ESS are considered as power
generation units during the island operation of distribution
networks. The significant role of the SOP in the flexible
allocation of power flow in distribution networks is emphasized,
and the flexible adjustment capability of demand response is taken
into account to comprehensively enhance the effectiveness of
supply recovery.

In order to allocate various resources reasonably, minimize
unnecessary economic losses, and reduce the cost of recovery, the
minimization of the total load lost after supply recovery is adopted as
the objective function:

f � min ∑
t∈Ωt

∑
i∈Ωn

αiP
LOAD
t,i

whereΩt is the set of time sections in the supply recovery state of the
ADN; Ωn is the set of nodes; αi is the recovery coefficient of load
node i, and αi ∈ 0, 1{ }, αi � 0 when the load on node i is restored,

FIGURE 2
Overall framework diagram.
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αi � 1 when the load on node i is not restored; PLOAD
t,i is the active

load of node i at time t.
The obtained ADN supply recovery model based on second-

order cone planning with multiple resource synergy is as follows:

f � min ∑
t∈Ωt

∑
i∈Ωn

αiPLOAD
t,i

s.t.
1( ), 2( ), 4( ), 5( ), 8( ), 10( ), 11( ), 12( ), 15( ), 16( ),
19( ) − 25( ), 30( ) − 33( ), 37( ) − 41( ), 47( ) − 61( )

⎧⎪⎪⎪⎨⎪⎪⎪⎩
To analyze the accuracy of the optimization results of this

model, Equation 28 is used to calculate the relaxation error
as follows:

err � max it,ij −
P2
t,ij + Q2

t,ij

ut,i

���������
���������∞ (28)

If the relaxation error err in Equation 28 is within the acceptable
error accuracy, the resulting optimal solution is considered to meet
the practical solution requirements.

4 Case study

The model is implemented in the YALMIP optimization toolbox
with MATLAB R2023b and is solved by the Gurobi solver. The
overall framework diagram for the recovery method coordinating
ADNs of DGs, ESSs, and SOPs is shown in Figure 2.

Themodified IEEE 33-node system is chosen for testing to verify
the strategy proposed in this paper. The load and branch impedance
parameters of the standard IEEE 33-node system are shown in
Supplementary Table S1, and the topology of the improved system
structure is shown in Figure 2. It is assumed that all branches and
loads can be controlled. The access locations of DGs, ESSs, and SOPs

are shown in Table 1, Table 2, 3. Load and PV prediction curves are
cited from the Reference Sobri et al., 2018.

4.1 Schemes setting

The paper postulates a failure scheme that branch between
nodes 1 and 2 has a permanent three-phase fault at 6:00 a.m.
lasting 4 h. The total power loss is quantified at 3715 kW. To
assess the superiority of the proposed recovery strategy, the paper
devises a series of resource synergy schemes.

Scheme Ⅰ: Supply recovery with DGs.
Scheme Ⅱ: Supply recovery under the cooperative participation of

DGs and ESSs.
Scheme Ⅲ: Supply recovery with DGs and SOPs.
Scheme Ⅳ: Supply recovery with DGs and demand response.
Scheme Ⅴ: Supply recovery under the participation of multiple

resource synergy in the ADN.

The results of supply recovery in all schemes are shown in
Table 4, while the control modes of CDGs and ESSs are presented
in Table 5, 6.

4.2 Comparison analysis of supply recovery
under different schemes

In Scheme Ⅰ, the source side integrates DGs as the primary
energy source during post-fault distribution system operation.
CDGs can be appointed as the source nodes when the system
transitions to islanded operation mode following a failure. This
source node employs V/f control to furnish voltage and frequency

TABLE 1 DG data details.

Types Access node Rated capacity/kVA Minimum power factor

CDG 5, 20, 28, 32 300 0.9

NDG 8, 16, 22, 25, 33 300 0.9

TABLE 2 ESS data details.

Location Rated
capacity/

kVA

Rated energy
storage/kWh

Loss
factor

Reactive
power limit/

kVar

Initial state of
charge/kWh

Upper limit of
charge

state/kWh

Lower limit of
charge

state/kWh

11 300 1,000 0.02 60 500 1,000 200

30 400 1,000 0.02 60 700 1,000 200

TABLE 3 SOP data details.

Location Capacity/kVA Active power limit/kW Reactive power limit/kVA Loss factor

18–33 1,000 500 300 0.01

12–22 1,000 500 300 0.01
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support for the island, facilitating the recovery of a portion
of the load.

Figure 3 depicts the outcomes of the islanded operation under
Scheme Ⅰ. The island is demarcated by light blue regions, with solid
and hollow nodes representing restored and unrecovered load

nodes. Green solid rectangles denote controllable units operating
under the V/f control strategy as the island’s source nodes, while
hollow rectangles indicate the application of P/Q control.
Eventually, the system forms three islands, with nodes 20, 5, and
32 serving as V/f control nodes for islands①-③, respectively. Each
island fully utilizes distributed resources to achieve a recovery rate of
40.4% in Scheme Ⅰ.

In contrast to Scheme Ⅰ, Scheme Ⅱ incorporates ESSs, and the
operation of ESSs is shown in Figure 4. The initial states of ESS at
nodes 11 and 31 before the fault were 500 kWh and 700 kWh,
respectively. As indicated in Table 2, the ESS can be employed as the
source node for the island, allowing the system to adapt the output
power in accordance with actual demand. Through the precise

TABLE 4 Results of supply recovery in 5 schemes.

Scheme Total
load/
MWh

Load without
restoration/MWh

Total diverted
load/MWh

Supply
recovery
ratio/%

Island
source node

Nodes without
restoration

Ⅰ 9.6590 5.7590 3.9000 40.4% 5, 20, 32 2, 4, 7, 8, 11, 12, 13, 14, 23, 24,
25, 29, 30, 33

Ⅱ 9.6590 4.2770 5.3820 55.7% 5 2, 4, 5, 7, 8, 11, 12, 13, 14, 23,
29, 30, 32, 33

Ⅲ 9.6590 3.1590 6.5000 67.3% 28, 32 2, 4, 11, 12, 23, 24, 29, 30, 31,
32, 33

Ⅳ 9.6590 4.5055 5.1535 53.4% 5 2, 4, 5, 7, 11, 12, 13, 14, 23, 24,
29, 30, 31, 32, 33

Ⅴ 9.6590 0.4472 9.2118 95.4% 11 30

TABLE 5 CDG control mode.

Location Scheme Ⅰ Scheme Ⅱ Scheme Ⅲ Scheme Ⅳ Scheme Ⅴ

5 V/f V/f PQ V/f PQ

20 V/f PQ PQ PQ PQ

28 PQ PQ V/f PQ PQ

32 V/f PQ V/f PQ PQ

TABLE 6 ESS control mode.

Location Scheme Ⅱ Scheme Ⅴ

11 PQ V/f

30 PQ PQ

FIGURE 3
Islanding partition strategy in Scheme Ⅰ.
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control of active and reactive power, the capability for supply
recovery is enhanced. Compared with Scheme Ⅰ, the recovery
ratio increased by 15.3%.

Figure 5 depicts the operational behaviors of SOPs in SchemeⅢ.
The positive direction of power flow in SOPs is from SOP12 (18) to
SOP22 (33). SOPs replace switch operations, enabling real-time,
reliable power exchange within the isolated island area, which makes
the system fully utilize DGs. The introduction of SOPs facilitates
power distribution, with power flowing from nodes 12 and 18,
redirecting the power flow from island ② to islands ① and ③,
thereby establishing global connectivity based on Scheme Ⅰ.
Comparing Scheme Ⅲ with Scheme Ⅰ, the recovery ratio
increased by 26.9%.

FIGURE 4
ESS charging and discharging power in Scheme Ⅱ. (A) Active power (B) Reactive power.

FIGURE 5
Operation strategies of SOP in Scheme III. (A) SOP1 active power (B) SOP2 active power (C) SOP1 reactive power (D) SOP2 reactive power.

TABLE 7 Total demand response load in scheme Ⅳ.

Time/h 6:00 7:00 8:00 9:00

Total interrupted load/MWh 0.0594 0.0743 0.1114 0.1411

Total transfer load/MWh 0.1486 0.1858 0.2786 0.3529
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In contrast to Scheme Ⅰ, Scheme Ⅳ incorporates a more
sophisticated demand response strategy, engaging multiple
mechanisms to manage power consumption. Table 7 provides
specific details of interruptible and transferable loads in demand
response, with interruptions and transfers indicated as positive
values. During the fault periods, 0.386 MWh load was
interrupted and 0.966 MWh load was transferred out, reducing
the power supply burden on DGs. These actions not only mitigate
the immediate pressure on the power supply but also facilitate a
more profound examination of the network’s capacity to rebound
from disruptions. By optimizing the power supply efficiency of the

DGs through these demand response tactics, Scheme Ⅳ achieves a
notable 13.0% enhancement in supply recovery efficiency over Scheme
Ⅰ, underscoring the efficacy of a multifaceted demand response in
bolstering the resilience and efficiency of the power network.

Figure 6 illustrates the network island partitioning results after
supply recovery in Scheme Ⅴ. Scheme Ⅴ integrates flexible resources
from the source, network, and load sides, including DGs, ESSs, and
multiple demand responses. Demand response alleviates the strain
on the network’s power supply, efficiently utilizing limited
resources, as shown in Figure 7 that compares the operation of
SOPs between Scheme Ⅴ and Scheme Ⅰ. SOPs connect the network’s

FIGURE 6
Islanding partition strategy in Scheme Ⅴ.

FIGURE 7
SOP reactive power in Scheme Ⅴ. (A) SOP1 active power (B) SOP2 active power (C) SOP1 reactive power (D) SOP2 reactive power.
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resources, creating a stable large network that fully leverages the
flexibility of DG and ESS. Finally, under the coordinated operation
of resources from the source, network, and load, the supply recovery
capability is enhanced, and a recovery rate of 95.4% of the load
is achieved.

The remaining power exchange and operational behaviors
for resources under each scheme are detailed in
Supplementary Figures.

4.3 Analysis of solution accuracy

As depicted in Figure 8, for Scheme 5, the relaxation error
distribution is presented, with a maximum error of 1.25 × 10-5. The
maximum relaxation errors for Schemes Ⅰ-Ⅳ are 5.59 × 10-5,
3.9 × 10-5, 8.12 × 10-5, 4.61 × 10-5, respectively. All of these fall
within the permissible range, which meets the requirements of the
calculation accuracy.

5 Conclusion

This paper presents an ADN supply recovery strategy that takes
into account the synergy of flexible resources and multiple demand
responses. The strategy leverages the load regulation capability of
multiple demand responses to alleviate the burden on supply
recovery. It also utilizes the topology flexibility further enhanced
by SOPs to interconnect all the flexible resources in ADN, enhancing
the potential of supply recovery. The proposed approach contributes
to enhancing the resilience of ADNs and reducing losses
during faults.

The IEEE 33-node simulation reveals that utilizing multiple
flexible resources significantly aids supply recovery.

1) ESSs, SOPs, and multiple demand responses, when integrated
with DGs, markedly enhance the supply recovery rate,
achieving respective rates of 55.7%, 67.3%, and 53.4%.

2) The multi-flexible resource cooperation strategy integrated with
the above resources guides demand response to alleviate the

network’s energy consumption demand. Implementing SOPs
integrates all ESSs and DGs within the network. This
collaborative use of resources in ADN maximizes supply
recovery, more than doubling the supply recovery rate to
95.4%, compared to recoverymethods that depend solely onDGs.

3) The method described in this paper is effective in restoring
power outages in distribution networks. It has a positive
significance in resisting the loss of power supply
coordination between the main and distribution networks
caused by natural disasters, as well as the power outages in
distribution networks caused by human factors.
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