:' frontiers ‘ Frontiers in Energy Research

’ @ Check for updates

OPEN ACCESS

EDITED BY
Kaiping Qu,

China University of Mining and Technology,
China

REVIEWED BY
Da Xu,

China University of Geosciences Wuhan, China
Feifan Shen,

Hunan University, China

*CORRESPONDENCE
Fuju Zhou,
fujuzhou_sg@sina.com

RECEIVED 12 January 2024
ACCEPTED 19 February 2024
PUBLISHED 22 April 2024

CITATION

Zhou F, Zhou P, Shi T, Jing J, Liang G, Xu S,
Zhou J and Yang K (2024), Resilience-oriented
repair crew and network reconfiguration
coordinated operational scheduling for post-
event restoration.

Front. Energy Res. 12:1369452.

doi: 10.3389/fenrg.2024.1369452

COPYRIGHT

© 2024 Zhou, Zhou, Shi, Jing, Liang, Xu, Zhou
and Yang. 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

TYPE Methods
PUBLISHED 22 April 2024
Dol 10.3389/fenrg.2024.1369452

Resilience-oriented repair crew
and network reconfiguration
coordinated operational
scheduling for post-event
restoration
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State Grid Sugian Power Supply Company, Sugian, China, 2State Grid Xuzhou Power Supply Company,
Xuzhou, China, *College of Energy and Electrical Engineering, Hohai University, Nanjing, China, *State
Grid Jiangsu Electric Power Co., Ltd., Nanjing, China

This paper introduces a post-disaster load restoration approach for the
distribution grid, utilizing network reconfiguration (NR) and dispatching of
repair crews (RCs) to significantly enhance grid resilience. We propose an
RC—-NR coordinated model that leverages diverse flexible resources within the
active distribution network (ADN), aimed at not only enhancing the grid's
resilience level but also efficiently mending the fault lines. The model
introduces fault repairing and sequential NR coupled constraints to devise an
optimal resilience strategy within temporal domain cooperation, focusing on
minimizing repair and penalty costs associated with the restoration process. To
tackle the challenge of computational complexity, the nonlinear model is
reformulated into a mixed-integer second-order cone programming model.
The efficacy of the approach is validated through case studies on an IEEE 33-
bus system, in which simulation results demonstrate a considerable improvement
in grid resilience, achieving optimal load recovery with reduced restoration time
and costs. The proposed approach outperforms traditional methods with optimal
repair sequence and RC scheduling, aligned with NR efforts, and contributes to an
improved system resilience level.

KEYWORDS

resilience, active distribution network, repair crews, restoration, load recovery

1 Introduction

In recent decades, a series of frequent and severe extreme events, exemplified by
incidents like the 2021 Texas power blackouts (Zhang et al., 2022), the Zhengzhou flood
blackouts, and the Taiwan rolling blackouts in 2022, have had a profound impact on grid
resilience (Perera et al., 2020). These occurrences have resulted in energy deficiencies and
prolonged power interruptions, posing a severe challenge to the power system operation.
Concurrently, the power distribution network is undergoing a significant transition from
the traditional network to the active distribution network (ADN). Explicitly highlighted
during the 2008 International Large Power Grid Conference, the ADN possesses the
capability to autonomously control and manage locally distributed energy resources
(DERs), adjusting the network topology in real time based on the system operational
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status to precisely regulate the power flow (Li et al., 2017). This
concept has been consistently embraced within the academic
community. It is crucial to emphasize that unlike the autonomy
of microgrids, under normal circumstances, the ADN, as a public
distribution network managed by power companies, does not permit
islanded operation. However, in emergency situations, a judicious
configuration of switching points can enable specific areas of the
ADN to function as isolated microgrids in an unconventional
manner to support the ADN operation (Konakalla et al., 2019).
Therefore, leveraging the resources within the ADN to enhance its
resilience against extreme natural disasters is of paramount
significance, aiming to mitigate economic losses caused by
power outages.

As the foundation for the resilience operation of the ADN, it is
crucial to model and evaluate the fault scenarios caused by extreme
disasters. Typhoons are one of the most frequently occurring
extreme disasters. Mu et al. (2022), using the classic Batts
typhoon model, obtained time-varying wind speed curves at
various points of the lines. Combining the vulnerability model of
distribution network components, they generated fault scenarios
using a non-time-series Monte Carlo simulation method. Hussain
et al. (2019) considered the spatial distribution characteristics of
faulty and outage equipment under typhoon disasters, categorizing
them into centralized, decentralized, and centralized—decentralized
distributions. They generated a set of fault scenarios for the ADN
based on the fault rate distribution functions of different typhoon
grades. Hou et al. (2021), starting from historical data on typhoon
damage, established a prediction and evaluation model for user
power outage grids under typhoon disasters using data mining and
grid partitioning methods. Building upon classical models, Hou et al.
(2023) made uncertainty improvements to the typhoon wind field
and line fault models, considering the effects of diverse wind speeds.
They proposed an improved model for line stress interference. In
summary, the existing models describe the time and space
characteristics of typhoons, analyze the impact mechanism of
extreme disasters on distribution networks, and ultimately
determine damaged scenarios by establishing component
vulnerability models. These above research studies provide the
fundamental models and methods for evaluating the potential
faults to further
investigation of the resilience operation methods.

of extreme disasters, which contributes

To deal with the extreme disasters, the main measures adopted
include network reconfiguration (NR) and emergency islanding.
The ADNS are generally designed as closed-loop systems but operate
in an open-loop manner to improve the reliability of the system.
This characteristic provides a prerequisite for the implementation of
network reconstruction and islanding. The NR involves the rational
configuration of tie points, remotely activating or deactivating the
corresponding circuit breakers, allowing specific local areas of the
distribution network to operate as microgrids in an abnormal state.
By this measure, the critical loads can be supplied to avoid economic
losses. Demetriou et al. (2016) and Liu et al. (2019a) formulated the
islanding division and power output adjustment problem as a
mixed-integer linear programming model. They determined
optimal islanding strategies by first obtaining a DC-feasible
solution and then determining the operating point for AC
steady-state islanding. Hafez et al. (2018) proposed a novel
method for radial network constraints suitable for the flexible
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reconstruction of distribution networks. This method significantly
enhances the flexibility of the network topology, thereby improving
the feasibility and optimality of optimization problems related to
reconstruction. Liu et al. (2019b) comprehensively considered
proactive fault islanding and restoration. Lei et al. (2020)
proposed a novel approach for radiality constraints, which fully
enables the topological and some other related flexibilities of
structure is

systems. However, grid

insufficient. The faults caused by the restoration should be

only adjusting the
inspected and repaired timely to reduce the duration of the faults
and power outage. Hence, it is of great significance to consider the
dispatching of the repair crews (RCs) to repair and restore the ADN
against extreme disasters.

The RCs stand out as crucial resilience enhancement forces that
find wide applications in distribution networks. Specifically, RCs play
a vital role in facilitating coupling repair and restoration processes.
Efficiently dispatching RCs to repair specific damaged components is
essential for fully restoring a power grid following disasters, thereby
supporting the network restoration of distribution networks (Van
Hentenryck et al., 2011; Zhang et al., 2020). Bian et al. (2021) proposed
a RC deployment model for fault repair and system restoration by
solving a two-stage stochastic optimization problem. Arif et al. (2017)
delved into the co-optimization of RC routing and reconfiguration for
distribution network restoration. Considering the resource capacity
limits, the fault repair and restoration model was proposed by Shi et al.
(2022) to optimize the scheduling for RCs to repair faulted lines.
Notably, recent studies have explored strategies such as coordinating
energy scheduling with dynamic microgrid formation to reduce post-
disaster recovery costs and co-optimizing RC routing with ADN
reconfiguration for efficient restoration (Yao et al,, 2019; Yao et al,
2020). However, existing research often addresses NR and RCs in
isolation. Nevertheless, RC dispatching in the aftermath of extreme
disasters poses a significant challenge as it involves addressing the
combinatorial optimization issues related to depot location,
equipment transportation, allocation, and crew assignment
(Golshani et al., 2019; Inanlouganji et al, 2022). Thus, how to
tackle the coordination between RC dispatching and NR is still a
remaining key issue.

However, these works mentioned above still have two challenges
to overcome: one challenge is how to enhance the resilience level of
the ADN with accurate fault scenarios. The other challenge is how to
solve and obtain the NR and RC repair and restoration scheduling
for the ADN against extreme disaster scenarios. Based on the above,
the contributions of this paper are concluded as follows:

1) The RC dispatching and fault repair sequence model is
proposed to reduce the fault time period and the
corresponding economic losses under extreme disasters. RC
numbers and material capacity limits are modeled as
constraints to describe the repair decision, while the fault
repair sequence constraints are also integrated in the model
to obtain optimal repair scheduling.

2) The RC and NR coordinated ADN operation method is
devised to support critical loads and reduce the economic
loss during the fault periods. Compared with conventional
methods, the proposed method can effectively achieve optimal
repair routing and load recovery scheduling for a fast and
secure restoration.
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FIGURE 1

Resilience curve and ADN restoration framework.

2 Resilience-oriented ADN
restoration framework

The conceptual resilience curve is illustrated in Figure 1. The
ADN’s resilience level is measured by the ratio of the supplied load.
Before and after the extreme event, the ADN typically encompasses
five states: pre-event (to—t.), event unfolding (. — ), post-event
(tpe=tir), restoration (t,—t;), and post-restoration states (t;—).
These states commonly represent the total energy supplied to the
critical loads. In this concept, progression of the MDS during a
natural disaster can be explained as follows: in the pre-event state,
the ADN can operate in a normal state. When the disaster occurs at
te, the power supply to loads is disrupted, leading to a decrease in the
load supply level (event unfolding state). After the event, the ADN
reaches the post-event state at ¢, representing the worst system
condition and load recovery initiation in the ADN. As critical loads
are gradually restored, the system state progresses toward the next
state until the faults are repaired at t;. After all the faults are
repaired, it is ensured that the loads of the ADN recover to the pre-
event level. Thus, the ADN gradually returns to the normal state,
and the whole process ends.

In this study, we propose a resilience-oriented ADN restoration
approach where fault scenarios are generated before extreme events
by the proposed fault possibility model. Then, the RC and NR
coordinated load restoration problem is solved to obtain the optimal
ADN restoration scheduling during the post-event, restoration, and
post-restoration states until all the faults are repaired. Hence, the
proposed resilience-oriented ADN restoration framework can
leverage all the resources, including the power supply, system
topology adjustment measures, and RCs, to effectively enhance
the resilience level against a disaster.

3 Resilience-oriented ADN
restoration model

In this study, in order to supply critical loads, the ADN makes use of
strategies such as topology reconfiguration and island partition through
the deployment of flexible resources. Furthermore, in the resilience-
oriented ADN restoration model, local flexible resources, including
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controllable diesel generators (DGs), and energy storage systems (ESSs)
are utilized with the distributed generation systems, such as
photovoltaic (PV) systems and wind turbine (WT) systems, to
provide energy to the loads in the ADN. Furthermore, line switches
are operated by the DSO for NR by considering the DistFlow power
flow model. Additionally, RCs are dispatched to repair the faults with
limitations of the numbers and material resources.

3.1 Local flexible resources

Regarding flexible resources, both DGs and ESSs possess flexible
capabilities. These are designated as the power source within the
isolated islands to provide electricity for shed loads.

3.1.1 Model of the DGs

Distribution grids often rely on controllable distributed power
sources, primarily utilizing DGs. DGs are commonly employed in
isolated grids that are not connected to the upstream network or
used as emergency power sources during grid failures. They can even
be utilized in more complex scenarios such as peak shaving and
power support. The model of the DGs is given in Egs. (1)-(3)
as follows:

P},)[,G\ 1- (K,')2< DG<PBG \’1 - (K,')z v

SUy S >
KiDG Lt K.iDG

t € Ny, Vi€ Npg > (D

(PPS) +(QRC) <8P, Vet €Ny ,VieNpg, ()

DG DG DG
Pmin SP,‘J SPmmo

Vt € N1, Vi € Npg, (3)

where PPS and QPF are the active and reactive power generation of
the DG at node i at time t, respectively; G is the power factor of the
DG; SPC denotes the DG capacity at node i; and PYS, and PD3, are
the lower and upper limits of the output power generation of the DG,
respectively.

3.1.2 Model of the ESSs

ESSs provide possibility and solutions for post-disaster emergency
dispatch in distribution networks. They can act as a fast reserve to
effectively support regional control, scheduled dispatch, frequency
regulation, and peak shaving. In the distribution phase, the
introduction of energy storage devices can effectively mitigate the
fluctuation between uncontrollable distributed power generation and
load demand. ESSs interact with the grid by controlling the charging
and discharging of batteries based on received control commands.
Additionally, the inverters of the ESSs have a certain reactive power
support capability, providing voltage support to blackout nodes
according to the operational requirements of the grid. Detailed
model of the ESSs are given in Egs. (4)-(9).

EPS = ERS (1 - AF) + PESCHCAL - 1;?;‘: Vvt € N, Vi € N,
(4)
0 < PESSC < PESS. SPSC, VWt € N, Vi € Nigs, (5)
0< PSP < PES. SESP. Wt € Ny, Vi € Nigs, (6)
EIS <EFS<ES . Vt €Nr,Vi€ Ngss, 7)
SESSC 4+ SESP <1, Vt € Ny, Vi € Nigg, (8)
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(PE)" + (Q%°) <8I, vt € Np, Vi € Nigs, 9)
where Eftss represents the SOC of the ESS at time ¢ at node 7; AIESS
is the loss coefficient of the ESS; Pftssc, PEESD, and Pftss are the
charging, discharging, and the net ESS power injection into node
C and P

discharging efficiencies of the ESS, respectively;

i at time t, respectively; # are the charging and

SESSC and
SESP denote the charging and discharging binary status,
respectively; PESS is the upper limit of the ESS charging and
discharging power limit; S5 and SZis, are the SOC limits of the

ESS; SESS is the capacity of the ESS; and QESS is the reactive power
of the ESS.

3.1.3 Model of the RES

Distributed RES can also be utilized to support the ADN
resilience level. The corresponding model of the RES generation
are represented in Eqs. (10)-(12) as follows:

E, 2 o 2
PRES\1 — (k) o < PRESA[1— (1)

S <Q7< FES , Vt € N, Vi € Npy |J Nwr,
(10)
(PRESY? + (QRS)’ <SMS, Wt € Np,Vi € Npy U Ny, (11)

0<Pf® <PY., RES € {PV, WT}, Vt € Ny, Vi € Npy [J Ny, (12)

where PRFS and QIS are the active and reactive power generation of
the PVs and WTs at time £ at node i i, respectively; k*ES is the power
factor of PVs and WTs; SfES denotes the RES capacity at node i; and

PRES is the maximal power limit of the PVs and WTs.

3.2 DistFlow model of the ADN

The DistFlow model (Baran and Wu, 1989a) is typically used
in the literature for simplifying the power flow equations to make
them more tractable for analysis. This simplification, while
enabling easier computation, can lead to inaccuracies in
modeling the real behavior of the electrical distribution
network, particularly under heavy loading conditions or when
dealing with complex network topologies. Furthermore, the
DistFlow model is primarily designed for radial distribution
networks, which can be formulated as Eqgs. (13)-(16):

{ Zkea (i) P}:tnte rklllzﬂt = Zjeb(z)Piljt + Pi,h , Vi € NT,Vij € B,
Zkeu(z)tht ‘xk’ krt = Z}'eh(i)Qxf’I,lte + int’
(13)
Ui[ = Uit (rUPilJ“f + x,]Qilj"f) (rlzj +x;; ) e Vt € Np,Vij € B,
(14)
Pime Qime
1,2”:( ]t)U?,( ”) , Vt € Np,Vij € B, (15)
Urnln <U; <UR™, Vt € Ng, (16)

line line
where Pz,: and Qij,t

ij in the branch set B over a time period ¢, respectively; ri;and x;
are the resistance and reactance parameters of branch ki,

are the active and reactive power on branch
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respectively; Iy;, is the current through branch ki; a(i) is the
set of ancestor nodes; b (i) is the set of child nodes; and U;; is the
voltage of node i at time ¢, which is within the range of the

min and the maximal limit U7,

minimal limit
In addition, P,,t and Q;; represent the active and reactive
power injections, respectively, which can be formulated as in the

Eq. (17).

Pi,t — PDG + PPV + PWT + PESSD
PV ESS load
Qi,t - 1) + it Q,Ota >

A Pload

ESSC
Pit it

,Vt € Nr,
(17)

where 1; denotes the binary load state of node i; P}%*¢ and Q\%* are

the active and reactive power loads, respectively.

3.3 Model of RC dispatching and fault repair

In response to natural disasters and power line faults, the
power grid needs to sequentially repair each affected line to
shorten the damage period. It is crucial to find the optimal
maintenance sequence within the fault period. The method for
optimizing the fault repair strategy involves the introduction of a
series of constraints to the switch status variables during network
restructuring and island partitioning. These constraints are
integrated into a unified model for fault recovery during the
restructuring and islanding process. When faults occur, it ensures
that the lines remain disconnected. At the same time, it is
The
constraints on the open/close status of the faulty lines in the

restricted to restoring a maximum of h faulty lines.

model represent the maintenance strategy given in Eqs. (18), (19)

as follows:
af, =0, Vije B, (18)
(XUS(XU, Vij € Be,t, <tm, (19)
p0; = Ypal<h, VijeBpVteNy, (20)

where af; is the line switch status of branch i in the fault branch set
Bg; h represents the maximum number limit of the power lines that
can be simultaneously repaired at a time period; and T’y denotes the
fault repair time. Equation 18 describes the initial state when faults
occur; all fault lines are in the open state. Equation 19 represents that
the fault line should be repaired only once. Equation 20 ensures that
during the fault recovery process, a maximum of / faulty lines can be
repaired at each time period.

Resource availability is ensured by Eq. (21), which stipulates
that the resource capacity of each crew should be sufficient to
meet the total resource demand of the damaged components in
its assigned route:

> ZY,,, rm} <RS!,VT € B, Vij € By

meM

21

where Y - denotes the binary variable, which equals 1 if the fault
line ij € BF is fixed by the crew team 7 in the RC team set &; rm;
represents the required mth kind of material to repair the fault line
ij € Bp; and RS represents the capacity limit of the crew team 7

with the mth kind of material.
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3.4 Radial operation constraints of the ADN

The ADN must satisfy the following radial constraints which can

be formulated as Egs. (22)-(25):
&ij = i + Vijs (22)
Yijeaubhij + Lije, Vi = 1 Vi€ Q, (23)
Yije i + Lijea, Vi = 0, Vi€ (24)
o € {0, 1}, € {0, 1}, € {0, 1}, (25)

where ;; and v;; are the binary variables representing the virtual power
flow directions of branch ij, with 4;; = 1 indicating the default power
flow direction and v;; = 1 indicating the inverse power flow direction;
Q),, is the set of normal nodes; (), is the set of alternative island source
nodes; (; 4 is the set of branches with i as the ancestor node; and Q; ¢ is
the set of branches with i as the child node.

4 Resilience-oriented RC and NR
coordinated operational
scheduling method

4.1 Model reformulation

4.1.1 Big M method
With the Big M method, the Eq. 14 can beeformulated into the
following constraints in Eqs. (26)-(30):

May; < Pife <Maj, Vit € Ny, Vij e B, (26)
~May; <Qi" < May;, Vit €Ny, Vij e B, 27)
0<11]tSM(X,']', VtGNT,Vl.jélg, (28)

2 2 line line 2
Uj)t -U;, + 2(r,]Pl]t + xijQij,t) (r + x; )Iut

-M(1 - a;;) <0, Vt € NyYij € B, (29)
Ui, -U2 + 2(r,JP}IJ"f + xijQ}iJ{‘f) (r + X2 )Ifjt

+M(1 - o) 20, Vt € Ny,Vij e B, (30)

where M is a big enough positive number.

4.1.2 SOCP relaxation of the DistFlow power
flow model
A new set of variables U;; and Z;;; are presented to replace the

voltage and current as Egs. (31)-(33):
Z/[,t U2
{I,Jt—f,], Vt € Np,Vij € B, (31)
lee lee
Ty > M Vt € Np,Vije B, (32)
Uis
2
ZQ}‘]‘jf < + Uy, Vt € Np,VijeB. (33)
Tije —Uir ||,

Based on above, the relaxation gap of the DistFlow model can be
defined as Eq. (34).

(i) + Q)

ijt~ u—t Vt € Np,Vij e B. (34)

gapije = |1
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4.1.3 SOCP relaxation of the DG and ESS
Similar to the relaxation of the DistFlow model, the SOCP
relaxation of the DG and ESS are given as Egs. (35), (36).

PpP6 b
Q’ng <SPS, ¥t e Np, (35)
it
ESS
it Al < SESS) Wt € Ny (36)
Q i
it

4.2 Objective function

The objective function of RCs repair and system restoration is
formulated as Eq. (37).

_\Nr QapN load NbG ~DG pDG NESS ~ESS 1HESS

0= Y (X6 (1 - APl 4 YT COOPS 4 Y CEP
Nev Nwr

T S e A Y CWTP)fT), (37)

where 6; is the importance coefficient of the load at node i, which can be
evaluated by the value of the lost load (Kariuki and Allan, 1996); CPS,
CPV, CWT, and CESS are the operational costs of DG, PV, WT, and ESS,
respectively.

4.3 RC and NR coordinated ADN
restoration method

After the above steps, the overall RC and NR coordinated ADN
restoration model can be solved using a commercial solver. Figure 2
shows the flowchart of the proposed method.

5 Case studies

To evaluate the proposed method, the IEEE 33 bus active
distribution system is used (Baran and Wu, 1989b). System
configuration is shown in Figure 3. Five WTs, three PVs, one set
of DGs, and one ESS are integrated into the ADN. Time duration
and equipment configuration parameters for the fault scenario are
listed in Table 1 and Table 2, respectively. Figure 4 shows the
predicted power generation curve of the PVs and WTs. The problem
is solved using the MATLAB R2018b platform with Gurobi 10.0.0
,2023). The results demonstrate that
our approach can achieve optimal load recovery strategies within
226 s, which is computationally feasible in real-world applications.

(Gurobi Optimization and LLC

5.1 Network reconfiguration and fault repair
scheduling results

To show the importance of NR and RC coordinated resilience
dispatching, the ADN topologies during the fault duration are
established, as illustrated in Figures 5A-F. As mentioned in
Table 1, initially, at 8:00, there are six faults in branches 6, 12,
18, 21, 24, and 32, which are marked in red in Figure 5A.

During the first fault duration period 8:00-9:00, the ADN is
reconfigured into three islands as the temporary status for resilience
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TABLE 1 Fault scenario parameters.

10.3389/fenrg.2024.1369452

Branch 21

Branch 24
(nodes
24 and 25)

Branch 32
(nodes
32 and 33)

(nodes
21 and 22)

8:00-14:00 8:00-14:00 8:00-14:00

Fault Branch 6 Branch 12 Branch 18
branch (nodes 2-19) (nodes (nodes 2-19)
12 and 13)
Time duration | 8:00-14:00 8:00-14:00 8:00-14:00
TABLE 2 Energy equipment configuration parameters.
Equipment Location Capacity
PV Node 7 500 kVA
Node 13 300 kVA
Node 27 400 kVA
WT Node 10 500 kVA
Node 16 300 kVA
Node 17 200 kVA
Node 30 200 kVA
Node 33 300 kVA
DG Node 4 200 kWh
ESS Node 31 500 kWh

operation. Nodes 1-6, 23-24, and 26 are in the first island that is
connected to the upstream network and the DG to supply the demand.
Nodes 7-8 and 19-21 are in the second island to support the local
power demand using PVs in node 7. Nodes 9-18, 22, 25, and 27-33 are
divided into the third island, with five WT's and the BESS in node 31 for
resilience operation. In addition to the normal power line branches, four

power-tie lines are all deployed to further improve the power exchange
ability in the ADN to enhance the resilience level. Meanwhile, RCs are
all scheduled to start the repair process of the fault lines between nodes
6-7 and nodes 12-13, which can be illustrated in the next fault duration.

During the second fault duration period 9:00-10:00, in Figure 5B,
the fault in the branches between nodes 6-7 and nodes 12-13 are
repaired, respectively. Then, the ADN is reconfigured into two islands
for resilience enhancement. Nodes 1-11, 19-21, and 23-33 in the first
island are meant to support critical loads supplied by the main grid, the
DG, five WTs, two PVs, and the BESS. The second island includes nodes
12-14 and 22 to support the local power demand using the PV in node
13. Similar to the situation during the fault duration period 8:00-9:00,
the four power tie line branches are all still kept closed to enhance the
resilience level. Meanwhile, the RCs are all scheduled to start the fault line
repair process between nodes 24 and 25.

For the third fault duration period 10:00-11:00 (Figure 5C), the
fault in the branches between nodes 24 and 25 is repaired by the RCs.
Hence, the ADN is mitigated into a radial network topology with all the
energy units engaged. Different from the situation before, the power tie
line between nodes 25 and 29 is kept open to avoid the loop circuit
in the ADN.

Figure 5D shows the ADN topology during the fourth fault duration
period 11:00-12:00. The RCs repaired the fault line between nodes 2 and
19, which contributes to the improvement in the ADN resilience level by
increasing the power exchange ability in the network. It should be noted
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Network reconfiguration and the fault repair scheduling results of the ADN.

that constrained by the radial network topology, the power tie line
between nodes 9 and 15 is opened. RCs are scheduled to start the fault
line repair process between nodes 21 and 22.

Finally, as shown in Figures 5E, F, in the last duration period 12:
00-14:00, the RCs repaired the last fault line between nodes 32 and 33,
and after the repair process, the ADN is restored to the normal mode
topology, ensuring that the system resilience level achieves a 100%
recovery. Hence, the proposed NR and RC coordinated operation model
can effectively improve the system resilience level by repairing the faults
and operating the power line switches using the optimal strategy.

5.2 Load recovery and voltage
management results

Regarding the improvement in the resilience level of the
ADN, Figure 6 illustrates the resilience level and the lost load,
the preserved load, and total load demands. It can be concluded
that the resilience level of the ADN is improved from 37% at 8:

Frontiers in Energy Research

00 to 100% at 14:00, which indicates that the NR and RC can
effectively reduce load shedding. Furthermore, by repairing faults
lines, the resilience level is improved by 30%, 23%, 7%, 2%, and
1%. This indicates that the optimal RC scheduling strategy can
effectively obtain the maximal resilience level improvement
during every repair process. Meanwhile, the decline in the lost
load demand and the increase in the preserved load also prove
that the proposed NR and RC coordinated operation method can
effectively improve the system resilience level and eventually
restore the ADN to the normal status.

Figure 7 shows the nodal voltages of the ADN at each time slot.
The nodal voltages are measured by the per-unit value by setting the
voltage base values to 12.66 kV. The maximum and the minimum
voltages are 1.05 and 0.95, respectively. The nodal voltage is acceptable
in practice, considering that the voltage limits are 0.9-1.1 p.u. It
should be noted that after the repair of fault lines in each duration
period, the nodal voltages in the ADN are improved to be closer to the
base value, which illustrates that the proposed method can effectively
secure ADN operation with the optimal repair strategy.
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TABLE 3 Result comparison.

Result Method #1 Method #2 Method
#3

Load shedding 32,838.17 16,698.05 10,734.38

loss (US$)

Operational cost (US$) 1,198.92 2,332.54 3,791.08

Total cost (US$) 34,037.09 19,030.59 14,525.46

5.3 Result comparison

To further evaluate the proposed model and method, three
methods are compared as follows:

Method #1—NR method: Only NR is considered in this method
to support the load demand, and all faults are repaired at the end of
the fault duration.

Method #2—NR operation method with a fixed repair sequence:
The ADN resilience level is enhanced using the NR operation method,
and the fault lines are repaired using a fixed sequence with the distance
measured between the fault lines and node 1 in the ADN.

Method #3—NR and RC scheduling coordinated operation
method: Three groups of RCs are scheduled to repair the fault
lines simultaneously with NR of the ADN.

From Table 3, it can be concluded that the load shedding loss of
Method #1 is larger than those of Method #2 and Method #3 with
gaps of $16,140.12 and $5,963.67, respectively. This is because in
Method #1, the RC repair capability is not considered. All the faults
are repaired until the end of the fault duration, which weakens the
power supply capacity of the ADN. In Method #2, the RCs only
repair the fault lines by following the geographical distance
sequence, which may lead to suboptimal scheduling routing and
the increase in economic losses. Among the three approaches,
Method #3 can obtain the minimal load shedding loss.

The operational cost to reduce carbon emissions increases from
$1,198.92 in Method #1 to $2,332.54 and $3,791.08 in Method #2 and
Method #3, respectively. This is tenable since with NR and RC
coordination, more nodes in the ADN and in the same island are
connected with the DG, which leads to an increase in the fuel cost
of the DG.

Meanwhile, despite the increase in the operational cost of Method
#3, the total costs of the three methods are $34,037.09, $19,030.59, and
$14,525.46, respectively. Therefore, the proposed Method #3 achieves
the best performance in reducing the total cost of load shedding and
system operation. Thus, the resilience of the ADN is effectively
enhanced, and the proposed NR and RC coordinated method can
reduce the economic loss caused by disasters.

6 Conclusion

In this paper, a resilience-oriented operational scheduling method is
proposed by coordinating RCs and NR within an ADN to effectively
counteract faults. Compared to traditional methods, this method not
only establishes power supply islands but also ensures continuous power
delivery to critical loads during blackouts by strategically deploying local
and external resilience resources and RCs. The synergy between NR and
RCs is meticulously orchestrated to simultaneously determine the repair
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sequence of fault lines and the reconfiguration of the ADN topology. The
effectiveness of our approach is demonstrated through numerical
simulations, highlighting its superiority in enhancing system resilience
and minimizing economic losses when compared to traditional grid
recovery methods. Our findings affirm that the coordinated optimization
of RC scheduling and NR actions significantly improves the system’s
resilience. Furthermore, the integration of renewable energy sources and
storage systems within the proposed framework could offer benefits to
optimize system resilience. Future investigations can be conducted to
explore the Al techniques, such as deep reinforcement learning, for
further reducing the computation time, which is critical for NR
following disasters.
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