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Abstract——The volatility of increasing distributed generators 
(DGs) poses a severe challenge to the supply restoration of ac‐
tive distribution networks (ADNs). The integration of power 
electronic devices represented by soft open points (SOPs) and 
mobile energy storages (MESs) provides a promising opportuni‐
ty for rapid supply restoration with high DG penetration. Orient‐
ed for the post-event rapid restoration of ADNs, a bi-level supply 
restoration method is proposed considering the multi-resource co‐
ordination of switches, SOPs, and MESs. At the upper level 
(long-timescale), a multi-stage supply restoration model is devel‐
oped for multiple resources under uncertainties of DGs and 
loads. At the lower level (short-timescale), a rolling correction 
restoration strategy is proposed to adapt to the DG and load 
fluctuations on short timescales. Finally, the effectiveness of the 
proposed method is verified based on a modified practical dis‐
tribution network and IEEE 123-node distribution network. Re‐
sults show that the proposed method can fully utilize the coordi‐
nation potential of multiple resources to improve load restora‐
tion ratio for ADNs with DG uncertainties.

Index Terms——Active distribution network (ADN), soft open 
point (SOP), distributed generator (DG), supply restoration, mo‐
bile energy storage (MES), uncertainty, multi-resource coordina‐
tion.

I. INTRODUCTION

DISTRIBUTION networks play a crucial role in the pow‐
er supply for users, necessitating high reliability. There‐

fore, it is crucial to realize the rapid post-event supply resto‐
ration of distribution networks [1]. With the integration of 

distributed generators (DGs) such as wind turbines and pho‐
tovoltaics, distribution networks have evolved into active dis‐
tribution networks (ADNs) [2]. However, the volatility and 
uncertainty of DGs pose severe challenges to rapid supply 
restoration [3].

The integration of power electronic devices represented by 
soft open points (SOPs) and mobile energy storages (MESs) 
provides a promising opportunity for rapid supply restoration 
with high penetration of DGs. ADNs provide voltage and 
power support to outage regions by intelligently switching 
control modes of flexible resources, providing an opportuni‐
ty for rapid post-event restoration with high penetration of 
DGs [4].

SOPs, which replace traditional tie switches, play an im‐
portant role in ADNs [5]. Composed of fully controlled pow‐
er electronic devices, SOPs can quickly and accurately con‐
trol power flow to achieve the joint adjustment of active and 
reactive power [6]. The application of SOPs possesses great 
potential for enhancing DG consumption [7], balancing feed‐
er loads, and rapid supply restoration [8]. It is significant to 
study the restoration strategy of SOPs in ADNs.

Supply restoration methods for ADNs based on SOPs 
have been extensively studied. A bi-level interval robust opti‐
mization model was proposed in [9] to improve the efficien‐
cy of supply restoration. Reference [10] proposed a supply 
restoration method that fully exploited the potential benefits 
of multiple SOPs. Reference [11] proposed a multiple-source 
distribution restoration strategy considering SOPs to enhance 
the load restoration level of ADNs. The above research 
works primarily focused on the power transfer capability of 
SOPs in the spatial dimension. The storage of energy in the 
temporal dimension needs further research [12].

The integration of flexible resources into DC link has also 
been investigated to improve the regulatory capability of 
SOPs. Reference [13] proposed a robust operation method to 
improve the economy of electric vehicles (EVs) and flexibili‐
ty of ADN. An energy storage system (ESS) was connected 
to the DC link of SOP to enhance its power supply capacity 
in [14]. Compared with SOPs, mobile emergency generators 
enable the transfer of energy in the temporal dimension. 
Based on the truck-mounted modular structure, mobile emer‐
gency generators can realize energy transfer among nodes at 
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different locations and operate more flexibly [15]. However, 
due to the congestion and other traffic conditions, the mobili‐
ty efficiency is relatively low. Hence, the coordination of 
mobile emergency generators and SOPs is of great signifi‐
cance for enhancing the restoration capability of the ADNs.

Traditional mobile emergency generators (e.g., mobile die‐
sel generators) can be connected to the grid via AC modular 
to provide energy to the outage regions. Reference [16] pro‐
posed a pre-disaster allocation method of mobile emergency 
generators and electric buses in urban power networks to re‐
duce the expected cost of load loss. A three-stage planning 
method considered the integration of mobile diesel genera‐
tors and mobile energy storages to improve the resilience of 
microgrids in [17]. However, after restoration, the diesel gen‐
erators can only discharge to ADNs [18]. The excess energy 
generated by DGs may not be fully utilized. Compared with 
mobile diesel generators, MESs can also absorb excess ener‐
gy to achieve peak shaving and valley filling in ADNs. 
Moreover, MESs can supply power to the feeders connected 
to both terminals of SOP simultaneously via the DC link, 
thereby enhancing the supply restoration capability.

There are extensive research works on the operational opti‐
mization strategies for MESs in ADNs. A two-step optimal 
allocation model is proposed to achieve the optimal alloca‐
tion of MESs and reduce the annual cost of ADNs in [19]. 
Reference [20] proposed a multi-stage robust optimization 
model considering MES flexibility to reduce system opera‐
tion costs. Reference [21] proposed a rolling restoration strat‐
egy based on MESs to improve the load restoration ratio. 
Thus, the flexibility of SOP can be further enhanced by inte‐
grating MESs into the DC link of SOP. Nevertheless, exist‐
ing research works on SOP with the integration of flexible 
resources mainly focused on reducing the operation costs of 
ADNs under normal conditions. Further research on SOP 
with the integration of MES is required to improve the resto‐
ration level of ADNs under fault conditions.

Supply restoration with multi-resource coordination has 
been investigated to fully exploit the potential of flexible re‐
sources. Reference [22] proposed a co-optimization model to 
route repair crews and MESs for supply restoration in distri‐
bution networks. A decision-making method was proposed in 
[23] to derive the restoration strategy coordinating multiple 
sources for critical load restoration. Reference [24] proposed 
a restoration scheme to maximize restored weighted loads 
based on the coordination of ESSs, DGs, and MESs. In [25], 
a coordinated restoration method was proposed to enhance 
the resilience of hybrid AC/DC distribution network. As dif‐
ferent devices operate on different timescales, the operation 
sequence would affect the effectiveness of the restoration 
strategy. Hence, the multi-timescale characteristics of devic‐
es need to be further explored to coordinate the operation se‐
quence.

The multi-stage concept has been introduced to achieve 
the coordination of multiple types of resources on multiple 
timescales. Reference [26] proposed a power supply restora‐
tion method with multiple fixed time steps to generate an op‐
timal action sequence for multiple types of resources. Refer‐
ence [27] proposed a dynamic supply restoration model with 

variable time steps to achieve coordination between manual‐
ly and remotely controlled switches. A multi-step reconfigu‐
ration model to achieve sequential switch actions and DG op‐
erations over the entire restoration horizon was formulated 
in [28]. Reference [29] considered the coordination of SOPs 
and multiple types of switches to further improve supply res‐
toration efficiency. However, the uncertainties and fluctua‐
tions of DGs and loads have a significant impact on ADNs 
[30]. The variability of traffic information also affects the ef‐
fectiveness of MES scheduling strategies. An investigation 
of rolling correction restoration strategy is necessary to re‐
duce the impact of uncertainties.

To address these problems, a bi-level supply restoration 
method for ADNs that considers multi-resource coordination 
is proposed, as shown in Fig. 1. At the upper level, a multi-
stage supply restoration model with the uncertainty of DGs 
and loads is developed to derive strategies of switch opera‐
tion and selection of SOP control mode on long timescales. 
To deal with the fluctuations of DGs and traffic conditions, 
a rolling correction restoration strategy is proposed at the 
lower level on short timescales. The proposed method coordi‐
nates the operation strategies of multiple resources on multi-
timescale to improve the level of ADN restoration. In Fig. 1, 
the blue number line represents the minimum time interval; 
the green arrows indicate the duration of each stage on a 
long timescale; and the orange arrows represent the rolling 
correction timescale at the lower level. Based on the predict‐
ed and updated information of multiple types of loads, the 
restoration strategies at the upper and lower levels can be de‐
rived separately.

The main contributions are summarized as follows.
1) A bi-level supply restoration method of multi-terminal 

SOP with MES integration is proposed. The SOP mode is se‐
lected to ensure the coordination with MESs in ADNs.

2) At the upper level, a multi-stage supply restoration 
model with uncertainty of DGs and loads is developed for 
multiple resources. The strategies of switch operation and se‐
lection of SOP control mode considering the uncertainties of 
DGs and loads are determined to maximize load restoration 
on a long timescale.

3) At the lower level, a rolling correction restoration strat‐
egy is proposed for supply restoration of ADN. The power 
outputs of SOPs and MESs are corrected to adapt to DG and 

…
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Fig. 1.　Schematic of proposed bi-level supply restoration method for ADNs.
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load fluctuations and varied traffic conditions, thereby im‐
proving the efficiency of short-timescale supply restoration.

The remainder of this paper is organized as follows. In 
Section II, the bi-level supply restoration method of multi-
terminal SOP with MES integration is developed. Section III 
proposes a multi-stage supply restoration model at the upper 
level. A rolling correction restoration strategy at the lower 
level is proposed in Section IV. Case studies on a modified 
practical distribution network are presented in Section V. Fi‐
nally, conclusion is given in Section VI.

II. BI-LEVEL SUPPLY RESTORATION METHOD OF 
MULTI-TERMINAL SOP WITH MES INTEGRATION

In this section, the bi-level supply restoration method of 
multi-terminal SOP with MES integration is proposed to 
achieve the coordination between SOP and MES. Considering 
the impact of the peak intervals of the transport network, the 
MES operation model is modified to ensure the effectiveness 
of the proposed method.

A. Bi-level Supply Restoration Method with MES Integration

Based on a fully-controlled voltage source converter 
(VSC), each SOP terminal can be operated with multiple 
control modes. The SOP control method without MES inte‐
gration has been analyzed in [31]. The control modes of 
SOP with MES integration in fault scenarios are presented in 
Table I.

As presented in Table I, the control mode of the SOP ter‐
minal located in the outage region switches to Uacθ control 
mode to provide voltage support. When both sides are locat‐
ed in outage regions simultaneously, MES can provide pow‐
er to both terminals. In this case, VSC 1 and VSC 2 adopt 
Uacθ control mode to provide voltage support for each out‐
age region, as shown in Fig. 2.

Tie switch in open stateSection switch in closed state;

…

…

=
=

=
~

=

~
=

Uacθ

control

UdcQ controlS1DG

S2

T1
Feeder 1

Feeder 2

VSC 1 SOP model with

MES integration

VSC 2

VSC3

System fault; Power flow

Fig. 2.　Schematic of control modes of SOP terminals under faults.

As can be seen in Fig. 2, when a fault occurs on Feeder 
2, the SOP quickly locks to isolate the short-circuit current. 

The corresponding protective devices are activated to 
achieve rapid isolation of the fault. After that, the SOP con‐
trol strategy quickly switches to transfer power from Feeder 
1 to Feeder 2. VSC 2 uses the Uacθ control mode to provide 
voltage support to the fault region, and VSC 1 adopts the 
UdcQ control mode to provide power support for rapid resto‐
ration. The direction of power flow is indicated by the red 
arrows. When there is no SOP, the tie switch T1 operates to 
transfer power to the fault region. However, tie switches can‐
not ensure the voltage quality after restoration, which may 
lead to low restoration ratios in the fault regions.

Based on the above analysis, the restoration method of 
multi-terminal SOP with MES integration is modeled as:

0 £ Zit + Zjt £ 1 + ∑
mÎΩM

αnmt     "ijÎΩSOPnÎΩR (1a)

vit -U 2
0 ³-M ( )1 - Zit     iÎΩSOP (1b)

where ΩM and ΩSOP are the sets of MESs and nodes with 
SOP terminals, respectively; ΩR is the set of MES integra‐
tion points; Zit and Zjt indicate whether the SOP terminal 
provides voltage support in time interval t; αnmt is the bina‐
ry variable indicating the integration status of MES m at the 
DC link n of SOP in time interval t; vit and U 2

0  are the volt‐
age square of node i in time interval t and the voltage refer‐
ence square value, respectively; and M is a large constant 
for modeling.

Equation (1a) indicates that if no MES is integrated into 
the SOP, only one terminal can provide voltage support to 
the outage region. The SOP terminal with Uacθ control mode 
maintains the voltage of its connected node no less than U0, 
as shown in (1b). The modified SOP operation constraints 
with MES integration are given by:

P SOP
it +P SOP

jt +P SOPL
it +P SOPL

jt - ∑
mÎΩM

( )Pnmt +P MESL
nmt = 0

"ijÎΩSOPnÎΩRmÎΩM (2a)

P MESL
nmt = || Pnmt An     "nÎΩRmÎΩM (2b)





[ ]P SOP

it QSOP
it

T

2
£

P SOPL
it

Ai

(2c)





[ ]P SOP

it QSOP
it

T

2
£ Simax (2d)

Pimin £P SOP
it £Pimax (2e)

Qimin £QSOP
it £Qimax (2f)

where P SOP
it  and QSOP

it  are the active and reactive power out‐
puts of SOP at node i in time interval t, respectively; Pnmt is 
the active power output of MES m in time interval t; P SOPL

it  
and P MESL

nmt  are the active power losses of SOP at node i and 
MES m in time interval t; Ai, Aj, and An are the loss coeffi‐
cients of SOP terminals, respectively; Pimin and Pimax are the 
minimum and maximum active power outputs of SOP, re‐
spectively; Qimin and Qimax are the minimum and maximum 
reactive power outputs of SOP, respectively; and Simax is the 
maximum capacity of SOP.

The power transfer constraint among the terminals of SOP 
is denoted by (2a) with MES integration. Equations (2b) and 
(2c) represent the losses of MES and SOP, respectively. The 

TABLE I
CONTROL MODES OF SOP WITH MES INTEGRATION IN FAULT SCENARIOS

Fault scenario

Fault on VSC 1 side

Fault on VSC 2 side

Faults on both sides

Control mode

VSC 1

Uacθ

UdcQ/UdcUac

Uacθ

VSC 2

UdcQ/UdcUac

Uacθ

Uacθ
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capacity of the terminals of SOP is constrained by (2d) and 
(2f). Meanwhile, (2b) can be linearized by (3a) and (3b):

P MESL
nmt ³Pnmt An    "nÎΩRmÎΩM (3a)

P MESL
nmt ³-Pnmt An     "nÎΩRmÎΩM (3b)

B. MES Operation Model Considering Traffic Conditions

The MES operation model includes the charging/discharg‐
ing and mobility constraints [32], [33].
1)　Charging/discharging Constraints

-αnmt P
N £Pnmt £ αnmt P

N    "nÎΩRmÎΩM (4a)

αnmtÎ {01} (4b)

Emt + 1 =Emt -PnmtDt - γmtεvDt (4c)

γmtÎ {01} (4d)

Emmin £Emt £Emmax (4e)

where PN is the rated power of MES; Emt is the state of 
charge (SOC) of MES m in time interval t; γmt is the binary 
variable indicating the travelling status of MES m in time in‐
terval t; ε is the MES power consumption per unit distance; 
v is the speed of the MES; Dt is the unit time interval; and 
Emmin and Emmax are the minimum and maximum SOCs of 
MES m, respectively.

Equations (4a) and (4b) indicate that MES can interact 
with ADN only if integrated into the DC link of SOP. The 
state of charge (SOC) constraints of MES are represented in 
(4c)-(4e).
2)　Mobility Constraints

αδmm0
= 1    "mÎΩM (5a)

∑
mÎΩM

αimt £C    "iÎΩR (5b)

γmt + ∑
iÎΩR

αimt = 1 (5c)

∑
τ = t + 1

min ( )t +ΓijtT

αjmt £ ( )1 - αimt min ( )Γ ijtT - t     "ijÎΩR   (5d)

where δm is the initial position of MES m; C is the maxi‐
mum number of MESs connected; Γ ij,t is the travelling time 
from node i to node j in time interval t; and T is the number 
of time intervals in the operating cycle.

Equation (5a) shows the initial positions of MESs. Equa‐
tion (5b) constrains the maximum number C of MESs inte‐
grated into SOP. Equation (5c) indicates that MESs can be 
integrated into at most one SOP in each time interval. Equa‐
tion (5d) ensures that MESs have sufficient travelling time 
among SOPs.

Additionally, the peak and off-peak intervals of the trans‐
port network affect the MES scheduling strategies. The trav‐
elling time of the MES is modified by:

Γ ij,t =

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

min ( )T H
ij,t,T

L
ij,t + ( )1 -

T L
ij,t

T H
ij,t

( )TL - t      t ∈ΩH
T

max ( )T L
ij,t,T

H
ij,t + ( )1 -

T H
ij,t

T L
ij,t

( )TH - t     t ∈ΩL
T

(6)

where T H
ij,t and T L

ij,t are the travelling time of MESs in peak 
and off-peak time intervals of transport network, respective‐
ly, which can be obtained by Dijkstra algorithm; TH and TL 
are the start-of-the-peak and off-peak time intervals, respec‐
tively; and ΩH

T and ΩL
T are the sets of peak and off-peak time 

intervals, respectively.

III. MULTI-STAGE SUPPLY RESTORATION MODEL AT UPPER 
LEVEL

In this section, the multi-stage supply restoration model of 
ADN is formulated at the upper level. Considering the uncer‐
tainties of DGs and loads, the strategies of switch operation 
and the selection of SOP control mode are obtained.

A. Stage Division Method

Before stage division, the ADN is divided into several re‐
gions based on the positions of faults and switches to reduce 
the number of binary variables. The regional division meth‐
od is described in [29]. Furthermore, the energized status Ek,s 
is defined to indicate whether regions are energized or not, 
as shown in (7a)-(7d).∑

iÎ π ( )k

Fiks - ∑
jÎ ξ ( )k

Fkjs £Eks +MZrs    rÎΩkΩF (7a)

∑
iÎ π ( )k

Fiks - ∑
jÎ ξ ( )k

Fkjs £Eks +MZrs    rÎΩkΩF (7b)

-Msijs £Fijs £Msijs    ijÎΩ
sw
L (7c)

Zrs = 0    rÎΩB \ (ΩSOPΩG ) (7d)

where Ωk is the set of nodes in region k; ΩF is the set of can‐
didate fictitious source nodes; Ωsw

L  is the set of switches; ΩB 
and ΩG are the sets of all nodes and substations, respective‐
ly; π (k ) and ξ (k ) are the upstream and downstream regions 
of region k, respectively; Ek,s is the binary variable indicat‐
ing energized status of region k at stage s; Fik,s and Fkj,s are 
the fictitious flow variables of line ik and kj at stage s, re‐
spectively, for the energized status constraints; Zr,s indicates 
whether the node r located in region k provides voltage sup‐
port at stage s; and sij,s is the binary variable indicating the 
status of switch ij at stage s.

Equations (7a) and (7b) represent that the outage regions 
can be energized by switches and SOPs. Equation (7c) indi‐
cates that when the switch is on, no fictitious flow can be 
provided to the outage regions. Equation (7d) denotes that 
nodes without connecting SOPs cannot actively provide volt‐
age support to the ADN. The nodes in the energized regions 
can be restored.

As indicated in (7a)-(7d), the energized status of outage re‐
gions is related to switch status and SOP control mode. Con‐
sidering the slow action of switches, the supply restoration 
process is divided into several stages based on switch opera‐
tion intervals. The time-stage mapping constraints are given 
by:

ì

í

î

ïïïï

ïïïï

∑
sÎΩS

Kts = 1

Ts -M ( )1 -Kts £ t £ Ts + 1 +M ( )1 -Kts

    "ts (8a)
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Ts - Ts - 1 ³ | sijs - sijs - 1 |Tij    "ijÎΩsw
L (8b)

where ΩS is the set of restoration stages; Kts is the binary 
variable indicating whether time interval t is related to stage 
s; Ts is the starting time of stage s; and Tij is the operation 
time of switches ij.

Equation (8a) denotes that each time interval t is related 
to a specific restoration stage. Equation (8b) ensures that the 
duration of each stage satisfies the required time intervals of 
switch operation.

B. Multi-stage Supply Restoration Model of ADN

A multi-stage supply restoration model is established with 
coordinated operation of flexible devices.
1)　Objective Function for Supply Restoration

The objective function f of the multi-stage supply restora‐
tion model is given by:

min  f = fP + fL + fE + fS (9a)

fP = cP∑
tÎΩT

∑
iÎΩB

( )1 -Rit P LOAD
it ∆t (9b)

fL = cL∑
tÎΩT

∑
ijÎΩL

rijlijt∆t (9c)

 fE = cL∑
tÎΩT

( )∑
iÎΩSOP

P SOPL
it + ∑

nÎΩR

∑
mÎΩM

P MESL
nmt + ∑

mÎΩM

γmtεv ∆t  

(9d)

fS = cS∑
sÎΩS

∑
ijÎΩsw

L

|| sijs - sijs - 1 (9e)

where ΩT and ΩL are the sets of time intervals and lines, re‐
spectively; fP is the cost of the unrestored load; fL is the cost 
of power loss; fE is the flexible resource operation cost; fS is 
the operation cost of switching action; Rit is the restoration 
ratio of each node in time interval t; cP, cL, and cS are the 
unit prices of load loss, power purchasing, and switch opera‐
tion, respectively; rij is the resistance of line ij; and lijt is the 
current square of line ij in time interval t.

The total cost during the supply restoration of ADN is rep‐
resented by (9a). Equation (9b) denotes the penalty cost of 
unrestored load. In addition to the unrestored load cost, the 
cost of network losses and the operation costs of multiple re‐
sources should be considered, which are indicated by (9c) -
(9e). Since the focus of the restoration method is to mini‐
mize the active power of unrestored loads, cP is required to 
be significantly larger than the other cost factors.
2)　Operation Constraints of ADN

The modified fictitious flow constraints are adopted to en‐
sure the radial operation of ADN, as shown in (10a)-(10h).∑

ijÎΩsw
L

sijs =NZ +NG - ∑
rÎΩF

λrs     ijÎΩsw
L (10a)

λrs = 1    rÎΩG (10b)

sijsÎ {01}     ijÎΩsw
L (10c)

-Msijs £ fijs £Msijs    ijÎΩ
sw
L (10d)

∑
iÎ π ( )k

fiks - ∑
jÎ ξ ( )k

fkjs £ 1 +Mλrs    rÎΩkΩF (10e)

∑
iÎ π ( )k

fiks - ∑
jÎ ξ ( )k

fkjs ³ 1 -Mλrs    rÎΩkΩF (10f)

0 £ Zrs £ λrs    rÎΩF (10g)

vit -U 2
0 ³-M (2 - Zis -Kts )     iÎΩSOP (10h)

where NZ and NG are the total numbers of outage regions 
and substations, respectively; fijs, fiks, and fkjs are the ficti‐
tious flow variables of line ij, ik, and kj at stage s, respec‐
tively; and λrs is the binary variable indicating whether node 
r is a fictitious source node at stage s. The fictitious source 
nodes are used to ensure the radial operation of the ADN 
and have no actual physical meaning. If λrs = 1, node r is the 
fictitious source node at stage s. Otherwise, node r is a regu‐
lar node.

Equations (10a) - (10f) represent the radial constraints of 
ADN. Equation (10g) is considered to ensure that each re‐
gion has one voltage-supported node at most after network 
reconfiguration. Besides, (1b) is modified as (10h) to adapt 
to the multi-stage supply restoration model.

Considering the limitation of (10a), one node from each 
region can be selected as the candidate fictitious source 
node. ΩF is used to represent the set composed of the candi‐
date fictitious source nodes. As a result, the number of bina‐
ry variables λrs is reduced to the number of regions, decreas‐
ing the total number of binary variables. To ensure the reli‐
able operation of the system, the nodes capable of providing 
voltage support are selected as candidate fictitious source 
nodes. If none of nodes in the region can provide voltage 
support, any node can be selected as the candidate fictitious 
source node. The detailed explanation of (10a) is shown in 
Supplementary Material A.

The DistFlow model is used to describe power flow con‐
straints of ADN [34], which is expressed as:

∑
iÎ π ( )j

( )Pijt - rijlijt +Pjt = ∑
gÎ ξ ( )j

Pjgt (11a)

∑
iÎ π ( )j

( )Qijt - xijlijt +Qjt = ∑
gÎ ξ ( )j

Qjgt (11b)

Pjt =P DG
jt +P SOP

jt -Rjt P
LOAD
jt (11c)

Qjt =QDG
jt +QSOP

jt -RjtQ
LOAD
jt (11d)

vit - vjt + ( )r 2
ij + x2

ij lijt - 2 ( )rij Pijt + xijQijt +

M ( )2 - sijs -Kts ³ 0    "ijÎΩsw
L "ts (11e)

vit - vjt + (r 2
ij + x2

ij ) lijt - 2 (rij Pijt + xijQijt ) -
M (2 - sijs -Kts ) £ 0    "ijÎΩsw

L "ts (11f)

vit - vjt + (r 2
ij + x2

ij ) lijt - 2 (rij Pijt + xijQijt ) = 0

"ijÎΩL \ (Ωsw
L Ω*

L ) "ts (11g)

-M (sijs - 1 +Kts ) £Pijt £M (sijs + 1 -Kts )     "ijÎΩsw
L "ts

(11h)

-M (sijs - 1 +Kts ) £Qijt £M (sijs + 1 -Kts )     "ijÎΩsw
L "ts

(11i)
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0 £ lijt £ ( )I max
ij

2(sijs + 1 -Kts )     "ijÎΩsw
L "ts (11j)

0 £ lijt £ ( )I max
ij

2

    "ijÎΩL \ (Ωsw
L Ω*

L ) "ts (11k)

( )V min
i

2(Eks - 1 +Kts ) £ vit £ ( )V max
i

2(Eks + 1 -Kts )   (11l)





[ ]2Pijt 2Qijt lijt - vit

T

2
£ lijt + vit (11m)

where Ω*
L is the set of faulty lines; Pijt and Qijt are the ac‐

tive and reactive power flows of line ij in time interval t, re‐
spectively; P DG

it  and QDG
it  are the active and reactive power 

outputs of DG at node i in time interval t, respectively; 
Rjt P

LOAD
jt  and RjtQ

LOAD
jt  are the restored active and reactive 

power at node j in time interval t, respectively; xij is the reac‐
tance of line ij; I max

ij  is the maximum current of line ij; and 
V min

i  and V max
i  are the minimum and maximum voltages of 

node i, respectively.
Equations (11a) and (11b) indicate the active and reactive 

power balances at node j, respectively. In this paper, the di‐
rection of injecting power into the ADN is defined as the 
positive direction. Equations (11c) and (11d) represent the 
net active and reactive power at node j in time interval t, re‐
spectively. Equations (11e) and (11f) denote the line voltage 
drop between node i and node j by the big-M method, and 
do not work when the switch between node i and node j is 
disconnected. Equation (11g) represents the line voltage drop 
constraints in the normal lines. Equations (11h) - (11k) con‐
strain the upper and lower limits of active/reactive power 
and current in line ij. Power and current are permitted only 
when the line ij is closed at stage s. For example, when sijs =
1 and Kts = 1, Pijt is not constrained. Similarly, the range of 
voltage magnitude is constrained by (11l). The capacity con‐
straint of line ij is imposed using the second-order cone con‐
vex relaxation in (11m).
3)　Load and DG Constraints

The load and DG constraints are given in (12a)-(12c).

0 £Rit £Eks + 1 -Kts    "iÎΩk"ts (12a)

P DGref
it ( )Eks - 1 +Kts £P DG

it £P DGref
it ( )Eks + 1 -Kts    (12b)

QDG
it =

P DG
it 1 - κ2

κ
(12c)

where P DGref
it  is the predicted active power generated by DG 

in time interval t; and κ is the power factor of DG.
The restoration ratios of nodes are constrained in (12a). 

Equations (12b) and (12c) represent the DG operation con‐
straints. As shown in (12b), DGs can supply energy to ADN 
only when node i is energized at stage s.
4)　Operation Constraints of SOP

The SOP operation constraints with MES integration are 
shown in (1a) - (3b). Equation (1a) is modified as (13) after 
stage division.

0 £ Zis + Zjs £ 2 + ∑
mÎΩM

αnmt -Kts (13)

where Zis is the binary variable indicating whether the SOP 
terminal i provides voltage support at stage s.

5)　Operation Constraints of MES
The operation constraints of MES are shown in (4a)-(5d). 

Thus, the proposed multi-stage supply restoration model can 
be expressed as (14), subject to (2a)-(8b), (10a)-(13).

min  f = fP + fL + fE + fS (14)

The strategies of switch operation and selection of SOP 
control mode can be derived by solving the above model on 
the long timescale. The operation variables used to derive 
the lower-level restoration model are sijs, Zis, and Eks.

C. Coping with Uncertainty

Uncertainties of DGs and loads will affect the effective‐
ness of strategies. Thus, the uncertainty set U is established 
based on the typical scenarios to describe the uncertainties 
of DGs and loads, as shown in (15).

U =
ì
í
î

ü
ý
þ

u:uω = u0
ω + ηω∑

ω = 1

Nω

ηω = 0
-
η
ω
£ ηω £ η̄ω (15)

where u is the element of the uncertainty set U; Nω is the num‐
ber of scenarios; uω is the probability of scenario ω; u0

ω is the 
predicted probability of scenario ω; ηω is the probability vola‐
tility coefficient in scenario ω; and η̄ω and 

-
η
ω
 are the upper 

and lower limits of the volatility coefficient in scenario ω, re‐
spectively.

Based on the uncertainty set, a min-max bi-layer model is 
formulated in (16).

min
yωÎY ωzωÎZω (max

uÎU ∑
ω = 1

Nω

uω f ω ) (16)

where Y ω and Zω are the constraint sets of variables yω and 
zω, respectively; and f ω is the objective function of scenar‐
io ω.

The model can be further linearized by duality theory 
[35], as shown in (17). Besides, the process of dual transfor‐
mation is shown in Supplementary Material B.

min∑
ω = 1

Nω ( )u0
ω( )f ω + η̄ως'ω + -

η
ω
ς″ω (17a)

s.t. 

z + ς'ω + ς″ω = f ω (17b)

ς'ω ³ 0 ³ ς″ω (17c)

Ax £ b (17d)

Bgω £ c (17e)

Cgω +Ddω +Ex = eω (17f)

 Fdω +Ggω + p
2
£ f Tdω + h (17g)

where A, B, C, D, E, F, and G are the coefficient matrices 
of constraints; b, c, e, f T, h, and p are constant column vec‐
tors; dω is the set of fictitious flow variables and power flow 
variables in scenario ω; x is the binary variable vector for 
switch status and selection of SOP control mode; gω is the 
set of variables related to SOPs, MESs, and DGs in scenario 
ω; and eω is the load demand in scenario ω.

Equations (17a)-(17c) denote the dual constraints of (15). 
Equation (17d) represents the binary variable constraints re‐
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lated to switch and supply status in scenario ω. Equation 
(17e) indicates inequality constraints in scenario ω. Equation 
(17f) represents the equation constraints in scenario ω. Equa‐
tion (17g) represents the second-order cone constraints in 
scenario ω.

Based on the uncertainty handling method, the uncertain‐
ties of DGs and loads in ADNs are modeled to enhance the 
effectiveness of the restoration method.

Note that the solution of multi-stage supply restoration 
model may be time-consuming. To ensure timely strategy de‐
termination in practice, the strategies of switch operation and 
selection of SOP control mode at stage 1 can be determined 
based only on the current system state. Subsequently, the 
multi-timescale strategies of the subsequent stages can be de‐
rived based on the results of stage 1.

IV. ROLLING CORRECTION RESTORATION STRATEGY AT 
LOWER LEVEL

In this section, the rolling correction restoration strategy is 
proposed at the lower level. The restoration strategies of 
SOPs and MESs are corrected by dynamically updating the 
information of the transport network and ADN in each time 
interval.

A. Rolling Correction Restoration Strategy

The framework of the rolling correction restoration strate‐
gy is illustrated in Fig. 3. The correction horizon TC is used 
to correct the restoration strategy of SOPs and MESs in cur‐
rent time internal. And TP represents the prediction horizon. 
As shown in Fig. 3, the strategies of switch operation and se‐
lection of SOP control mode at the upper level are used to 
solve the restoration strategy on the short timescale. The 
power output of MES and SOP can be corrected at the lower 
level.

The restoration model for each rolling correction is shown 
in (18) without uncertainties, subject to (2a)-(6), (11a)-(12c). 
The operation variables required to be output are P SOP

it , QSOP
it , 

Pnmt, αnmt, γmt, and Emt.

min  f = fP + fL + fE + fS (18)

Based on the switch status and SOP control mode derived 
from the upper level, the power transfer of flexible resources 
and the travelling route of MES can be timely obtained at 
the lower level.

However, the determined travelling route of MES cannot 
be easily changed during the correction horizon. To ensure 
the effectiveness of MES scheduling, the uncertainty within 
prediction horizon also needs to be resolved by (17), and x 
becomes the binary variable vector for the MES position.

B. Update of Information on Transport Networks Based on 
Virtual Traffic Node

The update of the transport network contains two aspects: 
the update of the current traffic conditions of each road and 
the update of the current MES positions. When the MES is 
travelling on the transport network, the current MES posi‐
tion cannot be obtained only by (5a) - (5d). Consequently, a 
virtual traffic node is introduced to represent the real-time 
MES position in mobility status, as shown in Fig. 4. Equa‐
tion (19) is introduced for updating the MES position.

δmtP
=

ì

í

î

ïïïï

ïïïï

δm           tP = 1

δmvtP
       tP > 1γmtP

= 1

δmtP - 1    tP > 1γmtP
= 0

(19)

where tP is the current rolling moment; δmtP
 is the current 

MES position; and δmvtP
 indicates that the MES is in a virtu‐

al node at current time interval.

Equation (19) indicates that the MES in mobility status is 
located at the virtual node; otherwise, the MES is located in 
the corresponding SOP. The travelling route and current 
MES position can be obtained by Dijkstra algorithm. The re‐
maining time for the MES to travel to other SOPs can be 
calculated based on real-time traffic information. The MES 
scheduling strategy can be derived by (5a)-(5d) and (19).

The flowchart of the rolling correction restoration strategy 
considering the update of transport network is shown in Fig. 
5, where TH is the entire timescale of restoration.

Based on the updated information, the transport network 
matrix is calculated for MES travelling route selection. The 
scheduling strategies of SOPs and MESs can be rolling cor‐
rected by solving the restoration model in current time inter‐
val.

… …

… …

… …

Updating

MES

T

T

T

T

Upper level

Rolling correction

Lower level

Prediction

information

Stage l

 Strategies of switch operation and

selection of SOP control mode 

Stage 3Stage 2

TPTC

TPTC

…

TPTC

… …

Fig. 3.　Framework of rolling correction restoration strategy.
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The proposed bi-level supply restoration model is a mixed-
integer nonlinear programming (MINLP) model essentially, 
which is difficult to solve directly. Based on the second-or‐
der cone transformation and convex relaxation, the MINLP 
model is transformed into a mixed-integer second-order cone 

programming (MISOCP) model, which can be effectively 
solved by commercial solvers. Besides, the GAP is adopted 
to evaluate the accuracy of the result, as shown in (20). The 
model is considered to be solved exactly when the GAP val‐
ue is close to 0 [36].

GAP = 

 


( )vitlijt -P 2

ijt -Q2
ijt ( )vitlijt

¥
(20)

V. CASE STUDIES AND ANALYSIS

In this section, the effectiveness of the proposed bi-level 
supply restoration method is verified on a modified practical 
distribution network. The proposed method is implemented 
in the YALMIP optimization toolbox with MATLAB 
R2020b and solved by Gurobi 10.0.1. The numerical experi‐
ments are performed on a computer with an Intel Core i7-
11700 CPU @ 2.50 GHz and 16 GB of RAM.

A. Modified Practical Distribution Network

The structure of the modified practical distribution network 
along with the transport network is shown in Fig. 6. The rated 
voltage level is 11.4 kV. The total active and reactive power 
demands are 22.31 MW and 16.39 Mvar, respectively. Manual‐
ly controlled switches require 30 min to operate and are la‐
beled with “*”. The remotely controlled switches require 0.5 
min to operate. The unit price of power loss cP is set to be 
30 $/kWh, and the unit price of power purchased from the 
upper network cL is 0.076 $/kWh. The cost associated with 
the change in switch operation cS is set to be $1 per time.

The photovoltaic (PV) units and wind turbines (WTs) are 
integrated into the modified practical distribution network 
separately. The power factor of DG is set to be 1.0, and the 
specific information is shown in Table II. Besides, nodes 21, 
22, 33, and 34 are commercial loads, and the remaining 
nodes are residential loads.

To consider the impact of the uncertainties of the DGs 
and loads, 1000 scenarios are generated based on normal 
state, and three typical scenarios are obtained via clustering. 
The predicted DG and load prediction output curves are giv‐
en in Fig. SC1 of Supplementary Material C.

In addition, three SOPs are installed in the distribution net‐
work. The capacity of each terminal is set to be 3.5 MVA 
with a loss coefficient of 0.01, and MES can be integrated 
with SOP through the DC link. The maximum MES charg‐
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set current rolling time interval tP=1,

and establish the transport network

with virtual traffic nodes

Model solution:

update the network topology,

solve the model at the current
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Fig. 5.　Flowchart of rolling correction restoration strategy.
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TABLE II
PARAMETER OF DG INSTALLATION

Type

WT

PV

Node

4, 5, 41, 47, 48

2, 3, 12, 13, 61, 62, 63

Capacity

800 kVA

600 kWp
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ing or discharging power is 1 MW with a capacity of 1 
MWh. The upper and lower limits of SOCs are designed to 
be 95% and 20%, respectively, and the initial SOC is set to 
be 60%. It is assumed that MES consumes 0.75 kWh of elec‐
tricity per unit time interval while travelling.

Part of the traffic network in Fig. 6 is selected for model‐
ing according to SOPs with MES integration points. The to‐
pology of the transport network is shown in Fig. 4. The trav‐
elling time among SOPs is depicted in Fig. SC2 of Supple‐
mentary Material C.

Assuming that a fault occurs in the main transformer on 
the left side, the fault restoration time is from 10: 00 to 
14:00, and nodes 1-41 are de-energized. After the fault oc‐
curs, switches S10-S14 are opened to isolate the fault.

B. Result Analysis

The proposed bi-level supply restoration method is con‐
ducted to minimize the outage loss during the restoration 
process.
1)　Supply Restoration of ADN

The restoration of multiple resources is analyzed based on 
the proposed bi-level supply restoration method. The dia‐
gram of restoration configuration in outage regions is pre‐
sented in Fig. 7. The terminal of SOP at the green node 
adopts the Uacθ control mode. As shown in Fig. 7, T5 is 
closed to transfer energy from WT in node 41 to Feeders 3 
and 4 at stage 1. With MES integration, both terminals of 
SOP-1 adopt Uacθ control mode to ensure high-quality resto‐
ration. After that, T3 and T4 are further operated at stage 2 
to ensure the restoration from Feeders 3-5. Meanwhile, the 
control modes of SOP2 and SOP3 are optimized to improve 
the restoration efficiency.

Note that nodes 22 and 33 are connected through SOP to 
enable the flexible interconnection between Feeders 3 and 4. 
Considering the flexibility of the SOP, the loop structure 
formed by the SOP is permitted in distribution networks. 
Therefore, the topology illustrated in Fig. 7 meets the radial 
operation requirements of distribution networks.

Figure 8 shows the supply restoration for SOPs. SOP-22 
indicates the active power output of the SOP terminal locat‐
ed at node 22. If positive, the power is transferred from SOP 

terminal to node 22. As can be observed in Fig. 6, SOP-1 
consists of SOP-22 and SOP-33, and so on. SOP-1 transfers 
power to both outage regions from MES. Due to the delay 
of manually controlled switches, excess energy from DGs 
cannot be consumed locally. SOP-2 and SOP-3 transfer pow‐
er to Feeders 6 and 7 to balance the feeder loads. After 10:
30, Feeders 3-5 are energized through T3 and T4. SOP-1-
SOP-3 transfer energy to the outage regions to improve the 
supply restoration ratio of ADN.

Figure 9 shows the supply restoration of MES. The MES 
integrates with the DC link of SOP-1 from 10:00 to 10:45 to 
provide power support for the outage regions. Afterward, 
MES travels to SOP-2 and SOP-3 to store energy from DGs. 
Finally, MES returns to SOP-1 to provide power to the 
nodes located at the edge of the ADN. Power complementari‐
ty is realized in the spatial and temporal dimensions.

The relaxation deviation value is shown in Fig. SC3 of 
Supplementary Material C, and the error is within tolerance. 
The model has been exactly solved.
2)　Comparison of Restoration Performance

The following three schemes are used to verify the effec‐
tiveness of the proposed supply restoration method.

1) Scheme I: single-stage supply restoration method is 
conducted without multi-stage restoration of ADN.

2) Scheme II: multi-stage supply restoration model adopt‐
ed in [29] is conducted.

3) Scheme III: the proposed bi-level supply restoration 
method for ADN is conducted.

The operation costs of the three schemes are detailed in 
Table III. As can be observed, a significant load loss is evi‐
dent in Scheme I, with the total operation cost nearly 18 
times higher than that of Scheme III. Compared with 
Scheme I, the restoration cost in Scheme II is greatly re‐
duced. However, there are still serious load loss. In Scheme 
III, the load restored cost is reduced by nearly 85%, verify‐
ing the effectiveness of the proposed method.

The restoration ratios and operation strategies of SOP at 
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different stages are shown in Table IV. It can be observed 
that the restoration ratios between 10:00 and 10:30 are gener‐
ally low for all three schemes. The manually controlled 
switches T3 and T4 cannot operate in time, resulting in a se‐
vere load loss on Feeders 3-5. In addition, the restoration ra‐
tios increase by more than 30% in Scheme II by multi-stage 
supply restoration model after 10:30. Nevertheless, the resto‐
ration ratio has not reached 100% at stage 2 because of the 
fluctuations of DGs and loads. Compared with Scheme II, 
Scheme III achieves 100% load restoration at stage 2 by roll‐
ing correction of MES and SOP scheduling strategies.

The specific node restoration ratios of the above three 
schemes in fault regions are shown in Figs. 10-12. The resto‐
ration ratio of the entire distribution network is generally 
low in Scheme I, with a certain percentage of nodes exhibit‐
ing a restoration ratio of less than 50%. As the coordination 

with manually controlled switches is considered in Scheme 
II, the restoration ratio is improved to some extent. In 
Scheme III, the restoration ratio at each node is greatly im‐
proved by rolling correction.

The restoration strategies for SOPs and MESs in Scheme I 
and Scheme II are given in Figs. SC4-SC7 of Supplementary 
Material C, respectively. The above results show that the pro‐
posed bi-level supply restoration method reduces the impact 
of uncertainty and improves supply restoration efficiency.
3)　Analysis of Computation Performance

Table V shows the computation performance of the three 
schemes.

TABLE V
COMPUTATION PERFORMANCE OF THREE SCHEMES

Scheme

I

II

III

Level

Upper level

Lower level

Computation time (s)

13.09

37.56

93.30

38.65

The computation time of Scheme I is the shortest. Howev‐
er, the strategies derived from Scheme I ignore the sequen‐

TABLE III
OPERATION COSTS OF THREE SCHEMES

Scheme

I

II

III

Total cost 
($)

431994.52

160368.90

24232.80

Unrestored 
load cost 

($)

431964.60

160318.26

24178.72

Operation 
power loss 

cost ($)

11.38

23.19

29.60

MES 
loss 

cost ($)

0.30

1.67

1.62

SOP 
loss 

cost ($)

17.24

21.78

18.86

Switch 
action 
cost ($)

1

4

4

TABLE IV
RESTORATION RATIOS AND OPERATION STRATEGIES OF SOP AT DIFFERENT 

STAGES

Scheme

I

II

III

Stage

1 (10:00-
14:00)

1 (10:00-
10:30)

2 (10:31-
14:00)

1 (10:00-
10:30)

2:(10:31-
14:00)

Restoration 
ratio (%)

48.76

63.53

82.92

70.58

100.00

Operation strategy

1) Close T5.
2) Terminals at both ends of the SOP-1 

adopt Uacθ control mode.
3) SOP-2 and SOP-3 adopt Uacθ-UdcQ 

control mode.

1) Close T2 and T5.
2) Terminals at both ends of SOP-1 

adopt Uacθ control mode.
3) SOP-2 adopts Uacθ-UdcQ control 

mode.
4) SOP-3 adopts PQ-UdcQ control 

mode.

1) Close T3 and T4.
2) Terminal at node 22 adopts UdcQ 

control mode and terminal at node 
33 adopts Uacθ control mode

3) SOP-2 and SOP-3 adopt PQ-UdcQ 
control mode.

1) Close T2 and T5.
2) Terminals at both ends of SOP-1 

adopt Uacθ control mode.
3) SOP-2 adopts Uacθ-UdcQ control 

mode.
4) SOP-3 adopts PQ-UdcQ control 

mode.

1) Close T3 and T4.
2) Terminal at node 22 adopts UdcQ 

control mode and terminal at node 
33 adopts Uacθ control mode.

3) SOP-2 and SOP-3 adopt PQ-UdcQ 
control mode.
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Fig. 10.　Restoration ratio of nodes in Scheme I.
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Fig. 11.　Restoration ratio of nodes in Scheme II.
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Fig. 12.　Restoration ratio of nodes in Scheme III.
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tial coordination of multiple resources in ADN, where a seri‐
ous loss of load is exhibited. The sequential coordination of 
multiple resources at different timescales is realized in 
Scheme II, and the capability of restoration is greatly im‐
proved by the multi-stage supply restoration model. Never‐
theless, there are more binary variables and related con‐
straints, and the solution time is about half a minute.

Scheme III adopts the proposed bi-level supply restoration 
method. At the upper level, the multi-stage action strategies 
for switches on the long timescale are derived. Due to the 
consideration of the uncertainties, the solution of the multi-
stage supply restoration model is time-consuming. Thus, the 
initial strategies of switch operation and selection of SOP 
control mode at stage 1 are determined only based on the 
current system state, and the computation time of stage 1 is 
1.05 s. The duration of stage 1 is 30 min. The solution time 
for the switch operation and selection of SOP control mode 
at stage 2 is 92.25 s, which is within 30 min, ensuring the 
timely determination of strategies at stage 2.

At the lower level, the rolling correction restoration strate‐
gy is proposed to adapt to DG and load fluctuations and var‐
ied traffic conditions, and the rolling optimization interval is 
set to be 15 min. Besides, the mean computation time for 
each rolling optimization is approximately half a minute, 
which fulfills the requirements in practice.

C. Scalability Verification

The proposed bi-level supply restoration method is further 
implemented on the modified IEEE 123-node distribution 
network in Fig. 13 to verify the scalability. Nodes 36-52, 77, 
78, 87-97, 102-115, 117, 120, and 123 are characterized as 
commercial loads, and the remaining nodes are characterized 
as residential loads. The traffic network is also shown in 
Fig. 13, and the travelling time among SOPs is depicted in 
Fig. SD1 of Supplementary Material D. Other parameters 
are the same as the test case in Fig. 6. Assuming that a fault 
occurs in line 9-14, and the fault time is from 14: 00 to 
18:00.

According to the optimization results, the duration of 
stage 1 is from 14:00 to 14:30, and the duration of stage 2 
is from 14: 31 to 18: 00. The strategies of switch operation 
and selection of SOP control mode are also shown in Fig. 
13. The terminal of SOP at node 65 adopts Uacθ control 
model at stage 1. The orange arrow represents that the 
switch T1 is closed at stage 2 to transfer power to the out‐
age regions. The restoration strategies for SOPs and MESs 
are shown in Figs. SD2 and SD3 of Supplementary Material D.

Table VI presents the operation costs of the three schemes 
in the modified IEEE 123-node distribution network. The 

power restoration cost in Scheme II is approximately 10 
times lower than that in Scheme I. Considering the uncertain‐
ties of DGs and loads, the supply restoration ratio is further 
improved in Scheme III.

As for the computation performance in IEEE 123-node 
distribution network, the computation time of the restoration 
strategies at stage 1 is less than 3 s at the upper level. As 
the scale of the test case expands, the number of related vari‐
ables increases, resulting in longer computation time. The 
computation time of stage 2 is approximately 331 s, which 
also ensures the timely implementation of the strategy.
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Fig. 13.　Structure of modified IEEE 123-node distribution network.
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At the lower level, the mean computation time for each 
rolling optimization is approximately 1.5 min. The lower-lev‐
el model includes binary variables only related to the MES, 
and the computation time is less affected by the scales of 
ADNs. Hence, the computation time grows approximately 
linearly.

In summary, the solution time of the proposed method can 
meet the practical application and improve the performance 
of supply restoration.

VI. CONCLUSION

This paper proposes a bi-level supply restoration method 
for ADNs considering multi-resource coordination. As vali‐
dated in test cases, the SOP restoration with MES integra‐
tion achieves the coordination of SOP and MES in spatial 
and temporal dimensions. At the upper level, the multi-stage 
supply restoration model can derive the reliable switch and 
SOP control method on the long timescale. At the lower lev‐
el, the rolling correction restoration strategy responds to the 
fluctuations of loads and DGs on the short timescale. The 
proposed method fully explores the potential of multiple re‐
sources for ADN restoration and further improves the restora‐
tion efficiency of ADN.

Several directions can be outlined for future research. The 
efficiency of supply restoration in distribution networks is af‐
fected by the positions and capacity of MESs and SOPs, so 
it is important to realize the coordinated planning of MESs 
and SOPs. In addition, considering the uncertainties from the 
fault locations and the SOC of MES, the uncertainty model 
will be further studied to enhance the effectiveness of the 
restoration method. Moreover, supply restoration based on 
data-driven methods should be further investigated.
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