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Abstract

More frequent extreme weather events due to climate change impose significant challenges on the post-disaster restoration
of distribution systems with significant penetration of renewable generations. To address this challenge, this paper
investigates a restoration scheme for distribution networks integrated with renewable generations, and transportable
energy storage systems moving along a transportation network, such as railway or road network, are used to support the
network restoration after the fault event. To achieve this, for given fault conditions, topological reconfiguration is first
facilitated via the soft open point (SOP) technology, and local renewable generators and loads are rapidly regrouped
to form microgrids for post-disaster restoration. Then, assisted with transportable energy storage, the resources within
the microgrids can be dispatched more efficiently, facilitating a more efficient post-disaster recovery process. To enable
a cost-effective restoration of the distribution network, an economic model is formulated with the aim of minimizing
the economic losses during the post-disaster restoration process. Case studies considering a significant number of failure
scenarios show that the proposed transportable energy storage-assisted restoration scheme can effectively minimize costs
during the post-disaster period considering various load types across different areas. This scheme not only achieves cost-
effective post-disaster restoration but also ensures compliance with the constraints of the electrical networks, achieving
up to 93.3% recovery cost reduction and 74.25% increase in critical load restoration.

Nomenclature ngh Charging efficiency of TESS b (%)
DS Distribution network niis  Discharging efficiency of TESS b (%)
ESS  Energy storage system Vo,(p.q),¢ Binary variable, 1 if TESS b transits from station

p to station ¢ at time interval ¢
GHG Greenhouse gas

The set of TESSs
HILP High-impact but low-probability

) ) The set of branches of the power system
O&M Operation and maintenance

B

E
) P The set of reconfiguration topologies
RGs Renewable generations
Q

The set of arcs for TESS
SESS Stationary energy storage system

Q;‘ The set of arcs starting from the station p
SOC  State of charge

) Q, The set of arcs ending at the station ¢
SOP  Soft open point

) S The set of buses of the power system
TESS Transportation energy storage system

) T The set of time spans
TSN  Time-space network

) . Y The set of all stations of TESS
WC  Wind curtailment

) ) Y+ The set of all stations of real stations of TESS
WTG Wind turbine generator

. . . . p92™  Sell price of the electricity from the main grid to
0p,p,t DBinary variable, 1 if TESS b locates at station p at the microgrids ($/kWh)

time interval ¢
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p™2¢  Sell price of the electricity from the microgrids to

the customers ($/kWh)

p¢  The price of wind curtailment ($/kWh)

ch

©p s (piﬁ Binary variable, 1 if TESS b is charging/discharging

at time interval ¢
b Index of TESS

CINT  TInterruption cost of the loads which can not be fed
()

COM Q&M cost of all WGTs and TESSs ($)

CFOS Transportation cost of TESSs ($)

CREV Total revenue of the microgrids ($)

C"C  Wind curtailment cost ($)

EgthSS Energy stored in TESS b at time interval ¢ (kWh)

i index of buses

int;  The interruption cost of the load at bus ¢ ($/kWh)
k Index for reconfiguration topologies

l Index for WT'Gs

omWTGTESS Q&M cost of WGT and TESS ($/kWh)

D, q Index for stations of TESS

Pf, Active load demand of bus i at time ¢

Pff;w Pg;‘ft TESS b charge/discharge in the station p at
time interval ¢

Peh  The maximum charge power of TESS (kW)

Pdis © The maximum discharge power of TESS (kW)

Pis or. Qfop Active and reactive power of the SOP enter-
ing bus i (kW)

PZWTG, QZWTG Actual active and reactive dispatched gen-
eration of WGT [ at time interval ¢ (kW)

PWTG

maxi¢ Lhe maximum dispatched wind generation of WGT

I at time t (kW)

P gy Pjy,e Active and reactive power flowing from bus
1 to bus j

Q7  Reactive load demand of bus 7 at time ¢
RTEV Total revenues of the microgrids

SPOFP  Rating power of the SOP connecting bus i
SOCy,; SOC of TESS b at time interval ¢ (%)

t Index for hours

transport.,s; Transport cost of TESS ($)
Vi Voltage of bus 4

1. Introduction

The safe operation of a future power system running
largely on renewable sources while maintaining reliable
power supply to customers has become a major research
topic and attracted substantive attentions in the last decade.
The increasing frequency of natural disasters with high-
impact but low-probability (HILP) such as typhoons, floods,
wild fires, and heavy snows due to climate change imposes
further challenges on the operation and control of future
power systems [1, 2]. Most studies agree that the exist-
ing infrastructure of power systems has limited their re-
silience to severe and extreme weather conditions [3, 4].
HILP events may cause line interruption, generator trip,
load disconnection and other faults, often leading to dis-
connection of a number of customers from the power grid,
even the disconnection of a whole local network from the
main grid [5]. Besides, as the configuration of the mod-
ern power systems becomes more complex, the difficulty
of power system restoration after failures becomes severer.
Therefore, in order to cope with the occurrence of more
HILP events, it becomes vital to enhance the power sys-
tem resilience and reduce the economic losses during the
post-disaster restoration process. To increase the resilience
of the power system, some studies suggest that the infras-
tructure of the power system can be reinforced to cope with
the damage of natural disasters [6, 7, 8]. However, with the
expansion of the power grids to meet ever increasing elec-
tricity demand, the infrastructure requiring pre-disaster
reinforcement also becomes more numerous and harder to
identify, and the reinforcement often involves significant
amount of time and costs. Therefore, it is imminent to de-
velop efficient post-disaster restoration schemes based on
the existing power system infrastructure.

Studies have shown that, following a disaster, establish-
ing microgrids in isolated areas due to failures by leverag-
ing distributed energy resources or energy storage systems
is an effective strategy for post-disaster restoration [9, 10].
Microgrid is referred to a local power generation and dis-
tribution system composed of distributed generations, en-
ergy storage devices, load and other components of the
power system [11, 12]. Akhtar et al. [13] proposed a re-
silience index for a power system consisting of multiple mi-
crogrids. The power system is divided into several micro-
grids, and each microgrid is evaluated using the resilience
index and controlled separately to reduce the impact of the
disaster. [14] proposed a post-disaster restoration scheme
to restore critical loads suffering from power shortage by
forming microgrids energized by distribution generations.
In [15], a novel post-disaster restoration scheme was pro-
posed, which involves continuous reconfiguration of the
distribution system topology based on the maintenance
procedure of the repair crew. A hybrid quantum-classical
approach was developed to solve the dispatching problem
which can effectively accelerate the post-disaster restora-
tion process. Huang et al. [16] proposed a distribution
network microgrid formation method based on the deep



reinforcement learning to improve the resilience of power
systems in the face of extreme events. Arian et al. [17]
proposed a three-stage resilient operational scheme for dis-
tribution systems in the face of natural disasters. This
scheme considers the optimal allocation of energy storage
systems and addresses the optimal power flow issue during
the restoration process. [18] shows that microgrid-based
restoration scheme has the potential to assist distribution
networks to efficiently recover from large-scale outages.
However, during post-disaster restoration, most studies
only focus on restoring the loads on critical nodes. Due
to the varying end-use customers of the loads, widespread
interruption of certain types of normal loads, such as in-
dustrial loads, can still lead to significant economic losses.
Therefore, alongside prioritizing the restoration of criti-
cal loads, it is also essential to consider the restoration of
normal loads with different end-use customers comprehen-
sively, thereby minimizing the cost of load interruptions
to the greatest extent. To address this, this paper inves-
tigates a comprehensive post-disaster restoration testing
scheme, which consider various load types and priorities.
In this proposed post-disaster restoration scheme, wind
turbine generators (WTG) serve as the main sources of
energy during the restoration process, soft open points
(SOPs) are used to assist topology transformation and
TESSs are utilized for the strategic allocation of energy
resources.

During the post-disaster recovery process, renewable
distributed generators play a vital role as a significant en-
ergy source, offering greater flexibility for the restoration
of the distribution network. Wind power is a major alter-
native to conventional energy and one of the fastest grow-
ing renewable energy sources [19]. Wind energy is playing
an important role in the power system in many countries
and regions, and the mass utilization of renewable energy
such as wind energy can play a positive role in enhanc-
ing the resilience of the distribution network [20, 21]. In
[22], a two-stage stochastic optimization model consider-
ing network reconfiguration and wind power allocation was
proposed to improve the resilience of the distribution sys-
tem in the face of disasters. [23] shows that the resilience
of the distribution system can be significantly improved
in the face of hurricane events by strategically reschedul-
ing the distributed generator units and curtailing the load
demands. Additionally, flexible voltage controllers are in-
troduced to address voltage imbalances caused by the un-
certainty of wind energy. In [24], a self-healing strategy for
distribution system considering wind energy was proposed
to reduce the economic costs during the post-disaster pe-
riod. Krishnamurthy et al. [25] shows that using wind tur-
bines generators (WTGs) and diesel generators to supply
power collaboratively to the microgrid in islanded mode
can improve the resilience of the microgrid. For the dis-
tribution system with large-scale wind power integration,
Chi et al. [26] proposed a set of voltage resilience indi-
cators to dynamically evaluate the voltage performance
and the resilience of the distribution system. In [27], the

impact of wind energy and load uncertainties on the re-
silience of the distribution system is investigated, and it is
verified that the post-disaster restoration efficiency can be
greatly enhanced by employing dynamic microgrid forma-
tion and demand response management. However, consid-
ering the non-dispatchable nature of wind energy, most of
these studies only focused on utilizing stationary energy
storage systems to assist in enhancing the resilience of the
distribution system. In fact, due to the high uncertainty of
natural disasters, the topology of the distribution system
also needs to be reconfigured based on fault conditions
following a disaster. Stationary energy storage systems
may face challenges in seamlessly adapting to the evolving
topology of the distribution system, thereby limiting their
effectiveness.

Our society is often supported by both the power and
transport networks, and these networks overlap at different
geographical locations and nodes, hence the transportable
energy storage system (TESS) moving along the transport
network have been advocated to improve the resilience of
the power system [28]. TESS can dispatch energy between
various microgrids, thus improving the resilience of the en-
tire power system and reducing the loss of post-disaster
recovery due to its mobility and flexibility [29]. In [30],
the arrangement of transportable energy storage systems
considers the distribution of energy resources in the distri-
bution system as well as the scheduling of the repair team,
thus the load curtailment caused by disasters can be effec-
tively reduced. Yao et al. [31] designed a spatial-temporal
model for TESS operation and proposed a joint restora-
tion scheme with TESS and network reconfiguration in
microgrids to reduce the economic costs of distribution
systems during the post-disaster recovery. In [32], TESS
is integrated into the security constraint unit commitment
problem model to provide a secure and resilient scheme for
the coastal distribution grids. Kim et al. [33] proposed a
two-stage stochastic optimization model and used TESS
to form dynamic microgrids to reduce disaster damage to
distribution networks. In summary, transportable energy
storage systems can assist more reasonable distribution
of energy during the post-disaster recovery of the distri-
bution network, thereby enhancing the efficiency of the
restoration process. Furthermore, considering the random-
ness of fault occurrences, it is essential to form microgrids
for post-disaster recovery by adjusting the topology of the
network through tie switches or soft open points (SOPs)
[34, 35]. SOPs are power electronic devices that can re-
place traditional tie switches, and they can help achieve
rapid supply restoration and fault isolation after power
outages in the face of extreme conditions [36]. During the
microgrid formation and topology change phase, SOPs can
continuously adjust and control the power flow and volt-
age, thereby improving the efficiency of the power grid
during the post-disaster recovery [37]. Hence, the combi-
nation of SOP and transportable energy storage systems
has the potential to offer greater flexibility and higher ef-
ficiency for the post-disaster recovery of the distribution



networks.

In this paper, a restoration scheme based on wind tur-
bine generators, transportable energy storage systems and
network reconfiguration assisted with SOPs is proposed.
Considering the randomness of disaster occurrences, the
proposed post-disaster recovery scheme first utilizes SOPs
to perform topology reconfiguration considering the fault
conditions. By forming post-disaster microgrids, the fault
areas are isolated, becoming external to the formed micro-
grids, thereby ensuring that all load buses can be effec-
tively restored, immune to the impacts propagated from
the fault areas. It should be noted that if a HILP event
occurs, resulting in the entire distribution system being
disconnected from the main grid, the microgrids formed
for post-disaster recovery will rely primarily on wind en-
ergy as their main power source in the proposed restoration
scheme. Given the inherent uncertainty of wind energy, it
is essential to equip the wind power generators with energy
storage systems to improve their dispatchability and assist
with frequency and voltage control for the microgrids. If
a microgrid has more than one generator, the voltage and
frequency control often adopt either the master-slave mode
or power sharing mode, depending on the size of the gener-
ators and the load conditions. The proposed post-disaster
recovery scheme primarily evaluates the post-disaster re-
covery cost during load interruptions as its main assess-
ment criterion. It comprehensively considers the differ-
ences in interruption costs for critical and normal loads,
as well as different load types under fault scenarios. Fur-
thermore, taking into account the uncertainty of wind en-
ergy, this paper has selected multiple wind power output
scenarios to further validate the effectiveness of the pro-
posed post-disaster recovery scheme. The comparison of
this study with existing works is summarized in Table 1.
The main contributions are summarized as follows:

1. A novel post-disaster restoration scheme of distri-
bution networks considering TESS, SOP and wind
turbine generators is established, and an economic
model is formulated to evaluate the effectiveness of
the proposed scheme.

2. Taking into account the stochastic nature of fault
occurrences, this paper has designed a diverse set
of fault scenarios, encompassing factors such as the
timing of fault occurrences and the randomness of
wind power output.

3. The proposed post-disaster restoration scheme not
only focuses on the restoration of critical loads but
also takes into account the comprehensive pickup of
specific types of normal loads with relatively high in-
terruption costs, thereby further enhancing the eco-
nomic viability.

The rest of this paper is organized as follows: Section
2 introduces SOP and TESS. Section 3 presents the pro-
posed model formulation. Extensive numerical studies and

result analyses are presented in Section 4. Discussion and
conclusion are given in Section 5 and Section 6.

2. Introduction to SOP and TESS

This section presents the preliminaries of the models
for TESS and SOP. SOP can be used to efficiently adjust
the topologies of the power grid, thus helping the grid to
form microgrids to recover from HILP events [38]. While
the TESS’s mobility offers more flexibility in energy dis-
patch within the power grids, thus increases the resilience
of distribution networks in face of HILP events.

2.1. Modelling of SOP

Bus m Bus n

SOP , :SOP
P+ jQm

S0P sop
P+ j0n

By +jOk

Ly inl
P +JQm

Figure 1: Power injection model of SOP

SOP can help the distribution network to achieve flex-
ible power control, and a back-to-back voltage source con-
verter (VSC) based SOP is shown in Fig 1. There are two
common SOP control modes, namely power flow mode and
power supply restoration mode. In the power flow control
mode, SOP can bidirectionally provide both active and
reactive power. In this mode, VSC1 works on the P-Q
control scheme whilst VSC2 operates on the V. — Q con-
trol scheme. If a fault occurs on the VSC2 side, loads at
the feeder are lost and the frequency and voltage of VSC2
are decoupled from the grid. In this case, VSC2 would be
switched to the V. — 60 control scheme. Simulation results
show that SOP can successfully switch among different
modes within seconds. The problems of current offset and
inrush are solved in the process of mode transition, which
reduces unexpected protection operations [39].

The active power constraint of SOP is given as follows:

P:;OP +P7§OP +.IDZSOP =0 (1)

0SS

where P5O9F and P7OT denote the active power of SOP
entering feeder ends at bus m and n, respectively. BSOSSP
is the internal power loss of the SOP. For a high efficiency
SOP, PS9F is very small and can be neglectable. It be-
comes:

m

The reactive power outputs of SOP are independent,
which implies both power compensation and absorption
are available. The operational limits of power entering
the feeders are constrained by the capacities of the two
symmetrical VSCs, it follows

PP +5Qu" | <SP (3)



Table 1: Comparison between this study and existing works.

Ref Year L.oa.d Load TESS SOP RCs Topo - Test System
Priority Type Reconfiguration Scale
[13] 2019 X v X X v X 33-bus
[15] 2023 X X X v v 9-bus & 23-bus
[16] 2022 v X X x v v 37-bus & 123-bus
[17] 2023 v X X X X v 33-bus
[18] 2021 v X X X v v 37-bus & 123-bus
23] 2022 x x x x Y x 33-bus & 123-bus
[27] 2020 X X X x v v 33-bus & 492-bus
[30] 2023 x x v x v v 33-bus
[32] 2020 X X v X v X 69-bus
[38] 2020 X X X v v v 33-bus
This Study - v v v v v v 33-bus & 69-bus
P37 + Q7P| < SReP (4) Station 2
where S5O and S5OF are the rating power of VSC1 and
VSC2, respectively.
Station 2 \
77N
+— /\ \
N —
) Station 1 Virtual Station 3
<5 Station

Station 1

Virtual Station 3

Virtual Station 2 Station 3

Figure 2: The schematic road grid of a TESS.

2.2. Modelling of TESS

A TESS refers to a compact and mobile system that
consists of battery cells and a bidirectional power converter
[40]. Unlike the stationary energy storage system, TESS is
installed in a container which is mounted either on a truck
to move along a road network or in a railway carriage
along a railway network to achieve mobility. The charg-
ing/discharging schedule of the TESS is therefore com-
bined with the routing problem.

Time-space network (TSN) is an approach that is widely
used for modeling the routing schedule of vehicles and rail-
ways [31, 41]. Tt is suitable to demonstrate the variations
of spatial components as well as temporal intervals. Con-
sidering the variable distances between different TESS sta-
tions, virtual stations are introduced to assist defining the
TSN model for the TESS. The introduction of the vir-
tual station essentially aims to align the state transition

— Departure arc — Arrival arc C\Park arc

Figure 3: Transition diagram for TESS.

of TESS with the decision horizon of the proposed post-
disaster recovery model. Specifically, if TESS cannot reach
the target station within a decision horizon, it is assumed
that TESS will reach a virtual station after traversing the
decision horizon, thereby making the TSN model solvable.
It is important to note that TESS cannot park, charge,
or discharge at these virtual stations. The travelling time
interval between any two stations is a decision horizon,
which is defined as 1 hour in this study. Fig 2 illustrates a
simple road grid of a TESS, which has three real stations
and three virtual stations. As shown in Fig 2, TESS can
shuttle between different types of loads and provide ser-
vices to the required loads. Fig 3 illustrates the transition
diagram of TESS, indicating that TESS can only charge
or discharge when it is located within the Park arc. The
introduction of virtual stations is to ensure that the state
of TESS is defined at any decision horizon in the proposed



model. Since the virtual stations do not have physical
presence, TESS will not perform charging or discharging
operations there.

The TSN-based transportation model of TESS is for-
mulated as follows:

Z Vo, (pg)t = 1, Vo €B, T €T (5)

(p,9)€Q
N Gpo=1VbeB (©)

peY+
Z Yo, (p,q),t+1 = Z ’Yb,(p,q),t,Vp €Y, teT
(paQ)EQ;r (,9)€EQy

(7)
Z Vo,(p,q),1 = Ob.p,0, VD € Y+ (8)

(p.q)€Q}

Vo, (p.a)t + Vo)1 < L,V EB, (p,q) €Qp#q (9)

Constraint (5) defines the state of TESS b at time in-
terval ¢ by binary variable v, (,.4),:, B is the set of TESSs,
T is the set of time spans where T = {0,1,...,¢}. In any
time span, TESS b either transits from station p to station
q or stays still. (p, q) represents the transit arc/park arc. If
p is the same as ¢, it is a park arc. Otherwise, it is a tran-
sit arc. Q is set of arcs. Constraint (6) defines the initial
position of TESS b at time interval 0. If TESS b locates at
station p, the binary variable 6, ¢ is 1. Otherwise, it is 0.
YT is set of real stations along a transport network. Con-
straint (7) states that if the TESS b is at the station p at
the end of time interval ¢, it must be in the arc that starts
from the station p at the next time interval t+1. QT is the
set of arcs starting from the station p and Q7 is the set
of arcs ending at the station p. Y is the set of stations in-
cluding both real stations and virtual stations. The initial
transportation state of TESS b is declared in constraint
(8), which is related to its initial position. Constraint (9)
enforces TESS can not return immediately to the station
where it travels from at the previous time interval because
there is no point in doing so.

When considering spatial displacement, only on park
arcs can TESS charge from or discharge to the grid. The
related constraints can be shown as follows:

0 <" P L < Yooyt P, WD EB,p € YT £ €T (10)

Pl;ize
0< ndfst X Vb, (p.p),t mamvz’ cB ,D € Y+ teT (11)
b

Z it < P, Vb EB L e T (12)

peEY+

Pdis
0< W plpdis WbeB,teT  (13)
Ui

where Pb pt and Pd;St are charging and discharging power
from/to grid of TESS b in the station p at time interval ¢,
respectively. nd“ is charging efficiency of TESS b and nd“’

is corresponding discharge efficiency. ¢ and goglts are

binary variables that represent the charging/diseharglng
states of TESS b at time interval t. Based on the TSN
model, ZPGW Yo,(p,p),t 15 1 when there exists park arc at
time interval ¢. In this case, there are three possible oper-
ation modes of the TESS b: charging, discharging and idle
mode. However, when TESS b is on transit arc, the TESS
neither charge nor discharge and > cy+ 75, (p.p).c = 0. (10)
and (11) ensure that TESS can only perform charging and
discharging operations when it is in park arc. (12) and (13)
respectively specify the charging and discharging limits for
TESS within a decision horizon.

The constraints of operation modes of TESS are given
below:

o+ ol <3 Y EBLET  (14)

peY+
Pdis
EthEES _ TESS ch Z bp, AL — WA@
peY+ U
VbeB,te T\ {0}
(15)
TESS
SOCb,t*W,VbGB teT (16)

SOChin < SOCy; < SOC,44,Y0 € B, t €T (17)

Constraint (14) ensures that within a decision hori-
zon, TESS cannot simultaneously perform charging and
discharging operations. Equations (15) and (16) dynam-
ically calculate the energy stored in TESS and the SOC
for TESS. Constraint (17) ensures that the SOC of TESS
can not exceed its predefined upper or lower limits at any
given time.

3. Problem Formulation

This section presents an economic cost model that con-
siders the post-disaster restoration scheme based on the
TESS, SOP, and wind energy. The objective function and
the related constraints are introduced as follows.

8.1. Objective function

In the restoration period, the objective function Ob
aims to minimize the total costs which consist of the load
interruption cost CTNT | operation and maintenance (O&M)
cost of wind turbine generators and TESS (CM), wind
curtailment cost (C"'¢) | transportation cost of TESS
(CTO9) and maximize the total revenue of the microgrids
(CEEV)). The objective function can be shown as follows:

Ob = min F(Py)

— min(CINT + COM =+ CWC + CPOS

_ CREV)
(18)



where

CINT _ Z Z cinti (pf

t i

Z Z omWTG + Z omTESS (20)
cWe — ,we Z Z PWTG _
Sy ¥

b (p,q9)€Q,p#q
=) Pt (23)
t

Pj in Equation (18) represents the selected topology
based on SOP of the distribution network in the post-
disaster restoration period. In Equation (19), C™ is the
interruption cost for the load at bus i. (Pf, — P[}) com-
putes the difference between the normal demand of load
¢ at time ¢ and the demand that can be covered during
the post-disaster recovery period. The interruption cost
of critical loads is much higher than normal loads in or-
der to guarantee the priority of restoration order. COM in
Equation (20) represents the operation and maintenance
costs of all WT'Gs and TESSs during the operating hori-
zon. om"WTY and om™T P99 are O&M costs for WTGs and
TESS ($/kWh) in the time interval t. C"¢ is wind cur-
tailment cost. PWTG and Preal 4 are maximal potential
generation power and actual dispatched generation power
of WTG j at time interval ¢, respectively. p"V'¢ is the
price of wind curtailment ($/kWh). CFPO% is the trans-
portation cost of TESS. If TESS is on the transit arc that
(p,q) € Q,p # q, then vy, q)¢ = 1 . posy is the cost per
unit of time ($/kWh) to transport the TESS b. The final
term CTFV describes the total revenues achieved by sell-
ing the electricity to the customers at price p¢ ($/kWh)
during the restoration process.

Pﬁ) At (19)

PYTC ) At (21)

real,] t

cros Moot (22)

CRE'V

3.2. Constraints

Due to the requirements of the safe operation of the
distribution network, the relevant constraints of the dis-
tribution network should always be met in the process of
post-disaster recovery. Otherwise, the distribution net-
work may collapse, which would lead to the failure of
the whole restoration process or even more serious con-
sequences.

3.2.1. Power flow constraints

When an extreme weather event occurs, the distribu-
tion network may suffer several line faults. After reconfig-
uration, the power flow model for each new microgrid a to
restore loads is given as follows:

Y. Puji= Y, Puii-
(2,7)EE, (h,i)EE,
- ’Y(i,i),tpif? + ’Y(i,z‘),tpﬁisw €Ng,teT
(24)

wTaG
z+1t+Pz+1t

Y Qune= Y, Quae— Qi1 +QPS, (25
(i,5)€E (h,i)€EE
<P <P,VieNteT (26)

Ypff)] VieN,teT  (27)
| Pii iyt +jQ(i,j),tH < Si e Vi, g) €E (28)
T(ig) Plii)t + 26,5) Qi) .t

C
i¢ = Piitan [cos

Vie="Vig — V(i,j) €eE,teT
Vo

(29)

Vmin < Vvi,t < Vmaz>Vi S N,t eT (30)

where E, and N, are branch and bus sets of microgrid a.
V(i,i),« represents the status of TESS at bus ¢, with a value
of 0 whenever TESS does not park at that bus. P )¢
and Q; ;. are active and reactive power flows from bus
i to bus j respectively. r(; ;) and z(; ;) are resistance and
reactance between bus ¢ and bus j. PWTG and mTG are
corresponding active/reactive power generations of WTG
at bus i. V;; is the voltage at bus ¢ and V; is the reference
voltage. Constraints (24) and (25) ensure the active power
and reactive power balance on the line from bus i to bus j.
The Constraint (26) enforces the upper and lower bound-
ary on restored active load P[f. Equation (27) calculates
the reactive power with the load power factor pf{ of each
bus i. Constraint (28) ensures that the composite value of
active power and reactive power from bus ¢ to bus j does
not exceed the apparent power at the corresponding time.
The voltage drop from bus i to bus j is calculated using
Equation (29). Constraint (30) is the operation limits of
voltage magnitude.

3.2.2. Network topology constraints

Since the restoration scheme proposed in this paper
is based on microgrids, after a fault occurs, the original
distribution network will be divided into several micro-
grids with the assistance of SOPs for post-disaster recov-
ery. During the process of forming microgrids, network
topology constraints need to be taken into consideration.
In summary, the network topology constraints mainly in-
clude network splitting constraints, sub-network connec-
tivity constraints, and sub-network radial constraints.

1) Network splitting constraints: Firstly, when form-
ing microgrids during the post-disaster restoration pro-
cess, each bus or line should only belong to one micro-
grid. This is because different microgrids rely on their
own distributed generators as the primary energy source,
the frequencies, voltages, and phases are usually different
among these microgrids. The interconnection of these mi-
crogrids could potentially impact the efficiency of restora-
tion. These constraints can be expressed using the follow-
ing equations:

Z soby’, = 1 (31)

Z soly =1 (32)



where NM represents the number of microgrids formed
in the post-disaster restoration process. soby’, and solm
represent the energized status of bus b and line [ at t** time
interval in the m'" microgrid, respectively. It should be
noted that both of these two variables are binary variables
and can only equal 1 when the bus or line is within its
corresponding microgrid.

Furthermore, if line [ belongs to microgrid m, both the
source bus and the sink bus of this line should belong to
this microgrid, which can be expressed as follows:

sol}?f < SObﬁmm,t (33)
sol)"y < sob" (34)

where sob;"  , and sob;” , are the source and sink buses
of line [.

2) Sub-network connectivity constraints: When form-
ing microgrids, there should be corresponding connectivity
constraints of the buses and lines within the microgrid.

For buses directly connected to distributed generators,
they should always be energized during post-disaster restora-
tion, which can be shown as:

sobypa , = 1 (35)

For the buses that are not connected to the generators,
the constraints of the buses and their related lines can be
expressed as:

soby, = soljy

(36)

solj, , = soby', (37)

where soljy , is the line with bus b as the source bus, and
solyy ; is the line with bus b as the sink bus.

3) Sub-network radial constraints: During the post-
disaster microgrid formation process, it is essential to main-
tain radial network topology centered around the grid-
forming generators. To establish a radial network topol-
ogy, the difference between the number of buses and the
number of lines in the microgrid must be 1, and all sub-
tour must be eliminated. The radial network topology
constraints can be shown as:

NL NB
Z sol]y = Z sobyy — 1 (38)
=1 b=1
500(q byt T 50U )0 = 1 (39)

where N L and N B represent the number of lines and buses
in the microgrid. sol(, ;) , represents the line with bus a as
the source bus and bus b as the sink bus. Constraint (39)
ensures that within a decision horizon, the power flow in
the microgrid is unidirectional.

3.2.8. Other operation constraints
The charging/discharging power to the grid at bus 4 is
dependant on the status of TESS. If the station p is located

at bus ¢, it is represented by the symbol p | . When TESS
b parks at station p, then the following equations hold:

Pp=> P VieNteT,pli (40)
b

Pl =3 Pl VieNteT,pli (41)
b

where Plff;))t and Pﬁs represent the power of TESS b for
charging and discharging at station p, respectively. TESS
is only permitted to charge or discharge when parked at
station p. Otherwise, Plff;’t and P{ﬁs must both be zero.
The maximal active power generated by WTG, de-
noted as P,’,?%,i’t depends on the installed capacity of the
WTG. The power generation of WTG in any time interval
cannot exceed the installed capacity, which can be shown
as follows:
0 < PX;/TG < PWTG

max,i,t (42)

Aided with the power electronic device, i.e. inverter
interface, WTG 1is capable of adjusting its reactive power
to satisfy the power factor pff¥7¢ required by the sys-
tem operator. The operation constraints of the adjustable
inverter-interfaced WTG are mathematically formulated
as:

1 WTG
— PYTC tan [COS Yofi )} <Qe

Z‘;TG < PZ‘;TG - tan {cos‘l(hWTG)} VieN,teT

Z (43)

ffV TG enforces the power factor of each generator.

where p

4. Numerical Results

In this section, a wide range of fault scenarios are inves-
tigated to verify the effectiveness of the proposed restora-
tion scheme. All the simulation results in this study are
implemented with CPLEX 12.8.0 using computer with an
Inter(R) Core(TM) i5-6400 CPU at 2.7 GHz.

4.1. Introduction to the test system and fault scenarios

In this study, the resilient operation is implemented
on a modified TEEE 33-bus system at first, as shown in
Fig 4. The original configuration has five tie switches, two
WTGs, 33 load buses, 32 transmission lines and one TESS.
In the proposed modified IEEE 33-bus system, all loads are
categorized into critical loads and normal loads based on
their restoration priority. Critical loads, such as servers,
security systems, and life support equipment for hospitals
often incur the highest interruption cost. Additionally, all
loads can be further classified into industrial, commercial,
and residential loads based on the type of end-users, each
having distinct interruption costs for normal loads [42].
Fig 7 illustrates the interruption costs for various load pri-
orities and types. As shown in Fig 7, all critical loads
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Figure 5: Transportation network mapped from the modified 33-bus test system.

have the highest interruption costs, ensuring their prior-
ity for restoration during post-disaster recovery. As for
the three types of normal loads, the interruption costs are
arranged in descending order from industrial, commercial
to residential. Tie switches play a crucial role in system
reconfiguration during line faults. However, tie switches
are passive devices and do not offer power flow control ca-
pability. Thus, in this study, to improve the effectiveness
of the restoration scheme, the tie switches are replaced
by SOPs. Further, the scheduling of TESS needs to con-
sider the the transportation network layout. Therefore, a
simplified transportation network is designed based on the
distribution network [43]. Fig 5 illustrates the layout of the
proposed transportation network, where the nodes of this
network correspond to the buses of the distribution sys-
tem, and each edge represents a bidirectional route. For
the convenience of analysis, this study assumes the uni-
form distance between any two buses in the transportation
network, and TESS can traverse maximally 5 buses within
one decision horizon.

Fig 4 shows the failure scenario considered in this pa-
per, i.e. the line faults occur on lines (1, 2), (5,6), (10,11).
The test system loses connection from the main grid and
loses the loads from Bus 11 to Bus 18. Two islanded mi-
crogrids powered by WTGs are formed with network re-
configuration. Besides, this study further considers fault
scenarios that occur in three periods of time such that the
fault scenarios considered are more comprehensive, which
is shown in Fig 6. The three scenarios are defined as fol-
lows:

e Scenario 1: Power surplus occurs during the restora-
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Figure 6: Fault scenarios under different time of period.

tion period (4 : 00 — 8 : 00).

e Scenario 2: Both power surplus and shortage occur
during the restoration period (11 : 00 — 15 : 00).

e Scenario 3: Power shortage occurs during the restora-
tion period (18 : 00 — 22 : 00).

In addition, the parameter settings for the test system
can be shown in Table 2.

4.2. Topology reconfiguration based on SOP

According to the failure scenarios proposed in this study,
there are three possible reconfiguration topologies to pick
up the loads from Bus 11 to Bus 18, which are shown in



Table 2: Parameter setting for the test system.

Item Parameters

WGT-I Capacity in Bus 4 (MW) 850

WGT-II Capacity in Bus 26 (MW) 2000
TESS Charge Efficiency (%) 99
TESS Discharge Efficiency (%) 92
Initial SOC of TESS 0.5
SOChin of TESS 0

SOCaz of TESS 0.9

Critical Load interruption Cost ($/kWh) 10
Normal Load interruption Cost ($/kWh) 2

Table 3: Simulation results of different topologies with tie switches under different scenarios.

Scenario Scenario 1 Scenario 2 Scenario 3
Toplogy 3 Tie Switch SOP Tie Switch SOP Tie Switch SOP
Total Cost ($) 18420.6 8324.69 (54.8% 1) 21928.46 11810.64 (46.14% 1) 49307.94 23720.33 (51.89% )
Critical Load
ritieal Loa 45.43 72.12 (26.69% 1) 59.1 80.19 (21.09% 1) 45.04 71.04 (26% 1)
Restoration (%)
Normal Load
K 36.80 93.08 (56.28% 1) 53.32 85.01 (31.69% 1) 60.16 88.83 (28.67% 1)
Restoration (%)
Total Load
. 42.53 79.16 (36.63% 1) 57.1 81.86 (24.76% 1) 49.16 75.89 (26.73% 1)
Restoration (%)
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Figure 7: Interruption costs for various load priorities and types.

Fig 4. These three topologies can be represented by Py,
P5, and Pj3 respectively.

Fig 8 compares the power losses and the restoration
rate under the three topologies. As shown in Fig 8, Pj is
relatively more effective for the three scenarios consider-
ing in this study. Therefore, in the following experimental
analysis, the topology of Pj3 is chosen to study the pro-
posed fault scenarios, as shown in Fig 9.

As mentioned above, SOP is used to replace the tie
switches. When SOP is used, the loads restoration and re-
lated economic costs under the three scenarios with topol-
ogy Pj are listed in Table 3. As shown in Table 3, the
load restoration rates with SOP in the three scenarios have

10

under different scenarios.

been greatly improved, with the maximum improvement
of 36.63%. Besides, the total economic costs required dur-
ing the restoration period have been significantly reduced,
and the maximum reduction is 54.8%.

Fig 10 shows a comparison between SOP and tie switch
during the post-disaster recovery. When SOP is used to
connect Bus 18 and Bus 33, the transmission power be-
tween the two buses remains above 400kW, which is always
higher than that with tie switch. This is because SOP is a
controlled energy transmission equipment that can trans-
mit as much energy as allowed to the required buses in
the face of failure scenarios. As a result, the loads from
Bus 11 to Bus 18 can be restored more efficiently. The



Table 4: Simulation results of different station selection options under different scenarios.

Scenario Scenario 1 Scenario 2 Scenario 3
Initial Position Option 1 Option 2 Option 1 Option 2 Option 1 Option 2
Total Cost (8) 440245  3355.17 844214 757259  22744.11  21667.39

itical Load
Critical Loa 85.48 88.32 85.94 87.89 75.29 77.03
Restoration (%)

Normal L

ormal Load 93.08 95.97 81.37 75.26 84.4 76.67

Restoration (%)
Total Load
oral Loa 88.03 90.89 84.36 83.52 7777 76.93

Restoration (%)

* Option 1 corresponds to (Bus 14, Bus 4, Bus 26); Option 2 corresponds to (Bus 25, Bus 4, Bus 26).
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Figure 10: Transmission Power between Bus 18 and 33 in Scenario

2.

results above demonstrate the positive role that SOP can
play during the post-disaster restoration period.

4.8. The effects of TESS in post-disaster restoration
4.8.1. The TESS stations selection

When using TESS to support post-disaster restoration,
the stations to host the TESS need to be identified firstly.
Considering the uncertainty of HILP events, the fault lo-
cations are also unpredictable. To ensure that TESS can
perform flexible charging and discharging scheduling af-
ter a disaster, buses connected to distributed generators
should be prioritized as potential stations for TESS. This
is because these buses can provide power for restoration
thus offer greater flexibility for scheduling the TESS un-
der various fault conditions. Based on this principle, in the
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Figure 11: Critical load analysis under different scenarios.

proposed modified IEEE 33-bus system, Bus 4 and Bus 26,
which are connected with wind turbine generators, are se-
lected as the two TESS stations. Further, to improve the
restoration efficiency, critical buses located at the end of
microgrids with significant demands should also be con-
sidered as potential TESS stations. Since these buses are
located at the terminus of formed microgrids, energy re-
sources available to them are relatively limited, making
them more reliant on TESS to support post-disaster re-
covery.

To select critical buses located at the end of formed
microgrids under fault conditions as TESS stations, the
consideration include evaluating the load demands of these
buses under normal conditions, as shown by the blue bars



Table 5: Simulation results of the effects of TESS under different scenarios.

Scenario Scenario 1 Scenario 2 Scenario 3
TESS Without TESS TESS Without TESS TESS Without TESS TESS
Total Cost ($) 8324.69 3355.17 (59.7% 1) 11810.64 7572.59 (35.89% 1) 23720.33 21667.39 (8.65% )
Critical Load
ribical Loa 72.12 88.32 (16.2% 1) 80.19 87.89 (7.7% 1) 71.04 77.03 (5.99% 1)
Restoration (%)
Normal Load
‘ 93.08 95.97 (2.89% 1) 85.01 75.26 (9.75% 1) 88.83 76.67 (12.16% 1)
Restoration (%)
Total Load
79.16 90.89 (11.73% 1) 81.86 83.52 (1.66% 1) 75.89 76.93 (1.04% 1)

Restoration (%)

in Fig 11, and examining the topologies of the formed mi-
crogrids, as illustrated in Fig 9. Notably, Bus 25 and
Bus 14 stand out as the two primary candidates where
TESS support is essential. This preference is rooted in
their placement at the terminus of the microgrids, coupled
with relatively high energy demands across all three sce-
narios. Considering the transportation network and the
long distance between these two buses located at the end
of the microgrids, it is unnecessary to designate both of
them as TESS stations. This is due to the excessive time
needed to move TESS between these two buses. There-
fore, based on the above analysis, there are two possible
optional groups of stations for TESS to choose from: (Bus
25, Bus 4, Bus 26) and (Bus 14, Bus 4, Bus 26). The post-
disaster restoration effects with the two different options
of TESS stations are illustrated in Table 4. It should be
noted that, due to the larger capacity of the wind turbine
generator at Bus 26, TESS can have a greater flexibility in
scheduling at this bus after a HILP event occurs. There-
fore, among all station combinations, Bus 26 is chosen as
the initial location for TESS.

As listed in Table 4, when Bus 25, Bus 26 and Bus 4
are selected as the TESS stations, the overall post-disaster
restoration costs across all three fault scenarios are lower
than the other substation group. Further, as shown in Fig
11, in all the fault scenarios, Bus 25 is always the weakest
bus, and in scenario 1, the restoration rate of Bus 25 is even
zero without the assistance of TESS. Therefore, Bus 25
requires the most TESS support, confirming that choosing
Bus 25 as a TESS station is preferable to selecting Bus
14. In summary, (Bus 25, Bus 4, Bus 26) is the optimal
station group for handling all the fault scenarios in the
case study. It is worth noting that the selection of TESS
stations should be based on the fault conditions. Different
fault scenarios may result in distinct microgrid topologies,
leading to different station selection options.

4.8.2. The effects and behavior analysis of TESS

Table 5 lists the economic costs and the load restora-
tion rates with and without TESS under different scenar-
ios. As shown in this table, the economic costs with TESS
are clearly reduced, with a maximum reduction of 59.7%.
Besides, the critical load restoration rates are improved,
with improvement ranging from 5.99% to 16.2%. On the
contrary, the normal load restoration rates in Scenario 2
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Figure 12: The impact of TESS on the loads restoration in Area 1.

and Scenario 3 are reduced by 9.75% and 12.16% respec-
tively. The impact of TESS on post-disaster load restora-
tion in Area 1 is illustrated in Fig 12. As shown in this
figure, the bus in bold face indicates that the load con-
nected to this bus is critical. As shown from the compari-
son of Fig 12 (a) and 12 (b), TESS enables the microgrid in
Area 1 to provide more power to critical loads during the
post-disaster recovery period, thus improve the restoration
rates of these critical loads.

While TESS helps the distribution network recover from
the fault scenarios under investigation, their charging or
discharging arrangement according to the proposed restora-
tion scheme is illustrated in Fig 13. As shown in Fig 13,
in all three scenarios, TESS will first release its power at
Bus 26, and then move to Bus 25 to charge until reaching
its maximum capacity. The result presented in Fig 13 also
reflect the travel distances between the three stations in
the transportation network. As shown in the traffic net-



(a) Operation of TESS in scenario 1.

(b) Operation of TESS in scenario 2.
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Figure 13: Operation of TESS under different scenarios.
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Figure 14: Behavior analysis for TESS under different scenarios.

work in Fig 5, the distance from Bus 4 to Bus 26 is greater
than the distances between other TESS stations. If TESS
chooses to move between these two stations, it implies a
longer transportation time which does not effectively con-
tribute to the post-disaster recovery. Additionally, it is
commonly understood that if a load has a low restoration
rate during the post-disaster recovery, TESS should be ar-
ranged to discharge to satisfy this load to help improve
the restoration rate. But this study reveals that if TESS
is arranged to discharge Bus 25 directly, the total critical
load restoration rate would decrease and even the entire
microgrid may collapse, this situation can be illustrated in
Fig 14.

As shown in Fig 14, in this experiment, Bus 25 is
assumed to be connected with a stationary energy stor-
age system (SESS), which charges or discharges Bus 25 in
equal amount each hour during the post-disaster recovery
stage. If the SESS is arranged to discharge at Bus 25, the
voltage of Bus 25 will increase accordingly, and when the
voltage of Bus 25 exceeds the maximum voltage limit, the
microgrid would collapse. In contrast, if a suitable charg-
ing scheme of the SESS is applied to Bus 25, the highest
load restoration rate can be achieved. TESS here plays
the role of balancing voltage constraints for Bus 25, where
TESS is first scheduled to discharge at Bus 26 and then
move to Bus 25 for charging, which can help improve the
restoration rates of the critical loads and reduce the inter-
ruption costs effectively while satisfying the constraints of
the power system.
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4.4. The effect analysis of the proposed restoration scheme
4.4.1. Effects on the modified IEEE 33-bus system

Table 6 presents a comparison of the proposed restora-
tion scheme based on TESS and SOP with the traditional
tie switch-based restoration scheme. It is shown that in
Scenario 1, the effects are the most obvious, with the to-
tal cost reduction by 81.7% and the total load restoration
rate improvement by 48.36%. Furthermore, as the results
presented in Table 6 indicate, the restoration rate of crit-
ical loads is consistently higher than that of normal loads
in all three scenarios. Since the interruption costs of criti-
cal loads are obviously higher than those of normal loads,
it is necessary to shed some normal loads to improve the
restoration rates of the critical loads, and thus reduce the
economic costs during the post-disaster recovery.

Table 7 lists a comparison of the restoration rates for
different types of normal loads under various scenarios. It
should be noted that, due to voltage constraints influenced
by TESS, the results presented here do not include Bus
23. From this table, it can be observed that the proposed
restoration scheme consistently prioritizes the restoration
of industrial loads when it comes to normal load restora-
tion. This disparity is attributed to the difference of the in-
terruption costs for different normal load types, where the
interruption cost for industrial normal loads is the highest.
Therefore, prioritizing the restoration of industrial normal
loads can further reduce the interruption costs.

In short, the proposed restoration scheme is capable of
identifying the solution with the lowest interruption cost



Table 6: The effects of TESS and SOP under different scenarios.

Scenario Scenario 1 Scenario 2 Scenario 3
Tie Switch TESS & SOP Tie Switch TESS & SOP Tie Switch TESS & SOP
Total Cost ($) 18420.6 3355.17 (81.7% ) 21928.46 7572.59 (65.47% 1) 49307.94 21667.39 (56.06% 1)
Critical Load
ribica’ Loa 45.43 88.32 (42.89% 1) 59.1 87.89 (28.79% 1) 45.04 77.03 (31.99% 1)
Restoration (%)
Normal Load
K 36.80 95.97 (59.17% 1) 53.32 75.26 (21.94% 1) 60.16 76.67 (16.51% 1)
Restoration (%)
Total Load
42.53 90.89 (48.36% 1) 57.1 83.52 (26.42% 1) 49.16 76.93 (27.77% 1)

Restoration (%)

Table 7: Comparison of the restoration rates for different types of normal loads.

Residential Commercial Industrial
Normal Load Normal Load Normal Load
Restoration(%)  Restoration(%) Restoration(%)
Scenario 1 100 100 100
Scenario 2 72.45 78.56 100
Scenario 3 69.97 96.55 100

in different fault scenarios, which not only considers the
prioritized restoration of critical loads but also ranks the
restoration priorities for different types of normal loads
based on their interruption costs. When the power supply
is limited, the proposed scheme prioritizes the restoration
of critical loads and specific normal loads with relatively
higher interruption costs. While normal loads with rela-
tively lower interruption costs are prioritized for sacrifice
when the energy supply is limited.

4.4.2. Effects of different scale of wind energy outputs

As a growing number of distributed renewable gener-
ating units, such as wind and solar power generators, are
integrated to the power network at all voltage level, it
offers more potentials to increase the power network re-
silience. However, due to the inherent dependence of re-
newable power generation on natural weather conditions,
accurately predicting their power outputs poses a signifi-
cant challenge. In the context of the post-disaster restora-
tion scheme proposed in this paper, where wind power gen-
eration serves as a vital power source, the inherent uncer-
tainty associated with wind power will undoubtedly exert
a significant impact. To evaluate the adaptability of the
proposed restoration scheme to the varying weather condi-
tions, this paper employs the proposed scheme to different
failure scenarios encompassing different scales of wind en-
ergy output.

In this paper, the wind power generation data is taken
from Elia Grid [44]. To validate the post-disaster restora-
tion scheme proposed in this paper under various wind
power output scenarios, data from three different scales
of wind power output, high, medium, and low, have been
selected. Consequently, three scenarios are constructed:
high-scale wind energy, medium-scale wind energy, and
low-scale wind energy. In this study, the different wind
power output scenarios are applied to the aforementioned
three fault scenarios occurring at different time periods,

14

aiming to comprehensively evaluate the effectiveness of the
proposed restoration scheme. The corresponding results
are illustrated in Fig 15.

As shown in Fig 15, when the wind power generation
is at a low scale, the proposed restoration scheme demon-
strates a notable capability to efficiently restore the critical
loads, and this effect is particularly evident in Scenario 2
and Scenario 3 when the load demand is at a high level.
These results highlight the effects of the proposed restora-
tion scheme to allocate the limited energy resources during
the post-disaster recovery phase, particularly in situations
with inadequate energy supply. By optimizing the lim-
ited energy distribution, critical loads will be prioritized
for restoration, thereby reducing post-disaster restoration
costs.

4.4.8. Effects on the modified IEEE 69-bus system

In order to further verify the effectiveness of the pro-
posed post-disaster restoration scheme, the resilient opera-
tion is implemented on a modified IEEE 69-bus system, as
shown in Fig 16. The initial configuration has four WTGs,
69 load buses, 68 transmission lines and 2 TESS. The line
faults occur on lines (1,2), (3,28), (3,28), (8,9), (22,23)
and (60,61). When the line faults occur, the test system
loses connections from the main grid and loses the loads
from Bus 61 to Bus 65. In order to reconnect these losing
loads, SOP is used to connect Bus 27 and Bus 65. Subse-
quently, four microgrids are established, powered by four
WTGs and supported by TESS, to facilitate load restora-
tion.

In the proposed modified IEEE 69-bus system, No.1,
No.2 and No.3 wind turbine generators have a rated power
of 850kW each, while the No.4 wind turbine generator has
a rated power of 2000k W. Regarding the selection of TESS
stations, Bus 52 is chosen as a shared station for the two
TESSs due to its position at the far end of the microgrid
where the No.4 wind turbine generator is connected. This
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Figure 15: Effects of different scales of wind energy output on load restoration rates.

microgrid is also the largest among the four microgrids.
Furthermore, Bus 23, Bus 34, Bus 44, and Bus 60 are
chosen as additional stations due to their proximity to the
wind turbine generators. The proposed scheme is applied
to three fault scenarios occurring at different time periods,
and the obtained results are presented in Fig 17.

Fig 17 (a), (b) and (c) show the wind power generation
and the power demand of the test system under the three
scenarios. Furthermore, several critical buses with signif-
icant load demands are selected to assess the efficacy of
the proposed scheme during the post-disaster restoration
phase, as shown in Fig 17 (d), (e) and (f). It is evident
that, across the three scenarios, the post-disaster restora-
tion rate of the critical loads with high demand can achieve
a complete restoration (reaching 100%) with the support of
TESS and SOP. Nevertheless, if the post-disaster restora-
tion solely relies on tie switches, the restoration rate of
weak nodes located at the end of the microgrid, such as
Bus 49 and Bus 50, would experience a substantial de-
crease.

The effects of the proposed scheme on the modified 69-
bus system are detailed in Table 8, highlighting the differ-
ences in comparison to the traditional tie switch scheme.
In Scenario 2, aided by TESS and SOP, the recovery phase
witnessed the most significant reduction in total cost, reach-
ing 93.3%. While in Scenario 1, the critical load restora-
tion rate shows the highest improvement, reaching 74.25%.
Based on the results presented in Table 8, it is evident that
the proposed scheme can yield favorable outcomes even in
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larger-scale systems. This further substantiates the ap-
plicability of the proposed scheme to power systems of
different scales under different fault scenarios.

5. Discussion

The future distribution system is expected to integrate
more distributed renewable generators and energy stor-
age systems. Innovative utilization of these resources can
further enhance the resilience of the distribution system.
In this context, this paper has designed a post-disaster
restoration scheme for the distribution system integrated
with wind turbine generators, SOP and TESS as its core
devices. In this restoration scheme, wind turbine gener-
ators play a primary role as the main energy source for
the microgrids formed during the post-disaster recovery
period. SOP is responsible for adjusting the topology of
the distribution system based on fault conditions, ensur-
ing that the formed microgrids can supply the loads in the
distribution system as much as possible. TESS, on the
other hand, is responsible for allocating and adjusting en-
ergy resources among microgrids during the post-disaster
recovery period, thereby further enhancing recovery effi-
ciency.

This study has demonstrated that a holistic consid-
eration of both the power network and transport network
based on their couplings is essential for enhancing the over-
all system resilience and simultaneously reducing the costs.
This is particularly relevant for future power networks
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Figure 17: Fault scenarios and results analysis on the modified IEEE 69-bus system.

running on distributed renewable sources and integrated
with decarbonized transport networks. A future work will
consider the implementation of this proposed framework
in real applications, where the models will become much
more complicated, and the cost benefit analysis is also of-
ten required for engineering design and development.
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6. Conclusion

In this paper, a resilient scheme of post-disaster restora-
tion for distribution networks with WGT, SOP and TESS
has been developed. This restoration scheme takes into ac-
count not only the prioritized restoration of critical loads
but also the pickup of specific normal loads with high inter-
ruption costs, thereby minimizing losses during the fault
period. During the post-disaster recovery phase of the



Table 8: The effects of TESS and SOP under different scenarios on the modified 69-bus system.

Scenario Scenario 1 Scenario 2 Scenario 3
Tie Switch TESS & SOP Tie Switch TESS & SOP Tie Switch TESS & SOP
Total Cost ($)  21911.45 1510.69 40830.02  2735.69 (93.3%)) 298405 8328.93
Critical Load
riical boa 25.75 100 (74.25%7) 31.9 100 50.58 100
Restoration (%)
Normal Load
ormal Loa 32.02 87.43 41.53 68.18 32.79 43.37
Restoration (%)
Total Load
otal oa 29.04 93.4 36.91 83.43 39 63.15

Restoration (%)

distribution network, the appropriate topology is recon-
figured firstly according to the fault scenarios aided with
WTG and SOP, and the microgrids are formed accord-
ingly to restore the disconnected loads. In addition, the
stations of TESS are selected according to the fault sce-
narios and the formed microgrids. Afterwards, TESS are
managed to charge or discharge at these stations to sup-
port load restoration. To evaluate the effectiveness of the
post-disaster restoration scheme, a cost model for the post-
disaster restoration period has also been formulated.

In order to verify the general applicability of the pro-
posed post-disaster restoration scheme, a number of fault
scenarios occurring at different times of a day and with
different scales of wind power generations are investigated.
Experimental results confirm that the proposed post-disaster

restoration scheme could effectively improve the loads restora-

tion rates of distribution network during the post-disaster
restoration, especially the critical loads and specific nor-
mal load types with relatively high restoration costs. The
achieved results demonstrate an impressive up to 93.3%
reduction in recovery costs and a notable up to 74.25%
increase in the restoration rate of critical loads. In addi-
tion, impacts of TESS during the post-disaster recovery of
the distribution network are analyzed in details, and the
results confirm that TESS can play an important role in
restoring the critical loads while satisfying the constraints
of the power system.
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