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Service Restoration of Distribution System
Considering Novel Battery Charging and
Swapping Station, Repair Crews, and Network
Reconfigurations

Xiangiu Zhao, Qingshan Xu, and Yongbiao Yang

Abstract—With the integration of wind power, photovoltaic
power, gas turbine, and energy storage, the novel battery charg-
ing and swapping station (NBCSS) possesses significant opera-
tional flexibility, which can aid in the service restoration of dis-
tribution system (DS) during power outages caused by extreme
events. This paper presents an integrated optimization model
for DS restoration that considers NBCSS, repair crews, and net-
work reconfigurations simultaneously. The objective of this
model is to maximize the restored load while minimizing gener-
ation costs. To address the uncertainties associated with renew-
able energies, a two-stage stochastic optimization framework is
employed. Additionally, copula theory is also applied to capture
the correlation between the output of adjacent renewable ener-
gies. The conditional value-at-risk (CVaR) measure is further in-
corporated into the objective function to account for risk aver-
sion. Subsequently, the proposed optimization model is trans-
formed into a mixed-integer linear programming (MILP) prob-
lem. This transformation allows for tractable solutions using
commercial solvers such as Gurobi. Finally, case studies are
conducted on the modified IEEE 33-bus and 69-bus DSs. The
results illustrate that the proposed method not only restores a
greater load but also effectively mitigates uncertainty risks.

Index Terms—Novel battery charging and swapping station,
distribution system, service restoration, two-stage stochastic op-
timization, conditional value-at-risk.

NOMENCLATURE
A. Indices and Sets
Dy Set of lines travelled by crews
Q. Qg Sets of damaged lines and switchable lines
hs Indices of W, and W
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Set of potential loops

Index of uncertain scenarios

Set of downstream buses connecting to bus
J

Indices of dispatching period 7

Sets of upstream and downstream lines of
branch ij

Standard multivariate normal distribution

Inverse function of standard normal distri-
bution

Binary variable indicating whether branch
ij is closed at time ¢

Continuous variables about charging and
discharging priorities of batteries

Binary variables about charging and dis-
charging priorities of batteries

Binary variables about flag of charging and
discharging of charging and discharging
equipment (CDE)

Binary variables about flag of charging and
discharging of energy storage (ES)

Energy of ES

Binary variable indicating whether line i is
repaired at time ¢

Quantity of batteries in the "

charge (SOC) interval

Quantities of charging and discharging bat-
teries in the /" SOC interval

state of

Total quantities of charging and discharging
batteries

Total charging and discharging power of
CDE in novel battery charging and swap-
ping station (NBCSS)

Charging and discharging power of ES

Active and reactive power of gas turbine
(GT)
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Restored active and reactive power of load
in NBCSS

Active and reactive power of wind power
(WP) in NBCSS

Active and reactive power of photovoltaic
(PV) in NBCSS

Exchanged active and
moves from line j to line i

reactive power

Active and reactive power flow through
branch ij

Active and reactive power of WP at bus j
Active and reactive power of PV at bus j

Binary variable indicating whether line i is
repaired at time ¢

Time when crew c¢ arrives at line i
Voltage of bus i

Binary variable indicating whether crew c
moves from line j to line i

Binary variables indicating on/off state of
GT

Binary variables indicating whether line i
and branch ij are available at time ¢

C. Parameters and Constants
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The minimum and maximum energy status-
es

Charging and discharging efficiencies of ES
Error factor

Time interval

Number of lines of potential loops

Start-up and shut-down costs of GT

Unit generation cost of GT

Rated capacity of ES

Number of SOC intervals

Large number

The maximum quantity of chargers in CDE
The minimum and maximum power of GT
Charging power of CDE for a single battery

Discharging power of CDE for a single bat-
tery
The maximum charging and discharging of
ES

The maximum active and reactive power of
load in NBCSS

The maximum exchanged active and reac-
tive power between DS and NBCSS

The maximum active and reactive power of
load at bus j

The maximum active power of WP and PV
in NBCSS

PD,WP PD,PV

cire-Pire  The maximum active power of WP and PV

in DS

rix; Resistance and reactance of branch ij

Ry Ry, Ramp-up and ramp-down limits of GT

SNWPSNPV. The maximum capacities of WP and PV in
NBCSS

Shal.Shey The maximum capacities of WP and PV in
DS

Sy max The maximum capacity of GT

SU.eSpg Start-up and shut-down limits of GT

T Dispatching period

t; ,t;) The minimum up-time and down-time of
GT

t Initial departure time of crews

tip Travel time between line j and line 7 of

S e Crew ¢

U Repair time of line j of crew ¢

Vi mins Vi max The minimum and maximum voltage limits
of bus i

Vs Rated voltage magnitude

1. INTRODUCTION

N recent years, extreme events such as hurricanes,

storms, floods, and cyber-attacks, have caused severe
damages to the power grids, resulting in large-scale black-
outs and significant economic losses [1]-[3]. For example, in
2019, the super typhoon “Lekima” struck the southeast coast
of China, leading to power outages for more than 7 million
customers and an economic loss of totaling 53 billion yuan
[4]. As a bridge to link the transmission network and custom-
ers, the distribution system (DS) is a vital public infrastruc-
ture that ensures the normal operation of the social economy.
According to the statistics, the failures of DS are responsible
for 90% of the customer outage minutes [5]. Consequently,
the development of an effective and efficient distribution ser-
vice restoration (DSR) strategy stands as one of the para-
mount tasks for utilities.

Numerous studies have examined the service restoration
of DS. Among them, network reconfigurations are popularly
employed. For instance, a two-stage network reconfiguration
method is proposed for the self-healing scheme of DS in [6].
Reference [7] introduces a fully decentralized multi-agent
system-based network reconfiguration method for DS, which
can lessen the computational burden of service restoration.
In [8], an hourly basis network reconfiguration is adopted to
enhance the resilience of DS.

Nowadays, the increasing penetration of distributed energy
resources (DERs) transforms the operation and control para-
digms of DS [9]. In this context, the active DS possesses
greater potential for realizing self-healing capability [10].
Photovoltaic (PV) power, wind power (WP), and energy stor-
age (ES) are all considered for the service restoration of DS
after wildfire [11]. To cope with the extended events, the
adaptive formation of microgrids is proposed for critical ser-
vice restoration in [12]. Reference [13] presents a sequential
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DS service restoration method based on microgrid formation
in the case of large-scale power outages. Nevertheless, given
the presence of isolated fault regions, complete DS restora-
tion may be impeded until damages are cleared. Hence,
some studies have introduced the scheduling of repair crews
into the service restoration of DS. Reference [14] proposes a
coordinated repair and operation model for the service resto-
ration of DS. In [15], the repair crews, line switch opera-
tions, mobile power sources, DERs, and ES are coordinated
to maximize the restored load of DS. Reference [16] ex-
plores a multi-period coordinated repair scheduling and ser-
vice restoration for DS, considering soft open points (SOPs).
These studies have made substantial contributions to the
field of DS restoration, enhancing the feasibility and optimi-
zation of the restoration process.

Electric vehicles (EVs) have witnessed widespread adop-
tion across the globe. Battery swapping stations (BSSs), of-
fering the capability to swiftly recharge EVs in mere min-
utes, have garnered increasing attention. BSS can also play a
crucial role in supporting the operation of DS through the
flexible process to charge and discharge stocked substantial
batteries. Surprisingly, scant research has explored the poten-
tial of BSS in service restoration of DS. Reference [17] pres-
ents an optimization strategy to improve the resilience of an
island microgrid by incorporating BSS in emergency scenari-
os. Along with network reconfigurations, the BSS is also
considered for the service restoration of DS in the case of
extreme weather [18]. Reference [19] also proposes a joint
service restoration for the DS, where DERs, BBS, and net-
work reconfigurations are included. Nonetheless, these re-
search works come with certain limitations. First, none of
them has considered the scheduling of repair crews, whose
importance has been highlighted. Furthermore, these re-
search works do not consider the uncertainties of renewable
energies, which can significantly impact the restoration pro-
cess. Additionally, the integration of WP, PV, gas turbine
(GT), and ES enables the upgrade of the BSS into a novel
battery charging and swapping station (NBCSS), greatly en-
hancing operational flexibility [20]. The NBCSS holds the
potential to further enhance the reliability of service restora-
tion of DS.

The comparison of this paper with the most relevant re-
search works mentioned before is given in Table I. To ad-
dress the above gaps, this paper proposes a coordination
method that integrates crew dispatch with the service restora-
tion of DS while considering the NBCSS. The major contri-
butions of this paper are summarized as follows.

TABLE I
COMPARISON OF THIS PAPER WITH MOST RELEVANT RESEARCH WORKS

Reference  Network reconfiguration Repair crew BSS  Uncertainty
[14] N N N
[15] J N N
[16] N N
[17] N N
[18] J N
[19] N N
This paper N N N N

1907

1) An integrated method coordinating NBCSS, repair
crews, and network reconfigurations is proposed for the ser-
vice restoration of DS. The goal of this model is to maxi-
mize the restored load while minimizing generation costs.

2) A stochastic optimization framework is employed to
cope with the uncertainties of renewable energies, where the
potential correlation between the output of adjacent renew-
able energies is also described by copula theory. Moreover,
the conditional value-at-risk (CVaR) measure is included in
the objective function for risk aversion.

The rest of the paper is organized as follows. The frame-
work of DS incorporating NBCSS is shown in Section II.
Section IIT gives the model formulation. The two-stage risk-
averse stochastic optimization framework is given in Section
IV. Case studies are demonstrated in Section V. Finally, Sec-
tion VI draws the conclusion.

II. FRAMEWORK OF DS INCORPORATING NBCSS

The framework of DS incorporating NBCSS is illustrated
in Fig. 1. The DS comprises renewable energies (WP and
PV), load, and lines, while the NBCSS is composed of WP,
PV, GT, ES, and charging and discharging equipment (CDE).
Then, the NBCSS is connected to the DS at a certain node.

Repair crew

Depot site

[l CDE; 56 GT; & PV; 4~ WP; AL ES
E Load; #4 EV; ¥ Fault; — Line

Fig. 1. Framework of DS incorporating NBCSS.

In normal scenarios, the DS can fully meet all load de-
mands, and NBCSS can satisfy all battery requirements.
However, during extreme events, the power supply from the
upper grid is interrupted, and some distribution lines are
damaged, leading to power outages for some users. In such
critical situations, the top priority is the service restoration
of DS. Before implementing service restoration, fault posi-
tioning and assessment are prerequisites. Since this paper fo-
cuses on repair and resource scheduling, the locations and re-
pair time of the damages are known from the prerequisites.
Hence, with such information, the repair crews are dis-
patched to repair the damaged lines and restore the outage
load, which leave the depot site to repair the damaged lines
and return to the depot site once all of the allocated duties
have been completed. Meanwhile, the NBCSS suspends its
battery swapping services and is arranged to support the
load service restoration. In addition, the network configura-
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tions are also employed to coordinate the repair crews to re-
duce the load outage time.

Thus, in this paper, the repair and resource scheduling for
DS is co-optimized to minimize the unserved load plus the
generation cost by coordinating the NBCSS, repair crews,
and network configurations.

III. MODEL FORMULATION

A. Model of NBCSS

The state of charge (SOC) interval technique is used to
model the batteries in the CDE, as presented in our prior re-
search work [20]. The modeling details can be found in the
reference provided and will not be elaborated here.

1) CDE

Nl,s.t:Nl,s,t—l_Nl,c,t+N2.d.t
NZ,s,tzNZ,s,t—l+Nl,c,t_NZ,c,t_N2‘d.t+N},d,t
: (1)
NK—I,s,t:NK—l,s,t—l+NK—2,c.t_NK—],c,t_NK—l.d.t+NK,d,t
NK,s.t:NK,s,t—l+N1<—1,c.z_NK,d,z
K-1
Narer= D N )
i=1
K
Naa,= zNi,d,t (3)
i=2
<N. <N.
{O‘N%C”‘N“-’*l iel2,...K-1 4)
OgN[H,:LtS i+1,s,t-1
OSNach.tSNmaxO-cJ
OSNa]Ld,tSNmaxo-d,l (5)
o.,to,,<1
Ogﬂi,c,t_ (Nall,c,t_ zNK—k,s,t)
k=1
ﬂi.c,r_ (Nall,c,t_ zNKk,s.t) S}‘Ibig(l _5i.c,t)
k=1 iel,2,...K-2
OS i,c,tSMbigéi,c,t
NK—i.s,tfl_Mbig(l _5[,c,z)£N/<7::c,1
NK—z—l,c,tSMbigézcr
5i+l czsgt}c,/
(6)
0<a,.,— (Nall,d.t_ ENMLs,r)
k=1
Kict™ (Nall.d,t_ szﬂ,s,r) S]Mbig(l _Hi,c,t)
=1 iel,2,...K-2
Ogai.c,tSMbigei,c,t
Ni+1,s.t—l_Mbig(1 _6i,c,t)SNi+l,d,t
Ni+2,d,tSMbig(9i,c,t
0i+1,c,t30i,c,r
(7
Pall,c,t:Nall,c,tPﬁx,c (8)

Pall,d,I:Nall,d,tPfx.d
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Equation (1) gives the quantitative relationship of batteries
for different SOC intervals. The limitations on the overall
amounts of charging and discharging batteries are given in
(2) and (3). The restrictions on the amount of charging and
discharging batteries, which are determined by the SOC in-
tervals, are presented in (4). Equation (5) gives mutually ex-
clusive limitations for charging and discharging batteries.
Equations (6) and (7) demonstrate the charging and discharg-
ing priorities determined by the big-M method. Equation (8)
states the total power of charging and discharging batteries.
2) GT

Xy~ Xg, 1=Ug, — Vg, )

Uy +v,, <1 (10)

Uy, <x,, Vi<t<t+t) -1 (11)

v, Sl-x,, Vi<e<r+1)-1 (12)
PyinXe (SPy <SPy nXe, (13)
—Sg_maxxg’tﬁ Qg’,ﬁ Sgﬁmaxxg,, (14)

Py, =Py, SRy X, At+Sy u, Al (15)
Py, =Py, SRy x, At+ Sy v, Al (16)
P+ 04 8] 17)

Equations (9) and (10) express the start-up and shut-down
relationships. Equations (11) and (12) present the minimum
up-time and down-time restrictions. The active and reactive
power constraints are ensured in (13) and (14), while the
ramp-up and ramp-down restrictions are given in (15) and
(16). Equation (17) shows that the active power and reactive
power are restricted by the maximum capacity of apparent

power.
3) ES
E., t=0
Eer= E., ,+ (mh,ePcm— Pdi*’)m t>1 (18)
N dis, e
AeminEerate SEe i S Ae max B raie (19)
E.r=E., (20)
0<P. <Py naxOchs 21)
0< Py <P ig maxOis o (22)
O+ 045, <1 (23)

Equations (18)-(20) illustrate the energy constraints of ES,
while (21)-(23) specify the constraints of charging and dis-
charging power of ES.

4) Restored Load

0PNt pNLma (24)
0<QOF<Qr™ (25)
Q?Ie L,mathI\IA,L: Q?I,LPtN.Lfmax (26)

Equations (24) and (25) give the limits of restored load.
Equation (26) demonstrates a fixed ratio between restored ac-
tive and reactive power.
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5) Renewable Energies

1) WP
0<PFY <P 27)
(PR Y+ @ < (S ) (28)

2) PV
0<PMV<pPRY (29)
(P @Y < (S ) (30)

Equations (27) and (29) show that the active power output
of renewable energies is limited by the maximum available
value. Equations (28) and (30) indicate that the active power
and reactive power are restricted by the maximum capacity
of apparent power.

6) Exchanging Power

PNeX P +Pd1st Pcht_i—PNWP-FP'NPV PNL Pall,¢r_Pall,c,t
(€19
Nex le+QNWP QNPV QNL (32)
_P.].I:Il:cx,maxSPlI\I,cxSPN.cx.max (33)
_Q}?I;exmax<QN ex<QN ex, max (34)

Equations (31) and (32) give the active and reactive pow-
er of NBCSS exchanged with DS. Equations (33) and (34)
give the maximum limits of exchanged active and reactive
power.

B. Scheduling of Repair Crews

The optimal scheduling of repair crews can be modeled
by using the graph theory [21]. Its goal is to seek the best
route for each repair crew to reach the damaged compo-
nents. Assume there are N damaged lines in an extreme
event and define the node set of damaged lines @, as
{1,2,...,N} with the depot node as {0}. Then, the route ta-
ble, which is N+ 1 dimension square matrix composed of bi-
nary entries, is employed to properly portray the crew rout-
ing alternative. Each repair crew leaves from depot node 0
to repair damaged lines and ultimately returns to the depot
node 0. Figure 2 illustrates the crew route decision and its
associated route table value. The constraints related to the
crew route decision are presented as below.

01 2 3 4

Crew 1 ofojo|1]0]0

ewl —

Crew 2 - — > 1lofololo]o
2100001
3lofoflofofo

: /@410000

/
Depot site / } (Crew 1)
/ [ 0 1 2 3 4
}001000
\ . 1jololo|1]o0
\\}200000
\\\3]0000
4 @400000
(Crew 2)

Fig. 2.
ue.

Illustration of crew route decision and its associated route table val-
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X iczl
i;F 0., (35)
xi C=1
2, (6)
2 ]zc zxi‘kvc;o VC,Vl' (37)
Jje b ke d,
e Vo, Vi
/; ) (38)
SR,=1 Vi (39)
T,.=t, Vec (40)
T T0C<t(1)nlpz‘+Mb15(l _/IC) VC (41)
t(t)ntpc - big (1 xO ic )< TO,C VC (42)
T, T, <1+ P+ M, (1 - j”) Ve Vijed, (43)
tjtrllpc_’_trep big (1 xj i () th_ Tj,c VC, vl,] S (151: (44)
0<T,03Mb,ng Vie ;. (45)
=1 Vied, (46)
i
z ff, < E(T +1PR, )+1-¢ Vie dy (47)
E(T +trepR Etf” Vie ;. (48)
=1
VS D fie Vie d; (49)
=1

Equations (35) and (36) enforce that each crew starts and
ends its routes at depot node 0. Equation (37) implies that
each crew repairs the damaged lines sequentially. Equations
(38) and (39) assume that each damaged line is repaired by
only one crew and only once. Equation (40) gives the time
when each repair crew leaves the depot node. Equations (41)
and (42) present the relationship between the arrival time at
damaged line i and the departure time from the depot node.
Equations (43) and (44) also imply the relationship of arrival
time between damaged lines i and j. Equation (45) limits the
value of the arrival time of each crew. Equations (46)-(48)
calculate the repair completion time of damaged lines i.
Equation (49) gives the relationship between the repair state
and the available state of damaged line i. It means that the
damaged lines are available right away once they are fixed.

C. Fault Isolation and Network Reconfigurations

When a line is damaged, fault isolation is required to en-
sure the normal operation of the remaining parts [22]. More-
over, network reconfigurations are also used to improve the
operational flexibility of DS. The relevant constraints are giv-
en as:

e, =1 V(@)e{Q,UQ} (50)
€50 S Vi Vi, Vj (51)
Ei Vi ViV V(hs)e WIUWD (52)
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Vie O,

> &;,<B,—1

@j)eB, (53)

Equation (50) defines the default status of the nondam-
aged and nonswitchable lines. Equation (51) shows that the
switch state of the damaged lines is restricted by the corre-
sponding available state. Equation (52) achieves fault isola-
tion by restricting the switch state of the upstream and down-
stream switches. Equation (53) is the radiality constraint,
which ensures that each potential loop in the DS has at least
one line open.

D. Model of DS

The linearized DistFlow branch model is used to model
the DS [23].

PR+ POV PN+ PR = Y PR+ PR (54)
ke

Nex+QDWP ?,PV ljz_ z /1(1 (55)
keSB’

V V/I_(Pljl ij Qljl ij )/V + blg(l 81/1) (56)

(Pllj)trl]/) Ql]t )/VO blg(l l/',t)£ I/i,t_l/j,t (57)

Vt min — Vz t— Vl max (58)

_Pl]])tmdx ,] t—Pl] [_Pl]j)tmdx i];t (59)

_Qg;.tmaX ij.t— Qlj t— Q:j) tmax ij.t (60)

0<PRL< phLma (61)

O<QDL<QDLmdx (62)

QthL mdeDL_PDLdeQ;?;L (63)

0<PY<PlRE (64)

P+ Y < ) (65)

0<P™ <P (66)

(PO Y +@2M Y <(SEH0 ) (67)

Equations (54) and (55) represent the nodal balance con-
straints of active and reactive power. Equations (56) and
(57) show the relationship between the magnitude of nodal
voltage and the flow of branch power. Equation (58) sets the
limits on nodal voltage magnitudes. Equations (59) and (60)
show that branch power flows are restricted by their capaci-
ties and switch states. Equations (61) and (62) give the lim-
its of restored power at node j. Equation (63) demonstrates a
fixed ratio between restored active and reactive power at bus
Jj. Similarly, (64)-(67) give the constraints of the active and
reactive power of renewable energies in the DS.

E. Objective Function

The objective function is expressed by (68)-(70). We define
that f, is the total priority-weighted energy not served; f, is the
start-up, shut-down, and generation costs of GT; w, and w, are
the load weights; and 4, and 1, are the weighting factors used
to link the two sub-objective functions. In order not to encum-
ber the load restoration, 4, is set to be bigger than 4,.

S=min{Z, fi+2, /3 } (68)

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 12, NO. 6, November 2024

z zw PDLmax PthL) +wN(PtN,max_PtN,L):' (69)

fo= DUCVu, +C®v, +C,P,,)
t

(70)

IV. TWO-STAGE RISK-AVERSE STOCHASTIC OPTIMIZATION
FRAMEWORK

A. Copula-based Correlation Description

The copula function is utilized to characterize the correla-
tion between the output of adjacent renewable energies (e.g.,
WP and PV). It can effectively capture the relationship be-
tween the marginal distribution and joint distribution of ran-
dom variables.

As stated by Sklar’s theorem [24], any joint cumulative
distribution function F(X,,X,,...,X,,) can be expressed as
marginal distribution functions {F,(X,),F,(X,),....F,,(X,,)}
and a copula function C(?), as shown in (71).

F(X, X5, .0 Xy )= CF, (X)), Fy (X5), 0 Foy (X)) (71)

Differentiating (71), the joint probability distribution func-

tion f(X,,X,,...,X,,) can be obtained as:

JX X5 s Xy )= e(F, (X)), Fy (X)) ---7FM(XM))Hf,-(X,~)

(72)
where f;(X;) is the probability density function of function
F.(X,); and c(F, (X)), F,(X;,),....F,;(X,,)) is the copula den-
sity function as:

o(F (X)), Fy (X)), .. F (X )=
OC(F, (X)) 5 (X,), -, Fyy (X))
OF, (X, DO(F, (X;))...0(F (X))

Various copula functions such as Gaussian Copula, Gum-
bel Copula, and Frank Copula have been constructed to re-
veal the dependence of uncertain variables. In this paper, the
multivariate Gaussian copula function is utilized to explore
the correlation, as expressed in (74).

CGau = ¢/) (‘D71 (Fl (Xl ))7 P! (Fz (Xz )) o (FM(XM))) (74)

With the multivariate Gaussian copula function, we can
generate the corresponding scenarios where the correlation is
considered.

(73)

B. Two-stage Stochastic Optimization

In this subsection, we adopt the two-stage stochastic opti-
mization method to cope with the uncertainties of renewable
energies. First, according to the probability distribution and
correlation of prediction error, the copula-based method men-
tioned above is used to generate a large number of random
scenarios. Then, the scenario reduction method such as K-
medoids clustering is applied to select representative scenari-
os for lessening the calculative burden [25]. For N, represen-
tative scenarios, the corresponding objective function is pre-
sented below with ¢, as the probability of the s™ scenario.

min Z(ﬂx (/llfvl“v-‘_AvaZ“v) (75)
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fi= >

t

Jjit.s

zwj (PjﬂgL,lnax_PD,L) +wN (PtI\I,max_PtI?I;L ):| (76)

foi= D(CVu, +CPv, ,+C,P,,.)

t

(77

Similarly, the corresponding constraints need to be updat-
ed. Considering the content redundancy, they are omitted.

Note that x is the first-stage variable; u_ is the value of
scenario s; y, is the second-stage variables in scenario s; and
A, B, C, D, b, c, d and e are the corresponding matrixes and
vectors. The mode is recasted as the compact matrix form as
below. The definitions of all variables can be found in [20].

. T T
min jc x+ z%d ys} (78)
x
seN,
S.t.
Ax<b (79)
Bx+Cy ,+Du <e Vs (80)
x:[jvnew.ﬂjvi,s,t’]vall.,c,ﬂPall.c,t’5Lc,r’ﬁz’,c,t’]vall,d.,t’Pall,d,r’o-c.z‘7 O-d,ﬂ
a[.,c,z’Hi,c,z’ug,z’Vg,/’xg,/’x[‘j,c’RL,c’Ti‘c’ﬁ,zﬂyi‘l’gij’.t] (81)
_ D, WP D,PV N, WP N, PV
us_[Pi,t,s,RE7Pi,LS,RE7Pt,s,RE7Pt,s,RE (82)
_ N, WP N, WP N.PV N, PV N.L N,L
yx_{Pg,t,S7Pt,x 7Qtﬁs ’Pt.s ’Qt,s ’Pt,s ? ts ’Ee,t.s’
NBCSS NBCSS D D
PCht.s’Pdis.t,x’O-ch,t,s’o-dis,t,A"Pj,t,s 7Qj,r,s 7P1'j.t.,s7 Ql’j’.t,s7
D,WP AD,WP pD,PV AD.PV pDL DL
P/',t,.v ’Q/'.L,S ’ijt.s 7Qj,t.: ’P/,t,S’Q/,t,S’ Vi.t“v} (83)

C. Risk Management

The optimal solution x* is derived based on the optimiza-
tion problem (78)-(83). Its goal is to minimize the expecta-
tion of all representative scenarios, presenting a risk-neutral
style. This means the results may be optimistic and lead to
excessive losses in some unfavorable scenarios. For some op-
erators, they are risk averse and do not want to bear too
much loss. Therefore, to manage the risk brought by uncer-
tainties, the CVaR index [26] is the utilized in this paper, as
expressed by (84). Note that { is value-at-risk (VaR); a is
the confidential level; £, is the loss function of scenario s;
and []"=max {0, -}.

1
l—a

{+

CVaR = m}n
(A

seN,

> o, [fs—cr} (84)

With CVaR considered, the objective function is modified
as follows. Note that p, is an auxiliary variable; and « is the
weighting factor of CVaR.

1
: T T
min | ¢ x+552N‘<osd y+r|C+ l_asg‘wspx } (85)
pzd'y,~C (86)
P20 (87)

Two linear inequalities are introduced to replace the non-
linear term [ f,— 7"

D. Linear Approximation

To improve the solving efficiency, the linear approxima-
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tion method is adopted to replace the quadratic constraints
of (17), (28), (30), (65), and (67), which is prevalent in engi-
neering applications [27].

P, +0,,SV2S,

(88)
P,,~0,<V25,

g max

PZN,WP_,’_Q}\I.WPS \fzSN.WP

max

P[N,WP+Q§\I,WPS \/§SN,WP

max

_SN,WP < QN,WP < SN,WP
f >

max - max

(89)

PtI\LPv_'_QfLPVS \/ESN,PV

max
N,PV N,PV N.PV
Pt - Qt < \/5 Smax
N.PV N, PV N.PV
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max max

(90)

PPN QPP < /2§D
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POV 4 QPP < /2 SEIY

1, max

D,PV D,PV D.PV
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_SP,PVSQ?,PVSSD.PV

I, max t I, max

92)

In summary, the original problem is transformed into a
mixed-integer linear programming, which can be tractably
solved by off-the-shelf solvers such as Gurobi.

V. CASE STUDIES

In this section, case studies are employed to test the effec-
tiveness and performance of the proposed method. The opti-
mization problem is solved using the GUROBI solver utiliz-
ing MATLAB and YALMIP.

A. System Parameters

The modified IEEE 33-bus DS [28] is used to verify the
proposed method. The topology structure of modified IEEE
33-bus DS is shown in Fig. 3. The test system includes three
remote-controlled switches on lines 12-22, 18-33, and 25-29.
The NBCSS connects to the test system via bus 10. Addi-
tionally, two PVs are installed on buses 15 and 28, and a
WP is installed on bus 5. T is set to be 24 hours with Az
equaling 1 hour. During an extreme event, six lines (L1-L6)
are damaged, and the DS is disconnected from the upper
grid, as shown in Fig. 3. There is only one depot site in the
DS. Then, two repair crews are arranged to repair the dam-
aged lines. The repair time of the damaged lines is listed in
Table II. The travel time between damaged lines ranges from
0 to 1 hour. The main system parameters are shown in Table
III, where SOC,-SOC, are defined by [20]. Critical load in
DS is located at buses 4, 10, 13, 21, 24 and 27. They should
be prioritized for power supply. Hence, the weight of the
critical load is set to be 3, and the weight of the normal load
is set to be 1. Figure 4 gives the day-ahead predicted power
of WP, PV, and load in DS and NBCSS. Figure 5 depicts the
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initial number of batteries categorized by different SOC in-
tervals in the NCBSS. To account for the uncertainties of re-
newable energies, the standard deviation of WP and PV is
set to be 15% and 20% of their mean value, respectively. Ad-
ditionally, both WPs and PVs have their correlation coeffi-
cients set at 0.8. Then, 1000 scenarios are first generated
and reduced to 10 representative ones using the K-medoids
clustering method. In the objective function, weighting fac-
tors 4, and 4, are set to be 1 and 0.8, respectively. With risk
aversion considered, x and o are set to be 1 and 0.9, respec-

8000
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6000

tively.

19 20 21 22

Fig. 3. Topology structure of modified IEEE 33-bus DS.
TABLE 11
REPAIR TIME OF DAMAGED LINES
Crew Repair time (hour)
L1 L2 L3 L4 L5 L6
Crew 1 3 4 3 4 3 3
Crew 2 3 3 4 3 4 3
TABLE III
SYSTEM PARAMETERS
Parameter Value Parameter Value
Py in 500 kW csP ¥70
Py 2000 kW C, 0.9 ¥kWh
(v 4 hour Vo 0.93
ty 4 hour VD 1.07
Ry, 1000 kW vy 1
Ry, 1000 kW K 7
Sue 1000 kW N, 700
Spe 1000 kW N, 300
Hene 0.93 Py 5 kW
Nis.c 0.92 Pia 4.5 kW
b max 1000 kW [Soc,, SOC] [0.2, 0.3]
dis max 1000 kW [Soc,, SOC,] [0.3, 0.4]
E., 1500 kWh [SOC,, SOC;] [0.4, 0.5]
o rate 3000 kWh [soc,, soc,] [0.5, 0.6]
e min 0.2 [soc,, SOC] [0.6, 0.7]
e max 0.9 [SOC,, SOC] [0.7, 0.8]
csY ¥60 [SOCq, SOC,] [0.8, 0.9]

—o— WP —o— WP
——PV1 —e— PV
6000f = PV2 ——Load
s —o— Load £ 4000
X =
5 4000 5
g g 2000
* 2000} =
foecec”
H/J N
0 4 8 12 16 20 24 0 4 8 12 16 20 24
t (hour) t (hour)
(a) (b)
Fig. 4. Day-ahead predicted power of WP, PV and load in DS and NBC-

SS. (a) DS. (b) NBCSS.
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0
[0.2,0.3]

[0.4, 0.5]
[0.3,0.4]

[0.6,0.7] [0.8,0.9]
[0.5,0.6] [0.7,0.8]
SOC interval

Fig. 5. Initial number of batteries with different SOC intervals.

B. Optimization Results

The routes of repair crews are shown in Fig. 6.

19 20 21 22

Fig. 6. Routes of repair crews.

Crew 1 is first dispatched from the depot site to the dam-
aged line L3, and then L5 and L6. Crew 2 is first dispatched
from the depot site to damaged line L1 and then L2 and L4.
Since the critical load at buses 21 and 24 is affected by dam-
aged lines L1 and L3, the crews repair them preferentially.
The repair completion and available time of damaged lines
are also given in Table IV. Corresponding to the repair
routes, the repair completion time of damaged lines L1 and
L3 is the shortest (both are 3.5 hours). The two lines can be
available at hour 5. The repair completion time of damaged
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lines L2 and L5 is 6.8 hours and 7.1 hours, respectively.
They can be available at hour 8 and hour 9, respectively.
The damaged lines L4 and L6 are repaired at hour 10 and
hour 10.6, respectively. Then, all damaged lines can be re-
paired at hour 12.

TABLE IV
REPAIR COMPLETION AND AVAILABLE TIME OF DAMAGED LINES

Damaged line  Repair completion time (hour)  Available time (hour)

L1 3.5 5
L2 6.8 8
L3 3.5 5
L4 10.0 11
L5 7.1 9
L6 10.6 12

The status of remote-controlled switches are presented in
Table V. From hour 1 to hour 4, the switch 12-22 is closed
to supply power for the load at bus 22. From hour 5 to hour
24, all switches are closed to reconfigure the system. Addi-
tionally, isolated microgrids can be formed to restore the
load. For example, Fig. 7 gives the topology of microgrid
formulation at hour 1. After faults occur, two microgrids are
formed with the help of remote-controlled switches. Mi-
crogrid 1 is responsible for supplying power to the load at
buses 2, 3, 4, 5, and 19. Microgrid 2 is responsible for sup-
plying power to the load at buses 10, 11, 12, 13, 14, 15,
and 22.

TABLE V
STATUSES OF REMOTE-CONTROLLED SWITCHES

Status of remote-controlled switch

12-22 18-33 25-29
Hour 1 to hour 4 1 0 0
Hour 5 to hour 24 1 1 1

Time

Depot @x

site

Fig. 7. Topology of microgrid formulation.

The operation status of GT in NBCSS is shown in Fig. 8.
During the periods of hour 1 to hour 15, the GT is turned
off. Then, the GT is turned on to supply the insufficient pow-
er at hour 16 to hour 24. The power of CDE in NBCSS is al-
so presented in Fig. 9. It is primarily charged during the peri-
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ods of hour 6 to hour 13 and discharged during the periods
of hour 1 to hour 5 and hour 16 to hour 24. Therefore, the
mismatch between the load and renewable energies can be
reduced.

6T O Off
® On
(oJejeyo)elejelololololololeel X X X X X X X 1 J
0 4 8 12 16 20 24
t (hour)
Fig. 8. Operation status of GT in NBCSS.
1500
1000

~ 500t
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o
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o
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0 4 8 12 16 20 24
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Fig. 9. Power of CDE in NBCSS.

Moreover, Fig. 10 also presents the optimal results in the
second stage for one of the possible scenarios. Correspond-
ing to the operation status, GT generates electricity during
the periods of hour 16 to hour 24. Besides, the NBCSS pro-
vides power for DS during the periods of hour 1 to hour 5
and hour 16 to hour 24. By contrast, the surplus power gen-
erated by renewable energies is absorbed by the NBCSS dur-
ing the periods of hour 6 to hour 15. The NBCSS helps the
DS to restore more load and reduce the curtailment of renew-
able energies.

2000

== Power of GT
== Exchanged power

1500+

1000

500

0

Power (kW)

-500 ¢

-1000 ¢

-1500 - — - - .
0 4 8 12 16 20 24
t (hour)

Fig. 10. Optimal results in the second stage.

C. Impact of Network Reconfigurations, NBCSS, and BSS

The impact of network reconfigurations, NBCSS, and
BSS on service restoration is analyzed in the next four cas-
es. Case 1 is the proposed method. Case 2 does not consider
the network reconfiguration, while case 3 does not consider
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the NBCSS. Case 4 only considers the BSS. The total re-
stored load of DS is shown in Table VI. It can be observed
that the total restored load of the proposed method is the big-
gest. Meanwhile, the total restored load of case 3 is much
less than that of case 2. It demonstrates that the NBCSS has
a greater impact on service restoration than network reconfig-
uration. Compared with case 3, the total restored load of
case 4 has been greatly increased with the help of BSS.
However, its total restored load is not as high as case 1. It
proves that the operational flexibility of NBCSS is greater
than that of BSS. Besides, the restored load at different time
is also given in Fig. 11. Before all the damaged lines are re-
paired, some load can be restored with the assistance of net-
work reconfiguration. Therefore, the restored load of case 1
is more than that of case 2 during hour 1 to hour 12. After
all the damaged lines are repaired, case 1 and case 2 have
the same restored load, while case 4 has a lower restored
load. Moreover, without the support of NBCSS or BSS, the
restored load of case 3 is particularly less than that of case
1, case 2, and case 4 during the periods of hour 15 to hour
24. This wunderscores the effective service restoration
achieved through the coordination of network reconfigura-
tion and NBCSS.

TABLE VI
TOTAL RESTORED LOAD OVER ALL TIME PERIODS

Case Total restored load (kWh)
Case 1 85059
Case 2 83482
Case 3 69929
Case 4 82298
7000
—— Case 1
6000 — — Case2
— — Case 3
5000 + Case 4
Z 4000
o}
% 3000 +
[T
2000 + //F/
1000f —_ /
0 4 8 lﬁ 1‘6 j() 2‘4

t (hour)

Fig. 11. Restored load at different time.

D. Comparison with Deterministic Optimization

Out-of-sample analyses are used to compare the perfor-
mance of the proposed method and deterministic optimiza-
tion. The deterministic optimization, as detailed in section
11, completely ignores the prediction error. The day-ahead
optimization results are first obtained based on the corre-
sponding methods. Following this, the entire optimization
problem is solved using 1000 new out-of-sample scenarios
based on the day-ahead results. The computational perfor-
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mance for the two methods is summarized in Table VIIL. In
terms of both the average and worst-case values of the total
restored load, the proposed method consistently outperforms
deterministic optimization. This outcome emphasizes the ne-
cessity of fully accounting for uncertainties related to renew-
able energies.

TABLE VII
COMPUTATIONAL PERFORMANCE FOR TWO METHODS

Total restored load (kWh)
Average value
84417
83935

Method
Worst-case value

77308
76184

Proposed method

Deterministic optimization

E. Impact of Initial Capacity of Stocked Batteries

The initial capacity of stocked batteries in NBCSS is influ-
enced by EV behavior. In this subsection, we delve into the
impact of the initial capacity of stocked batteries on service
restoration. According to the number of initial batteries with
different SOCs in NBCSS, the initial capacity ratio can be
easily calculated. Consequently, three different initial capaci-
ty ratios (0.3, 0.5, and 0.8) are designated for comparative
analysis, representing low, medium, and high initial capacity
ratios, respectively. The total restored load and generation
cost under different ratios are listed in Table VIII. Notably,
the total restored load remains largely consistent across the
three ratios. However, there is a reduction in generation cost
as the initial capacity ratio increases. This is mainly attribut-
ed to the GT in NBCSS, which can provide insufficient pow-
er, making the NBCSS more effective in supporting the ser-
vice restoration of DS.

TABLE VIII
TOTAL RESTORED LOAD AND GENERATION COST UNDER DIFFERENT RATIOS

Initial capacity ratio ~ Total restored load (kWh)  Generation cost (¥)

0.3 85019 11353
0.5 85049 9027
0.8 85065 8065

F. Sensitivity Analysis on Number of Stochastic Scenarios

In this subsection, the sensitivity analysis is carried out to
evaluate the impact of the number of stochastic scenarios on
the optimization results. In addition to the 10 typical scenari-
os reduced from 1000 scenarios, 5, 15, and 20 typical scenar-
ios are utilized for comparison. The comparison results of
different numbers of stochastic scenarios are listed in Table
IX. As the number of stochastic scenarios increases, the ob-
jective function value converges to ¥77671, accompanied by
a gradual rise in computation time. Particularly, the objective
function values vary much between stochastic scenario 5 and
stochastic scenario 10. By comparison, the objective func-
tion values vary little between stochastic scenario 10 and sto-
chastic scenario 20. These findings suggest that utilizing 10
typical scenarios strikes a balance between result accuracy
and solution time.
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TABLE IX
COMPARISON RESULTS OF DIFFERENT NUMBERS OF STOCHASTIC SCENARIOS

Number of stochastic

. Objective function value (¥)
scenarios

Solution time (s)

5 75275 512
10 77042 932
15 77393 1613
20 77671 4123
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tation time.

TABLE X
SOLUTION TIME WITH DIFFERENT NUMBER OF DAMAGED LINES

Number of damaged lines Solution time (s)

3 323
6 932
9 2362

G. Computation Complexity Analysis on Number of Dam-
aged Lines

The repair crew routing is a NP-hard problem, significant-
ly amplifying the computational complexity of the proposed
method. The more the number of damaged lines, the greater
the computational complexity. Therefore, the solution time
with different numbers of damaged lines is discussed, as
shown in Table X. With the increase in the number of dam-
aged lines, the solution time increases in a more than linear
manner. Consequently, when dealing with a substantial num-
ber of damaged lines, certain measures such as pre-assign-
ment of repair tasks [16], must be taken to alleviate compu-

40 41

A5

36 37 38 39

42 43 44 45 46

H. Test on Modified IEEE 69-bus DS

As depicted in Fig. 12, the modified IEEE 69-bus DS [29]
is also simulated to further verify the proposed method. The
NBCSS links to the DS by bus 8. One WP and two PVs are
also placed in the DS. Besides, the DS possesses three re-
mote-controlled switches. There are nine damaged lines in
the DS. Three repair crews in two depot sites are responsible
for repairing damaged lines. To accelerate the solution time,
the repair crews 1 and 2 are arranged for damaged lines L1-
L6, while the repair crew 3 is arranged for damaged lines
L7-L9. The repair time of the nine damaged lines is listed in
Table XI.

12

L8 L9
13 18 19 20 21 22 23 24 25 26 27

14

15

17

11!11171111

Depot site 1 L1 1L ¥ !
I I I'tel I I l—: I A I I r——""""
53 54 55 56 57 58 59:60 61 62 63 64 65
[ | i
I ol r——"""TTTToTTrTrmT T Crew 3 @
47 48 49 350 Depot site 2
T . 2 T O O
LI IS L O R
28 29 30 31 32 33 34 35

Fig. 12.  Topology structure of modified IEEE 69-bus DS.

TABLE XI
REPAIR TIME OF DAMAGED LINES FOR THREE CREWS

Repair time (hour)

Crew
L1 L2 L3 L4 L5 L6 L7 L8 L9
Crew 1 3 3 3 4 3
Crew 2 3 4 3 3 3
Crew 3 3 3 4

Under the given relevant parameters, the optimization
problem is successfully solved. Table XII presents the rout-
ing of different repair crews, while Table XIII presents re-
pair completion and available time of damaged lines. Be-
sides, the restored load of DS at different time is also given
in Fig. 13. As the damaged lines are sequentially repaired,

the load of the DS gradually recovers. The results verify the
effectiveness of the proposed method again.

TABLE XII
ROUTING OF DIFFERENT REPAIR CREWS

Crew Sequence of repair
Crew 1 Depot site 1>L2—L1—L6—Depot site 1
Crew 2 Depot site 1—>L4—L3—L5—Depot site 1
Crew 3 Depot site 2—L7—L8—L9—Depot site 2

VI. CONCLUSION

This paper proposes service restoration considering NBC-
SS, repair crews, and network reconfigurations.
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TABLE XIII
REPAIR COMPLETION AND AVAILABLE TIME OF NINE DAMAGED LINES

Damaged line ~ Repair completion time (hour)  Available time (hour)

L1 6.7 8
L2 3.5 5
L3 6.9 8
L4 3.6 5
LS 10.2 12
L6 11.1 13
L7 3.5 5
L8 6.8 8
L9 11.1 13
6000 r
5000 -
i 4000
5
£ 3000}
=9
2000 |
1000 : ‘ , ‘ ‘ ‘
0 4 8 12 16 20 24
t (hour)
Fig. 13. Restored load of DS at different time.

Furthermore, the stochastic optimization is employed to
cope with the uncertainties of renewable energies, while
CVaR measure is also considered for risk aversion. In the
stochastic optimization model, copula theory is further adopt-
ed to capture the correlation between the output of adjacent
renewable energies. The results of case studies indicate that
the proposed method can effectively dispatch crews to repair
damaged lines and NBCSS to support the DS. Besides, the
coordination of the NBCSS, repair crews, and network recon-
figurations can restore more load than no coordination at all.
Moreover, the uncertainty risks of renewable energies are
well addressed.

In this paper, the movement of repair crews is assumed to
be within a normal transportation system. However, extreme
events have a destructive impact on the transportation sys-
tem. In future work, we will integrate the transportation sys-
tem into the service restoration problem of DS.
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