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Abstract—With the increasing electrification of urban trans-
portation, urban power and traffic systems are highly coupled
and influence each other, leading to a challenge for the post-
event resilience enhancement of urban electric-traffic interdepen-
dent network (ETIN). In this context, we propose a multi-layer
electric-metro-road interdependent network where the metro net-
work (MN) depends on the distribution power network (DPN)
and interacts with the road traffic network (RTN) synchronously.
Electric buses (EBs), as one public dispatchable resource, are con-
sidered and explored to provide bridging routes for disabled MNs
and supply power for failed DPNs, with consideration of three
different service trips, i.e., the original trip, bridging trip, and
charge-discharge trip. On this basis, a spatio-temporal network-
based EB route schedule model is constructed. To consider the
evacuation demand of affected MN routes, a fast DPN restora-
tion strategy is proposed to minimize the time cost of lost load
by integrating the network reconfiguration with the collaborative
allocation of repair crews (RCs) and EBs. Finally, a distributed
method is further devised for the coordination among different
stakeholders. The proposed method is verified on two electric-
traffic systems to show that the collaborative scheduling of RCs
and EBs can effectively enhance the resilience of ETIN under
metro service disruptions.

Index Terms—Electric-traffic interdependent network, electric
bus scheduling, load restoration, multi-layer interdependent net-
work, resilience.

NOMENCLATURE
A. Sets

Vp,Ep Sets of DPN nodes and DPN lines, indexed by
vp and ey, respectively;

Vr,Er Sets of TPN nodes and TPN lines, indexed by
v, and e, respectively;

Vi, Em Sets of MN nodes and MN links, indexed by v,
and e,,, respectively;

Vgr,Er Sets of RTN nodes and RTN links, indexed by
v, and e,, respectively;

B Set of EBs, indexed by m;

B Set of EBs located in the depot;

B.w Set of EBs running on the original routes;

T Set of service trips or nodes of EB’s spatial tem-

poral network, indexed by n;
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To Set of original trips;

Ty Set of bridging trips;

T, Set of charge-discharge trips;

A Set of arcs of EB’s spatial-temporal network, in-
dexed by arc;

A%Y% Set of weights of A, indexed by ¢,,;

R, Set of original routes, indexed by %,;

Ry Set of bridging routes, indexed by ip;
v§ Set of charging stations, indexed by ¢.;
Ttime Set of time periods, indexed by t;

A% uple Set of DPN nodes coupled with MN demand;

Vll\g/I Set of DPN nodes connected to the main grid;
VPD Set of DPN nodes connected to DGs;
Vs Set of outputting source DPN nodes;

Sp Set of fault locations, indexed by s;;

Cre Set of RCs, indexed by c¢;;
Rout Set of failed MN routes, indexed by r;
B. Parameters
Vi Utility value of route k;
DTy, TTy, Travel distance and time of route k;
Py, DI Chosen probability and assigned demand of
route k;
(revel Travel time from s; to s; through Paths, ;)3
e, téﬁ End time and start time of trip n;
Z; Transfer time between trip n' and n?;
peh, pdeh Maximum charging/discharging power of EB m;
neh, ndeh  Charging/discharging efficiency of EB m;
B Battery capacity of EB m;
Ng Maximum available number of EB;
w1, wo  Load importance of nodeVp/ VCPOUPI%nd fo“ple
01, 09 Penalty coefficients in the objective function;

C. Variables

aﬁa , Binary; 1 if EB m is assigned for trip n;

m" Binary; 1 if EB m is assigned through arc

(nl.n):

Beh Binary; 1 if EB m is charging during trip n
Bdeh Binary; 1 if EB m is discharging during trip n
pf,}l‘ Charging power of EB m during trip n;
pich Discharging power of EB m during trip n;
SOCt  State of charge (SOC) of EB m at t;

Sfj7 d Binary; 1 if the directed line (ij) is closed at ¢;
¢ Binary; 1 if the directed line (j7) is closed at ¢;

7,7
¢ Virtual flow from node % to node j at t;

ij



2t Binary; 1 if node ¢ is powered at ¢;

Xbrs; Binary; 1 if RC ¢; is driving to fault s; or clear-
ing it at ¢;
q’é} Binary; 1 if fault s; is recovered at ¢;
Uy, , Binary; 0 if DPN node v; ; fails;
Uy, Binary; 0 if TPN node v; , fails;
G, Js
Uy Binary; O if MN node ey, ., fails;

I. INTRODUCTION

HE rapid development of cities and the growing en-

ergy transition accelerate the transportation electrification
and Vehicle-to-Grid technology [1]]. The Metro network (MN)
serves over 50% of traffic volume in megacities ,such as Bei-
jing, China [2]. The number of electric vehicles (EVs) and
charging piles in China is estimated to exceed 80 million and
70 million respectively, by 2030 [3]], further strengthening the
coupling between the urban power network (PN) and traffic
network (TN) [4]. On May 18, 2018, the emergency power
curtailment of Shenzhen power grid caused nearly 3,000 elec-
tric taxis to lose timely charging service and seriously affected
the function of road traffic network (RTN) [5]]. In 2021, the
rainstorm in Zhengzhou, China, caused massive power out-
ages and traffic paralysis, further hindering the urgent repair
work of PN [6]]. In addition, the prolonged blackouts experi-
enced in Venezuela at 2019 not only led to the interruptions
of MNs but also to severe congestion of RTN [7]. In the ur-
ban electric-traffic interdependent network (ETIN), the failure
of PN could worsen TN that could influence the PN restora-
tion in reverse. In this background, the concept of resilience
is introduced to describe the ability of ETIN to survive and
quickly recover from unexpected disasters.

The system resilience can be enhanced through pre-event
measures before disasters and post-event recovery actions af-
ter disasters [8]], and the latter is our focus. To enhance PN re-
silience, recent studies have introduced new approaches along-
side traditional methods such as distribution network microgrid
(MG) formation [9] and static energy storage deployment [10].
These innovations include the optimal cooperative dispatch
of mobile power sources (MPSs) for post-disaster restoration
[L1]-[13]. Ref. [11] claimed that the EV fleets with flexible
charge-discharge behavior can be utilized for MG restoration.
A two-stage post-event recovery strategy for the distribution
power network (DPN) was proposed in [12]], where MPS and
repair crew (RC) route planning were modeled based on dy-
namic traffic assignment. Ref. [13]] proposed a collaborative
dispatch scheme for various MPSs considering dynamic net-
work reconfiguration. However, the above studies only focused
on PN, lacking fault propagation modeling between PN and
TN to support the resilience enhancement of urban ETIN.

There have been research works in terms of enhancing the
ETIN resilience. Ref [14] studied repair resource allocation
under simultaneous faults in DPN and RTN without consider-
ing MPS schedule. Ref [15] focused on the post-event DPN
restoration through the scheduling of MPSs including private
EVs, whereas private EVs cannot be centrally scheduled ow-
ing to the owners’ private interest. To address this issue, Refs.
[L6]-[17] considered the participation of public EBs in DPN

restoration. However, the interactive fault effects between RTN
and DPN were ignored in [14]-[17]. Refs. [18]-[19] modeled
the fault propagation between RTN and DPN during the re-
covery of ETIN. [18] considered the failure of traffic light
due to power outage and [19] further considered road block-
ing owing to a collapsed geographically adjacent power pole.
In this scenario, the failed RTN could hinder the timely re-
pair of DPN due to traffic jam or inaccessible repair path.
However, they only analyzed the topological connectivity of
DPN while simplified the operation model. The operational
risk of DPN from EV aggregation charging caused by road
disruption [20] or fast charging station (FCS) failure [3], [21]]
has raised concerns. In such a case, the study in [22] devel-
oped a network reconfiguration strategy that coordinates the
restoration of DPN and RTN considering EV charging sched-
ule. Current research on ETIN mainly focuses on the coupling
between DPN and RTN, using traffic lights as the bridge be-
tween them, and the reverse impact of RTN fault on DPN is
modeled as delays in the travel of MPS and RC or the EV
charging caused by the traffic congestion.

However, none of these works take into account the MN
model and its coupled impact in the urban ETIN. The MN
is deeply dependent on power supply from DPN [23] and ex-
hibits a complementary relationship with RTN under fault sce-
narios [24]], making it a critical component in the urban TN of
ETIN. Most existing post-event measures for enhancing indi-
vidual MN resilience after interruptions include the optimiza-
tion of train schedules [25]—[26], transport route scheduling
of bridging buses [27] or taxis [28], and resilient energy sup-
ply system design against power outage [29]]. Nevertheless, an
outstanding challenge remains in modeling MN and consid-
ering the interactive impact between MN and other networks,
including DPN and RTN, in the context of urban ETIN re-
silience enhancement. There are three major challenges for
this problem:

(1) The interdependence of DPN and MN has not been
fully explored in the absence of traction power networks
(TPN), leaving the failure propagation from DPN to MN unre-
solved; (2) Redistributing compromised metro passengers dur-
ing power outage across RTNs and MNs has not been carefully
taken into account in the ETIN resilience enhancing problem;
(3) The coupling effect among DPN, RTN and MN compli-
cates the collaborative schedule of emergency resources, ne-
cessitating an integrated post-event restoration model to en-
hance the resilience of urban ETIN.

To fill these gaps, we propose a post-disaster resilience
enhancement strategy for the urban ETIN, comprising the
electric-road-metro interdependent network, with considera-
tion of the extra dual functions of EB under metro disruptions.
Our major contributions are summarized as follows:

(1) A multi-layer ETIN model, including the electric-road-
metro interdependent network, is established. The coupling ef-
fect between MN and DPN is modeled through the traction
power network (TPN), and the coupling effect between MN
and RTN is modeled based on failed load redistribution.

(2) Three types of trips are defined to form the spatial-
temporal network of EB, i.e., the original trip for RTN, bridg-
ing trip for MN, and charge-discharge trip for RTN. Further-



more, the EB schedule problem (EBSP) is designed to consider
the travel transfer among trips and the energy exchange with
DPN.

(3) A fast DPN restoration model is proposed to consider
the evacuation demand for failed metro lines by integrating
the network reconfiguration with the collaborative allocation
of RCs and EBs, where auxiliary induce functions (AIFs) are
introduced to enhance computational efficiency of mixed inte-
ger programming problems. Furthermore, a distributed method
is designed for the coordination among various stakeholders.

For the remainder of this paper, the resilience enhancement
problem is described in Section II. Section III introduces the
models of ETIN and fault propagation within them. Section
IV presents the EB route schedule with service trips, and Sec-
tion V covers DPN restoration with EBs. Section VI reports
numerical case studies. Lastly, Section VII concludes this pa-

per.
II. PROBLEM DESCRIPTION

A. Function Analysis for urban EB against Power Outage

With growing concerns about security problems in urban
critical infrastructure systems, deliberate attacks on radial ur-
ban DPN have posed a significant risk of power outages, im-
pacting the MN and other consumers, which is considered as
the extreme event in this paper. Urban EBs, with the dual
attributes, i.e., mobile power source and transportation, have
enormous potential for enhancing MN and DPN resilience
against power outages for the following reasons:

o In cities, the number of EBs is sufficient and far exceeds
that of other MPS and can be centrally dispatched by the
city bus company compared with private EVs. The widely
deployed FCSs can support the charge and discharge of
EBs.

o In the urban TN, most EB routes run parallel to the metro
lines, and have a higher passenger capacity and lower
scheduling costs, compared to other public vehicles (e.g.,
taxis).

Hence, except for transporting passengers on original routes,
two extra functions of EBs are explored, providing bridging
routes for suspended MN intervals and supplying power for
failed DPNs. These functions are defined as three service trips
in this paper.

B. Post-Event Resilience Enhancement of ETIN With EBs

In general, the outage caused by intentionally damaging
power lines leads to disrupted metro operations, as depicted in
Fig[l] In such situations, restoring power becomes the highest
priority in urban emergency management. Alongside dispatch-
ing repair crews to the damaged lines, both idle EBs parking at
the depot and those already on their original trips, denoted by
blue dashed lines, can play the role of MPS to supply power to
outage areas. This strategy aids in load recovery for DPN by
engaging in charge-discharge trips, indicated by yellow dashed
line. Furthermore, these EBs are also used for bridging trips,
denoted by wine dashed line, to assist passengers impacted by
the disrupted metro intervals.

Hence, the reasonable scheduling of the number and routes
of EBs for various service trips, coordination with the RC, and
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energy interaction with DPN during emergency restoration are
pivotal issues that remain to be addressed in post-disaster re-
silience enhancement for ETIN. The integrated optimization
model framework including inputs and outputs for ETIN re-
silience enhancement is shown in Fig[2] As the cornerstone of
this study, we firstly uncover the failure propagation mecha-
nism of ETIN by modeling the multi-layer electric-metro-road
interdependent network, as described in Section III.

III. MODELING OF MULTI-LAYER
ELECTRIC-METRO-ROAD INTERDEPENDENT NETWORK

The power supply modes for MN are generally divided into
centralized one with higher reliability, and distributed one with
higher flexibility in the railway expansion. In the centralized
metro power supply system, the specialized bulk metro sub-
stations supply power for multiple metro substations along
a metro line, establishing one-to-X coupling between urban
power sources and metro traction stations, while that is one-
to-one coupling in the distributed metro power supply system.
Additionally, metro lines designed with circular routes can
have loop-like TPNs, while those with linear route designs are
coupled with chain-like TPNs. Comprising these metro lines
and their TPNs, the entire MN and TPN both form a partially
meshed network structure.

A. Electric-Metro Interdependent Network

This paper adopts the distributed mode, as depicted in Fig[3]
The metro substation connects to the nearest 10 kV source of



urban DPN. The step-down substation transforms 10kV AC
power into 400V for station automatic systems, while the trac-
tion substation converts it into 1500V DC power for catenar-
ies, from which electric locomotives obtain power. Buses of
adjacent metro substations are interconnected to ensure re-
dundancy in power supply for each traction substation and
step-down substation. In event of a traction substation failure,
the affected catenary can receive power from the traction sub-
station of the adjacent interval through switching operations.
Based on this, the tri-layer DPN-TPN-MN interdependent net-

work is proposed in this section.
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Fig. 3. The schematic diagram of a metro power supply system

1) Topological Interdependence: The 10kV DPN is modeled
as a radial network DPN(Vp,Ep). The 10kV TPN is mod-
eled as a partially meshed network TPN(V, E1). The MN is
modeled as a partially meshed network MN(V g, Enp). The
graph of tri-layer is shown in Figl] where each TPN node
v;.¢ is supplied by a DPN node v; j, i.e., one-to-one coupling,
denoted as the interdependent edge eéf_f = (v;+,%i,p). Each
MN link e, is determined by two TN nodes v;; € Vjg,
i.e., one-to-two coupling, denoted as the interdependent edge
Et-<_p = (ek,m7Vj7t)~
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Fig. 4. DPN-TPN-MN tri-layer interdependent network

2) Functional Interdependence: The binary variable u,, , is
used to describe the status of DPN node i.

w - 0,Deg(v;p) =0o0r P, <&,P 1
Vi T 1, Deg(vi,p) > 0 and Pi,L > gpPLL

where Deg(v; ,) denotes the node degree. P, and P,

denote the actual load and rated nodal load, respectively.

&p € [0.5,1] is the tolerance coefficient representing the low-
est acceptable load power vacancy ratio. Hence, once the node

1€ Vp (1)

v, p 1s isolated or its load power vacancy ratio is greater than
&p, it is assumed to fail.

The status u,; . of TPN node v; ; is influenced by the sta-
tus of the DPN nodes coupled with itself and the supporting
capacity of its adjacent TPN nodes.

— _pJt
0, Up; p =0and Z uvai,pg 1(1)ij7 Uivp) =el
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Vi _ ) pa<—ai
1,1y, ,=1lor %; Upy; > 1(Va,7s Vaip) =el s
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where v;,, is the coupled DPN node of v; . vq5, € Aj
denotes the adjacent TPN node of v;;, and vg;,, is the coupled
DPN node of v, -. If the DPN node v;;, and any vg; , fail,
node v; . breaks down due to the supply interruption from
DPN and insufficient supporting capacity of v -.

The status u,, . of MN link ey, ,,, is determined by its cou-
pled TPN nodes. If all the coupled TPN nodes v; . € Vj ;
fail, the link fails.

0, ZV Uy, =0
— vj,rEViT k3
u = e v;,) €EE 3
€k,m 1’ Z Uvg‘, > O ( k,m> J,T) m<—T ( )
vj,+€Vj r

B. Metro-Road Interdependent Network

1) Topological Interdependence: Considering the comple-
mentary relationship between RTN(VR, Egr) and MN in ur-
ban transportation, we assume each MN node has a comple-
mentary RTN node according to the geographical proximity
(i.e., one-to-one coupling) which is denoted as the interdepen-
dent edge €., = (vjm,vir). The bi-level interdependent
network is illustrated in Fig[3]

Fig. 5. The graph of MN-RTN bi-layer interdependent network

2) Functional Interdependence: The failed load of MN
can be redistributed within MN through inner-layer paths
or redistributed in RTN via coupled links using inter-layer
paths. The former relies on the locomotive running within
the electrified catenary interval with turn-back stations, while
the latter depends on EB bridging routes covering the failed
MN routes, as shown in Fig@ The MN routes (U1, Uma),
(U2, Um3)s (Uma, Ums) are inactive due to power outage. In
response, four bridging routes Ry = {ip1, b2, %3, b4} are
designed to accommodate the demand of the original routes
Dy ={Dy1,Dy2,Dy3,Dy4} correspondingly.

Travelers affected by failed MN routes r € RSt can
choose inner-layer transfer routes RE;* and EB bridging routes
Rf)’t. The travel demand assignment considers both travel dis-
tance and travel time. The former is denoted by the number of



stations numy, of route k passing through, and the latter timey,
of route k is calculated by specific functions: the Davidson
function for MN and BPR function for RTN [30]. The travel
demand assignment of route r is shown as follow:

1 1 max
DTy, = i
1/num,C —1/numk‘
; — t
timer, = 3, ¢ ox H(2)
TT, = 1/tzmek 1/timey' ™™
l/tzmem‘“ 1/tzme‘““‘

Vi, = DT}, +TTy
P, = exp(kVi) /> exp(kV;)
D} = P,D",

NVEERPPUREY (4

where Aj is the link set related to route k. Vj, is the util-
ity value of route k, affecting the probability of being chosen
by travelers, which is calculated by the normalized travel dis-
tance DT}, and travel time T71}. P, Df represent the chosen
probability and assigned demand of route k, where « is a pa-
rameter and D’ is the travel demand of original route r. The
calculation method of t(z.) is as follows:

0N+ J 2./(Ce —x.)] Ve € E
t(ze) _{ to[ /( )} M

[1 + pbe(xe/ce)abe] ,ve € Er ®)

where tY and c, are the free travel time and capacity of link
e. C,, ! are the maximum capacity and traffic flow of link
e. We set pp. = 0.15, oy = 4, J = 0.25 referred to [[1] and
[30].
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Fig. 6. The EB bridging and alternative routes for metro disruptions

C. Electric-Road Interdependent Network

1) Topological Interdependence: In RTN, the location se-
lection of FCS considers their accessibility to nearby 10kV
substations of DPN.

2) Functional Interdependence: The traffic flow of RTN af-
fects the travel time of RC to the fault position of DPN, and
the charge and discharge power of EB determines the net nodal
power at FCS of DPN. These two interdependence are mod-
eled as follows:

travel

Tireney = > t(z.) Ve € Paths, ) (6)

P = E ic,dch
lc meB (pm p
ic,dch

Eq. (6) formulates T(”““‘) and plc’ ch, D" are the charging
and discharging power of EB m € B at FCS i in (7).

Wi €VE (D)

IV. MODELING OF EB ROUTE SCHEDULE

The EBSP model is designed to allocate available EBs
to meet the demands of public transit, bridging service, and
power supply, defined as the original trip, bridging trip, and
charge-discharge trip, respectively. As a result, a spatiotem-
poral network-based EPSP model is constructed, where the
trips are regarded as nodes, and the transfer among them are
regarded as arcs.

A. Formulation of Spatial-Temporal Network

1) Definitions of nodes and arcs: The extreme event starts at
moment ¢y and divides EBs into two groups: 1) By represent-
ing the spared ones located in the depot, 2) By, representing
the running ones on the original routes. Three nodes and arcs
are defined as follows:

o The Original Trip To: Denoted by n,, = {t,i,}, where

m € Bw, t € Ttime> %0 € Ro. This indicates that the
EB m is assigned to trip n,,, departing at ¢ and traveling
on the original route i,.

o The Bridging Trip Ty: Denoted by n,, = {t, i}, where
m € BywUBg, t € Ttime, t» € Rp. This implies that the
EB m is assigned to trip n,,, departing at ¢ and traveling
on the original route .

o The Charge-Discharge Trip T,: Denoted by n,, ={t, .},
where m € By UBg, t € Time, tc € V. This indicates
that the EB m is assigned to trip n,,, arriving at FCS i,
at t and staying for one time interval AT.

o The Source Arc: Denoted by arc = (o,n), where o € O,
n € T. This means that the EB m is assigned to trip n
departing from depot o.

e The Moving Arc: Denoted by arc = <n1, n2>, where
n',n? € T. This means that the EB m transfer from
trip n' to nZ.

o The Sink Arc: Denoted by arc = (n,o0), where o € O,
n € T. This means that the EB m returns to depot o after
completing trip n.

2) Spatial-Temporal Network: The spatial-temporal network is
modeled as a weighted graph g = {T, A, W}, which is illus-
trated in Fig[7] The horizontal axis denotes the departure time
of trip Ty, T and the arrival time of trip T, while the ver-
tical axis denotes the route of trip T, T}, and the destination
FCS of trip T,. To ensure the network flow conservation and
continuity, the following assumptions are made:

o Each bus m € Bg will return to the depot after complet-
ing its service.

e Each bus m € B, assigned to trip T, must originate
from the one running on its original route ¢, at .

¢ A bus cannot switch to another trip midway without com-
pleting the ongoing one.

B. EB Route Schedule Model with Service Trips

The schedule route of EB m is represented as a sequence
of nodes and arcs. Hence, two binary variables o), z"m1”2 are
defined to describe the status of EB. If EB m is assigned to
trip n, then oy =1. Slmllarly, if EB m is assigned through
arr(n ,n > then x” n’—1.
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1) Constraints on Trips:

Zm Cmoagy, >

oD} < chmafn <D! ¥n={t,i,} € Tp,meBLUB;s (9)

A Original Trip To
—> Moving Arc

D, ,Vn={ti,} € To,mE By (8)

S an <Gy, Vn={ti}€Te,meBy, UB; (10)

(1)

Constraint (8) ensures sufficient EBs for the original trip
T, to meet the minimum transit demand D;_ of each route %,.
C,, is the passenger capacity of EB m. Constraint (9) ensures
adequate EBs for the bridging trip T}, to meet the demand of
bridging route 45, where 6 € [0, 1] is the tolerance coefficient.
Constraint (10) limits the number of EBs assigned for charge-
discharge trip T, to the capacity C;, of FCS i.. Constraint
(11) restricts the number of EBs for all service trips within
the maximum number.

2) Constraints on Flow Conservation: In the spatial-
temporal network, nodes are connected to each other through
arcs, with node n being the end point of its precedent node
n' and the start point of its succeeding node n?. Hence, the
following constraints are established to ensure that the inflow
of a node must equal its outflow.

1
nn__
DL "=

Z ap, < Np,Vn € T,m e By, UBg

Z nn’_ _n %
T = o, Vn € TyUT.,, meBs (12)

(ninyeAg (nn?)c A%,
o oant= > ey’ =ap, VemeBy (3)
(nln)cAs (nn?)€AS
fo,?szfnogl, Vn € T, UT.,mée Bg (14)
(15)

on __
D=
n

where A and A3 are the arc sets ending at node n and
starting at node n. Constraints (12)-(13) enforce inflow and
one outflow for EB m assigned to trip n from Bg and By,
respectively. Constraint (14) ensures that each EB m € By,
has only one source arc and one sink arc, signifying its return
to the depot after trips completion. Constraint (15) indicates
that EB m € Bg has neither source arc nor sink arc as it does
not depart from the depot.

Zm"mon Vn,m € By

3) Constraints on the relations between nodes and arcs:
The variable xﬁi”z is related to o/;l and a” , representing
the status of head node and tail node of the arc {n',n?) € A,
respectively.

nln2 1 2 1 2

mv<ap anVn,Vn®eT (16)
A constraint is introduced to restrict the assignment of trips

to EB, ensuring there is no time overlap, considering their

respective duration and the transfer time between them.

< Tp U T,
“n b €Ty UTo 1o (g9
1+t —tnz,n e T,
where t7,, tfl2 and t:’j are the end time of trip n!, start time

of trip n?, and the transfer time between them, respectively.
4) Operation Constraints of EB: When EB m is serving trip
T, it can exchange electricity with DPN through FCS 7. while
consuming energy when serving trip T, and T}. Hence, the
constraints on the energy change of each EB are as follows:

0 < pldeh < grdebydeh v — (¢ 3.} € T,  (18)

0<pht < grchpeh v = {ti.} € T, (19)

WA Bt <af, V= {ti} € Tc  (20)

s0¢m < sock, < 50C,, Vt; € Ttime 1)

socti+1 = socli + Asoct,, Vt; € Tiime (22)
Asoch, = ( St —pden 3 e Ch)

neT, n€T. 23)

O E xnln
(nin2)eA

_éiF( S o

n€T,UTy

2 1,2
non
p >

Constraints (18)-(20) describe the charging and discharging
behavior of EB m, where ph, pdeh are their respective upper
bounds. In constraint (21), the SOC bound of EB m at ¢ is
bounded to the interval [socm, 50C,| - Egs. (22)-(23) express
the change of SOC socti i, where the SOC variation Asoc
over a time interval depends on three terms: energy exchange
in trip T¢, energy consumption in trips T, and T}, and the
energy consumption during transfers among these three trips.
D> pﬁ; "* are the power consumption during trip n and arc
<n1, n2>, and the performing time should satisfy the following
conditions:

<t t° >t+ AT, Vne T, UT, (24)

thy <t 18 >t + AT,V (n',n?) € A (25)

V. DPN RESTORATION MODEL WITH EB
A. Objective

The objective function of DPN restoration model is designed
to minimize the time cost of lost load considering the unsat-
isfied coupling MN traffic demand during the recovery.

min3AT| Y ARy =iar,
t

7;e‘/lz’/\/vcpouple ievcpouple

(26)



{ wiyt:wl exp [(51(1 + t/T)] Vi € VP/VCPouple
w;’t:’WQ exp [(51(1 + t/T)] (1 + ﬂf),VZ c Vg)uple

Bl=06y Y  (Dh~Cp Y ap,

i, €RE meB

27)

) /> Dl vn={ti,} (28)

ZbGRt

in function (26), DPN nodes Vp are categorized into two sets:
VCouple and Vp /VCouple denoting the nodal load coupled

w1th and without MN traffic demand. AP} is nodal load

loss. Eq. (27) formulates time cost functions wit, wy® for

load loss of Vp /VCO'lple nd VCOUple, respectively, and w,
@2 denote the importance degree of nodal load. 3! in Eq. (28)
is the rate of unsatisfied traffic demand due to nodal load loss.
Penalty coefficients d; and & are set to 2 and 10 in this paper.

B. Network Reconfiguration

After outage, DPN reconfigures into multiple isolated is-
lands that functioning as MGs, aiming to minimize load loss.
The MG topology with a single source is typically radial,
which may change during restoration. To maintain radial topol-
ogy, we employ a directed graph-based method in [17]]. Ini-
tially, a virtual node vy only connected to source nodes of
the original network via virtual lines, is introduced to form a
virtual network, illustrated in Figl§] The links among them
are represented as virtual lines. Subsequently, vy generates
virtual power transmitted through virtual lines to fullﬁll the

virtual load f}°*® of each DPN node, denoted by f};, where
fi load — 1. The Constraints are as follows:

Si; = Sija+ s ,V(ij) € Ep (29)
Z] < UU,V( ) € Ep (30)
sty =0,¥j € VEUVE U VP (31)
Soj.a = 1,V € Vp(t) (32)
shia=0Yj € {VEUVEIUVB}\VE(t) (33)
> shhat Y sh, <LVEeE Vp (34)

i€AK JEALK
> shhat Y s, = 2Vk € Vp (35)

1€EAK JEAK
sﬁj—lng—z;-gl U,WJEVP (36)
et = N flVieVp (37)

JEA;

755] -Np < fzt] < 7553 NP,V(Z]) € Ep UEvyp (38)
2= 1Vi € V(t) (39)
7t < 1Vi € Vp\Vi(t) (40)

Constraint (29) relates the state of line (ij) to its power flow
direction. Binary variables s! ;. and st; » denote power flow

direction, where sfj =1 if power flows from i to j at t and

s;” = 1 if power flows in reverse. Constraint (30) allows line

(1j) closure only if it is repaired or undamaged (uf; = 1).
Constraints (31)-(33) ensure virtual power only flows from v

to the outputting source nodes VS (t) at 7. Constraints (34)-
(35) ensure each DPN node k powered by only one parent
node, where Ay is the set of adjacent nodes. Constraint (36)
maintains line state consistency with bilateral node states. Con-
straint (37)-(38) balance node virtual power and set line virtual
flow bounds (Evp is the set of virtual lines). Constraints (39)-
(40) limit outputting source node states and other load node
states.

O virtal nodeQ) PN node v» Z_ Virtual line - PN line
Fig. 8. The directed graph of virtual network

C. Repair Crew

ch — re travel
TSJ' Tsj +T(Si,8j)’

> XL, =T, Vei € Cre, 55 € Sp

t€ETtime

VSj € Sp,s; € {SP @] SO} 41

(42)

~M(1q, T‘“pr o SM (g4 HT5 HHE T ime (43)
T=t— T’e

Z Z Xii,sj < Nre» vt € Ttime (44)
c;€ECre 5;ESp
uij = qg] vvsj S SPvt S Ttime (45)

Constraint (41) defines the recovery time TSCJ_h of fault s; € Sp
as the sum of repair time T”’ and the minimum travel time
Tt:“fjel for RC to reach s, Where So denotes its depot. Con-
straints (42)-(43) ensure that crew ¢; € C, is assigned to the
failed component continuously until its recovery. Constraint
(44) limits the number of crews with repair assignments to
the total number N, at t. Constraint (45) describes that s;
returns to normal upon its recovery at t.

D. Coupling Components in ETIN

1) MN Link Constraints: We define EQ® as the initial set
of failed MN links due to power off that will recover with
the restoration of DPN. The coupling constraints are added as
follows.

t | I
uek m =1- U 1'

k< out
ek ,m>Vj, T)EEm<—7—7 6lf,mE]EJM

vj,rEVT (46)
ul, =1—(1—ul 1= JJul,, ) V(07 0ip) =l
aGAjJ-
47
where ut . uf)j _and u!,  denoting the state of MN link

€k, TPN node V)7 and DPN node v;, that are coupled
with each other. ut i denotes the state of DPN node v p
that is coupled w1th the adjacent TPN node v,; > of v; ;.

In ETIN, each MN link is supplied by two TPN nodes
with two neighboring nodes, and each TPN node is cou-
pled with one DPN node. We introduce binary variables



=1 —uv Lo 2 = 1=y, s K3 = K1k, kg =1 —uy, ,
_ t _
=1- Um Ui ,0 K6 = KaKs, and Eqgs. (46)-(47) can be

substltuted with the following expressions (48)-(49)

t — —
Ug, . = 1— k3

(48)

ul  =1—kg

Uy,

(49)

where k3, k5 and kg can be equivalently linearized by satis-
fying the following constraints:

K3 < K1, k3 <Ko I<;5<uv o ,mr<uv 2 Ke<kyq, K< K5
K3 > K1+ ko —1 | k5>ul —i—ut 9 Ke>Ka+rs—1

Vai2,p

(50)
Vail,p
where Eq. (48) indicates that MN link ey ,,, can operate if
either coupled TPN node v;, works at t. Eq. (49) indicates
that node v; » can be powered under two cases: 1) its coupled
DPN node v; ,, is working at ¢, 2) both DPN nodes vg1,, and
Vqi2,p, coupled with its adjacent TPN nodes vq1 - and vg2, -
respectively, are operational at t.

2) Bridging Route Constraints: We introduce a binary vari-
able uﬁb to denote the existence of bridging route ;. During
the restoration of DPN, the recovery of certain failed MN links
may affect the state of the coupling route 7.

U, —Hl a’ebmuik

to_
D;, =

VibERb,ehmEEOUt & eAlb (51)

Viy € Ry (52)

1b Zb’

where Af;:m is the adjacent matrix of MN links and bridging
routes. ag’,, =1 if route 1, traverses link ey, ,,. The lineariza-
tion method is as explained in the above section.

E. DPN Operation

The LinDistFlow model in [31] is employed to model the
operation of DPN.
1) Nodal Power Balance Constraints:

Plg—Pi = Z(meE NN (53)

e~ QL= Z(meE o Vit (54)

0< Plo<PN, VieVEt (55)

0<Qle <QM,, Vie VML (56)
Pig<Plg<Pg, VYie VRt (57)

Qic <Qig<Qic, YieVp,t (58)
PLa=>" (v —piit).vn € Teic € VBt (59)
Qi,.c < Qb ¢ <Qi.a, Vic€ VE,t (60)

where PI L, Q! .1, are the active and reactive load of node i at
t, while PtG, Q . are the active and reactive output power
of node i at ¢. Pfj, ﬁj are the active and reactive power flow
on line (i7) at t. Constraints (55)-(56), (57)-(58) and (59)-(60)
restrict the output of source nodes connected to the main grid,
DG, and FCS respectively.

2) Load Restoration Constraints:

0< P, <zP, Vit (61)

L= = tan(cos™'¢;) P, Vit (62)

Pl <P Vie Ve i > ¢ (63)

Constraint (61) correlates load restoration with node status,
and ¢; is the power factor angle in Eq. (62). Constraint (63)
indicates that the recovered load coupled with MN traffic de-
mand will not be shut down in the following process.

3) Power Flow Constraints:

—st.8;; < P < st;S;, V(ij) € Ep,t (64)

—st;8i; < Ql; < 8,8y, V(ij) € Ep,t (65)
—V2s!,5; < Pl + Qt; < V288,55, V(ij) € Ep,t  (66)
—V2s!,8;; < P, — QL < V2s!,S;;, V(ij) € Ep,t  (67)
Vi ="Vp, Vie V(1) (68)

uiV; < Vi <wVi, Vi€ Vp\VR(t) (69)

Vi=V}! < M(1=si;HRi; P}; + X4;Q1;) / Vo,
V;t_vjt > M(sfj—l)—ﬁ—(R Pt + X;;Q! )/V07

v(ij),t (70)
v(ij),t (T1)

Inequations (64)-(67) are the linearized form of lines transmis-
sion capacity constraints, where S;; is the maximum apparent
power. Constraints (68)-(69) stipulate the voltage of outputting
sources nodes and other nodes. Constraints (70)-(71) describe
the relation between node voltage and power flow.

F. Optimization Problem Formulation

The DPN restoration problem is formulated as an MILP
model that is summarized as follows:

Objective function: (26)-(28)

Constraints are classified into following five groups:

1) EBSP: (8)-(11), (12)-(15), (16)-(17), (18)-(25).

2) Network Reconfiguration: (29)-(40).

3) Schedule of Repair Crews: (41)-(45).

4) State of Coupling Components in ETIN: (48)-(52).

5) LinDistFlow for DPN Operation: (53)-(71).

G. A Fast Restoration Algorithm based on AIF Model
The proposed MILP model can be compactly expressed as:

min» Y @ AP}, (72)

vt Vi
s.t.I(by,by.bo,cp,cr) < 0,E(by,by,bs,cp.c) =0 (73)
b = [bpabb7b0] S {07 1} , €= [vacb] € [cmina Cmax] (74)

where {b,,c,} and {by,cy} denote integer and continuous
variables associated with DPN operation including network re-
configuration and EB schedule, respectively, whereas b, de-
notes other integer variables associated with RC schedule and
states constraints of coupling components in ETIN. I and E
represent inequality and equality constraints, respectively. To
accelerate computation, the original model can be transformed
into an AIF model with the auxiliary induce function, with so-
lution accuracy guarantees [32]-[33]]. Compared with the con-
structed AIF in [34]], where only integer variables denoting the
power line status were considered. We design two AIFs for in-
teger variables b, and by, respectively, to further improve the
solving efficiency. Specifically, b, = {sij, Sij,d> Sijrs Zis qu}



and b, = {a?,, 27" }. The AIF model adjusts coefficients
for integer variables in its objective function based on the in-
sights from the relaxation solution of the original MILP, while
keeping constraints unchanged, succinctly presented in (75)-

(76).

min Z Z Wit AP;L—FZ Z Up,tbm—i-z Z 0,1yt

vt Vi vt Vp vt Wb
(75)

s.t.I(b,c) <0,E(b,c)=0,b € {0,1}, ¢ € [Cmin, Cmax] (76)

where 0, ; and oy, ; are auxiliary induce function factor (AIFF)
of integer variables b, and by ¢, respectively, which can be
calculated by:

__ 1 __
Opr=ep X | st 5 X > by (77)
p v
— 1 —
Opt = €p X <—bb,t + A X ; bb,t) (78)

f); = arg {minz ZWi,tAPiL
vt

Vi

},s.t.O <byy <1 (79)

l;; = arg {minZZwi,tAPf’L} ,5.t.0 < b/bv,t <1 (80)
Vvt

Vi

where b;: ¢+ and b/;/t are the solutions of relaxed problems (79)
and (80). In (79) and (80), only the integer variables b, ; and
by + are linearized, respectively, while the remaining variables
and constraints keep the same with (76). N, and IV, denote the
dimensions of by, and by, respectively. €, and ¢, are scaling
parameter that should follow a strict criterion (81) to control
the relative calculation error from the AIFF below ¢, with the

specified optimality gap ¢.

x(@-al/[N,

x (5 )] / [Ny x (b — i)
where Cj, and Cj, are the optimal value of problem (79) and
(80), respectively. Noting that the denominator can equal zero
when b is either [0, ..., 0] or [1,...,1] In such cases,
o of b; is set to a large positive number M if b; is the zero
vector and to -M otherwise.

ep = [Clp

(81)
e = [Chp

1xn 1xn*®

VI. DISTRIBUTED METHOD FOR THE INTEGRATED DPN
RESTORATION MODEL

Given that the post-event DPN restoration involves the co-
ordination among different stakeholders, we propose a dis-
tributed method to solve such an integrated model. Two enti-
ties are considered: the DPN company and the EB company.
The DPN has no authority to dispatch EBs while EB company
cannot access the topology and operation information of the
DPN. Furthermore, only limited information is exchanged be-
tween the two entities, as defined in the following subproblem
formulation. It is important to note that metro operations rely
on power supply from the TPN, which serves as the power

load for the DPN. Metro route failures are primarily caused
by power outages and can be resolved once the associated
power load is restored. Hence, as a critical load of the DPN,
the MN restoration is managed by the DPN company, which
is incorporated into objective (26) of our original integrated
model.

A. Subproblem Formulation

The proposed original integrated MILP model can be com-
pactly expressed as:

2

iEVp /V(‘l,)ouple

wi’tAPit,ﬁ' Z w;’tAPit,L

. couple
i€EVp

min Z AT
t

Fp(bp,cp)
+ Z AT Z (5067, — socfjl)]
t Ym
Fy(by,cp)
‘ (82)
subject to
I(bp,cp, ¥p) < 0,E(by,cp, ¥p) =0
I(by,ch, ¥,) < 0, E(by,cp,, ¥,) =0
‘I’P vy, ¥ {Pltc,G’ 1b}’q’b_{pic’n§b
— t t t t t
bP - {823’813 d7sji,7"’u1j’ 1’qu Xc1,817uib (83)

t t t
{ G’Q’LGV‘PLLVPU? ”,V t}

nln2 n,dch 2gn,ch
bb - {am’ T ’/Bm ’/Bm
n,dch n,ch +
pmt apmt y SOCy,

b= {bpﬂbb} € {07 1} 7CZ{Cpacb} S [Cminy Cmax}
v = {‘I’pa \Ilb} S [lemirn lI/max]

where F), and I}, represent the benefits of DPN company and
EB company, respectively. {b,,c,} denote integer and con-
tinuous variables associated with DPN, including network re-
configuration and operation, repair crew schedule and bridging
services of affected MN routes (DPN restoration subproblem).
{by,c} denote integer and continuous variables associated
with EB schedules (EBSP subproblem). Similarly, {¥,, ¥y}
denote the coupled continuous variables between the DPN
restoration subproblem and the EBSP subproblem. For the
purpose of distributed implementation, we first introduce the
DPN restoration subproblem and EBSP subproblem by aug-
mented Lagrangian decomposition (ALD), with relaxing con-
straint W,=Wy, i.e., P} o =pj , Nj, =nf.

1) DPN restoration subproblem: In thlS subproblem, the
coupled variables ! i.p denote the nodal injected power Pt
with fast charging station (FCS) i., and the evacuation Ca-
pacity Nfb provided for the bridging route ib. The variable

Cp =

\Ilf ydenotes the interactive information received from the EB
company.

min Z AT
t

Z wi"tAPit,L + Z w;’tAPit,L

i€V Ve ievgre

YN (v, e,) + 2
Vi

(84)
oY,

2



subject to
I(bp,cp, ¥p) < 0,E(bp,cp,, ) =0
by€{0, 1}, ¢, €[Cmin; Cmax], \Ijg,p = {Pitc,G7 Nztb}

Pl c€ [Hi,aapfc,e} Vi, € [0, D

(85)

2) EBSP subproblem: In this subproblem, the coupled vari-
ables \Ilf , Tepresent the aggregated injected discharging power
plfc of EB fleets at the FCS ic, and the aggregated evacuation
capacity nfb of EB fleets provided for the bridging route ib.
The variable \Ilﬁ’pdenotes the interactive information received
from the DPN company.

min Z AT [Z (S0€m — soch,)
t m
LY (x4

— 2
-]
subject to

I(bb,cb, ‘I’b) S 07 E(bb,cb, \Ilb) = O
by, € {0,1},¢p € [Cmin, Cmax] s \Ilg,b = {pﬁu,nﬁb
t ic,dch ic,ch
pic - ZmEB (pmt — Pmt )
ngb S Om ' ZmEB (061,;},1 + aiﬁ)
B. Distributed Algorithm

Due to the constraints of integer variables, the original
MILP model is nonconvex and discontinuous, posing chal-
lenge to the convergence of the distributed algorithm. To ad-
dress this, we devise an Iterative Alternating Optimization
(IAO) with a nested Alternating Direction Method of Mul-
tipliers (ADMM). The flowchart of the algorithm is shown in
Fig[9 and the theoretical analysis of this type of algorithm can
be found in [35]-[37]. The key idea is to optimize the prob-
lem over repair crew and EB schedule variables, and DPN
switching states (integer variables), and other DPN operating
variables, while keeping the discharging and charging power
of EB, and evacuation capacity for bridging routes (coupled
variables) fixed. The problem is then optimized over coupled
variables with the integer variables fixed, and this process is
repeated iteratively. The solution procedures for IAO (algo-
rithm 1) and ADMM (algorithm 2) are detailed as follows.

’ Initialize coupled variables ¥° ‘

(86)

(87)

—){ Fix integer variables b,* , by ‘

Initialize r=0 and %"

¢ Set residuals tolerances &” and &°
’ Interation k=0 ‘
& -
\ Al Solve DPN Solve EBSP
Solve EBSP and DPN restoration subproblem subproblem
subproblem separtely with ¥* fixed with 2" and with 2" and
shared ¥, shared ¥,

’ Integer variables by*, by ‘

N
Convergence check

Fig. 9. Flowchart of the proposed IAO algorithm

Update A"

Compute £, £®0
and check convergence

—’ Update coupled variables ¥*

Algorithm 1 Iterative alternating optimization (IAO)

1) Initialize. Convert the integrated MILP model (82)-(83) into
a linear program (LP) by relaxing integer variables to continuous
variables. Apply ADMM (algorithm 2) to achieve the decentral-
ized solving of two subproblems. This provides the initial values
of coupled variables ¥° for the DPN and EB company, where
W)=W). Set iteration k = 0.

2) Solve ¥-fixed subproblems. Solve the DPN restoration sub-
problem (84)-(85) with \Il{ﬁ fixed to ,‘Ii]ﬁ’ and solve the EBSP sub-
problem (86)-(87) with \Ilf; fixed to W§, obtaining the integer vari-
ables bg and bf, as well as other decision variables.

3) Check convergence. If £ > 0 and the integer variables do
not change between two adjacent iterations, i.e, b’; = blg_l and
b¥ = bF~!, the iteration terminates and outputs the solution
{b’;,bﬁ,cp,cﬁ, \Ill;, \Il’f,} Otherwise, go to step 4).

4) Solve integer-fixed subproblems by ADMM. With integer
variables b’; and b} fixed, the original integrated MILP is equiv-
alent to an LP. This allows the DPN restoration subproblem and
EBSP subproblem to be solved in a fully distributed manner by
the iterative ADMM (algorithm 2) with finite convergence, obtain-
ing the values of coupled variables W*. Set iteration k = k + 1
and go to step 2).

Algorithm 2 ADMM for fully decentralized operation

1) Initialize. Set iteration » = 0 and initialize lagrangian multipli-
ers A%**0) and shared information ¥ *® for the two subproblems.
Set the maximum number of iterations R > 0, and the ADMM
residuals tolerances ¢” > 0 and P > 0. ~

2) Information exchange. The DPN company sends \Ill(Dk’T) to the
EB company. In return, the EB company sends \Ilg)k’r) to the DPN
company.

3) Subproblems computations. Solve the DPN restoration sub-
problem (84)-(85) and EBSP subproblem (86)-(87) with AE7) and
thffksh?red information of coupled variables, respectively, obtaining
NAUUES

4) Convergence check. Compute the

P = ngmy_mgm
2

Erimal and dual

residues: ety =

H\Il,(f”') — \Ill(ak”'*l) 2. If e < &P and @7 < &P or
r > R, algorithm ter?ninates and output the optimal solution of
gk

5) Lagrangian multipliers updating. A\ ABr=1) 4
p (\1:;’“”“) — \Ilék’r)). Set 7 =7 + 1 and go to step 2).

(k,r)

VII. CASE STUDIES

This work employs the Matlab-based Gurobi 11.0 on a per-
sonal workstation with a sixteen-core 19-11900H CPU, an RTX
3080 GPU, and 64GB of RAM. The simulation case includes
an IEEE 33-node system (Case I) and an IEEE 123-node sys-
tem (Case II), and the computational performance is analyzed.

A. Case I: IEEE 33-Node System

1) Network Setting and Initialization: The topology and pa-
rameter setting of RTN refer to Ref [38]], and those of MN are
set based on complementary relationships. A modified IEEE
33-node system is adopted to simulate the operation of DPN.
The detailed parameters setting for RTN and MN are listed
in Appendix Table I-IV [40]. The traffic flow distribution of
RTN and MN are initialized through solving TAP [30] using
fmincon in MATLAB-R2023a which are shown in Appendix



Fig.1 [40]]. The parameters of DPN are listed in Appendix Ta-
ble V-VII and those of EB are shown in Appendix Table VIII
[40], where Np is composed of fifty-fifty basis by Bg and
B.. The topological diagrams of MN, RTN, TPN and DPN
are presented in Fig[I0] The power supply from DPN to TPN
and that from TPN to MN are shown in Table [[] and Table
respectively. The capacities and geographic locations of FCSs
are listed in Appendix Table IX [40]]. The depot of spared EBs
and RCs is located in B1.

2) Extreme Scenario: In the extreme scenario, the initial
failed power lines are P2-P8, PO-P1, P6-P7, P24-P25 and P31-
P5 due to deliberate attack, and their locations and repair
time are listed in Appendix Table X [40] with a time step
AT=15min. The initial nodal loads after load shedding are
shown in Appendix Table XI [40]. The load loss of nodes P7,
P8, P14, P15, P17 and P26 result in the outage of TPN nodes
T4, T2, T5, T3 and T7. According to the functional interde-
pendence between TPN and MN, the metro segments M3-M7,
M2-M4 and M4-M8 fail, interrupting the routes M2-M4, M2-
M8, and M3-M7.

The load of the failed MN routes » € R2"**t would be
redistributed to bridging routes Rgt and inner-layer transfer
routes RE;®. The assigned load and duration time of each route
are shown in TABLE The duration time of each original
routes is presented in Appendix Table XII [40].

TABLE I
COUPLINGS OF MN EDGES AND TPN NODES
MN Edge TPN Nodes MN Edge TPN Nodes
MI1-M3 (T1,T3) M5-M6 (T5,T6)
M2-M4 (T2,T4) M5-M9 (T5,T9)
MI1-M5 (T1,T5) M6-M10 (T6,T10)
M2-M6 (T2,T6) M7-M9 (T7,T9)
M3-M7 (T3,T7) MS8-M10 (T8,T10)
M4-M8 (T4,T8) M5-M6 (T5.T6)
TABLE II
COUPLINGS OF TPN NODES AND DPN NODES
TPN Node DPN Node TPN Node DPN Node
T1 P10 T6 P3
T2 P8 T7 P17
T3 P15 T8 P26
T4 P7 T9 P20
TS P14 T10 P23
TABLE IIT
LOAD TRANSFER OF FAILED PATHS IN CASE |
ROt Ry P&RY Py Dy, timey,
B2-B6 0.8808 20.2584 2AT
M2-M4 B2-B5-B6 0.1192 27416  2AT
B2-B6-B12 0.468 10.7631 4AT
B2-B5-B6-B12 0.1376 3.1653 4AT
M2-M8  B3.B5-B8-B11-B12 00796  1.8308 6AT
M2-M6-M10-M8 0.3148 7.2408 2AT
M3-M7 B3-B9 1 23.07 2AT

MN (al)

Ors Or4
® a1, ps
® £2 0 Q
P3 PG\
PO (Main Grid) Q
® ® = zi
P21 Z P26
@) ® A
[ P27
@ @ P20————OP23

RTN (a2)

TPN (a3) DPN (ad)

Fig. 10. The diagram of metro network (al), road traffic network (a2), traction
power network (a3) and distribution power network (a4)

3) Time cost and amount of load loss:

e Scenario 1: DPN restoration with EBs considering cou-
pled MN demand.

e Scenario 2: DPN restoration with EBs ignoring coupled
MN demand.

e Scenario 3: DPN restoration without EBs.

The DPN restoration process of above three scenarios are
shown in Fig[TT] Compared to scenario 3, the curtailed load
recovers more quickly in scenarios 1 and 2, leading to re-
duced time cost of lost load through collaboration with EBs.
In scenario 2, without the evacuation demand of affected MN
routes, load restoration is much faster during (4! — 18!")AT,
with 0.0873MW of load restored earlier than in scenario 1 by
t = 18AT. However, in scenario 1, where the effect of un-
satisfied MN traffic demand is taken into account, EBs are
dispatched for bridging routes in the beginning of restoration.
Furthermore, driven by the exponential growth of the time
cost over time, the coupled power load is prioritized for reen-
ergizing to recover suspended MN intervals. Their recovery
sequences in scenarios 1 and 2 are listed in Table Fol-
lowing the operational recovery of MN intervals M2-M4 and
M4-M8 at t = TAT, the time cost increases more slowly
and reaches its peak value when interval M3-M7 recovers at
t = 11AT. This peak value decreases from $464000 in sce-
nario 2 to $224654 in scenario 1, underscoring the importance
of prioritizing the restoration of power supply to failed MN
routes.

4) Synergistic dispatch of RC and EBs: The dispatch sched-
ule for RC and EBs is shown in TABLE [V]and Fig[T2] respec-
tively. According to the interdependence, the disrupted MN
sections M2-M4 and M4-M8 can be supplied by T4 after the
recovery of P7, making RC reach failed line P6-P7 firstly at
t = 1AT and complete the repair at t = 6AT. After that, 20
EBs are assigned to discharge at FCS4 to supply power to P7.
Before t = 6AT, 5 and 10 EBs are assigned to bridging routes
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TABLE IV
Repair
RECOVERY SEQUENCES OF SUSPENDED MN SECTIONS IN CASE I |_step Step1 Step2 | Steps | Stepd | StepS | Stepé |Stepr
EBL B4 D4 c4 D2 c3
Considering the unsatisfied MN traffic demand EB2 ES D4 c3 D2 | C2 [c2
EB3 B3 D4 c3 D2 | C2 c1
MN sections M2-M4 M4-M8 M3-M7 EB4 B3 D4 c3 D2 | C2 [ c2]
- EBS5 B3 D4 c3 D2 | C2 [ cil
Recovery time t=TAT t=TAT t =11AT 86 B3 D2 3 D2 | c2 [c2]
Without considering the unsatisfied MN traffic demand E:g Eg g: c = gi = ‘ & =
MN sections M2-M4 M4-M8 M3-M7 EB9 B4 D4 C4 | D2 | C3 [
EB10 B3 D4 c3 D2 | C2 c1
Recovery time t = 13AT t= 13AT t =5AT EB11 B3 D4 c3 | D2 | C2 | il
EB12 B4 D4 c4 D2 c3
— = EB13 B3 D4 c3 D2 | C2 c2
2500 0.28% EBL4 B4 D4 | c4 D2 &
= W & RS = i ‘ = ST =
3 D AL ED el N dend. =) EBI6 D4 [ [ ca 02
8375 T s ED 1021 3 EB17 D4 ] ca o4 [ca
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& 2 EB22 02 04 | c4
S15 0.07.5 EB23 04 D4 | c4 [ 03 [ Jeca
2 < EB24 | | D1 Ct | D4 | c4 | 03
o E EB25 03 D2 [ C2 [ca]
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Restoration time period ¢ EB28 D4 ‘ C4 ] o1 ‘
Fig. 11. Time cost and amount of load loss during restoration in Case I EB29 o1 ]cL ‘ 02 ‘ [p2[c2] ‘ o
EB30 | D4 | ba [ [oca] \ c4

ipg and ip3 respectively during ¢ = 1AT — 4AT for carrying
some transferred load of route M2-MS8. This is because when
finishing bridging services, it just takes a EB 2AT to trans-
fer from terminus B12 to B8 which is the location of FCS4.
At t = 17AT, 20 EBs are assigned to discharge at FCS2 to
supply power to P17. EBs assigned for service trips can be
divided into two types.

o EBs assigned for bridging trips T, and charge-discharge
trips T¢. In particular, EB#1-EB#15 initially implement
bridging service to reduce MN load loss. As shown in Ta-
ble such services contribute to evacuating the failed
loads of M2-M8 by performing i;3 and 4 before the
recovery of disrupted section M2-M4. Then, they partic-
ipate in DPN restoration with RC.

o EBs assigned for original trips T, and charge-discharge
trips T.. EB#16-EB#30 implements the above two ser-
vice trips alternately. There is at least one EB for original
trip at each moment to ensure the essential original transit
demand.

The SOC dynamics of EB#6, EB#24, and EB#28 are por-
trayed in Fig[I3] Taking EB#6 as an example, it is desig-
nated to perform bridging service on route ip3 during ¢t =
1AT — 4AT and arrives at FCS4 after 2AT transfer time

TABLE V
DISPATCH SCHEDULE OF REPAIR CREW FOR FAILED LINES IN CASE I
Time(AT) 1-6 7-10 11-14 15-18 19-23 24-27
Failedline = P6-P7  PO-P1 P24-P25 P1-P14 P2-P8 P31-P5
TABLE VI
THE EBS DISPATHCHED FOR BRIDGING ROUTES %33 AND 454 IN CASE [
Ry* t=1AT t=2AT t=3AT t=A4AT
ih3 71% 7.1% 7.1% 7.1%
Tha 0 0 0 0

EB is dispatched to bridging route X EB is dispatched to original route X
EB is charging at FCS X EB is discharging at FCS X

Fig. 12. Dispatch schedule of EBs for service trips in Case I

to discharge until ¢ = 10AT. Limited by the power supply
to FCS4, EB#6 has to charge at FCS3 with a 25% SOC at
t = 13AT and discharge at FCS2. Then, it stays at FCS2 to
supplement energy until the SOC reaches 58%.

]gg EB#6
Seo \VNW+EEZ§§
=40 Ty
20

0

0 4 8 12 16 20 24 28
Restoration time period ¢

Fig. 13. SOC change of EB#6, EB#24, and EB#28 in Case I

5) Network reconfiguration: The discharging and charging
behavior of EB influences its power injected or withdrawn into
DPN, which further affects the network reconfiguration during
restoration. The detailed restoration process is presented in
Fig[14]

Initially, before the first faulted line is repaired, except for
performing bridging services, 5 EBs supply power to the reg-
ular load of nodes P9-11 through FCS1. Then, four MGs are
formed with the output of the other three DGs. After the re-
covery of P6-P7 at t = 7TAT, the tie line P6-P30 switches
on, and 20 EBs flood into FCS4 to discharge, picking up the
load of P7, resulting in a new MG. At ¢t = 11AT, the line
P6-P30 that connects the main grid turns intact and the load
of node P17 is restored by the power transmitted from the
closed tie line P9-P14. Meanwhile, EBs start to charge at four
FCSs. The charging and discharging power of FCS4 is por-
trayed in Fig[T5] During ¢t = 17AT —18AT when line P1-P14
has not been repaired, 20 EBs discharge at FCS2 to supply
power to node P17 so that the load of P14 can be picked up



and P106 result in the outage of TPN nodes T4, T9, T20,
T23 and T25, further disrupting the metro segments M4-M9
and M20-M25-M23. This terminates part of routes connecting
Origin-Destination (OD) pairs M2-M14, M2-M19, M2-M24,
M10-M23 and M15-M23. The bridging routesRE’t designed
for the evacuation demand of affected routes RS™** are listed
in TABLE [VIII

TABLE VII
LOAD TRANSFER TO BRIDGING ROUTES OF FAILED PATHS IN CASE II

ROt R;" Dy, timey,
B20-B25-B23 19.8005  2AT

M20-M25-M23 B20-BI8-B29-B23 26796  4AT
B20-B25-B29-B23  10.5198  4AT

M4-M9-M14 B4-B9-B14 31019 2AT
M4-M9-M14-M19 B4-B9-B14-B19 17942 4AT
M4-M9-M14-M19-M24 ~ B4-B9-B14-B19-B24  7.096 6AT

TABLE VIII
REPAIR SEQUENCES FOR FAILED LINES IN SCENARIO 1 AND 2 IN CASE I1

P20—————OP23 P20———OP23
t=23-26 t=27-28
O—~0O Repaired line O—-0O Damaged line —O— Switchon --O-- Switch off

Fig. 14. DPN network reconfiguration with EBs dispatch in Case 1

by the power transmitted from line P9-P14. Then, five MGs
are formed. Finally, with the recovery of lines P1-P14 and
P31-P5, the tie lines P6-P30 and P9-P14 are switched off.

2.50 20
Discharging power
s l(_\;lmlileng lfm]):\;v;r 15
~4— Number of EBs
; 1.25 5
O
< 10
0;) =
£0.00 Z
~ r—*—’-l L\ freeee 5
-1 25 0 4 8 12 16 20 24 28 0

Restoration time period ¢
Fig. 15. Number of EBs and charge/discharge power of FCS4 in Case I

B. Case II: IEEE 123-Node System

1) Network Setting and Initialization: The topology and pa-
rameter settings of IEEE 123-node system refer to Ref [39]
where the lines with zero impedance are omitted. Topologies
of the MN, TPN, and RTN are detailed in the Appendix [40].
The power supply relations between MN edges and TPN nodes
coincide with their numbers. For example, MN edge M1-M2
is powered by TPN nodes T1 and T2. The operating param-
eter and number of EB are aligned with those in the case I.
The depot of spared EBs and RCs is located in BS8.

2) Extreme scenario: The initial failed power lines are PO-
P1, P13-P18, P13-P50, P49-P111 and P97-P101 due to de-
liberate attack. The load loss of nodes P4, P11, P16, P103,

Time(AT) 1-4 5-10 11-16 17-24 25-32

Failed line ~ P13-P50  P49-P111 P97-P101 P13-P18 PO-P1

Time(AT) 1-8 9-12 13-18 19-24 25-32

Failed line PO-P1 P13-P50 P49-P111 P97-P101 P13-P18
TABLE IX

THE EBS DISPATHCHED FOR BRIDGING ROUTES %4 AND %p5 IN CASE 11

Rp* t = 5AT — TAT t = 8AT — 10AT
iba EB#6-10 EB#20-24
b5 EB#1-5 EB#1-5
- —
2 80 0.08§
7t g
% 60 Time g in Scenario 1 0.06 g
S o smario ] 2
4—Load ,in Scenario

840 Loat g Scenario2 o.o4§
2 5
) 2
20 0.028
o Y
o o
2 =
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Fig. 16.
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Time cost and amount of load loss during restoration in Case II

3) Restoration Process:

e Scenario 1: DPN restoration with EBs considering cou-

pled MN demand.

e Scenario 2: DPN restoration with EBs ignoring coupled

MN demand.

The DPN restoration processes of these scenarios are de-
picted in Fig. [T6] with the repair sequences of failed lines
detailed in Table In scenario 1, where the effect of un-
satisfied MN traffic demand is taken into account, lines P13-
P50 and P49-P111 are prioritized for repair. This prioritization
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Fig. 17. IEEE 123-Node system at t = 5AT —6AT and t = 11AT —12AT

restores MN links M4-M9 ¢t = 4AT and M20-M25-M23 at
t = 11AT, respectively. During the period ¢ = 5AT — 10AT,
15 EBs are dispatched to bridging routes 54 and ip5, fully
satisfying their evacuation demands as listed in Table [[X] The
time cost of comprehensive load loss in scenario 1 is sig-
nificantly reduced compared to that in scenario 2, decreasing
from $64062 to $24901. However, in scenario 2, line PO-P1 is
firstly recovered, contributing to quicker restorations of regular
loads than that in scenario 1. This arises from the travel time
required for transferring among different failed lines within a
larger RTN, delaying the repair of line PO-P1 until the final
moments.

The network reconfigurations at ¢ = 5AT — 6AT and
t = 11AT — 12AT are illustrated in Fig. [[7] At t = 5AT,
the MG1 is formed upon the recovery of P13-P50. Although
the output of DG3 is insufficient to jointly reenergize P4, P11
and P16, priority is given to reenergizing P4 and its coupled
TPN node T25 to ensure power supply to both M20-M25 and

100
ool EB#3
80f " T —e—EB#7
= EB#22
S 60} \““\\
Q
Rl "w\ ]
20} ha Y71
0

0 4 8 12 16 20 24 28 32
Restoration time periodt

Fig. 18. SOC change of EB#3, EB#17 and EB#22 in Case II
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EB is dispatched to bridging route X EB is dispatched to original route X
EB is charging at FCS X EB is discharging at FCS X

Fig. 19. Dispatch schedules of EB#3, EB#17 and EB#22 in Case II

M25-M23. Subsequently, at t = 11AT, EBs discharge at P62
to support the load of P37 following the repair of line P49-
P111, facilitating the load pickup of P112 within MG3 pow-
ered by DG2. At this point, all affected MN routes have re-
turned to normal, allowing EBs cease bridging services and
focus on load restoration. Due to the space limit, the entire
DPN restoration process and the EB schedule are not elabo-
rated upon. Dispatch plans and SOC changes of EB#3, EB#17
and EB#22 are separately presented in Fig. [I9] and Fig. [T8]
to illustrate the transfer of EBs among their respective service
trips.

C. Computational Performance Analyses of the Fast Restora-
tion Algorithm

Computational performances comparations are conducted
among the following methods: (1) the proposed original MILP
(O-MILP); (2) the AIF-based MILP with two AIFs (DA-
MILP) introduced in this paper; (3) the AIF-based MILP
with one AIF (SA-MILP) proposed in [34]. In the AIF-based
method, § is set to 2¢ to satisfy the condition § > ¢ as stip-
ulated in [32].

The comparations results are provided in Table [X] where
the objective value is uniformly calculated by Eq. (26). Solv-
ing accuracy and time are significantly influenced by the gap,
which controls precision in the MILP computation. However,
the DA-MILP introduced in this paper can enhance the solv-
ing efficiency while guarantee the precision. In case I, the
O-MILP solution reaches optimality with a 1% gap in 2679s.
In contrast, both DA-MILP and SA-MILP can achieve the
same optimal solution under a smaller gap of 0.1%, requiring
less computation time. Testing on a larger system in case II
shows that the optimal solution is reached much more quickly
through DA-MILP with a 0.01% gap, which increases the com-
putation efficiency nearly 5 times compared to O-MILP under
a 0.1% gap and 4 times compared to SA-MILP under a 0.01%
gap.

In practical applications, it is recommended to prioritize
computational efficiency over achieving absolute solution op-
timality. This strategy can be realized by setting a relatively
loose gap, which favoring the applicability of DA-MILP.



TABLE X
OPTIMIZATION RESULTS FOR CASE I AND CASE II

Gap = 1% Gap = 0.1% Gap = 0.01%
Case Method Objective Value Solving Objective Value Solving Objective Value Solving
(103 $) Time (s) (103 $) Time (s) (103 $) Time (s)
O-MILP 224.654 2679 224.654 5896 224.654 24899
1 DA-MILP 309.278 237 224.654 652 224.654 1552
SA-MILP 271.394 489 224.654 1090 224.654 2381
O-MILP 26.254 3782 24.901 9852 24.901 33754
1T DA-MILP 30.363 398 25.072 759 24.901 2189
SA-MILP 28.498 631 25.165 2448 24.901 7856
TABLE XI
COMPARISON BETWEEN THE IAO SOLUTION AND THE OPTIMAL SOLUTION FOR CASE I
Solution of IAO Optimal Solution of MILP
Time (AT) Inject Power of FCSs (MW) EBs Number of ib Inject Power of FCSs (MW) EBs Number of ib

FCS1 FCS2 FCS3 FCS4 ipg ip5 FCS1 FCS2 FCS3 FCS4 3 ipa

1-2 0 0 0 0 5 5 0.5 0 0 0 10 5
3-4 0 0 0 0 10 5 -0.41 0 0 0.44 10 5
5-6 0 0 0 0.5 5 5 0 0 0 0.5 0 0
7-8 0 0 0 0.5 0 0 0 0 0 2 0 0
9-10 0 0 0 2 0 0 0 0 0 2 0 0
11-12 0 0 0 0 0 0 0 0 0 -0.97 0 0
13-14 0 0 0 0 0 0 0 0 -0.8 -0.58 0 0
15-16 0 0 0 -0.49 0 0 0 0 0 0 0 0
17-18 0 0.2 0 -1.01 0 0 0 0.2 0 0 0 0
19-20 0 0 0 0 0 0 0 -0.018 0 0 0 0
21-22 0 0 -0.42 0 0 0 0 0 -0.60 -0.24 0 0
23-24 -0.69 -045 -020 -0.50 0 0 -0.60 0 -0.03  -0.13 0 0
25-26 0 -0.26  -0.33  -0.02 0 0 -0.03 -0.60 0 -0.24 0 0
27-28 0 0 0 0 0 0 0 0 0 0 0 0

Obj 242692 224654

D. Computational Performance and Optimality Analyses of
the Distributed Method

The proposed distributed method is verified on the Case
I and II. The penalty factor of the ADMM procedure p is
set to 1. The Convergence tolerances of the primal and dual
residues of the ADMM procedure are e’ = e” = 0.001. The
maximum number of iterations of ADMM is R=999.

1) Iterative Solution Process: We elaborated on the itera-
tive solution process of IAO utilized in Case I, as illustrated
in Fig. In Fig. 20 (a), the max. residue denotes the largest
value of primal and dual residues of all coupled variables at
each ADMM iteration. It reaches the convergence tolerance
in the 34th iteration when the coupled variables ¥ optimized
by DPN company and EB company coincide. Subsequently,
the loop of TAO starts, the integer variables are firstly yielded
by solving W-fixed subproblems. These integer variables are
then fixed, and the integer-fixed subproblems are solved with
ADMM to update ¥, starting at the 35th iteration and con-
verges in the 64th iteration. At this point, a new IAO round
commences, and the W-fixed subproblems are solved again.
Finally, the integer solutions are examined to be consistent
with the previous values, allowing the IAO algorithm to ter-
minate at the 2nd round.

In Fig. 20 (b), as one of the coupled variables of DPN
restoration subproblem and EBSP subproblem, the evolution
of the injected power of FCS4 at ¢ = 9AT illustrates the
iterative solving process of them. Initially, the DPN subprob-

lem requires higher power injection at FCS4 to quickly restore
outage loads. However, in the EBSP subproblem, EBs are re-
luctant to discharge at FCS4 in order to maintain their battery
SOC. When the iteration terminates, the DPN company and
EB company reach a consensus on the injected power of FCS4
at ¢t = 9AT, where both the DPN restoration and EBSP sub-
problems converge to 2MW.

TABLE XII
COMPUTATIONAL PERFORMANCE AND OPTIMALITY ANALYSES OF [AO

Case Method Objective Value 103$) Solving Time (s)
O-MILP 224.654 5896
1 DA-MILP 224.654 652
TIAO 242.692 44383
O-MILP 24.901 9852
I DA-MILP 25.072 759
1AO 26.139 8463

2) Computational Performance and Optimality Analyses:
The computational time and the optimality comparisons be-
tween the IAO solution and the O-MILP optimal solution are
presented in Table The computational time of IAO is de-
termined by two parts: the ADMM iterative process and the
W-fixed subproblem optimization. The IAO algorithm termi-
nates after the second round in Case I and the third round in
Case II. The optimality gap primarily stems from the lack of
coordination between EB scheduling and the DPN repair pro-
cess. The differences between the IAO solution and the optimal
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Fig. 20. Evolution of (a) the maximum residues and (b) the injected power
of FCS4 at t = 9AT with ADMM nested in the IAO algorithm

solution in Case I are detailed in Table [XIl In the IAO solu-
tions, EBs are scheduled to perform bridging routes 7,4 and
ips during t = 1AT —6AT, preventing 10 EBs from discharg-
ing at FCS4 to supply power to DPN node P7 at t = 7TAT
when the failed line P6-P7 is repaired. This delays the recov-
ery of M2-M4 and M4-M8 compared to the optimal solution,
which contributes to the unsatisfied evacuation demand.

The proposed distributed method can solve the original
MILP, yielding a suboptimal but practically effective solution.
This approach is valuable given the different authorities and in-
terests between DPN and EB companies. However, it requires
more computation time than centralized solving with the fast
restoration algorithm due to the large number of iterations and
the introduction of MIQP by ALD. In urban scenarios, enti-
ties are encouraged to collaborate on quick restoration with
enhanced information sharing, regardless of individual inter-
ests. In practice, a centralized schedule can be implemented
by the city government emergency management department.

VIII. CONCLUSION

This paper proposes a post-event restoration strategy for ur-
ban ETIN considering the interaction among DPN, RTN and
MN through synergistically scheduling EBs and RC. Based
on the dual functions of public transport and mobile power
source, three post-disaster trips of EB are fully integrated in
the DPN restoration model. During the multi-stage recovery of
DPN, EBs are assigned to bridging services for the suspended
metro intervals in the beginning. Cooperating with RC, EBs
move to discharge at FCSs to supply power to the node cou-
pled with unsatisfied MN demand on time when some critical
failed lines have been repaired. Additionally, some lost regu-
lar load can be picked up by the formed microgrid based on

EB discharging. With the synergistical dispatch of RC and EB,
the time cost of power load loss increases much more slowly
in the early stage, and its maximum value drops by more than
50 percent in both two cases. Therefore, the adverse effects of
extreme events on urban ETIN are effectively addressed. Fur-
thermore, the AIF-based fast restoration algorithm enhances
the computational efficiency of the proposed model while en-
suring solution optimality. The proposed distributed method
solves the original MILP and yields a practically effective so-
lution, considering individual benefits and information privacy
of the DPN company and the EB company.

In the future work, the simultaneous damage to both road
and DPN will be considered, and the impact of damaged roads
on the travel time of EBs and RCs will be quantified to fur-
ther explore their optimal schedule strategies in the post-event
scenario.
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