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ABSTRACT

In order to cope with the damage of urban electricity and the dilemma of residents' electricity
consumption caused by flooding disaster, we study the dynamic planning of intelligent operation and
maintenance equipment scheduling and distribution network restoration under flooding disaster.
Consideration is given to both pre-disaster deployment and post-disaster scheduling levels, while
dynamic planning is carried out for collaborative repair and energy storage scheduling to construct a
scheduling model with multi-source collaboration. Based on this, a multi-resource cooperative post-
disaster recovery strategy for distribution networks is further proposed. The usability of this paper's
multi-source cooperative strategy is studied in depth through case analysis. Among the six Cases of the
simulation experiment, the total cost in Case 1, which is operated and restored according to the
strategy proposed in this paper, is the lowest, which is only 257080.2 RMB. The maximum, minimum,
and average values of the solution time of the multi-source cooperative strategy are much faster than
those of the comparison methods, and it has obvious advantages in fast decision making. The multi-
source synergy model in this paper is able to recover all the loads within 285 min, while the finite
synergy model takes 330 min. The multi-source synergy model was able to recover 7,500 kW of load,
while the limited synergy model was only able to recover 6,850 kW. The multi-source cooperative
model has strong applicability.

Keywords: dynamic planning, cooperative scheduling, multi-source collaboration, intelligent operation
and maintenance equipment, power restoration

1. Introduction

Flooding is a natural disaster in which the depth of water on the ground in urban or rural areas exceeds
normal due to excessive precipitation, poor drainage, topography, urban planning and other reasons,
resulting in serious obstruction of urban or rural transportation, production, and housing [1]. Once
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the flooding situation occurs, it is necessary to quickly take effective disposal measures to reduce
losses and protect people's lives and property.

In recent years, with the development of the communication system, carrying the production,
control and management of a variety of business volume of rapid growth, the distribution network on
its dependence on the increasing, and the frequent occurrence of disasters so that the distribution
network blackout, power system paralysis, and other risks are increasing, the power system and the
distribution network communication system restoration of the disaster situation is essential to
understand and disaster relief [2-4]. The first step in a large-scale failure of the power system after a
disaster is to conduct a disaster assessment and determine the urgency of power supply restoration
[5]. Disaster assessment provides the extent of damage caused by the disaster, damage to power
facilities, and the resources and time required for restoration [6-7]. At the same time, emergency
power sources and backup grids are activated to protect the power supply needs of critical equipment
and important power users, and to ensure the basic power needs of the society, while the damaged
power equipment is then quickly repaired and power facilities such as transformers, transmission
lines, and power supply equipment are overhauled [8-11]. This process involves collaboration among
government departments, power repairers, road repairers, and other personnel, as well as the
development of repair strategies, mobilization of staff and equipment resource allocation, and other
complexities [12-14]. In disaster and post-disaster relief, the deployment of equipment is a crucial
part, only rational planning and scheduling, in order to better cope with the disaster, to protect
people's lives and property safety. The general deployment principle is based on the demand and
disaster level, both of which change in real time in the actual situation, and it is difficult to generate
the dispatching program of its equipment quickly. And intelligent operation and maintenance through
artificial intelligence, big data, cloud computing and other technologies, to achieve automation,
intelligent management, and reduce the time and cost of manual intervention to quickly give a
reasonable solution [15-16]. Therefore, it has become a new research direction to cope with the
collaborative scheduling of equipment and power restoration in the disaster environment by means
of intelligent operation and maintenance.

The article considers the flood disaster repair and post-disaster energy storage scheduling to
construct an emergency restoration resource scheduling model and a distribution network operation
model. At the same time, it constructs a multi-resource cooperative scheduling model from both pre-
disaster deployment and post-disaster scheduling. Then, in-depth exploration is carried out for post-
disaster distribution network recovery, and a multi-source cooperative post-disaster recovery strategy
for distribution networks is proposed. An example analysis is conducted to verify the feasibility of the
multisource cooperative scheduling and distribution network restoration strategy proposed in this
paper. Meanwhile, the load restoration and total cost of the distribution network with the multi-source
cooperative strategy of this paper are obtained. The load restoration results and distribution network
topology results after the flooding disaster are analyzed. Finally, it is compared with the finite synergy
model to verify its applicability.

2. Overview

In terms of transportation equipment scheduling, literature [17] responded to the flood disaster by
constructing a helicopter aviation emergency rescue scheduling model and a multi-agent helicopter
aviation emergency rescue scheduling simulation system, which not only involves the basic mission
requirements and starting points, but also covers the whole scheduling factors including the
properties of the helicopter itself, command center, loading and unloading locations, and material
placement points. Literature [18] designed a vehicle scheduling and path planning model for
emergency supplies under multiple dynamics and objectives, which can consider maximizing vehicle
transportation efficiency and minimizing the difference in emergency response level in the changing
disaster situation, and transport multiple emergency supplies stockpile points to different disaster
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points. In terms of medical equipment scheduling, literature [ 19] utilized a self-constructed evaluation
system for the degree of emergency demand for emergency medical equipment and established a
model for the distribution of urban emergency medical equipment based on the degree of emergency
of the demand, time, and vehicle loading, which also possesses the functions of reducing the
distribution cost and planning the optimal routes for distribution. Similarly, in considering the degree
of disaster emergency and medical demand, literature [20] gives a large-scale emergency medical
material scheduling algorithm through heterogeneous ant colony algorithm and reinforcement
learning, which not only improves the scheduling efficiency, but also solves the problem of fairness of
medical distribution in multiple disaster sites.

In the study of post-disaster power restoration, literature [21] developed a post-disaster power
system restoration planning model based on the sequential correlation restoration cycle, which takes
the minimization of restoration duration and the maximization of power system load capacity as the
key. Literature [22] utilized an intentional islanding algorithm for post-disaster power supply
restoration based on restoring power strategies to distributed energy resources. Literature [23]
customized and developed optimal recovery plans and heuristic algorithms for power restoration
strategies in disaster environments, respectively, with the former having better restoration strength
and better life safety assurance for maintenance personnel. Literature [24] obtains electric vehicle
characteristics with travel chains and probability distribution functions, and develops a post-disaster
distribution network power restoration model in this context, which solves the load problem in post-
disaster distribution network restoration. Literature [25] constructs a multiple cooperative
distribution network emergency repair allocation model to solve the optimal allocation restoration
strategy under cooperative cooperation with dynamic planning, which solves the delay problem in the
process of distribution network restoration.

3. Aunified model for pre-disaster deployment and post-disaster scheduling of
flooding disasters

In this chapter, considering the operational characteristics of the drainage team, maintenance team
coordinated repair scheduling and mobile energy storage scheduling, a multi-resource coordinated
emergency restoration resource scheduling model is constructed, and a multi-resource coordinated
pre-disaster deployment and post-disaster scheduling unified model is established by combining the
transferring role of the remote switches as well as the safe operation constraints of the distribution
network.

3.1. Emergency recovery resource mobilization model

3.1.1. Repair scheduling model. The repair scheduling process can be modeled as a multilogistics
center vehicle path planning problem, the proposed model takes into full consideration of the same
type of repair team repair and different repair team timing with the relationship.

1) Spatial constraints of repair scheduling:

> D,,, <l VgePUF

neC, . (1)

; Xy gms S Dep’g’n Vne CSP,VS eS,Vg 2)

Z xn,g,m,s - Z xm,g,n,s = 0 Vn € CD’S,Vg,VS (3)
meC, ,UC, . meC, UG, .

z Xy goms <1 Vne Cn!S,Vg,VS 4)

meClw_uC,u7
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> x,,. =1 VneC,,,Vg,Vs

meC, VC, (5)
yngs: Z xngms vnECDs’vg’vs 6
= mECD,sUCD.S e ’ ( )
g;p Vigs S K, VneC,_ Vs (7)

where c,.C,, is the start and end point collection of repair teams, i.e., the collection of emergency

warehouse locations, respectively. D

e 1S the pre-disaster deployment location 0-1 variable, and

D,,,=1 indicates thattherepairteam g isdeployed inthe emergency warehouse n. P,F isthe

collection of drainage and maintenance teams, respectively. S is the set of generated post-disaster
failure scenarios. C, is the set of faulty components under scenario s , including flooded

components and damaged components. x, .g.m.s isthe post-disaster scheduling strategy 0-1 variable,
X =1 indicating that the repair team g under scenario s is dispatched from the faulty

n,g,m,s
element (or starting point) » to the faulty element (or end point) m. y,.g.s is the 0-1 variable,

V.., =1 indicating that the repair team g under scenario s has arrived at the faulty element #,

andviceversa. K, isthe maximum number of salvage teams involved in the faulty element » repair.

Eq. (1) is the repair team deployment constraint, which indicates that each repair team can only be
deployed in one emergency warehouse. Eq. (2) indicates that the repair team can only depart from its
deploymentlocation. Eq. (3) is the personnel flow conservation constraint. Eq. (4) indicates that repair
teams do not arrive at the same element repeatedly. Eq. (5) indicates that all repair teams must return
to the end point after completing their tasks. Eq. (6) indicates that if an element exists in the scheduling
path of a repair team, the team has reached that element. Equation (7) limits the number of teams
involved in repairing the same component.

2) Repair scheduling time constraint:

0 S trch,n,g,s - Z xm,g,n,sttravel,m,g,n S 1_ z xm,g,n,s M Vn € CD.s’vg5 VS (8)
meC,, meCy,
tbgn,n,g,s = %rch,n,g,s vn € CD,: ’ vg’ vs (9)
tbgn,n,g,s + tcnsm,n,g,s + ttravel,n,g,m - trch,m,g,s S (1 - xn,g,m,s )M (10)
VneC, meC, UC,,,Vg,Vs
where ¢, . is the moment when the emergency repair team g arrives at the faulty element »

under scenario s. ¢ is the travel time of the repair team g from the faulty element (or

travel.m.g.n
starting point) m to the faulty element (or end point) n. M is a large positive real number.

tynngs 1S the moment when the repair team g starts repairing the faulty element » under

scenario s. ¢ is the operating time of the repair team g at the faulty element » under

cnsm.n.g.s
scenario s.

Equation (8) indicates that when the faulty element » is the 1starrival position of the repair team
g, the arrival moment shall be the traffic time from the starting point to the element 7 .Equation (9)
indicates that the moment when the repair team starts operation at the faulty element is not less than
the arrival moment. Equation (10) indicates that the repair team can arrive at more than one
component, and the arrival moment is not less than the sum of the start of operation moment,
operation time and traffic time at the previous faulty component.

3) Resource constraints for repair scheduling:



RESEARCH ON COOPERATIVE SCHEDULING AND POWER RESTORATION 3055

Z Ccap,n,p s = CLap max,p vp € P’ Vs (1 1)

neC,,
0< ccap,n,p,s < yn,p,sccap,dem,n,s Vne Cw,s’vp’vs (12)
Z Ccap,n,p,s = Ccap,dem,n,s vn € CW 52 VS (13)
Z crex,n,f,s < Cres,max,f vf € F’ VS (14)

neC,
0 S cr‘es,n,f,s S yn,f,scres,dem,n,s Vn € CB,s’vf’ VS (15)
Z Cre,s',n,f,s = crex,dem,n,s Vn € CB,X > VS (16)

jeF

where C, ,C, isthe setof flooded and damaged elements under scenario s, respectively. ¢, ,

is the dlscharge of drainage team p at flooded element » wunder scenario s. ¢ is the

cap ,max.p

maximum drainage volume of drainage team p. ¢ is the amount of water to be drained at

cap,dem,n,s

flooded element » under scenario s . ¢ is the maintenance resource consumption of

res,n, f,s

maintenance team f at damaged element » under scenario s. ¢ is the amount of repair

res.max. f

resources carried by repair team f . is the repair resource requirement at damaged

Cres dem.n.s
element » under scenario s.

Eq. (11) indicates that each dewatering team may not exceed its maximum dewatering capacity,
which is generally limited by pump power capacity. Equation (12) indicates that only the drainage
teams that have reached the flooded element » may participate in the drainage of that element.
Equation (13) indicates that the total volume of water discharged at Element »n by each drainage
team participating in the dewatering of Flooded Element » shall be equal to the volume of water to
be discharged at Element ».Eq. (14) indicates that each maintenance team has a limited capacity for
transporting supplies, and that the maintenance resources consumed during the maintenance process
must not exceed its maximum supply carrying capacity. Eq. (15) indicates that only the repair team
that has arrived at damaged element » may participate in the repair of that element. Equation (16)
indicates that the total resources invested in component » by the repair teams participating in the
repair of component » should be equal to the amount of resources required to repair component 7.

4) Collaborative repair process constraints:

_ Ccap,n,p,s 4 C Vp.V
tcnsm,n,p,s - ne w,s 2 D, VS (17)
qp
O S tcn&m,n,f,s S yn,r,stn € CB,S’ \V/f, vs (18)
tcnsm n,f,s
> el > \VneC,,,Vs (19)
feF trqr,n,],s
th hgn n,p,s chsm,n,p,s vn € CW,S > vp’ VS (20)
tel
Zth bgn n,f,s tcnsm,n,_/,s Vne CB,S’ vf’ Vs (21)
tel
tbgn,n,_f',s 2 ztdn,t,s Vn € CW,S B s vf VS (22)

teT

Zd,m<1 VneC,_ Vs (23)

w.s?
tel
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ZT:h <1l VneC,,,Vs (24)
pn,t,s S zdn,t,s vn € CWs 4 Vt € T’ VS (25)
t=0
t
pn,t,s < Z hn,t,s vn < CB.S 4 Vt’ VS (26)
t=0

where g, is the rate of drainage of drainage team p. ¢ is the scenario s the lower repair

rqr.n.f,s
team f thetimerequired torepairdamagedelements » individually. 7' isthe setofrecoverytime

periods. d

nt.s

is a 0-1 variable, d,, =1 means that the water at the flooded element » under

scenario s is drained at the moment ¢. 4, ,  is a 0-1 variable that %, , =1 indicates that the

LS

damaged element » under scene s isrepaired at moment ¢. p,, isa 0-1 variable indicating the

energized state of element » atmoment 7 under scene s.

Equation (17) indicates that the time that the drainage team spends at the flooded element is
proportional to the amount of water discharged. Equation (18) indicates that only the repair team that
has reached damaged element » can participate in the repair of that element. Unlike the drainage
process, the repair operation time consumed is not directly related to the amount of maintenance
resources consumed. Therefore, the repair process of the damaged element is described by Eq. (19),
i.e., when only one repair team is involved in the repair, the operation time shall be the time required
by the repair team to repair the damaged element alone. When multiple repair teams collaborate in
the repair, the repair progress of repair team f is denoted by ¢ /t., .- Component n is

repaired when the sum of the progress of the repair teams involved in the repair of damaged
component n is 1.

cnsm,n, f s

3.1.2. Mobile Energy Storage Dispatch Models. Mobile energy storage is a commonly used movable
power source [26-27], with temporal and spatial flexibility in power generation, which can be used as
a distributed power source for emergency power support to isolated islands. In this paper, mobile
energy storage deployment and dispatch are incorporated into a cooperative scheduling model, which
cooperates with the emergency repair process to realize rapid post-disaster load recovery. Mobile
energy storage dispatching needs to satisfy spatio-temporal constraints and operational constraints.
The following are the spatio-temporal constraints of mobile energy storage:

D <IVeeM

= ep.e.n (2 7)
Z'xn,e,i,s S Dep,c’-” vn € CSP’ ve’ VS (28)
ieN
y ge.s = xn,e,i,s VZ € N’ ve’ vs
. Z (29)
0” trch,i,e,s - Z xn,e,i,sttmvel,n,g,i < [1_ z xn,e,i,st Vl, ve’ VS (30)
neC, neC,
Z tki,e,t,s 2 trch,i,e,s VZ, Ve’ VS (3 1)
tel
Z ki,e,r,x < yE.i,e,x VZ’ ve’ VS (32)

tel

t
pE,i,e,t,s S zki,e,t,s VZ’ ve’ Vt’ VS (33)
t=0
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t
Priees <24, Vi,Ve V1, Vs (34)
t=0
where, D, is the pre-disaster deployment location 0-1 variable, D, , =1 denotes that the

mobile energy storage e is deployed in the emergency warehouse n. M, is the mobile energy
storage collection. N is the set of distribution network nodes. y,, . is a 0-1 variable, y,, =1
denotes that the target node of mobile storage energy e under scenario s isnode i. k isa 0-

i,e,t,s

1 variable, k.

ie,t,s

=1 denotesthatthe mobile storage energy e underscenario s reaches the target
node i at the ¢th moment. p, . is a 0-1 variable denoting that the mobile storage energy e

under scenario s operates atnode i atthe ¢th moment.

3.2.  Distribution network operation model

The pre-disaster deployment and post-disaster recovery model considers the role of remote switching
for transferring supply and the recovery process needs to meet the actual operational requirements of
the distribution grid. The following topological constraints for distribution network operation are
presented:

Zﬁij,t,s S ﬂmax,ijvij € L’ VS (35)

tel
ﬂij,t,s 2 pij,t,s - pij,tfl,svij’ Vt’ vs (3 6)
ﬂij,t,s Z pij,tfl,s - pij,t,svij’ Vt’ VS (3 7)
10+,ij,t,s + p—,ij,t,s = pij,t,svij9Vt’ VS (38)

IN[-IGI .
Pisiss T Py S——————Vie N\G,Vt,Vs 39
k:(;i)eL e j:(%eL " | N | - | G | +1 ( )
[N[-|G]
IO+, i,t,s + p—,i', ,8 S Vz’ VS (40)
é(k:(gd ‘ j:(;eL " j |N|_|G|+1

p+,ij,t,s’p—,ij,t,s 2 0 Vl-]’ Vl‘, VS (41)

where L is the set of distribution network lines. g,  is the switch action 0-1 variable, and
B;., =1 denotes the scenario s under which the state of the remote switch on the line i changes
at the + moment. p,, is the line connectivity state 0-1 variable. p ., p ., . is the continuous

auxiliary variable. G isthe setofsubstationnodes. | N|,|G| isthe number of nodesand substations

in the distribution network, respectively.

3.3.  Pre-disaster deployment model

The optimization objective of the pre-disaster deployment model in this paper is to maximize the load
recovery expectation under various possible disaster scenarios:

max Z 7T Z Z Wipload,i,t,spload,i,tAt (42)

ses§ tel ieN

where 7, isthe occurrence probability of scenario s. w, isthe weight factor of the load at node i,
which indicates the importance of the load.
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3.4. Post-disaster dispatch model
The optimization objective of the post-disaster scheduling model is to maximize the post-disaster load
recovery of the distribution network under a defined disaster scenario and deployment plan:

max z Z ‘/Vipload,i,t,so pload,i,tAt (43)

tel ieN

where s, is a determined post-disaster fault scenario that can be generated by post-disaster
situational awareness.

Taking Eq. (43) as the objective function, the post-disaster fault scenario is substituted into the
constraints Eq. (1) to Eq. (41) to construct the mixed-integer second-order cone planning model for
post-disaster scheduling (MISOCP).

4. Multi-source synergistic post-disaster recovery strategy for distribution
networks

4.1. Objective function

In this paper, we establish a coordinated optimal dispatch model for post-disaster power supply
restoration with the objective of maximizing the overall benefits of the distribution grid side and EVA
after an inland flooding disaster as a means of determining the on/off decision of the distribution grid
branch, the time transfer and energy dispatch scheme of the MES, the amount of power traded
between the EVA and the distribution grid as well as the size of the additional incentive price signals
to be released to the EV users. The objective function of this paper can be expressed as:

F:max(—F1 +Fz) (44)

F is the loss due to power outages on the distribution side, see equation (45). The term 1 in F

represents the losses from outages for all types of industrial users. In order to avoid wasting
emergency resources, the terms representing the dispatch costs for emergency restoration of energy
are added to F. They point to the cost of power purchased by EVA, the cost of moving and charging
MES, and the cost of DSG and WG outages, respectively:

Fe% S S0 ) S cr

t=1 | zeS,;,, jeS, neSgy

> (Cm > A +ZC,JP,:f:Z] (45)

meSyps r —)VEQg reR

+> C P+ Y CWPfV,V,}AT + Y CEM™
weSpe feSpe meSyps
where, S, , is the set of categories of user classification. S, is the set of subordinate category z
industry power nodes. /_ is the unit cutload loss of industry unit of category z. «,, isthe decision
variable for the load recovery state at node ; intime period ¢, with aload recovery time value of 1.
P,, istheactive power demand of theload atnode j intimeperiod ¢. S, isthesetofEV charging
sites. C,. is the unit subsidized tariff paid by the grid to the EVA. S, isthesetof MES. C  isthe
unit time traveling cost of the MES. P;", is the charging power of the m th MES access point r in

time ¢. C, is the unit charging cost of the MES. S, is the aggregation of DSGs. C, is the output

cost per unit of power generated by the DSG. PftsG is the active power out of the wth DSGin ¢ time
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period. S, is the set of WGs. C

output of the fth WG inthe ¢ time period EY* is the battery capacity of the m nd MES.
F, is the EVA side revenue, which comes from the difference between the revenue from selling

electricity to the grid side and the cost paid to the EV users for their discharge response behavior, and
can be expressed as:

is the unit generation cost of WG. P, is the predicted active

T C
F, :E Z {cﬁc —( UE; +xhnﬂef,VAT (46)

i=1 neSgy n

C
where C,, isthe unit charging cost of the EV, % is the base tariff paid by the EVA to the EV after

n

taking into account the charging and discharging efficiencies. x,, is the additional incentive tariff
paid by EVA.

4.2. Constraints

4.2.1. Radial topology constraints for distribution networks. In order to fully utilize the fault
resilience of distributed generating units (DGs) including DSGs and WGs, this paper employs an
improved single-commodity flow method to ensure the radial-like requirement of the distribution
network topology. The root node state decision variable is introduced, the reconfigured number of
islands is added to the optimization process, and the Big-M method is applied to relax the virtual
currents as follows:

Z O iy = N" - Z Vi (47)

i—jeS, ieS, ¢
> R.= 2 R, +D, jeS\S, (48)
iS. (/) heSo, ()
Vs .
R + Z R;, = Z Ry +D; JESpg (49)
1Sy (/) he S ()
_M)/./,z SR:/S SM}/N jESDG (50)
-Mw,;, <R, <Mao,, (51)
@;, <8, (52)

where S, is the set of nodes where DSG and WG are located. S, is the set of distribution network

tributaries. o,

.,. 1s a decision variable indicating the connectivity status of branch i—; in time

period ¢, with a value of 1 when the branch is connected. N”" is the total number of nodes within the
distribution network. y,  isadecision variable indicating whether the v th DG acts as the root node

of the silo in which it is located. S, (j),S

out

(j) are the sets of upstream and downstream nodes of
node j,respectively. R . ,R

.o R, are the virtual currents flowing through branch i-j, j—4 during

time ¢, respectively. D, is the virtual load demand at node ;. S,\S,; is the set of nodes in the

distribution network except at DG. R} is the virtual power emitted atnode ;. M is a sufficiently
large positive number. S, is the power dispatch center's predicted ¢ time period branch circuit
I — j restoration status.

Eq. (47) represents the relationship between the branch opening and disconnecting states and the
number of nodes and islands in the distribution network, where for each additional island, one more
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branch is disconnected to satisfy the radial constraints of the distribution network topology. Eq. (48)
and Eq. (49) represent the virtual power balance relationship at the root node and non-root node,
respectively. Eq. (50) and Eq. (51) are the virtual root node outgoing power and virtual tidal flow
through constraints, respectively. Eq. (52) indicates that the branch remains disconnected until it is
repaired.

4.2.2. MES energy constraints. The MES takes the energy storage battery as a carrier and obeys the
scheduling instruction to go to the target access point to complete the charging and discharging work
to realize the energy transfer within the distribution network.The energy model of the MES is
expressed as follows:

0<Y Pl <ew Pl (53)
reR
0< P, < il B (54)
0<Y Pl <ew Pl (55)
reR
cha cha pcha
Oﬁéﬂmﬁgmtpmm (56)
dlv cha
Emi TEms SZRIUH (57)
P’;ﬁf
SSOC . SSOC + ZPCha _ ; ' AT
m,t+1 m,t 77 m,r,t 77 EMES (58)
reR m m
Spnin < St <8, (59)

is the discharging power of the m rd MES access point 7 intime ¢. P’ and P

m,max m,max

i
where P,

Lha

are the upper limit of the charging and discharging power of the m th MES, respectively. ¢, and

55’5, are the charging and discharging states of the m th MES, respectively. 7 is the chargmg and
discharging efficiency of the m th MES. SSOC is the SOC of the m th MES in time period ¢. S,iorfax

and SSOC are the upper and lower limits of the SOC of the m th MES, respectively.

Egs. (53)-(57) represent the constraint relationship between the charging and discharging power
of the MES and its docking state, charging and discharging flag bits. Egs. (58) and (59) are the formulas
for calculating the SOC of the MES and the upper and lower constraints, respectively.

4.2.3. Distribution network operational constraints. In order to ensure the security of distribution
network operation, it needs to satisfy the trend balance constraints, voltage magnitude constraints,
DG scheduling constraints, radial topology constraints, and so on, when optimizing the scheduling, as
shown below:

1) Tide constraints. The trend calculation model in this chapter follows the linearized trend method
[28], which simplifies the form of constraints while ensuring that the solution accuracy meets the
requirements:
DG Ld CL d
ZR::+P Pi,t _Pi,t +B,t+zf;i
siel ijel

DG Ld CL
Z Qsi,t + Qi,t = Qi,t - Qi,t + ZQ;‘j,t

siel ijel

(60)
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{Uz U2, <M(1-b, )+ 2(r,P,, +x,0,,) 1)
2 2
U UI,_—M(I b )+2( it x!./QéiJ)
+Ql/l_ ij,t t/maxvi].EL’IET (62)
0< P <P
Q' =P\ tan(cos™ ¢,)Vie N,teT (63)

O’/ =P tan(cos™' ¢,)
where L denotes the setof distribution network lines. P, , PD ¢ are the active power transmitted by
the line between node i,j and the DG active output power at node i in time period ¢, respectively.

0,,,97,0,, arethereactive power transmitted by the line between node 17, j, the DG reactive power

it 2

and the reactive load demand value at node i in time period ¢, respectively. U’,s. are the

i,t%" i, max
squared voltage magnitude at node i and the maximum apparent power value of the line between
node i intime period ¢, respectively. b, isa0-1variable indicating the connectivity of the line

in time period ¢, with 1 for connectivity and 0 otherwise. x; denotes the resistance and reactance

T
values of the line ij, respectively. M denotes a constant with a large value. ¢, is the power factor
of the load at node i.

Constraint Eq. (60) is the current balance equation considering the cut load and the power
consumption of the data center. The line power loss is neglected in constraint equation (61) and this
treatment meets the accuracy requirement in the optimization model. Constraint equation (62)
indicates that the power circulating on the line must not exceed the allowable value. In this paper the
distribution network node loads are treated as controllable loads. Constraint equation (63) indicates
that each node load meets the requirement of constant power factor and can be flexibly regulated
within the limit of load demand value.

2) DG scheduling constraints:

P PDG PDG

min max

(PDG) +(Q,DG) <(S”°) VieG,teT (64)

max

DG)PIDG
where G represents the distribution network DG set. P2 P? represents the minimum active

min >~ max

output power and maximum active output power of the DG units at node i, respectively. S°¢

represents the maximum DG apparent power. The constraint equation (64) indicates that the DG active
power output must be within the upper and lower power limits, while the active and reactive power
outputs must be scheduled under the power factor constraint and capacity constraint limitations.

3) Voltage magnitude constraint:

U_. U,,SU .VieN,teT (65)
Ul -(—a, )M <U;,

s ‘v’ eG,teT (66)
U +(1-aq, IM=2U

where, Uf is the square of the voltage magnitude at node i for the ¢ time period. U’ is the

distribution network node voltage reference squared. U’ ,UZ  are the lower and upper node

min ?
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voltage squared limits, respectively. «,, isa 0-1 variable indicating whether the DG at ¢ time period

node i isthe dominantnode ornot, 1 for yes and 0 otherwise. Constraint equation (66) indicates that
the distribution network node voltage magnitude must be within the rated range. Constraint equation
(67) indicates that when the DG in the island acts as the dominant power source, it provides voltage
support for the loads at the nodes of the island, i.e., the voltage at the DG at this time is the reference
voltage.

4) Topological radial constraint. The topological radial constraints are improved, which can make both
the energized island and the passive load island satisfy the open-loop structure, and the constraint
equation is as follows:

> b, =Ny, - a/Ntel (67)
ijeLUL, ieG
DG —
F%+ > F, =1+ ) F,Vtel (68)
sieLUL, ijeLUL,
|F, | <b,, (N, +1)VijeLUL teT (69)
0<FY <(N,, +1)VieG, teT (70)
0< F;fG <a,(N,,+D)VieG,teT (71)
a, <k /NVieG¢teTl (72)
k,=0VieG, tel (73)
e, —k; |<1-b, VijeLUL, teT (74)

where, L, denotes the virtual line collection. G, denotes the set of virtual power sources. N,
denotes the number of distribution network nodes. F;° denotes the virtual power of DG at node i

in time slot ¢. F,, denotes the virtual power transmitted on line j in time slot 7. &, is a 0-1

variable indicating the charged state of node i in time slot #, with 1 for charged and 0 otherwise.
Constraint equation (67) indicates that the radial topology needs to satisfy that the number of bus
paths (including virtual lines) is equal to the difference between the number of nodes and the number
of islands. Constraint Eq. (68) is the virtual trend balancing constraint, which assumes that the virtual
load value at each node is 1. Constraint Eq. (69) restricts the virtual power circulating on each line
from exceeding the rated value. Constraints Eqgs. (70) and (71) show that the virtual power of a virtual
power source is not limited by whether it is the dominant power source or not, and the DG has virtual
power only when it is the dominant power source. Constraints (72) and (73) indicate that a virtual
power node is not powered and only a powered DG node may be the dominant node. Constraint
equation (74) indicates that the connected nodes have the same state of being powered.

4.3. Model solving

From the above, it can be seen that the post-disaster power supply restoration optimization model
established in this paper is a mixed-integer second-order conic programming problem, which can be
solved by invoking a commercial solver.

4.4. Assessment of indicators

1) Indicators for assessing post-disaster power supply restoration. In order to reasonably assess the
role of the strategy proposed in this paper in the process of post-disaster power supply restoration in

distribution networks, four indicators, namely, power loss rate 7, outage economic loss E’,
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response potential E”* and its utilization 7”*, are proposed to evaluate the strategy in terms of
economy, energy utilization, and power loss profile.

2) The second-order cone relaxation error assessment metrics are shown in Eq. (75):
2 2
Ai—j,z = Vj,zli—j,z _B—j,t _Qi—j,t‘ (75)
where A, isthe second-order cone relaxation error at the optimal solution of the model. 7, and
O, are the active and reactive power transmitted by branch i—; in time period ¢, respectively.
Ii—j,t

of the voltage magnitude atnode ; attime ¢, respectively.

and V,, are the square of the current magnitude flowing through branch /—; and the square

5. Example analysis

The disaster recovery strategy proposed in this paper for distribution networks is tested on a modified
[EEE-33 node distribution system. The algorithmic analysis is implemented on a computer with an
Intel i7-9700 processor and 8 GB of RAM, and the mixed-integer second-order cone planning model is
solved using the Gurobi solver in the MATLAB/YALMIP interface.

The improved IEEE-33 node distribution system is shown in Fig. 1, where the critical load nodes are
2,3,5,8,10, 14, 21, 24, 27, and 30, and the weighting factors for critical and general loads are set to
10 and 1, respectively. Lines 5-6, 9-10, 14-15, 8-21, 9-15, 12-22, 18-33, 25-29 are fitted with remote
control switches. The transportation network corresponding to the distribution network is shown in
Fig. 2. The correspondence between faulty lines and traffic nodes is shown in Table 1. The test system
has 2 repair stations at traffic nodes 6 and 10 of the traffic network, each of which has a repair team
at the initial moment, and the repair time of the faulty line is set to 1 hour for each of them.

. Substation node Type I photovoltaic
® Critical load Type II Photovoltaic

Load node

) Diesel generator
-0~ Remote control switch

Fig. 1. Improve IEEE-33 node distribution system



3064 DAIET AL.

Fig. 2. Traffic network corresponding to the distribution network

Table 1. The corresponding relationship between the failure line and the traffic node

Failure line 2-3 3-4 2-19 3-23 24-25
Traffic node 8 9 11 4 2

In order to verify the effectiveness of the strategy proposed in this paper, six Cases are analyzed in
this study:

Case 1: The distribution network is operated and restored according to the strategy proposed in this
paper.

Case 2: The distribution network is operated and restored according to the strategy proposed in this
paper, but there is no pre-allocation of maintenance teams in the first stage.

Case 3: The distribution network is operated and restored according to the strategy proposed in this
paper, but the distribution network contains only the first type of PV systems located at nodes 25 and
33.

Case 4: The distribution network is operated and restored according to the strategy proposed in this
paper, but the distribution network does not contain PV and energy storage systems.

Case 5: The distribution network is operated and restored without considering the network loss
cost.

Case 6: The distribution network is operated and restored according to the strategy proposed in this
paper, but the location of the faulted lines and repair stations on the transportation network is
different from Case 1. The faulted lines 2-3, 3-4, 2-19, 3-23, and 24-25 of the distribution network
correspond to transportation nodes 7, 10, 12, 3, and 2, and the repair stations are located at
transportation nodes 5 and 6.

5.1. Simulation results

This section analyzes the simulation results of the flood disaster recovery strategy for the distribution
network, the load recovery of the distribution network is shown in Fig. 3, and the cost of the
distribution network under different Cases is shown in Table 2.

From Fig. 3 and Table 2, it can be seen that the load in Case 1 returns to the normal level after 3
hours after the disaster, which is 2 hours faster compared to Case 2. And the total cost in Case 1 is
257080.2 Yuan, which is 72.1% less than the total cost of 919634.7 Yuan in Case 2. This result shows
that pre-allocating maintenance teams in Case 1 can enable the distribution network to restore
interrupted loads quickly after a fault occurs and reduce the total cost of the distribution network.
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At t=4h after the disaster, the load on the distribution grid in Case 1 is 77.3%, which is 7.7% and
26.1% higher compared to Case 3 and Case 4, respectively. Similarly, the total cost of the distribution
network in Case 1 is reduced by 16684.2 Yuan and 74493.6 Yuan compared to Case 3 and Case 4. This
result indicates that the more variety of flexible resources included in the distribution network, the
more resilient the distribution network is against inundation disasters, which reduces the outage
losses of the distribution network in case of inundation disasters. In addition, the diversity of flexible
resources reduces the total cost of the distribution network.

There is not much difference between the distribution grid loss of load costs in Case 1 and Case 5,
but the distribution grid net loss cost in Case 5 is 18,652.2 Yuan higher than that in Case 1, resulting
in a higher total cost in Case 5. The reason is that the total cost of the distribution network in Case 5
does not take into account the net loss cost, whose goal is to minimize the outage loss in the event of a
failure in the distribution network. However, the increase in the total cost of the distribution network
from ignoring the cost of network losses is much greater than the reduction in the total cost from
focusing only on the cost of lost loads. Due to the long time interval between the prediction and
occurrence of inundation disasters, utilities need to make a trade-off between the cost of network
losses and the cost of lost loads so that the total cost of the distribution network is minimized.

Case comparisons for Case 1 and Case 6 are used to illustrate the impact of different traffic
constraints on distribution network restoration for transportation networks. For Case 1 and Case 6,
different traffic constraints lead to different distribution network load restoration scenarios and total
costs. Most of the existing restoration efforts do not consider the traffic constraints of the
transportation network during fault restoration, which is not conducive to the utility's scheduling
strategy based on the actual traffic conditions.

I Case 1] Case2[_] Case 3

P [ 1 Case4[ ] Case 5[ Case 6

80% H

System load ratio

60% H

40%
1 2 3 4 5 6 17

Time(h)

8 9 10 11 12

Fig. 3. The load recovery of the distribution network in different cases

Table 2. Distribution cost in different cases (yuan)

Case Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Net loss cost 3079.2 3806.7 2596.2 3013.5 21731.4 2477.7
Loss cost 247406.1 903760.2 271270.8 364126.5 247308.6 291739.2
Total cost 257080.2 919634.7 273764.4 331573.8 275227.8 294074.1

The active power of the flexible resources under different Cases is shown in Fig. 4, where the active
power over 100% is the network loss of the distribution network and below 0% is the charging of the
energy storage system. In the first stage before t=4h, the generator is coupled with the remote remote
switch to minimize the network loss of the distribution network and charge the energy storage system
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before the internal flooding occurs. In the second phase after t=4h, all flexible resources are
coordinated with maintenance teams to quickly restore the lost load in the distribution network.
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Fig. 4. The active power of flexible resources in different cases

The energy changes of the energy storage systems in the four Cases are shown in Fig. 5. In the time
period t=1-4h, the energy storage systems in all Cases are charging to cope with the upcoming flooding
disaster. At t=4h, the energy storage systems in all Cases start discharging to the distribution grid to
maintain power supply to critical loads. After the distribution network is restored to normal, the
energy storage systems continue to charge and discharge to minimize the network losses in the
distribution network.The energy storage systems in Case 1 can be fully utilized to help the distribution
network operation and restoration, which demonstrates the superiority of the strategy proposed in
this study.

Due to the different traffic constraints of the transportation network, the scheduling strategies of
generators, remote control switches and energy storage systems are different in Case 1 and Case 6.
This result shows that the strategy proposed in this paper can develop a reasonable co-dispatch
strategy for each flexible resource based on different traffic constraints.

0.8 H Case |
[ Case 2

0.7} [ Case3
[ Case 4

0.6 |

0.5 F

0.4

=
98]

Energy storage of ESS(MWh)
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=]

5 6 7 8 9 10 11 12
Time(h)

Fig. 5. Energy change of the energy storage system in 4 cases

5.2.  Analysis of load restoration and distribution network topology results

5.2.1. Analysis of load recovery results. Case 1 in the IEEE 33-node test system is selected to
specifically analyze the results of mobile emergency resource deployment and load restoration.The
load restoration of Case 1 is shown in Fig. 6, with (a) and (b) showing the load restoration energy, and
weighted load restoration quantity, respectively. Among them, in order to ensure the reliable power
supply of important loads in the distribution network, the emergency personnel can carry out
sequential scheduling.

From Fig. 6, it can be seen that after the disaster, the repair crew first restores the important paths
connecting the primary loads (lines 19-20 and 15-16), and the primary load 21 is restored first, and
then the power supply demand of the primary loads 2 and 12 can be satisfied. After completing the
repair tasks in the first stage, the repairers make decisions on the next stage of repair tasks based on
the load restoration results and limited by the topological constraints of the distribution network, thus
restoring more important loads. It should be noted that, due to the limited energy of distributed power
sources, under the premise of ensuring reliable and continuous power supply after restoring
important loads, it is necessary to ensure the reasonable distribution of energy in the entire time

dimension, so the restored loads are all primary loads, and the utilization rate of distributed energy is
maximized.
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Fig. 6. Load restoration result in each period
5.2.2.  Analysis of distribution network topology results. The radial topological constraints proposed

in this paper and in the literature are applied in the load recovery model for comparison, respectively,
and the number of variables and constraints required for the two different constraints are shown in
Table 3. The results show that the two different methods have the same test objective values under
100 scenarios. The computational time required to solve the model under 100 scenarios by applying
the different methods is shown in Table 4. It should be noted that in each specific scenario, the solution
time of the model applying the topological constraints proposed in this paper is shorter than that of
the model applying the constraints proposed in the comparison method.

From the results, it can be seen that the method proposed in this paper is better than the comparison
method. As the scale of the test system increases, the superiority of the proposed method becomes
more obvious. For the IEEE 123-node test system, the average computation time of the model with
constraints is reduced by one order of magnitude compared to the model in the comparison method.
The maximum computation time for solving the model with constraints in the comparison method is
1000.54s, which is close to 17min and is not suitable for practical application. In contrast, the
maximum solving time of solving the model with constraints based on the constraints proposed in this
paper is 38.42s, which is more suitable for online fast decision making.

Table 3. Variables and constraints of two sets of constraints in IEEE 33 and 123-node test systems

Test system Constraint Continuous variable Integer variable Inequality Equation
Our strategy 0 450 850 0
IEEE 33
Contract strategy 450 900 1350 400
Our strategy 0 1586 3125 0
IEEE 123
Contract strategy 1586 3172 4758 1539
Table 4. Comparison of computation time results
Solution time/s
Test system Solution time B/A
Our strategy (A) Contract strategy (B)
Mean 2.35 20.06 8.54
IEEE 33 Max 30.65 426.74 13.92
Min 0.14 1.52 10.86
Mean 2.68 82.65 30.84
IEEE 123
Max 38.42 1000.54 26.04
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| Min | 0.45 | 10.32 | 2293

5.3.  Validation of applicability

In this subsection, a modified IEEE 33-node system is used to verify the applicability of the proposed
model in a large distribution system. The restoration power comparison between the proposed model
in the paper and the finite cooperative model is shown in Table 5.

The proposed multi-source synergy model is able to restore all the loads within 285 min, which is
45 min faster than the finite synergy model, because the finite synergy model only considers the
synergy under the microgrid measure of DG formation, and does not take into account the synergy of
the intra-disaster and post-disaster supply paths, which results in some of the class C loads being
supplied only by the substation 2 that is delayed in the restoration of power supply, which prolongs
the restoration time. In addition, the synergistic model proposed in the paper is able to restore 7,500
kW of load, which is 9.5% more than the limited synergistic model. Meanwhile, in the recovery process
of the mid-disaster and post-disaster phases, the proposed multi-source cooperative model restores
more load than or equal to the finite cooperative model in the same time. It can be seen that the
proposed multi-source cooperative model can not only restore more loads, but also greatly reduce the
outage time of loads and improve the speed of load recovery.

Table 5. Total restored power of different schemes in IEEE 33 system

Total recovery power/kW
Time/min — - - -
Finite cooperative model Multisource cooperative model

0 0 0

3 325 325

4 325 550

5 1250 1250

6 1250 1800

7 2000 2400

8 2580 2580
110 3250 3250
125 3800 3800
138 4200 4200
149 4200 4450
160 4450 4450
184 4450 4625
199 4850 5000
206 5000 5000
285 5225 7500
330 6850 7500

6. Conclusion

The article constructs a multi-resource cooperative emergency restoration resource scheduling model,
proposes a multi-resource cooperative distribution network disaster restoration strategy from two
aspects: pre-disaster deployment and post-disaster scheduling, and analyzes the strategy in terms of
arithmetic cases.

Among the six Cases, the total cost (257080.2) in Case 1, which is operated and restored in
accordance with the strategy proposed in this paper, is the lowest, which is 72.1%, 6.1%, 22.5%, 6.6%,
and 12.6% less than the total cost in Case 2, respectively. The maximum, minimum, and average
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solution time of the proposed multi-source collaborative strategy in this paper are 38.42s, 0.14s, 2.35s
(IEEE 33), and 2.68s (IEEE 123), respectively, and the maximum, minimum, and average computation
time of the comparison methods are 1000.54s, 1.52s, 20.06s (IEEE 33), and 82.65s (IEEE 123). The
multi-source synergy strategy is more suitable for fast decision making. In this paper, the multi-source
synergy model is able to recover all the loads within 285min, which is faster than the finite synergy
model (45min). The multi-source synergy model is able to restore 7500kW of load, which is 9.5%
higher than the finite synergy model. The multi-source synergistic model presents better performance
in both load recovery and recovery speed.
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