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Highlights
* A new resilience index based on social welfarermppsed. The resilient distribution
system planning problem and restoration problensaleed in such a way that decreases
the dependency of operation of water network to ggometwork failures and the aim is
that most of the loads access to power and wapélyaafter natural disasters.
* For accurately investigating water network opergtithe water network is modeled in
EPANET.
* Aninnovative approach is proposed for restoratibdistribution systems.
* Multiple strategies which are appropriate for iesite improvement are implemented.
» The duration time of studying the distribution €ysat after outages is until the full

recovery of the system.




Abstract: Natural disasters such as hurricanes damage misteibution systems by low probability- high impac
events. Other infrastructures such as water networks wal disrupted due to their dependency on the power
network. In this situation, a city or region experiencesicai conditions. In this paper, a new resilientdex based
on social welfare concept is presented to decreaserved loads, restore the distribution systendigmnd
decrease the dependency of water network operatiopower network failures. The new resilience index
optimized with effective strategies including: upding distribution poles, DG placement with differeapacities
and distribution system automation. The problenfoisnulated as a stochastic two-stage optimizatibme first-
stage decisions are the number of each resilienpeovement strategy limited to a predetermined btd@enetic
algorithm is applied to solve the first stage. Tdigective of the second stage is maximizing theasogelfare
which is solved by an innovative approadiumerical simulations are performed on the IEEEb&8-radial
distribution system and designed water networkteelao it. The results demonstrate the effectivenafsthe

proposed method.

KEYWORDS: Distribution system planning, Natural absers, Power system restoration, Resilience, Water

network.

<td:DefL>Nomenclature

Indices and Sets

i, j load (bus) indexes

BS buses set which are connected to bus
S scenario index

| power distribution lines index

pl power distribution pole index

Cc power distribution conductor index

m power network (main network or each intentionansled microgrid ) index
g DG (backup generator) index
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power importance coefficients for load

water importance coefficients for load

load importance coefficient of loaid

number of loads

number of lines in power distribution network

number of poles of lingé

number of conductors of line

speed of hurricane in scenago

minimum wind speed that can damage the conductor

maximum wind speed that certainly damage the canduc

probability of each scenario

number of scenarios

cost of hardening liné

cost of DG per KW

number of busses in power network

cost of each manual switch being upgraded to beaéed remotely
amount of budget constraint

line conductance between busand j

line susceptance between busind j

Minimum allowable voltage magnitude in the network

maximum allowable voltage magnitude in the network

maximum current magnitude between buand j

maximum output active power of D&

maximum output reactive power of D§>

output maximum active power of D@which is located in bus

output maximum reactive power of Dgswhich is located in bus



Functions and variables
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satisfaction function of load

power access function of load

water access function of load

resilience index

first sub resilience index

second sub resilience index

third sub resilience index

fragility function of pole pl

fragility function of conductorc

objective function of the first stage

a binary variable which determines liheis hardened or not

a binary variable which determines biuss equipped to a DG or not
capacity of DG (KW) which is located at biis

number of manual switches that are being upgramée tontrolled remotely

objective function of the second stage

Number of power networks (main network or intenéibislanded microgrid ) in scenar®

number of busses in network in scenarios

number of lines in networkn in scenarios

number of DGs in power netwonf in scenarios

difference phase voltage angle between ibasd j in network min scenarios

active power of the load at buisin network min scenarios

reactive power of the load at busin network m in scenarios

voltage magnitude at busin network m in scenarios

current magnitude between busand j in network m in scenarios

active power loss of liné in network min scenarios

active power of DGy in network m in scenarios
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b, reactive power of D@ in network m in scenarios

1- INTRODUCTION

Human life strongly depends on electricity. Thispeledency will increase during and after naturabstisrs.
Therefore, a few minutes outage in a power systansause the worse events. Over the past 20 yearsuymber
of occurrence of natural disasters’ has increased.

Natural disasters impose heavy costs in diffepants of the society. Between 2008 and 2012 irli8ethe annual
damage cost of power outages due to bad weathalitioms was between $25 billion to $70 billion. Thost
economic cost of the US only from Hurricane Sandg #14- $26 billion. The 2011 flood damage cosfBhailand
were $285 million in the power sector and $180ionillto recover and reconstruct the network [1].

Other infrastructures such as water and telecomeatioh depend on electricity and power network gesacan
disrupt their operation. Several natural disagteas have occurred prove this. The loss of watppluin New York
City was due to Hurricane Sandy in 2012 [2]. Maslgtommunication site outages in Maule and Toho&tevdue
to earthquakes in 2010 and 2012, respectively [3].

There is not a universal definition for resilien@ne of the comprehensive definitions is accordnthe National
Academy of Science. Resilience thé ability to prepare and plan for, absorb, recover from, and more successfully
adapt to adverse events” [4]. A system is absorptive if with minimal eft, it can automatically absorb the effects of
bad events and minimize the consequences. Recdlitgrad property of a system that refers to reastiand
recovering of the system in minimum time. The ad@ptapacity is the ability of the system to organits
components in a targeted manner and without thefadternal factors [5].

A resilient power system must have the ability é@aver the network with an effective and rapid aesion
program against several faults such as multi-lmgsges [6]. The properties of these faults arepovbability but
high impact such as faults due to natural disasErkancing the resilience of power systems not datreases the
outage power costs, but it also increases soci#famee[7]. For resilience enhancement, first, therast be an

efficient framework to quantify the resilience opawer system according to the level of power inchthe study



is done. First it is necessary to identify the fiiagof the elements of that level such as trarssiun lines, towers or
poles and conductors. Fragility function is theladoility of failure of a structure or structuralmsponent vs. the
intensity of a hazard such as wind speed [8]. Mafsthe previous works such as [9-13] study thelimgie
assessment or enhancement of power systems inrdhentission level. Some works such as [14-17] have
investigated the vulnerability of transmission netks against natural disasters or terrorist attaeis different
models. In other words, these works try to identifg most critical lines in a transmission netwtir&t with whose
outage, the transmission network will experieneerttaximum load loss. In some works such as [15th6]¢ritical
lines are hardened considering a budget constragtording to [7], about 90 % of faults during stwr occur in
distribution systems. In [18], a probabilistic frawork for quantifying the resilience of Harris Coynlexas power
network considering both transmission and distrdsuhetworks is presented. This model includesgo@er flow
for power system performance that ignores the geltaf nodes.

The impact of wind storms on reliability of distution systems is investigated in [19]. For disttibo system
operation analysis, the minimal path set concepisisd to determine the state of loads after outa§jemain
difference between reliability and resiliency isthn reliability assessment, only the frequency auration of
outages are calculated with reliability indices lsuas SAIDI and EENS, but resilience deeply invedtg the
system operation before, during and after extrewments [20]. In other words, resiliency studies gystem
operation from the occurrence of a disturbancel aotinplete recovery of the system and it is impurthat the
system recovers in minimum time.

There are various strategies for increasing thdielese of power systems. Hardening is one of tiseally
expensive strategies that increases resilienceldnarg is physical changes in network infrastruetiormake it less
vulnerable to extreme events [21]. Hardening h#ferdint strategies and if the resilience of powestesm increases
with hardening, it is important that the best haidg strategy is implemented. A hardening stratseggh as
undergrounding the overhead power lines enhaneesetiilience of the power system against hurricadesever,
this strategy decreases the resilience againstiflo®istribution automation is another strateggt thnhances the
resilience of distribution systems. There are déffie devices that can help the distribution systemperate rapidly
such as remote fault indicator for decreasing #udt fdetection time and remote control switchesdieecreasing the
opening and closing times of switches [22]. Disitdsl generation units are appropriate optionsrforeasing the

resilience of distribution systems after naturaladters. In [23], each DG forms a microgrid toaestritical loads.



Unlike [23], in [24] loads can be restored withentional islanding including multiple DGs. The D@kich are
used in this study are fossil fuel based combustienerators. These generators are widely used caifpa
generators to restore disconnected loads afteralatisasters [23]. The output of these generatoes not depend
on weather conditions unlike other DGs such as wingV.

Microgrids are small power networks including DGels as wind, solar and energy storage units thatoparate
islanded or connected to the main networketlal. [25] implement microgrids like DGs that are foat restoration
after faults in distribution system. In [26-27].ettmicrogrids are used to restore the critical loafter natural
disasters. Stability and duration time of microgpjgeration are investigated in [26-27]. According[28], during
March 2011 earthquake and tsunami in Japan, thdaSemicrogrid operated for two days in an islandedde.
Demand response, advanced automation and selfigesie other options that can improve the resiéesfcpower
systems [29].

Only a few research studies have been devotedileerd enhancement of distribution systems.

Most of the distribution systems are designedalbdiand there are some normally opened switcheedime
switches that can change the configuration andmeghe system. As it is mentioned before, a rapaoration
program should be prepared for distribution netwoMost of the restoration programs are designedilft or N-2
outages while the number of outages due to natlisakters is more than two. The Modified Vitertgaalthm is
proposed in [30] to restore the distribution syst@imis algorithm is like dynamic algorithms wherdhyeach stage
one of the tie switches should be closed until maxn of the loads are restored.

Budget is the main constraint that forces the pdanio choose cost-effective strategies for imprguime resilience
of distribution systems.

Yuanet al. [31] solve a robust two-stage model for resilidistribution planning problem. In other words, lwi
budget constraint, load shedding is minimized for tworst case attack that is a natural disastes. CEimdidate
resilient enhancement strategies in [31] are handethe distribution lines and placement of DGs[3h], each line

which is hardened will no longer be vulnerable againatural disasters. In addition, the budget traimg is

modeled in such a way that a determined numbeiinesland numbers of DG can be hardened and placed,

respectively. For other combinations of the nuntdfddGs and lines, the problem should be solvedragete line

outage number is pre-determined like the N-K cohcep



Ma et al. [32] in a bi-level model solve the resilient distition system planning with different strategiesluding
vegetation management and upgrading poles. Irotlerllevel, the most critical lines are identifigad in the upper
level, the hardening strategies are chosen. Ufiikkin [32], a hardened line has a low failure lpability not zero.
In [32], it is assumed that the repair time is $siaene for all outaged lines and all of the outagmets|are repaired
simultaneously.

Chen [33] proposed a two-stage stochastic modekfdrancing the resilience of distribution systenith wine
hardening strategy. The objective of the lower lév¢o minimize load shedding of each scenario #edobjective
of the higher level is to minimize the expectedueabf the lower level objective. The duration timiesystem
operation analysis in [33] is 24 hours. This methrad if the time repair of outage lines is morerti2g h, the full
recovery of the distribution system is not studied.

The key contributions of this paper include:

A new resilience index based on social welfarergppsed. The resilient distribution system planning
problem and restoration problem are solved in suebay that decreases the dependency of operation of
water network to power network failures and the @nthat most of the loads access to power andrwate
rapidly after natural disasters.

» For accurately investigating water network operattbe water network is modeled in EPANET.

* An innovative approach is proposed for restoratibdistribution systems.

» Multiple strategies which are appropriate for liesite improvement are implemented.

The rest of the paper is organized as follows:i8edtvo provides problem formulation. Section thesglains how

the problem is solved. Numerical results are priegkim section four and section five concludespéger.
2- PROBLEM FORMULATION

In this section, the new resilience index and sgias for resilience improvement are introduced thedmodel for

enhancing the resilience of distribution systemprisvided.

2.1. Resilience Index Based on Social Welfare concept
Water and power are vital for all loads and custem@/ithout each one of them, the performance atidfaction
of loads or customers will decrease. The water adtvdepends on the power network. Without eledyridihe

water pumps cannot deliver water to consumerstt$® dependency of water network to power netwotlsinbe



considered in different areas. The dependency éoém@etwork to power network is different and ipdads on
water network structure. According to Fig. 1, iassumed that the water of the consumers is subpiith several

pumps and the electricity of each pump is supphkid different buses of the distribution system.

The importance and operation time of each pumpmiéferent and this issue should be considered. Magme of
the water pumps are equipped with emergency pdi@sever, the time in which the emergency power sigmply
electricity for the pumps is usually shorter thae power network outage time due to natural dissiste

In this paper the satisfaction function is defifedeach load as shown in (1) which indicates doggfare based

on load access to power and water.

LSF =a,PA + BWA

@

a, and S, are defined for each load such tlat £ =1.

PA is a binary function that indicates the stateoafds in the power distribution system.

A= {1 if load is connecter @

" |0 ifload is disconecte

WAIis the water accessibility function in water netwand is illustrated in Fig. 2. If the water pregsin a node is

higher than the Min pressure, the water satisfaaiifithat node is 1.

So the value ofLSF for each load is in range of 0 to &. and £ for each load must be selected carefully. These
parameters may be different for two domestic or m@ntial loads. More work could be done on this, inuthis
paper, for domestic and commercial loadsand 8 are assumed to be equal to 0.5, 0.5 and 0.9re&fectively.

The measurement of performance (MoP) of this stadlge social welfare of all loads which is normed in range

of 0 to 1 as equation (3).

Nigag
MoP = > LI, LSF

i=1

3
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It is be noticed thatz LI, =1.According to Fig. 3, the maximum social welfar@aehieved when power and water

i=1
are available for all loads or customers. Upondbteurrence of natural disasters, the social welatecreased due
to distribution system faults such as line outagreshis circumstance, if the distribution systeodas that supply
the water pumps are disconnected, the water putopg@work and the water network cannot deliveasento the
consumers. So the water and power are not avaifablgome loads. It is be noticed that accordingritp 3, the
social welfare reduction starts tand can be occurred in several stepst.Atthe restoration is performed with tie
lines and the social welfare of the system is iaseel, but yet the system has not recovered coplétee failed

distribution lines will be repaired and operategpsby step and the social welfare also increaggstst step. At

the social welfare of the system will go back toiititial state (maximum level).

According to Fig.3, the resilience is formulated in (4-7).

Rl = SRI, +SRI, + SR,

4)
R, =R, 0SSR, <1
(5
[ MoP(t)dt
SRl =" 0<SRI, <1 (6)
tO XtER
SR|3:tmin 0< R, <1 (7)

All of the sub resilience indices are normalizedtia range of 0 to 1SR, indicates the robustness of the system.
R.. is the minimum social welfare. Recoverability betsystem in a predetermined time is calculatedSRl, .

t.; IS the expected time for restoration of the nekwibiat is different for each category of hurricai®®l , shows
the rapidness of system recovery,  is the minimum interval time that performance as doaielfare can be

enhanced.

2.2. Proposed Strategies for resilience improvement



In this paper, different strategies include linedeming (upgrading the distribution poles), disitibn automation
(full or partial) and DG placement (different levepacity) are proposed to enhance the resiliehckstribution
system. It is possible that DGs can expand theiddrs and restore another disconnected loads.diaitibution
automation strategy upgrades all the manual lingckes to remote control switches but partial distion

automation strategy upgrades only the tie linecwas.
2.3. Stochastic two-stage model for improving the resilience of distribution system

In this section, first, the scenarios generatioexislained and then the proposed model is formdlate

2.3.1. Scenarios Generation

In this study, operation state of distribution powmes against hurricane, hurricane occurrencee tipower
distribution network load demand (active and re&gtiand water network demand are assumed uncektsrthat

are considered in scenarios generation. Scenanergtons are depicted in Fig. 4.

A. Model of operation state of distribution power lines against hurricane and hurricane occurrence time:
In distribution systems, overhead power lines a@osed to bad weather conditions [34]. An overhgader line
can be damaged by hurricanes due to two reasotes mppling and conductors tearing. The fragilitpction of

poles and conductors in [18] and [35] are usetii;mpaper and are given bellow.

pf,pde,pl (V\é) :mn{ocxx)bomzjz\g !]}

(8)
0, WEW,
W—W_.
pf,cond,c (Ws) = —mm.Wmin <w< Wmax
max — YVmin
1, W2 W,
9)

In scenario generation, first it is necessary talgtthe history of occurrence of hurricanes in tegion of the
distribution system. The hurricane occurrence matieuld be provided but this is out of the scopéhedf paper.
Hurricanes are categorized into five groups basetheir speed [36]. In this paper, hurricanecategory 1 to 4
will be considered. It is assumed that for eacnade the hurricane occurs with different speedsetaon the

probability for each category of hurricanes historythe region. The time that each hurricane oc@irsndomly



chosen during a day. For each scenario with diftanénd speed and time of occurrence, the stateatipa of poles
and conductors of each lines is obtained with coingaa random number and failure probability whiish
calculated with the fragility function. So, thetstaf each distribution lines is determined. Theaietime of each
line outage is obtained based on the number obold conductors that are damaged and their repair

B. power distribution network load demand (active and reactive) and water network load demand

There is often error in load prediction. This erstiould be considered in the studies. Accordin§3®, power
distribution network load demand (active and re&gtiprediction can be modeled using the normal afi€sian
PDF with 3% error. The uncertainty model of watetwork load demand is assumed similar to power otéoad
demand.

C. Scenario reduction

In order to reduce the computational requiremensiolge the stochastic problem, the backward redoaigorithm
is utilized in this study for scenario reductioh.réduces the scenarios into a predefined numbsedan the
Kantorovich distance [38].

2.3.2. Mathematic formulation

In this section, the two-stage stochastic probkefoimulated.

The objective function of the first stage is:

OF1= max ZS:,O(S)Rl ©)

X;,X;,capP® Ny _r =1
(10)

In the planning problem, the budget is importatite Dudget constraint is according to (11):

Niine
Z X,cr +Z X,C%cap™® +N,, C®<B

i=1
(11)
In the second stage, each scenario is solved hatbljective function in (12).

OF, = ma MoP (12)
Pmsts‘Vms‘gms‘l ‘
s, Qe P OO,

A load is restored in a distribution system witle thain network (which is supplied with a substgtionwith an

intentionally islanded formed microgrid with DG @Gs. The main network is restored with closing Itre



switches and opening closed switches. Also, eaclob@ulti DGs can form a microgrid and restore libexds. In

the main network and each intentional islanded agjidd, the constraints (13-16) must be satisfieddnh scenario.

ans — h4nm5.:E: h«ms
ioBg

(G, cosg™* + B, sing" ), s0{ 1,2,..8 mO{ 1.2M} in{ 1.2N7)

(13)

Q™ =M™ > V™G, sing - B, cog* ), sO{ 1,2,...8} mO{ 1,2M} it{ 1,2N7
joBs

(14)

Vo V™ Vo] sO{1.2,...8} mO{ 1.2.M} i0{ 1,2,

(15)

m,s
i

<[i™(, sD{12,..8 mo{12.M} i0{ 1.2N"} jOBS

(16)

The power balance constraints in (13-14) showtti@power injection at buk should be equal to the load demand
at busi . The line current and bus voltage limit are shamwv(l5) and (16).

Ny =Nme+1, s0{1,2,..8} mO{ 1,2, M}

7

In addition to equations (13-16), also for eachnace and for each intentional islanded microgritie, equations

(18-23) must be satisfied.

Ny g

N
D R™HY R <D R, sO{12..8 mo{12,M}
1=1 g=1

(18)

m.s
N,

Nie (il
QMY Q<> Qe sO{12,..8 mO{12,M}
i=1 =1 g=1
(19)
P <P, sO{1.2,..8 mO{1.2,M} g0f 1,2,.G™}

(20)



Qs <Q, sOfr2..8 mo{ 1,2.M} g0{ 1,2,.G6™}
(21)

R 2R™, s0{12,..8 mi{ 12,M} ¢0{ 1.2,.G™]
(22)

pe 2QM*, sO{1,2...8 mO{ 1,2, M.} g{ 1.2.6™}

(23)

According to (18), the sum of the active powerha toads that will be picked up with micrognd and the active
power loss of distribution lines of the microgridosild not exceed the active power capacities ofddGGs of the
microgrid. This also should be satisfied for thaatéve power as (19). According to (20-21), thevacand reactive
power of each DG should not exceed the maximunveetnd reactive capacity of that DG. The role esthDGs
are backup generators. So, equations (22-23) guesr#mat in all conditions, the load of the busadrich the DG in

placed is supplied with that DG.
3- SOLUTION METHODOLOGY

In this section, the procedures of solving the faabare illustrated in Fig. 5 and each part of Eigs explained

individually.

3.1. Water Network

For finding the water pressure of nodes in differstates of water pumps, it is necessary to andlyzewater
network. EPANET software is used to model the waietvork. Then the pressure of all loads are obthifor

water pumps states in all times of the day. Theewaetwork is designed similarly the power netwuaithich is

studied in this paper. The approach is based oerméting the position and kind of power load, estiimg the
population, and then calculating the amount of watsmsumption. Fig. 6 illustrates the designed waggtwork.

There are different elements such as nodes, wateces, tanks, water pipes and pumps in a wateronlet Real

water networks may have a loop or branch or a coatioin of both topologies. In the designed watdxwnek,

combinations of loop and branch topologies are @amgnted. Two pumps are located at nodes 33 anthg wwater
network that are electrically supplied from nod8saBd 5 of the distribution system, respectivelgcliEnode in the

water network has a specified water consumptio®. Whter network should be designed in such a watyswveral



constraints such as mass conservation, energy matios, flow velocity range and pressure head eaage

satisfied [39]. The access of loads (nhodes in wagtwork) to water is proportional to water presshead at the
nodes. The minimum pressure head limit at the nofifse water network should be 29 meters. It isced that the
load demand of water network is an uncertain sgttt® amount of water load demand in each sceisdifferent.

This parameter should be adjusted in EPANET foheaenario analysis.

The normal operation of water network is such thatwater pressure of the nodes are in allowabiidi So, their
water pressure satisfaction is 1. And when a wptenp is stopped, the water pressure of some nodebev
decreased. And if all water pumps stop, the watesgure satisfaction of some nodes will be zerather words,
the loads will not have access to water.

A water pump may be backed up is equipped withreeggor such as diesel generator. Thus, firstieisessary to
investigate that how long the generator can suppiyer for the water pump. For this period, the watanps can

work at times of power network failure.

3.2. How to solve the restoration problem

In this section, the second stage of the probleexained. After fault clearance in the distrilbatisystem, the
disconnected loads should be restored rapidly. Basegraph theory, we first determine if the disition network
is divided into islands and how many islands theme due to the faults [40-41]. Then if it is possilthe main

network (which is supplied by the substation) carrdstored with tie line switches and the islandeivorks can be
restored by DGs. If we model the distribution neatwas a graphGr(N,E) where N ={1,2,....n} is the set of
vertices of the graph or nodes of the distributimiwork and E is the set of edges of the graph or lines of
distribution network. The Laplacian matrix (Gr)) of the network is obtained according to (24).

L(Gr) =D(Gr) - A(Gr)

(24)



A(Gr) is a symmetrical matrix which is calculated based?25) and determines the state of each noderesihect

to other nodes. In other words, if there is an dulgfeveen two nodes, the state of these two nodmseisOtherwise

it is zero.

(25)

B B 1 e OE
AGry=| @ . ,am:{ .

0 e,0E
anl ann

D(Gr) or degree matrix is a diagonal matrix which icoldted based on (26).

d .. O
D(Gr)=| : . :|,d, =) a,

(26)

There is a relationship between eigenvalues ofLacian matrix and the structure of a graph. Figlustrates
two graphs gand g. The vertices and edges of each graph are detedniinFig. 7. All matrixes (A, D and L) are
calculated for each graph using (24-26). Accordm@erron-Frobenius theorem [34], for a connectegly such as

01, only one eigenvalue of the Laplacian matrix isozend the others are positive. The correspondipengector of
the zero eigenvalue iﬁl 1 :I]T. The number of zero eigenvalues of a separateghgsach as gdetermines the

number of islands of the graph. According to Figthe components of each island can be determipedloulating
the eigenvector of each zero eigenvalue. In othendsy all of the vertices in an island have the esamue in the

eigenvectors.

There are two phases for restoration of the maiwaor. In the first phase, as many tie lines swals the number
of outage lines in the main network should be dosk the second phase, if a constraint is violatee
reconfiguration of the network (closing anotherliie switch and opening a closed line switch)asfprmed. If the
constraints are not satisfied, a load should beodisected and the two phases are performed agaénst€ps of the
proposed approach for restoration of the main netvaoe explained with an example. Considering Biga single

fault occurs in lines 4-5.

According to Fig. 8, there is one line outage ia thain network. For the first phase, three switghi(21-8, 22-12

and 25-29) are candidates as assumed in this Sidioife according to [30], there a@; = 5 candidates, for none



of three switching. All the constraints are notisfad, so it is necessary to perform phase 2. Atiog to [30], in
each stage one tie line switch is closed. So,érs#itond step, all of the? =10 states of switching are candidates.

Voltage constraint is the tool that is used in ttisdy to design the algorithm. In a radial disitibn system, the
voltage decreases from the nearest node to thdysupthe farthest node to the supply. According-tg. 9, only
the tie line switches are candidates for the se@irase and the bus voltage of one of the paths fnenbranches

(0: or @) satisfies the voltage constraint and the othirate the voltage constraint.

Fig. 10 illustrates the results of the first phasd the minimum voltage of each branch paths df eagtches. Four
switching states are candidates for the secondepimasvhich each state includes three switches. €wikch is
closed in the first stage and the remaining swichiél be closed and opened in the second phas#l tifie loads
cannot be restored, the next step (in which thieedéirte switches should be closed) should be peréat. For the

next step, only the combination of R1, R2 or R3sjide switches are chosen. In other words, basechaxtified
Viterbi algorithm ([30]) for the next step thereea€? =10candidate states, while based on the proposed agpro

only one state (including 21-8, 25-29 and 18-33)asdidate.

So, with the proposed approach, with less candidaiéching state checking compared to the modifiésgrbi
algorithm ([30]), the time of solving the restomatiwill be decreased significantly. If again aletlvads cannot be
restored, the next step is not possible anymoredas the proposed approach, and load sheddinddsheu
performed. Loads are ranked based on two indicewderto choose the load to be shed. The first indexés t
voltage of the bus at which the load is located thedsecond index is the load importance. The alaidh is worse
in the two indices than the other loads is chosehe shed. The importance factor of each load éxteploads
which consist of water pumps is their power impoc& factor. However, for loads which consist of evgtumps,
their importance factors are the sum of their poimgportance factors and a time variable term inetudvater
importance factor of other loads. The variable tdapends on pump operation in the time intervathich the load
will be disconnected. It is be noticed that if #hés a DG in the main network, the DG is modeledeggative load.

If it is possible, the loads which are not in thaimnetwork should be restored by microgrid formativith DG or
DGs. The stability of each microgrid is an impotté&asue and the intentional microgrid should beiggoed with

droop or v-f control of DGs [20]. For each DG whiishout of the main network, all of the states tbat form a



microgrid are produced. Then equations (13-23)aresidered for each state and the best state ingwdDG and
several loads is chosen. If two or more DGs hageramon restored load or there is a line betweenhuses of
each microgrid, this means that those DGs and thkeinds can mix together and form a microgridodd flow

constraints are not ignored.

Depending on the number of distribution lines oatait) is possible that all of the loads cannot éstared. The
outaged lines will be repaired with repair teamtsifliased on their importance and each line wilbgok to the
network after repair. And again equations (13-28l) e solved until all of the loads are restor&dch restoration
plan has a specified time to operations. Dependimthe number of switches which will be closed pemed, their
control (manual or remote) and the number of losilisbe disconnected and the number of crew isdatid. If the
time between repairs of two lines is less thanréstoration plan time, that restoration plan wit ive performed.

And the restoration plan will be performed whicloi#ained after the next line repair.

3.3. How to solve the first stage of the problem

According to Fig. 5, genetic algorithm (GA) is ajgpl to solve the first stage of the problem. The GAan

optimization method inspired by natural evolutiagt2]. The designed chromosome (string) is showniin E1.

According to Fig. 11, the first row of the chromo®® includes gens as number as the distribution ar&tlines

which indicate the line is chosen to be hardenatr fihe second row of the chromosome includes gsnsumber
as the distribution network buses which indicatelibs is chosen to be equipped with a DG with diffecapacities

or not. The last row of the chromosome includesrgedgor distribution network automation.

According to [43], the initial population has angartant role on the performance of GA. In ordegémerate the
initial population, first, the impact of each s&@y on resilience improvement is calculated witn shenarios. Thus,
during initial population generation, each genet tis corresponding strategy has more impact otligese

improvement has a more chance for choosing. Thisistee method in initial population generation sad to the

better performance of GA.

4- Reaults



In this section, computational experiments with pneposed model are performed. The program is imetged in
the MATLAB R2010a software. All tests are performmda PC with 3.4-GHz CPU and 32GB RAM. The IEEE 33
node distribution system with the designed watéwaoek shown in Fig. 5 are used to study the model.

The importance factor of each loatll() is equal to the size of that load divided by suen of all loads. In this
paper, it is considered that for each load in theey system, there is a node in the water netwarlds 19-22 are
commercial and others are domestic.

The information of IEEE 33-node distribution systésnobtained from [44]. The 24-hour load multiplief the
distribution system and water network is illustchiie Fig. 12. The repair time for each pole andduartor is 6 and 4
hours, respectively. There are four crew teamsoftening and closing the manual switches and therdhaee
repair teams or in other words three outaged lossbe repaired simultaneously. In this papers dassumed the
require time for opening or closing of each mancahtrolled switches is one hour while this time femote

controlled switches is less than 1 minute, sotihie can be ignored in the study.

The cost of resilience improvement strategies arengn Table 1.

In solving the problem according to hurricanesdristl date, fragility functions of lines and comtlrs, load
demand of power distribution network water netwd@®,scenarios are produced. The first state ofiisigibution
system is without any strategies (no DGs are lac@tethe network, no switches are equipped with atem

controlled and no lines are hardened).
Case A. Restoration of distribution system

In this section, the effectiveness of the propaalgdrithm for restoration of the distribution systés investigated

and is compared with a research study. The resrdtgiven in Table. 2.

According to Table 2, the results show that theppsed method can restore the distribution systendliféerent
fault locations similar to [30] but in less compita time as explained in section 3.3. Most of thsearch works

test the restoration program for single faults ariew of them such as [30] test the program fortinfailts.



In other case, considered that in a scenario, (i€, (8-9), (12-13), (2-19), (30-31) and (18-28¢ damaged due
to hurricane. The repair time of line (12-13) isHidurs and that of the other lines is 6 hours aedetare two repair
teams in the network. The maximum time of repairdiboutaged lines is 24 hours.

The network is equipped with two DGs at nodes 8 ahdwvith 400 and 200 MW capacities, respectivelge T
restoration of the network is solved and consitiat this restoration plan is performed at 15 o’klo&ccording to
Fig. 13, two networks including the main networldame islanded microgrid with DGs are formed. Towds of
these networks are disconnected. The duration idéqmeing the restoration plan depends on the swictmat are
remote-controlled or manual controlled. In thisrso@, consider all of the switches to be contliemotely. This
restoration plan is in the network until the repithe lines. It is assumed that there are twairgpams. Based on
outage line importance, the two lines (7-8) and33Dpwill be repaired first by the repair teams, Bds restoration
plan is until the two mentioned lines are repaived is in interval 15-21 o’clock. The water purinpnode 33 stops

to work due to outage of node 33 in the distributystem.

According to EPANET, between 15 o’clock and 16 odi due to water in tank in node 33 the pressuth®hodes
are in normal state but between 16 o’clock and 2fock, the water pressure of several nodes droypbveater
satisfaction function in those nodes decreaseseiéatessibility function at 16 o’clock is depiciad-ig. 14.

At 21 o’clock, lines (7-8) and (30-31) are repail@tl are ready for operation. The restoration grobis again
solved for the remaining 18 hours to maximize ases®f loads to power and water. The new restorgian is
depicted in Fig. 13. For changing the configuratidrig. 13 to Fig. 15 it is necessary to close apdn a few lines.
With the new restoration plan, all of the loads wegtored and the water satisfaction function bfoads is 1. So,

before all lines are repaired, the network cangséored completely and some loads experience ofdagehours.

Case B. Resilience distribution system planning for categories 1 and 4 hurricanes

In this case, distribution system resilience plagnis solved for category 1 and 4 hurricanes witttew network

operation. To determing., for calculatingSRI,, 100 scenarios are produced for each hurricaregost and the



restoration problem is solved for each scenarieaufh category. Then the expected value of restorditne for

each category is calculated for the scenarios leya@ing the results. For categories 1 td4,s 6, 8, 13 and 75
hours respectively. By considering the time of shiitg operationt,, is assumed to be equal to 1 hour.

The results of distribution system resilience inygmment planning against category 1 and 4 of hurgcare shown

in Table. 3 and Table. 4, respectively.

According to Table. 3, one of the chosen strategyrésilience improvement of the network againgegary 1
hurricanes is upgrading the tie line manual swictteremote controlled switches to reduce restumatiime. The
number of faults due to first category hurricarmmethie network are such that the network often léllrestored with
tie line switches. Two DG are chosen to be placedhe network which can form microgrids and resttire
disconnected loads. Lines (1-2) and (2-3) are ot lines that with outage one of them, all orsinaf the loads
will be disconnected. Thus, both of them are chasdye hardened. The last cheap strategy is likgs}Ghardening.
It is noticed that budget constraint cause thisaph&trategy be chosen. Otherwise, there are some expensive

and more efficient strategies.

In category 4, the faults due to natural disastetBe network are much more compared to categoAciording to
Table. 4, two DGs are chosen at nodes (5, 33) wthergvater pumps are located. Unlike category taiegory 4
the water network dependency on power networkgsifitant and has an important role in resilientanping. Due
to high number of faults, another DG with 1000 KsVchosen at node 25 to back up two heavy loadsn@42A4.
Similar to category 1, upgrading tie line switcle®l hardening lines (1-2), (2-3) and (6-26) areepimportant
strategies that are chosen. Line (2-19) is therostrategy that is chosen to be harden. With thiateggy, the

reliability of loads (1-22) is increased againstriuane.

Case C. Didribution system planning to enhance resilience according to a determined hurricanes
category occurrence probabilities
The probabilities of occurrence of a hurricanedach category are obtained from [14] and are @33, 0.15 and

0.13. The result of the planning problem for enliragn¢he resilience of distribution system is iliaed in Table. 5

that shows seven chosen strategies to enhanceetlieenice. The tie line switches are upgraded tootely



controlled switches. Although the probability ofcacrence of higher storm categories is low, thaiufe severity is
much more than that of the lower categories. Tloeeefthey have an important role in choosing sgjiete to
improve resiliency. Only one of two nodes includimgter pump (node 33) is chosen to equip with adn@ with
this strategy the dependency of the water networkhe power network is reduced. Node 16 is alssehdo be
equipped with a DG. The important lines (1-2), §2423-24) and (25-29) are chosen to be hardenked.r&sults
confirm that the severity of hurricanes in a regi®@n important parameter in the chosen resiliémgEovement

strategy.

5- Conclusion

In this paper, the two stage stochastic distribuggstem planning problem is solved for enhancasgilience by
using a new index based on social welfare. The resilience index is used in an attempt to maxintize
accessibility of loads to power and water in a munin time after natural disasters. The water netvimrkodeled
with EPANET that calculates the node’s water preséu different operations of water pumps. The Ilsésitegies
for increasing resilience were chosen with genatgorithm according to the budget in the highegstaf the
problem based on an index considering both resiémprovement and cost. In the lower stage optoblem, the
restoration problem for each scenario is solvedmaximizing social welfare until full restoration thia new
proposed approach which is a modification of thehoe presented in [30]. The proposed approach icahtiie
restoration plan with checking fewer switch statesnpared to [30]. The new proposed model for distion
system resilience planning is studied with two sdsethis paper. In the first case, the mentionedlem is solved
for category 1 and 4 hurricanes to find the best fiour strategies to enhance resilience. Upgmadie tie line
manual switches to remote controlled switches arddning lines (1-2) and (2-3) are important sgig®in each of
the categories. Unlike category 1, in category e tependency of water network on the power netwsrk
significant and the nodes including water pump pged with DGs. The DG placement strategies has mqpact
in resilience improvement in category 4 of hurrieacompared to category 1 of hurricane. In the ottzese,
distribution system resilience planning was solwéith determined hurricane categories considerimgpitobability
of occurrence. In this case, only one node inclgdimter pump is equipped with DG and a DG is piacether

node. Other strategies include upgrading tie limiéches to remote controlled switches and line banag.



Microgrids as dependent networks can isolate themsdrom the main network during and after natulighsters.
In the future, we will study the interaction of mogrids with the distribution network to improveethesilience with

the proposed index. An appropriate interactionregiuce the resilience improvement planning cos
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Fig. 1. A schematic of power and water network

Fig. 2: water pressure satisfaction function

Fig. 3: Social welfare as measurement of performandesofietwork

Fig. 4: Flowchart of scenario generation and reductimcgss

Fig. 5: Flowchart of solving the problem

Fig. 6: The designed water network for IEEE 33- nodéibistion system

Fig. 7: The relationship between eigenvalues and grsiphsture

Fig. 8: 33-bus distribution system

Fig. 9: A schematic of tie line switch



Fig. 10: The results of the first phase of example resitmn

Fig. 11: The designed chromosome (string) for GA

Fig. 12: Load multiplier of distribution system and watetwork

Fig. 13: Restoration plan in 15-21 o'clock

Fig. 14: water satisfaction function at 15 o’clock whke pump in node 33 stops to work and the pumpiters works.

Fig. 15: Restoration plan in 21-3 o’clock

Table 1: Cost of strategies to improve resilience

Strategy Cost ($)
Upgrading each pc 600(
484 KW DG placement 93000
1000 KW DG placement 194000
Tie lines switches automation 5x 4700=23500
All lines switches automation 37 %x4700=173900

Table 2: The results of IEEE 33-node distributigatem and comparison with other research studies

Proposed Method [30]
. & Load o Load
Fault Switching R Switching
) 3 esto ) Resto
location Operation : Operation .
ration ration
Close (21- Close (12-
4-5 8),(25-29) 100% 22),(25-29)  100%
Open (t-26) Open (t-26)
11-12 Close (9-15) 100% Close (12-22) 100%
4-5& Close (9- o Close (25- o
2728 15)(2529) 100% 5907y  100%
458 Close (25- Close (9-
) 29),(21- o 15),(21- o
1%7%38& 8).(22-12) 100% 8).(25-29) 100%

Table 3: The results of distribution system resitieimprovement against category 1 of hurricanes

B =400000 $
Line hardenin DG placemer Network automatio
from to node Capacity (kw
1 2 16 1000 Upgrade tie line svyitches to remote control
2 3 32 484 switches
6 26
RI without strategies: 2.464 Rl with strategies: 2.863

Table 4: The results of distribution system resitieimprovement against category 4 of hurricanes



B = 500000 $

Line hardening DG placement Network automation
from to node Capacity (kw)
% g 5 484 Upgrade tie line switches to remote control
5 19 33 484 switches
6 26 25 1000

RI without strategies: 0.617

Rl with strategies: 1.135

Table. 5: The results of resilience planning

B =400000 $
Line hardenin DG placemer Network automatio
from to node Capacity (kw
% g 16 484 Upgrade tie line svyit(;]hes to remote control
23 24 33 484 SIFTIES
25 29

RI without strategies: 1.985

Rl with strategies: 2.446




