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1 | INTRODUCTION

Arman Alahyari*® |
Mahmoud-Reza Haghifam' |

Tohid Ghanizadeh Bolandi® |
Pierluigi Siano®

Summary

Paying attention to the modularity feature of electric distribution systems
improves their performance against severe events and makes an outstanding
opportunity for resiliency enhancement. In this paper, a novel framework
based on the modularity concept is proposed in which, by deploying smart grid
technologies and forming efficient modules, effective and robust energy in dis-
tribution systems is provided. Optimal placement of distributed generation
(DG) resources, load control options, switching devices, and tie lines are simul-
taneously incorporated in the proposed linear allocation model. To consider
electrical and topological characteristics in the independent functioning of the
formed modules, a path-based method is employed. The effectiveness and
computability of the proposed algorithm are examined by performing several
simulations on two modified 37-bus and 84-bus test systems. The results dem-
onstrate that the developed modular structure, by subdividing the system into
several independent parts, creates more flexibility for the recovery process and
facilitates the self-healing capabilities.
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as the specific structure and characteristics of distribution
networks, limited corrective actions and emergency plans

The occurrence of natural disasters in last decades, their
destructive effects on the electric power system, and con-
sequently, the resulted disruptions of social and eco-
nomic affairs have highlighted the necessity of resiliency
analysis." Resiliency concept investigates the ability of a
system to tolerate high impact and low probable (HILP)
events and has been considered in many studies.>* The
main objective of these studies is to ensure lowest inter-
ruptions and restores the system to a normal condition as
soon as possible.>® In such circumstances, due to the
severity of events and their related uncertainties, as well

can be implemented by the electric utilities.” In order to
achieve a resilient distribution network against HILP
events, the planning and operation activities of the distri-
bution network should be upgraded prior, during, and
after the disasters.® In this regards, optimal deployment
of smart grid technologies and forming the efficient
microgrids is of paramount importance.’

Several studies have researched the potential mea-
sures and the possible remedial actions for preventing
the extensive outages and deteriorating the impacts of
such disasters in distribution networks. According to the
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time domain, these measures can be divided into two cat-
egories. The first category considers short-term horizons
and focuses on the scheduling of operational activities.
Pre-event allocation of available resources to enhance the
system withstanding'®'® and provision of post-event res-
toration strategies like microgrid (MG) formation'”*® are
the main contributions of these research studies. On the
other hand, the second category addresses the system
resiliency enhancement from the planning point of view
by optimally investing and modernizing the network,”>*!
hardening the infrastructures,” optimal resource
allocation,* fast and effective restoration planning,** and
considering the repair crew.>> The scope of the proposed
method in this paper falls into second category. There-
fore, the literature review focuses mainly on this
category.

Although the topic of the resilient operation of distri-
bution networks has been widely studied in recent
papers, network expansion and investment planning
issues from the resiliency point of view are at their early
stages. Resilience-based distribution network planning
methods should be implemented before the occurrence of
disaster to minimize its destructive effect. Previous
research on investment models can also be classified into
two groups. In the first group, for modeling the event
intensity and examining its impacts on system function-
ing, probabilistic models and stochastic programming
frameworks are utilized.***° In these methods, fragility
curves are generally applied to calculate the failure prob-
ability of the system components in case of disasters.
Therefore, in these approaches, it is necessary to predict
the severity of the event and its impacts on equipment
performances. Due to the imprecise prediction of severity
of such catastrophes (because of their extremely volatile
nature), and the lack of adequate information about the
equipment fatigue and operation conditions in distribu-
tion networks, extracting the fragility curves and apply-
ing the calculated failure probabilities in long-term
studies, like network expansion problems, are not effec-
tive. Therefore, such methods do not provide solid foun-
dations for investment models.

In the second category of investment studies,
decision-making about the improvement schemes is car-
ried out by utilizing robust optimization-based frame-
works and applying the defender-attacker models. In
these approaches, the system defender prepares for the
worst-case contingencies while considering different
hardening budgets and applying various attack levels
(severity of the event). These models utilize a sequential
game according to which, in the first stage, defender
deploys an investment plan and in the second stage,
attacker disrupts the system aiming at the maximum
damage by finding the worst cases. These papers mostly

31-35

focus on lines hardening®'** or network expansions in

transmission systems.>® In References 31, 32 it is assumed
that by implementing reinforcements on system compo-
nents, the hardened lines can survive the disasters. In
Reference 34 an optimal hardening plan for improvement
of the resilience of integrated electricity and natural gas
distribution network against natural disasters is pro-
posed. In Reference 35 an optimal strategy for resilience
enhancement in distribution networks is introduced
based on energy storage system deployment and line
hardening. The proposed approach is formulated as a
multistage multizone defender-attacker-defender model
to consider the random contingencies. Since in these
methods, only the intensity of the event is considered; it
is not feasible to make a distinction between the events
with the same severity. Therefore, the robust functioning
of the reinforced components against all these kind of
events is not valid. Besides, since in these approaches for
each attack level a reinforcement plan is designed, the
system will be fragile and vulnerable against higher
intensities of events. These methods, indeed, mainly
focus on improving the system performance from a
robustness perspective instead of focusing on resiliency.

Resource allocation is one of the resilience-based dis-
tribution network planning approaches which should be
optimally implemented before the occurrence of HILP
events to proactivate the network recovery in the fastest
time possible. In Reference 23 a disaster response-based
model is presented to support the emergency loads dur-
ing HILP events by maximizing the operational capacity.
In Reference 36 a resilience-based prehurricane resource
allocation model is proposed in distribution network by
allocating the diesel generators and batteries to serve the
critical loads. Optimal allocation of photovoltaic genera-
tion and battery storage is proposed in Reference 37, for
resilience enhancement in distribution networks based
on a multiobjective optimization model. In Reference 38,
a resource allocation model including the distributed
generations and demand responsive loads is proposed
using microgrid formation approach in postevent to
improve the resiliency of distribution networks. In Refer-
ence 39, a resilient microgrid formation approach is
introduced to enable the critical load restoration consid-
ering  master-slave-based DGs and  topology
reconfiguration. In the mentioned methods for resource
allocation, the development of switching capabilities, the
placement of tie lines, allocation of generation resources,
and implementing the demand side controlling options
are not simultaneously considered in the proposed
models. Additionally, the resource allocation methods
should be optimally implemented to form the effective
microgrids in postdisaster to impressively improve the
distribution network resiliency.
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Development of smart grid facilities empowers the
system to form the self-provided modules, which can be
employed independently or collaboratively as an MG
after the event. Modularizing the structure prepares the
system for severe conditions and improves the resiliency,
regardless of the intensity or the type of disasters. How-
ever, achieving an appropriate level of modularity in dis-
tribution networks requires the optimal expansion of
smart grid technologies. Recent research in this field
lacks a comprehensive framework for improving system
functioning from the modularity perspectives.

In this paper, based on the modularity concept, a lin-
ear budget allocation model is presented for achieving an
effective investment in distribution network facilities to
improve the resiliency of distribution networks. The pro-
posed framework, by enhancing the ability of MGs for-
mation and applying appropriate switching, guarantees
the provision of electrical loads in efficient modules dur-
ing the severe contingencies. Optimal placement and
allocation of DG resources, switching devices
(sectionalizers and tie lines), as well as load control capa-
bilities, are the main purpose of this resource allocation
problem. To model the topological characteristics and
structural limitations of the network and also for deter-
mining the coverage areas of the formed modules, a lin-
ear path-based method is utilized. Note that, the
proposed approach is a systematic one which is not focus-
ing on the type of an event or a cause or details such as
the fragility of poles and lines in the network. Rather, the
proposed novel method seeks to investigate the impact of
modularity on the resiliency of a power network in differ-
ent conditions. Besides, the proposed approach aims at
identifying an investment plan and, in this regard, does
not focus on the short-term operations. Note that in this

TABLE 1 Proposed method vs pervious published schemes
[25]-
Comparison aspect 2020
Resilient resource allocation based on modularity X
concept

Optimal allocation of the demand curtailment options X
(load control options)

Optimal allocation of the DG/ESS resources

Optimal placement of the switching devices

(sectionalizers)
Optimal placement of the tie lines X
Presenting a linear budget allocation model 4
Forming the optimal arrangement of efficient and 4
independent microgrids for maximum critical load
restoration

Introducing a novel resiliency index X

oS WILEY-L

study, we assume that the DGs have nonintermittent pro-
duction®; however, the proposed methodology can be fur-
ther expanded in the next stage of research to include the
DGs with uncertain production as well through the
related uncertainty modeling such as those introduced in
References 40-44 In conclusion, the most important con-
tributions of the proposed method can be categorized as
follows:

« Introducing a novel conceptual framework to improve
the resiliency of distribution networks based on the
modularity idea to form the effective microgrids.

« Presenting a new linear budget allocation model for
achieving the desired level of self-healing options
through the optimal placement of smart grid facilities.

+ Simultaneous and optimal incorporating of the DG
resources, load control options, switching devices, and
tie lines in the proposed resource allocation model.

« Providing a fitting defensive strategy for resiliency
enhancement, this is more coordinated with the devel-
opment of MG technology and decentralized power
supplies.

To confirm the superiority and novelty of the pro-
posed resilient resource allocation approach, its perfor-
mance is compared with some existing research findings
which are recently published in the field of resiliency
enhancement in distribution networks. In this regards,
the comparison between the proposed method with other
approaches presented in the literatures is reported in
Table 1 in eight aspects. These aspects are the resilient
resource allocation based on modularity concept, optimal
resource allocation including demand curtailment
options, DG resources or energy storage systems (ESS),

[35]- [36]- [37]- [38]- [39]- [45]- [46]- Proposed
2020 2017 2017 2017 2017 2019 2021 method
X X X X X X v
X X v X X X v
v v v v v
X X X X X v v/
X X v X v
v X v v v/
X v v v v v
v X X X v v v
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switching devices and tie lines, presenting a linear
budget allocation model, forming the optimal arrange-
ment of efficient and independent microgrids for maxi-
mum critical load restoration, and introducing a novel
resiliency index. As can be seen, the proposed method
performs better than the existing methods in modeling of
all mentioned aspects. Additionally, to the best knowl-
edge of the authors, no attempts have been reported on
presenting a comprehensive model for implementing the
optimal resource allocation from the modularity perspec-
tives to improve the resilience of distribution network.
The proposed approach also leads to the achievement of
an effective investment plan in distribution network facil-
ities. Consequently, the proposed model has significant
advantages over existing methods.

The remainder of the paper is as follows. In section 2,
the background of the proposed approach is discussed.
The mathematical formulation of the investment prob-
lem is described in section 3. In section 4, the effective-
ness of the proposed algorithm is examined by
performing several simulations. Finally, section 5 con-
cludes the study.

2 | ENABLING MODULARITY

Building a modular structure and decomposing the sys-
tem into several self-provided modules facilitate isolation
of the damaged parts in case of contingency and acceler-
ate load restoration in intact sections after extensive out-
ages.*’ The efficiency of a module is defined based on the
value of involved consumptions in that module and
its dependency level on equipment. These two factors
have conflicts with each other. In other word, efficient
modules supply more loads with a lower number of com-
ponents in a power system. Consequently, in a well-
modularized system, after severe disasters and failing of

L6QSI LGQS1

DG2 —<\ 7 DG2
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multiple elements, feeding the electrical loads will be eas-
ier. Furthermore, after a catastrophe, depending on the
locations of the faults, each module can supply indepen-
dently its loads as an MG or the undamaged modules can
bond together and provide the loads through forming a
larger MG.

For example, as shown in Figure 1, considering the
capacity of DGs and switching options, after a severe
event, one self-provided module (M1) can be formed,
only if all of the required elements for creating that mod-
ule will not be in a failure state. After installation of the
sectionalizer S3, M1 is decomposed into smaller parts,
and two modules (M2 and M3) can be formed. As M1
includes a higher number of elements, it is more suscep-
tible to damage in case of an event, and, consequently, it
suffers from a high vulnerability situation if compared to
M2 and M3. As a result, by adding the mentioned switch,
the system modularity is enriched, and the located con-
sumers in M2 and M3 experience a higher resistance and
recoverability than the former case. In other words, load
provision in the latter case will be more resilient.

3 | PROBLEM FORMULATIONS

In this paper, we consider the simultaneous allocation of
the demand curtailment options, DG resources, tile lines,
and sectionalizers for the peak load condition. Other
measures like hardening of the power lines will be con-
sidered in our future works. Besides, since in severe
weather circumstances, operation of the renewable
energy resources is not conceivable, and due to their poor
capability in stabilizing the voltage and frequency of the
modules, only the controllable DGs such as diesel genera-
tions are included in the model. Renewable energies can
be accommodated by reformulating the planning prob-
lem and creating a two-stage decision framework. As

DGl L3

L2
¥

FIGURE 1
[Colour figure can be viewed at

System modularization
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mentioned in Reference 48, minimizing a linear function
with linear constraints is often algorithmically simpler
and more efficient than its nonlinear counterpart. There-
fore, we perform the linearization of constraints if needed
to derive an MILP problem that can be solved effectively
by a well-known solver such as CPLEX.

3.1 | Topological constraints

At first, considering all the buses and lines (including
candidate tie lines), the graph of the network is extracted.
For technical issues, the connection of at least one DG to
each formed module is necessary. This DG is called mas-
ter unit and its corresponding node is recognized as the
root node of that module.

3.1.1 | Node belonging constraints
According to Equation (1), a node can be included in
only one of the modules or none of them. If the variable
a; is equal to one, node i belongs to module k, and the
kth member of the set Npg is selected as the master unit.
If the selected unit is also a member which belongs to set
of candidate DGs in N¢, pg, it means that the unit is con-
sidered for installation.

Numjax
Z aix <1 VieN (1)
k=1

Besides, as given in Equation (2), for connecting a
node to a module, at least one of its parent nodes should
be involved in that module. Parents of a node are the first
nodes in the paths between that node and the root. For
example, in Figure 2, nodes m, n, p, and q are the parents
of node i for reaching the root node k.

FIGURE 2
viewed at wileyonlinelibrary.com|

Sample graph of a network [Colour figure can be
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@ik < Y aji ViEN,Vje&, VkeK (2)
Vi€gik

3.1.2 | Interconnected and radial
structure

In order to satisfy the constraints of connectivity and
radial configuration of each module, a path-based
method is employed for formulating them. For each
node, the entire paths between that node (as a start
point) and a root node (as an end) are explored. Then,
intersections of the extracted paths are analyzed, and
finding a common node (excluding start point) among
them is investigated. At the next step, first, constraints of
connectivity and radial configuration are guaranteed
between that start node and the first founded common
node, and then these constraints are applied to the exis-
ting paths between that common node and the root node.
For example, as shown in Figure 2, first the mentioned
constraints are checked for the paths between nodes
i and £, then the paths between the common node { and
the root node k are taken into account. The method pres-
ented in Reference 49 is employed here for finding the
common node.

Based on the previous comments, Equations (3) and
(4) are applied to ensure the connectivity constraint
between hypothetical node i and its common node (node ¢).
Equation (3) states that if node i is included in module k,
then the existed common node on the corresponding paths
should belong to that module. Equation (4) ensures that one
of the existing paths should be in an active state in case of
connection to the corresponding module.

aix <ary VkeK (3)
NumPath;_,
> Pathi ,>aix VkeK,Vxe Allpath,_, (4)
x=1

Additionally, according to Equation (5), the status of
each path is dependent on the states of the involved lines.
Note that, , is a binary variable that indicates the opera-
tion mode of a line. The set of the equations in (6) is uti-
lized for linearizing the Equation (5).

Pathy_ .= [[ B, Vxe Allpath,_, (5)

i
CENT,

Path’i‘_gsﬂf vxe Allpath;

1=z’

VCEN,

Pathi > > p,— (NumLinef_g—l) Vxe Allpath;_,
VEEAY,

(6)


http://wileyonlinelibrary.com

MOUSAVIZADEH ET AL.

| wiLEy- [ ORTe

Moreover, if there are several paths between two
nodes (eg, nodes y and i) achieving a radial configuration
should be ensured as well. Equation (7) states that for
avoiding loops, at least one of the variables indicating the
statues of the involved lines should be set to zero.

Z Pe+ Z Be < (NumLinef_M +NumlLine_, - 1)’

VEEAL, ve'en?
Vze Allpath;_,,
(7)

It is worth to notice that the structure of modules is
assumed to be radial to decrease the complexity and bet-
ter certify the merit of the approach and to open an ave-
nue toward the future similar research. Note that, the
proposed approach can be modified to consider the
meshed structure as well which would be considered in
the future works.

3.1.3 | Boundary constraints

According to (8), the variable 8, should be set to zero, if
two sides of a line belong to the same module. Symbol ()
represents the logical XNOR operation. By defining auxil-
iary binary variables y,x and y, the Equation (8) could
be linearized using the presented set of equations in (9).

Be<aix(Dajx VEENVILjEY,, VhkEK (8)

Be<xex+ixe, VEEAVKEK

)(,f,k S1-=aip, yep <o Vi,jeWe,VOEAVKEK

Yok S1=ajk, yop<ajx Vi, jeWe,VOEA VkEK
Vi,jeWy, Ve A, VkeK

©)

Xox 2 1=k =k s Ypp 2 ik +aje—1

3.1.4 | Switching constraints

Equations (10) and (11) ensure the closed mode for the
lines which do not include switching option.

Sec,=1 Y£eAST (10)
Br>(1—Sec,) VeeA (11)
3.2 | Electrical constraints
3.21 | Demand consumptions

Equations (12) to (14) are utilized to formulate the
amount of active and reactive power consumptions

considering curtailment capabilities. In Equation (14),
PECI™ s a decision variable and is described in the budget
constraint section.

Pl =i x P —P{O™ VkeK, VieN  (12)
Qb = ai X QF** —tan(p;) X P™ VkeK, ViEN (13)

P <ay x PP VkeK, ViENCN (14)

3.2.2 | DG constraints

To model the active and reactive power limits for all the
existed and candidate DGs, Equations (15) and (16) are
applied. In these equations, node i is the connected node
to DG m. For the candidate DGs, PPC:Ce~E® and
QPG:Ca~E are also decision variables.

PG <ajy X PROB M ymeMp, VkeK
PPG <y x PDOCO~EP ymeMc,, VkeK

— i X QRO M < QDO < x QREFFTME YmeMpy, VkeK
— i X QRFCTEP < QPG < X QRFATEP YmeM g, YkeK
(16)

3.2.3 | Power balance

Equations (17) and (18) ensure active and reactive power
balance at each node in all modules. Variable P%{ and

mﬁc show the generated active and reactive powers of
the connected DG to node i, respectively.

> [PRS-Ph] = flow! VieN (17)

VkeK CEN;
SR -Qh] =S fow? VieN  (18)
VkeK CEN;

3.24 | Line flow limits

Maximum active and reactive flows of the existing and
candidate lines are restricted by Equations (19) and (20).
It is assumed that each line has a separate limitation for
active and reactive powers flowing in them. Therefore,
depending on the direction of the flow, the set of possible
values for both flows has a shape of [—flow™®, flow™*].
However, the flow will be zero if the line is not operated
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which is ensured in these equations by utilizing the
binary f,.

— B X flowEM ™ < flow) < B, x flowf M WEEA  (19)

— B, X flowdM™ < flow? < B, x flow?M™  VeEA  (20)

3.2.5 | Voltage constraints

Equations (21) and (22) are applied for modeling the volt-
age limits. Also, according to (23) and (24), if DG k is
selected as a master unit, voltage magnitude and angle of
the corresponding node (i = Npg(k)) will be also set to
the controlled value, respectively.

ik X0.95< Vi <a;x X1.05 VieN,VkeK (21)

— o X M <5y < x M VieEN,VkeK (22)

Vik=aix X VP9 VieNpg (23)

- (1 —ai’k) x M < Oik < (1—0(1'!}() x §Max ViENpe (24)

3.2.6 | Power flow constraints

The introduced method in Reference 50 is used for con-
ducting the load flow calculations. In this reference, an
acceptable linear approximation is applied to calculate
the bus voltages. The linearized form of power flow equa-
tions in distribution networks can be modeled by
(25) to (27).

Fle=rof2yy2 , Fle=xc/,24 2 (25)

flow® = Zflow?

+ > [(816=08ik) X F2 + (Vi — Vi) X F1/]
VkeK
VZEA
(26)

flow? = Zflow?

2 [

VkeK
NASHIN

Vik—Vik) XF27 + (8ix —8jx) X F1/]

(27)

Moreover, Equations (28) and (29) represent the
limits of the slack variables, employed to make the

e T WILEY-L

equality constraints valid, when two sides of a line are
not included in same module. Here, BigM is sufficiently
large and is utilized to certify the equality of variables
only when binary f, takes the value of one, but if this
binary variable takes on its opposite value, it leaves the
variable defined in these two equations open.

—(1-8,) x BigM < Zflow’, < (1-,) x BigM V£eA
(28)

—(1-p,) xBigM < Zflow? < (1-,) x BigM VZ€A
(29)

3.3 | Budget constraints

The development of load control capabilities in the candi-
date buses is considered by Equations (30) to (32).
Equations (30) and (31) state that the maximum curtail-
ment option in candidate points is realized through the
employment of different levels. The total amount of
implementable curtailment capacity in each candidate
point is also limited by Equation (32).

Numgy, .
S Pim= 3" (ofxSth) vieN  (30)
keK s=1
NurnSL -
Y o<1 VieN (31)
s=1
> PP <MaxLCi x P VieN (32)

keK

Equations (33) to (35) are utilized to model the expan-
sion of DG capacities in candidate locations. The binary
variable O‘DG indicates which candidate capacity (St> ) is
selected.

Numsg

D oG xSthG YmeMc, (33)
s=1

G,Ca—Exp __
P> =

QDOCa=Bwp — ¢ 5 pPGCa-BD yypepf, (34)

Numgg

Z ob% <1 YmeMc, (35)

Equation (36) restricts the installation of sectionalizer
at lines with no switching option. Moreover, the installa-
tion of candidate tie lines is controlled by Equation (37).
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Equation (38) states that the close or open state for a can-
didate tie line is dependent on its expansion status.

ANS
ZSec,f < NumM® (36)

=1

ACa
> Inst, < Numjfi, (37)

r=1
B, <Insty YEEA™ (38)

Equation (39) integrates a budget constraint in
the optimization problem. This function includes the
implementation cost of load curtailments, the expansion
cost of generation capacities, and the cost of switching
placement (tie lines and sectionalizers), respectively.

N Numsgg,

Z > (of, x Stf, x Cost}€)

i=1 s=1

Mca
A Ca

M

Ms

oDG X StDG X Costoe")

—

+ Z (Cost?*® x Insty)

ANS
+ Z (CostS* x Sec, ) < Budget (39)
=1

3.4 | Objective function

Forming the optimal arrangement of efficient modules is
the main objective of the allocation problem to achieve
the desired modularity. To maximize the efficiency of the
arrangement, the number of the involved load points
(as a dependency indicator) are also considered besides
the involved consumptions in each module. This purpose
can be formulated as Equation (40). This function seeks
the modules with the highest independency feature and
maximum load provision, considering load priorities.
Therefore, by taking into account the priority factor of
each load point i, the following objective function is
proposed:

Maximizing : obj = Z 1-
keK

Zazk
N <ZPrL X PL >

ieN

(40)

According to Equation (12), the objective function
can be rewritten as Equation (41). The second and third
term of this function are of nonlinear terms.

obj= [Z Prl x Pfk]

keK [ ieEN

A (S (S axerte) )

= Z [Z PI'ZL X Pfl;|
keK |ieN
_—Z [(Zaz k> (Z (ai,kXPriLXP%oad)>‘|
keK zeN <
Z l(Z%k) X (Z (PriL xpfim))] )

The second term is the multiplication of two sets of
binary variables (a,, and a;;) that each term can be line-
arized by introducing the auxiliary binary variables A, x
and set of linear constraints as equations in (42).

Azike < Qg
ﬂz,i,k S az,k (42)

Agike > Qi+ oz —1

_ linearizition
Azike = Qije X Az

The third term in Equation (41) is also the multiplica-
tion of two sets of binary and continues variables (o
and Pf,?”m). By utilizing auxiliary continues variables y; x
and presenting a set of linear constraints in (43), each
term of this multiplication can be linearized too. Since
we are looking for maximization of y,; variables, then
the proposed linearization form in (43) will be valid.

PLoad

C.Im linearization | Vo ;i <z k X P;
Vzik = Oz k XPL < pLCim (43)
Yzik S Vi

Besides, the system resiliency index can be defined as
Equation (44) and is the ratio of the total number of the
formed efficient modules with the highest independency
feature and maximum load provision to total consump-
tions of system active loads. The denominator of this frac-
tion states that for achieving maximum resiliency in the
network, each load point should be included in a sepa-
rate independent module.

R = oby (44)

> [(1=5) > (P*=)]

ieN
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4 | NUMERICAL STUDY

Motivated by finding the capability of modularity in the
resiliency improvement, this section aims to thoroughly
investigate the merits of the proposed framework via two
test networks, three case studies, and four different strat-
egies. The two networks are well-utilized in the litera-
ture. The first is the IEEE 37 buses network, which is
simpler and is used to demonstrate the basic procedure of
how the proposed method can be applied to a distribu-
tion grid. On the other hand, the second network is the
IEEE 84 buses, which presents more complicated net-
works in practice. The four strategies are representing
four different possible approaches. We compare the pro-
posed method (fourth strategy) with other existing
methods in different conditions with an analysis of the
performance of these strategies. Some parameters in the
optimization process directly influence the acquired
results. Based on this, we further investigate the impact

17
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25 16
2
| 13 14 L
® —& 15
24 23 3
21
ﬁ19
28 27 26 22
4
020
29
95
I6 030
31
36
® I o
10 11 12 37
FIGURE 3 Test network I
TABLE 2 Obtained plans for different strategies

ST2: Based on worst double
contingency

ST1: Based on worst
single contingency

200 kW at bus 16
200 kW at bus 5

200 KW at bus 13
200 kW at bus 6

180 kW at bus 4
110 kW at bus 6
60 kW at bus 12

oS WILEY-L

of different conditions and parameters through three sep-
arate cases; namely, we explore the impact of different
budget levels, switching capability and load control, and
maximum achievable resiliency in case I, II, and III,
respectively.

The proposed methodology is programmed in
MATLAB environment, and IBM ILOG CPLEX 12.7 soft-
ware”! is used to solve the MILP formulation on a personal
computer with Intel Core i7 CPU @4 GHz and 16 GB
RAM. In all simulations, MIP gap is assumed to be 0.001%.

41 | Testnetwork I

In this section for comparing the principle of the proposed
investment model with the introduced methods in Refer-
ences 31, 32 modified IEEE 37-bus test network is consid-
ered for simulation. The total real and reactive power loads
are 981.91 kW and 545.01 kVar, respectively. The line
parameters and load consumptions data are given in Refer-
ence 52. In this case, disregarding the costs, only allocation
of 400 kW generation capacity (in steps of 5 kW) over eight
candidate locations (nodes 4, 5, 6, 12, 13, 16, 28, 29) is con-
sidered. Maximum installable capacity in each candidate
point is also restricted to 200 kW. Single line diagram of
this test network is depicted in Figure 3.

Table 2 represents the obtained optimal plans for dif-
ferent strategies. In first, with three strategies (ST1, ST2,
and ST3), the problem is solved using the worst-case
approach by implementing the defender-attacker model
proposed in References 31, 32 for the worst single, dou-
ble, and triple contingencies, respectively. In addition, in
ST4 strategy, DG allocation is performed based on the
modularity idea. In other words, we had the simulation
for three different existing approaches and then com-
pared them with the one that is proposed in this study,
incorporating the modularity concept into the whole
model and optimization framework. According to the
results, the number of locations of DGs for the first two
strategies is only two; the sizing are the same for these
approaches; however, the DGs are located on different
buses. This increases for the third strategy, in which four
locations are considered for DGs placements, namely:
buses 4, 6, 12, and 16. Nevertheless, in ST4, the

ST3: Based on worst
triple contingency

ST4: Based on modularity concept

100 kW at bus 12
90 kW at bus 6
85 kW at bus 4

45 kKW at bus 29
40 kW at bus 13
40 kW at bus 28

50 kW at bus 16
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modularity approach by choosing six locations for DG
installation tries to scatter the generation capacities along
with the network leading to a higher modularized struc-
ture compared to the other strategies that employ worst-
case principles. The presented output for ST4 in Table 2
includes buses number 29, 13, and 28 in addition to 4, 6,
and 12. This issue results in a more resilient plan with
higher recoverability in the case of severe events.

Figure 4 compares self-healing capabilities of the
obtained plans in case of worst interruptions. In other
words, the level of recoverability of each plan for the

450
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g
& 300 -
g
£ 250 4
I
A
T 200
g
S 150 -
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FIGURE 4 The performance of each strategy in case of worst

contingencies [Colour figure can be viewed at
wileyonlinelibrary.com]
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worst simultaneous k interruptions of the lines is calcu-
lated. These worst conditions are not the same for each
plan. For example, in ST1 plan, simultaneous interrup-
tions of the lines L1 (between nodes 1 and 2) and L15
(between nodes 15 and 16) are the worst double contin-
gency, but for the ST2 plan, interruptions of the lines LI
(between nodes 1 and 2) and L12 (between nodes 3 and
13) is construed as the worst double contingency.

It can be inferred from the results that investing based
on the worst-case principle increases the system withstand-
ing for that particular situation but leads to the more fragile
structure against the higher intensities. For example,
obtained schemes based on the worst double and triple
contingencies (ST2 and ST3) have the highest recoverabil-
ity in corresponding cases, respectively. However, the men-
tioned schemes are more vulnerable to the severe
conditions (k > 3) compared to the modularity-based plan
(ST4). These results emphasize that increasing the penetra-
tion of small-scale generations in distribution networks can
be very pleasing from resiliency perspectives.

4.2 | Test network II

An 11.4 kV modified 84-bus test system is utilized to
investigate the efficiency of the presented model. As
shown in Figure 5, this network contains 11 feeders,
84 buses, and 18 sectionalizers. The total real and reactive
power loads are 28.350 MW and 20.70 MVar,

Existing DG A
Candidate DG~ A
Candidate Tie ===

FIGURE 5
of test network II [Colour figure can

Single line diagram

be viewed at wileyonlinelibrary.com]
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TABLE 3 Obtained plans for resiliency enhancement
Budget Lines to Selected DG Selected load
(n x 10° §) install sectionalizers Selected tie lines capacities control options
n=1 4,28, 31, 33 Tiel:6-56 Tie8:29-33 0 100 kW at bus 6
100 kW at bus 11
n=2 4, 28, 35 Tiel:6-56 Tie8:29-33 1000 kW at bus 29 50 kKW at bus 7
150 kW at bus 10
n=3 28,35 Tie2:8-61 1000 kW at bus 29 50 kW at bus 3
Tie8:29-33 1000 kW at bus 54 50 kW at bus 4
150 kW at bus 9
250 kW at bus 55
n=4 3,21, 28, 31, 35 Tiel:6-56 1000 kW at bus 29 0
Tie7:21-84 Tie8:29-33 500 kW at bus 54
1000 kW at bus 61
n=>5 4, 28, 31, 35,78 84, 91 2500 kW at bus 13 200 kW at bus 8
1000 kW at bus 29 300 kW at bus 14
250 kW at bus 15
n==6 2,4,13,109, 22, 23, 28, 35, 79 Tiel:6-56 2000 kW at bus 13 50 kW at bus 6
Tie7:21-84 Tie8:29-33 1000 kW at bus 22 150 kW at bus 13
1000 kW at bus 29 100 kW at bus 21
50 kW at bus 55
100 kW at bus 56
n=7 3,21, 28, 31, 35, 52 Tiel:6-56 2500 kW at bus 13 300 kW at bus 14
Tie7:21-84 Tie8:29-33 1000 kW at bus 29 250 kW at bus 15
1500 kW at bus 54 200 kW at bus 54
150 kW at bus 65
n=3_8 4,19, 23, 28, 35 Tiel:6-56 2500 kW at bus 13 100 kW at bus 6
Tie7:21-84 Tie8:29-33 1500 kW at bus 22 300 kW at bus 14
1000 kW at bus 29 250 kKW at bus 15
1000 kW at bus 61 50 kW at bus 21
50 kW at bus 55
50 kW at bus 56
n=9 3,13, 19, 22, 23, 28, 31, Tiel:6-56 2000 kW at bus 13 150 kW at bus 13
35, 52,54,78 Tie7:21-84 Tie8:29-33 1500 kW at bus 22 100 kW at bus 54
1000 kW at bus 29
1000 kW at bus 54
1000 kW at bus 61
n=10 3,13, 19, 22, 23, 28, 35, 51, 54, 78 Tiel:6-56 2000 kW at bus 13 150 kW at bus 13
Tie7:21-84 Tie8:29-33 1500 kW at bus 22 100 kW at bus 54
1000 kW at bus 29
2000 kW at bus 54
1000 kW at bus 61
respectively. Information about the load consumptions, The investment cost for generation expansion

is

line parameters, and switch locations are given in.>?

In this system, three DG units with a maximum active
power capacity of 4 MW are already connected to buses
10, 32, and 80. Maximum reactive power capacity for
these existing DGs is set to 4 MVar. As shown in
Figure 5, it is assumed that there are six candidate loca-
tions for installation of DG units and 12 candidate tie
lines. Besides, six discrete sizes from zero to 2.5 MW in
steps of 0.5 MW are considered as the candidate capaci-
ties. Parameter f,,, for the candidate DGs is also set to 0.6.

110 $/kW. Seven capacities from zero to 300 kW in steps
of 50 kW with the investment cost of 20 $/kW are also
considered for creating load curtailment options at all
buses. However, the implementation of load control
capacity is limited to 50% of the consumption in each
load point. Also, the maximum number for installing
sectionalizers and tie lines are restricted to 20 and
7, respectively. The installation cost of these elements are
assumed to be 9500 $ and 25 000 $, respectively. The pri-
ority of the loads is also set to one.



MOUSAVIZADEH ET AL.

=_| wiLEY- [ oRaTe

421 | Casel

Table 3 represents the obtained optimal strategy for
different budget levels. Based on the results, by increas-
ing the budget, the proposed algorithm appropriately
upgrades switching capability, load management
options, and generation capacities to enhance the mod-
ularity level of the test system. For the first budget level
(n = 1), the proposed model has increased the system
resiliency about 5% (from 33.08% to 38%) just by apply-
ing load curtailments and proper switching. This result
indicates the prominence of these flexibilities in the
resiliency improvement process. The number of the
formed modules, involved loads, objective function,
and the system resiliency for each budget level are
articulated in Table 4.

Besides, according to Tables 3 and 4, by escalating the
budget, the number of the selected DGs for capacity
expansion and, correspondingly, the number of the
formed modules are also increased. The reason is that the
proposed model is more willing to distribute the genera-
tion capacities along the network to create efficient mod-
ules and benefits higher independency feature. Moreover,
based on the results, for every 100 000 $ increase in bud-
get, the resiliency of this system has improved about
2.5%. It can be inferred that resiliency enhancement can
be so expensive.

In Figure 6, covering areas of the formed modules for
budget level 10 are depicted. In one of these modules,
which includes load points 12, 13, and 15, total active
and reactive power consumptions are 1800 kW and
1300 kVar, respectively. Since the maximum active and
reactive power capacity of the installed DG at bus 13 are
2000 kW and 1200 kVar, for achieving reactive power
balance in that module, a load curtailment option is

Number of the Involved Objective
Budget formed loads function
(n x 10° $) modules (kW) (kW)
n=0 3 10 500 9377.5
n=1 3 11 600 10 773.5
n=2 3 12 600 11 559.2
n=3 4 13 583 12 284
n=4 4 14 210 13 015.2
n=>5 4 14 755 13 746.1
n==6 4 15 750 14 511
n=7 5 16 555 15 240.6
n=_§ 5 17 495 15 946.7
n=9 6 17 989 16 651.7
n=10 6 18 789 17 362.1

allocated at bus 13. A similar explanation can be pres-
ented to validate the considered curtailment at bus 54.

Besides, as it can be seen, none of the connected loads
to feeders I, J, and F are involved in these formed modules.
It is because the mentioned feeders have generally lower
consumptions compared to the others, and fewer numbers
of candidate tie lines are connected to them. Consequently,
if a module is formed in these feeders, it will suffer from
poorer efficiency level. Therefore, according to Figure 7,
mostly the feeders with higher power consumptions are
selected for modularity enhancement.

Also, in this test network, there are 19 load points
with power higher than 500 kW. These loads include
19.5 MW of the total consumptions of the test system.
Considering budget level 10, about 66% of these loads
(12.9 MW) are covered with the formed modules. In
other words, the proposed algorithm for increasing the
efficiency of the modules tries to involve the loads with
higher consumptions.

422 | Casell

The impact of switching capability and load control
options in improving system resiliency index, considering
different strategies, is depicted in Figure 8. Note that
resiliency metric is calculated according to Equation (44).
Based on the results, in the first strategy, which only con-
siders DG installation, for budget levels 5 to 10, no
improvement is achieved. In other words, after a specific
point just by allocating generation capacities, modularity
enhancement will not be achievable. This item can be
relieved by applying the switching capability in strategy
2, creating curtailment options in strategy 3, or
implementing both of them in strategy 4. It can be

TABLE 4
system resiliency for each budget level

Objective function and
Resiliency
index
0.3347
0.3845
0.4126
0.4385
0.4646
0.4907
0.5180
0.54406
0.56927
0.59443
0.61979
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modules for budget level 10 [Colour
figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 7
considering budget level 10 [Colour figure can be viewed at

Total and involved power in each feeder
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concluded that the mentioned flexibilities facilitate the
formation of efficient modules in distribution networks,
which lead to a higher resiliency.

423 | Caselll

In this section, maximum achievable resiliency without
considering budget constraints is discussed. For this
purpose, the maximum installable capacity for genera-
tion expansion in each candidate location is raised to
3000 kW. Also, the maximum number of the installable

sectionalizers and tie lines are increased to 65 and
12, respectively. The obtained optimal investment plan
is articulated in Table 5. Moreover, detailed results
about the objective function, system resiliency, and the
cost are tabulated in Table 6. Covering areas of the
formed modules are also depicted in Figure 9.

Based on the results, 19 sectionalizers, 8 tie lines,
18 MW, and 10.8 MVar new generation capacities are
added to the test network. Since in this case, there are no
shortages in generation capacity compared to the net-
work consumptions; therefore, no curtailments are also
needed for modularity enhancement. Implementing this
plan costs 2360 500 $. Besides, 56 load points are
involved in the eight formed modules, and they contain
92.34% of the whole network consumptions. Dependency
feature of the modules restricts involving of the total con-
sumptions. Moreover, according to Figure 9, M3 includes
two DGs. Since the capacity of the installed DG at bus
22 (3000 kW) is not adequate for providing the set of the
connected loads to buses 15, 18, 19, 20, 21, and
22 (3800 kW), the existing DG at bus 80 also participates
in forming that module.

According to the results, in this case, which budget
restrictive constraints are not applied, the resiliency is
just enhanced to 85.4%. Not reaching 100% resiliency is
not due to the lack of enough generation capacities; since
as shown in Table 5, the total active and reactive capacity
of the installed and existing generations in the optimal
plan are 30 MW and 22.8 MVar, while the network
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0.65 FIGURE 8 Impact of different strategies
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Resiliency System

n=1 n=2 n=3 n=4 n=5 n=6 n=7 pn=8 n=9 n=10

OST1: (DG) BST2: (DG & SW) EST3: (DG & LC)E ST4: (DG & SW & LC)

TABLE 5 Obtained plan

Load

Sectionalizers Tie lines DG capacities control considering no budget constraints
2,12, 14, 72,76, Tie3:13-73 Tie7:21-84 3000 kW at bus 13 0

17, 22, 23,79, Tie4:14-77 Tie8:29-33 3000 kW at bus 22

16, 26, 40, 42, Tie5:15-19 Tie9:30-40 3000 kW at bus 29

31, 35, 45, 50, Tie6:17-27 Tiel0:35-47 3000 kW at bus 54

57, 68 3000 kW at bus 61

3000 kW at bus 71
TABLE 6 Objective function and system resiliency for each budget level
Number of the Number of the involved Involved Objective Resiliency

Cost ($) formed modules load points loads (kW) function (kW) index
2 360 500 8 56 26 180 23 925 0.85408

FIGURE 9 Formed modules in

5 case III [Colour figure can be viewed
4. G at wileyonlinelibrary.com|
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consumptions are 28.35 MW and 20.7 MVar. This level of
resiliency is derived because the number of candidate
locations for DG installation is limited to six points. In
other words, 100% resiliency will be achieved when for
every single load in the network, an independent module
is formed and its consumption is supplied through the
installed DG in that load point.

5 | CONCLUSION

In this paper, a novel resource allocation approach has
been presented for resiliency enhancement in distribu-
tion networks based on the modularity concept. The pro-
posed model tried to relieve the existing deficiencies in
the previous models and focused on resiliency improve-
ment from a new perspective. Some important findings
obtained from this paper are highlighted as follow:

« In the proposed resilient resource allocation model,
the expansion of DGs capacity, development of
switching devices (sectionalizers and tie lines), and the
implementation of load curtailment options are all
integrated into a mixed-integer linear optimization
problem, which leads to the achievement of an effec-
tive investment plan in distribution network facilities
to enhance the system resiliency.

« Formation of efficient modules has been modeled as
the objective function. By applying this method, resil-
iency improvement performed for different budget
levels and various strategies. The results show that the
appropriate allocation of the mentioned resources real-
izes robust energy providing and leads to desired mod-
ularity in distribution networks.

« For improving the system performance against the
unpredictable severe events, the model considers the
independency feature of the formable modules in
the expansion process and, for this purpose, distributes
the generation capacities along the network to guaran-
tee the efficiency of the modules.

« Since improving the resiliency of networks can be so
expensive, implementation of the proposed model will
help distribution networks' planners to make better
and efficient investment decisions.

In the future works, the resilience-based resource
allocation planning scheme can move a step forward in
following directions:

« Although the installation of the mentioned facilities
brings some other benefits such as loss reduction and
economic operations during their lifetime, in this
paper, optimal allocation of the budget only from the
resiliency perspective is discussed. A multiobjective

T WILEY-L =

approach can be proposed for incorporating these
items in the future works.

« Development of renewable energies, energy storage
systems, line hardening, and determining the optimal
emergency budgets for electric utilities can be consid-
ered in future research efforts.

« Different type of demand response approaches can be
considered in the resource allocation model to improve
the resilience of distribution networks.

DATA AVAILABILITY STATEMENT

The data that support the finding of this study are avail-
able from the corresponding author upon reasonable
request.

NOMENCLATURE

Indices and sets

N Set of the nodes

N Set of the candidate curtailment options

A Set of the lines (candidate and existing)

AT Set of the switching lines (including
tie line)

ANS Set of the lines without switching option

A Set of the candidate tie lines

v, Set of the nodes belongs to the line #

Eik Set of the parents of the node i to reach the
root node k

Allpath,_, Set of the paths between nodes a and b

i Index of buses

k Index of modules

K Set of the formable modules

M Set of the DGs (candidate and existing)

Mg, Set of the existing DGs

Mc, Set of the candidate DGs

Npg Set of the nodes connected to all DGs

Nco pe Set of the nodes connected to candi-
date DGs

A Set of the connected lines to node i

Ap_, Set of the lines belongs to the path a
between nodes b and ¢

m Index of DGs

4 Index of lines

Parameters

Numpiex Maximum number of formable

modules
NumPath, Number of the paths between
nodes a and b
fm Indicating  reactive  capacity

factor

Maximum active and reactive
flows of the line 7

Active and reactive power con-
sumptions of the load i

ﬂow?M‘”‘ OW?’MGX

Load Load
Pi > Qi
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Ni uthine

s
Cost;*
Budget

Variables

Ak
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flow?, ﬂow?

PLC,Im
i,k
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DG DG
Pm,k’ Qm,k

DG,Ca —E.
Pm a xp’
QDG,Ca—Exp

m

Sec,
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Maximum active and reactive
capacities of the existing DG m
Number of the candidate capaci-
ties steps for  generation
expansion

Number of the candidate capaci-
ties steps for implementing load
curtailment options

Candidate capacity for im-
plementing curtailment option
at load i and step s

Cost of implementing one kW
curtailment option at load i
Installation cost of one km tie
line 7

Cost of developing one kW gen-
eration capacity in candidate
location m

Number of the lines
path Aj_,

The resistance and reactance of
line 7

A big number

Maximum curtailments at load i
Candidate expansion capacity for
candidate DG m

Maximum number of installable
sectionalizers

Maximum number of installable
tie lines

Installation Cost of sectionalizer
at line 7

Total budget

in the

Binary variable indicating the belong-
ing state of node i to module k

Binary variable indicating the opera-
tion mode of the line #

Slack variables

Active and reactive power flows of the
line 7

Implemented curtailment option at
load i and module k

Provided active and reactive power of
the load i in a module k

Priority factor of the load point i.
Generated active and reactive powers
of DG min module k

Expanded active and reactive capacities
for candidate DG m

Binary variable indicating the existence
of switch on the line 7

ono Binary variable indicating which capac-
ity is selected for DG m

Pathj . Binary variable indicating the opened
or closed mode of the path a
Vik» i k Voltage magnitude and angle of the

node i in the module k
ol Binary variable indicating which cur-
tailment capacity is selected at load i

Inst, Binary variable indicating the installa-
tion state of the candidate line #
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