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Abstract—Both frequency and intensity of natural disasters have
intensified in recent years. It is, therefore, essential to design
effective strategies to minimize their catastrophic consequences.
Optimizing recovery tasks, including distribution system reconfig-
uration (DSR) and repair sequence optimization (RSO), are the
key to enhance the agility of disaster recovery. This article aims
to develop a resilience-oriented DSR and RSO optimization model
and a mechanism to quantify the recovery agility. In doing so, a new
metric is developed to quantify the recovery agility and to identify
the optimal resilience enhancement strategies. The metric is defined
as “the number of recovered customers divided by the average
outage time of the interrupted customers.” A Monte-Carlo-based
methodology to quantify the recovery agility of different DSR plans
is developed. It will be shown that if the total number of interrupted
customers over the recovery horizon is minimized, the metric will
be maximized. Accordingly, the DSR and RSO optimization models
are modified to maximize the introduced metric. The proposed
optimization model is formulated as a mixed-integer linear pro-
gramming model that can be solved via commercial off-the-shelf
solvers. Finally, the proposed methodology is applied to several
case studies to examine its effectiveness. It will be also shown how
the proposed methodology can be utilized for distributed generator
(DG) and tie-line placement problems in planning for enhanced
structural resilience.

Index  Terms—Disaster response, distribution
reconfiguration (DSR), recovery metric, repair
optimization (RSO), resilience.
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NOMENCLATURE

Indices and Sets

b (B) Index (set) of distribution buses.
BC(b) Set of buses connected to bus b.
c (RO) Index (set) of repair crews.
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D_lines Set of damaged lines.

D_B Set of damaged buses.

Elements(p) Set of elements at place p.

[ (Miines) Index (number) of lines.

L(.,b) Set of buses connected to a line that ends
to bus b.

L(b,.) Set of buses connected to a line that starts
from bus b.

n (Nend) Index (number) of repair action.

p (Places) Index (set) of places.

SW Set of lines with switches.

S B Set of substation buses.

T Index of time steps.
Tie_Lines Set of tie lines.

Constants and Parameters

Clus,, . Binary parameter is equal to 1 if place p
is in the cluster where crew c locates.

DMG,, Binary parameter is equal to 1 if there is
a damaged component in place p.

ko (kg or k) Weight of the second (third or fourth)
part of the DSR optimization function.

M Big number.

ny Number of customers at bus b.

Ppc 3™, Opg,»™ Maximum active and reactive power of
DG located at bus b, respectively.

Pioad b, t> Qoad b, Active and reactive demand at bus b.

plim_Q,fim Maximum active and reactive power flow
in distribution line /, respectively.

Pri,, Repair priority of components located in
place p.

r, X] Resistant/reactance of line [.

T Big enough time duration.

tr, Ipres Restorative state/postrestoration time.

tor Time of postrecovery.

tir Time of infrastructure recovery.

Ipe Time of postevent.

T, Time taken to recover elements at place
p.

Tstep Time step duration.

5 Maximum allowed voltage deviation.

Variables and Functions

Q¢ Binary variable is equal to 1 if line [ is
connected at time step 7.
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Abt Binary variable of grid connectivity.

Pb,t Binary variable is equal to 1 if customers
at bus b are served at time step 7.

Vbt Binary variable is equal to 1 if bus b is a
parent of bus b’ at time step 7.

accessy ¢ Binary variable is equal to 1 if all the
components in place p are available.

ot Binary variable is equal to 1 if compo-
nents in place p are recovered at time step
1.

Gy, Binary variable for the commitment of
the DG located at bus b at time step 7.

Ny en Binary variable is equal to 1 if crew

¢ recovers components in place p in n

sequence.

Active and reactive generated power of

DG at bus b at time step ¢, respectively.

Py, Qe Active/reactive power of line / at time 7.

R Performance indicator.

Ry, Rpe Desired and postdisaster performance in-
dicator, respectively.

re Resilience recovery metric.

Ppa bt ODG,b,t

RT, c.n Total repair time for components in place
p (if crew c repairs).

Vit Voltage of bus b at time step 7.

20t Availability of line (section) [ at time .

bt Availability of bus b at time .

I. INTRODUCTION

MONG different sectors of the power grid, distribution
A systems are the most vulnerable to the majority of the
weather-induced outages [1]. Driven by statistics, effective re-
silience enhancement plans in power distribution systems are
urgently needed. Strategies to enhance the distribution system
resilience are typically categorized into preventive, corrective,
and restorative plans [1]. Preventive actions, e.g., defensive
islanding and crew preallocation, are taken before a disaster
strikes in order to reduce the expected consequences of an up-
coming event [2], [3]. However, not all outages can be prevented.
Therefore, corrective procedures (e.g., conservation voltage re-
duction) are taken to effectively handle an event as it unfolds
[1], [4]. Following a disaster, restorative actions are performed
for enhancing “recovery agility.” Recovery means the process
of returning a network back to its normal operating condition.
This article mainly aims to model and enhance the recovery and
evaluate the agility of the recovery processes.

The recovery phase is often divided into three subphases
[2]: restorative state, postrestoration state, and infrastructure
recovery. Following a disruptive event, the power distribution
system operator (DSO) determines the fault locations and the
system operating conditions through measurements captured
from field sensors, customers’ calls, etc. [S]. After that, a portion
of the interrupted loads can be restored. This stage is referred to
as the restorative state, where damaged components are not yet
repaired. In the postrestoration stage, the crews assess the exact
damages and get ready for repairing or replacement processes of
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each damaged component. In the infrastructure recovery stage,
the damaged components are repaired. The actions taken during
the recovery phase are generally either operational or repair
actions. The operational actions aim at supplying more loads
via remedial tasks, whereas the repair actions attempt to restore
the load by returning the damaged components online and back
into operation.

Among different operational procedures, distribution system
reconfiguration (DSR) has been introduced as an efficient re-
silience enhancement tool in practice [6], [7]. DSR has been
previously implemented for loss minimization, voltage profile
improvement, and operation cost minimization purposes [8].
Harnessing the built-in flexibility of the grid, DSR can also be
used for load restoration. DSR makes it possible to supply some
interrupted loads through adjacent feeders, laterals, or islanded
medium-voltage microgrids.

A number of efforts in the literature have researched the recon-
figuration procedures for service recovery. Yuan et al. [6] have
presented a Viterbi algorithm for maximizing the apparent power
supplied through the least number of switching actions. The
solution method is based on a heuristic algorithm and, in con-
sequence, is time-consuming. Bie ef al. [9], [10] have presented
mixed-integer second-order cone programming models for load
restoration following an extreme weather condition. Chen et al.
[11] designed a multiagent restoration scheme. Hong et al. [12]
developed a mixed DSR and intentional islanding formation
approach to restore the interrupted loads following emergencies.
The above references have presented the techniques used in the
restorative state of the recovery phase, but they are not designed
for reconfiguring the system during the infrastructure recovery
phase. During the infrastructure recovery phase, however, the
loads and components availability status may change. Thus,
the system configuration formed in the restorative state may
no longer be optimal. Hence, DSR for infrastructure recovery
should be performed as well. Arif et al. [13] have proposed a
reconfiguration approach for the infrastructure recovery interval
and co-optimized it with the repair crews routing, designated as
repair sequence optimization (RSO). The sequence of repairing
or replacing the damaged components following an extreme
event is optimized in RSO. For example, if components a, b,
and d are damaged, the repair sequence can be [a,d,b], [a,b,d],
[b,a.d], etc. The time after which each damaged component is
repaired and becomes available is driven by the repair sequence.
As aresult, identifying the optimal repair sequence is a key in en-
hancing the resilience of the network. If the RSO is co-optimized
with DSR, the components that are critical for service continuity
will be repaired and restored relatively sooner.

Since the presented crew routing approach in [13] entails
several constraints and variables related to the travel paths,
the approach is found computationally intensive, especially for
large-scale power distribution grids with a huge number of
elements. During emergencies, the RSO optimization should
run within an acceptable timeframe. In response, Tan et al. [14]
ignored repair crews’ travel times in order to address the compu-
tational complexity. However, Tan et al. [14] do not coordinate
the RSO plans with DSR practices. Khalili e al. [15] developed
a method for both distributed generator (DG) placement and
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microgrid formation based on the exchange market algorithm. A
multiobjective simultaneous dynamic implementation demand
response and distribution system clustering (medium-voltage
microgrid formation) is presented in [16] in order to mini-
mize the unsupplied energy and voltage deviation. Poudel et
al. [17] provide DSR jointly with the dynamically sized is-
land formation for service restoration in power distribution
systems. Despite being meritful, the approaches presented in
[15]-[17] did not coordinate the operational actions with RSO.
With the above references investigating different mechanisms
for service recovery acceleration, a holistic disaster recovery
framework that can effectively capture all the required features
and performance requirements (i.e., comprehensiveness, time
efficiency, and coordination between repairs and DSR) is found
missing. Furthermore, the above references have not evaluated
the resilience enhancement of the distribution system through
the co-optimization of the operational and repair actions when
facing the aftermath of natural disasters.

To the best of our knowledge, this is the first research effort on
quantifying the impacts of a jointly coordinated DSR and RSO
on the distribution system resilience performance. To realize this
goal, this article proposes a recovery phase Monte Carlo-based
resilience assessment framework for power distribution systems
with the joint consideration of DSR and RSO. Resilience as-
sessment involves several concepts, including event modeling,
metric definition, recovery modeling, and metric assessment. In
order to model the consequences of an extreme event, damage
scenarios are generated based on the components’ fragility
curves and disaster intensity profile. A new metric is defined in
order to estimate the average agility of the restoration process.
Recovery is simulated based on which the proposed metric is
quantified. Besides modeling the impacts of DSR and RSO on
the power distribution system resilience, the conventional DSR
and RSO formulations are modified to maximize the resilience
metric. A new computationally efficient RSO model is also
proposed. The main contributions of this article are summarized
as follows.

1) A new resilience metric for distribution systems recovery

in the face of extreme events is introduced.

2) A Monte-Carlo-based resilience assessment methodology
for distribution systems recovery is presented.

3) A co-optimization model for the joint DSR-RSO applica-
tion is proposed in order to maximize the system resilience
metric.

4) The impact of co-optimizing DSR and RSO on the intro-
duced resilience metric is investigated.

5) The role of the proposed resilience assessment framework
and the introduced metric in planning for resilient power
distribution grids of the future are examined.

The rest of this article is organized as follows. Section II
describes the proposed methodology. Section III introduces the
proposed resilience metric. Section IV models and optimizes the
distribution system recovery. Case studies on 33-bus and 12-bus
test networks are demonstrated and analyzed in Section V in
order to testify the performance of the proposed approach. The
case studies will cover various operations and planning prob-
lems. The challenges in implementing the proposed framework
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1. Data Collection (Section II)

Events Data, Network Data, and Load Profile Data

A 4

2. Scenario Generation (Section II)

2.3. Scenario
Generation with
Fragilities

2.1. Events Profiles | 2.2. Fragility Analysis

A 4

3. Metric Identification (Section III)

Number of Affected Customers Divided by Average Customers's
Intruption Duration

4. Recovery Models (Section 1V)

4.2. Modified DSR and RSO Co-
Optimizatuin in Infrastructure
Recovery Stage

4.1. Modified DSR in Restorative
Stage

5. Metric Assessment (Section V)

Averaged Value over All Generated Scenarios

A 4

6. Planning Studies (Section V)

Evaluating planning options based on the computed metric

Fig. 1. General resilience assessment framework during the recovery phase.

in real-world networks are discussed in Section VI. Finally,
conclusions are drawn in Section VII.

II. PROPOSED APPROACH: BIG PICTURE

This article proposes a Monte-Carlo-based approach for
distribution system resilience assessment during the recovery
phase. In doing so, the extreme event, the possible damage
scenarios, and the recovery process should be modeled. The
main steps for this assessment framework are depicted in Fig. 1.
In the first step, the required data, including network and load
data, weather data, and components’ fragility data, are collected.
The events and fragility data are needed for the damage scenario
generation, whereas the network and load data determine the
system performance following the incident. In addition to the
event intensity, the time at which an event occurs should be also
determined. The disasters that happen in peak load conditions
are more troublesome than the others. This is mainly due to
the technical limits of the survived components, which play an
undeniable role in supplying loads during the recovery phase.
Since the occurrence time of the future events cannot be certainly
predicted, the historical event records are considered as the
start time. Event intensity and components fragility are next
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Fig. 2. Resilience curve for two recovery cases A and B with the same start

and end times, where each results in a particular average recovery time (fave)-

simulated in order to generate the damage scenarios. Compar-
ing the failure probabilities (fragility) of components for event
intensities with random variables provides the input scenarios for
the Monte-Carlo simulation. Then, the resilience quantification
metric is identified. The recovery process, including both RSO
and DSR, is then simulated for each scenario. The recovery
procedure is modified in order to optimize the resilience met-
ric. RSO and DSR are jointly formulated as a mixed-integer
linear programming optimization model. The resilience curve
for each scenario is next determined and the proposed metric is
quantified. At last, the planning options, such as DG and tie-line
placement, are evaluated from the resilience perspective based
on the metric. The approach targets both practices for operational
resilience, i.e., DSR and RSO, and planning studies for enhanced
structural resilience.

III. RESILIENCE METRIC AND ITS QUANTIFICATION

According to the resilience definition, “rapid recovery” is
one of the main features of a resilient system [18]. In order to
quantify the recovery agility, a metric shall be defined. Among
several works focusing on quantifying the power grid resilience,
the recovery metric introduced in [19] best demonstrates “How
promptly a network recovers to its pre-event resilient state.” As
can be traced in Fig. 2, the slope of the curve during the recovery
phaseisintroduced as the m metric, which is presented as follows:

Ry — Rpe

II= .
tpr_tr

ey

The resilience curve in the recovery phase is not necessarily
linear. Hence, 1, which is the slope of the line that connects
(tr, Rpe) to (fpr, Rp), does not accurately describe the recovery
agility. For example, this metric gets equal values in both case
A (solid line) and case B (dashed line) in Fig. 2; however, case
B demonstrates a faster recovery process and results in lower
average recovery time. To better support this claim, assume
that 150 customers have been interrupted due to a catastrophic
event. In case A, 75 of them are supplied after an hour since
the recovery process starts and the rest are restored in the next
hour. In case B, 100 customers are restored after an hour-long
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recovery process and the remaining 50 are restored in the second
hour. In such conditions, the metric i results in 75 customers per
hour in both cases, whereas these two recovery procedures have
different impacts from the customers’ perspective. In general,
this metric cannot describe the recovery agility precisely. Thus,
a new metric for a more precise description of the recovery
process is required.

The recovery metric is here defined as the number of recovered
customers divided by the average outage time of the affected
customers. To illustrate, consider the two cases discussed above.
The proposed metric for case A would yield 150/([1x75 +
2%75]/150) = 100 customers per hour and for case B would be
150/([1%100 + 2%50]/150) = 112.5 customers per hour. Differ-
ent from the 1 indicator, the proposed metric reflects the agility
of the recovery procedure. The proposed metric is formulated
in (2), where 1, is set to 0 as the origin time. The postevent
degraded state’s duration, which is the [#,., #,] interval in Fig. 2,
affects the value of the introduced metric. This assumption is
valid since the shorter the postevent degraded operating state
duration is, the faster the interrupted loads are supplied. Thus,
this stage is also considered as a subphase of the recovery stage,
hereafter called the prerestoration stage.

[5e tdR
re = (Rp — Rpe) —— (2)
P (RO - Rpe)
Equation (2) can be rewritten as follows:
2
re = (Fo — Ryo) 3)

(T = tpe) x Ro — [, Rdt — [} Rt

In (3), the numerator and the first part of the denominator are
constant; however, the second and third parts of the denominator
are the functions of the recovery strategy and prerestoration
duration, respectively. The higher the value of the second term,
the higher the value of the metric. On this basis, in order to find
the optimal recovery strategy, the second part of the denominator
should be maximized in each recovery plan. Therefore, the DSR
objective function is chosen accordingly.

IV. RECOVERY MODELING AND OPTIMIZATION

In order to model the recovery process, both operational
actions and repair procedures should be taken into account. Here,
DSR as the main operational strategy and RSO as the repair plan
are formulated.

A. Modeling Reconfiguration Procedure

DSR modeling in the restorative state and infrastructure re-

covery process are mostly alike except in the following.

1) In the restorative state, once the switch configurations
are changed, no more change would be made until the
infrastructure recovery stage starts.

2) In the restorative state, all damaged sections or nodes are
still unavailable. During the infrastructure recovery stage,
however, the availability of sections and nodes change
driven by repairs or replacements.
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3) During the infrastructure recovery process, DSR can be
co-optimized with RSO, in contrast to the restorative state
in which there is no RSO.

The DSR process can be formulated in (4)—(24) in either
restorative or infrastructure recovery phases. In order to take
the above differences into account, DSR’s time index domains
are different for restorative state and infrastructure recovery.
Let T, is the set of time steps when some decision variables,
such as power generation of DGs, may change. It is {¢,, ¢, +
1, ..., tir-1} for the restorative state and {t;, t;; + 1, ..., T} for
the infrastructure recovery stage. Let T3, which is {z,} for the
restorative state and {#;., t;; + 1, ..., T} for the infrastructure
recovery stage, is the set of time steps when the availability of
elements and switch statuses may change. Index ¢’ (belongs to
set Tp) is equal to ¢ (belongs to set T,) for the infrastructure
recovery stage.

In a practical setting, some remedial actions in the DGs’
dispatches are performed in order to respond to load variations.
If the loads are supplied in an islanded mode, the net real
loads might be more than the available generation capacity in
the associated island. Thus, the DSO may fail to supply some
loads that were formerly predicted to be supplied. To overcome
this challenge, configurations that contain larger islands are
preferred over configurations with several small islands with
lower net DGs capacities.

The objective function in the DSR model (4) includes four
terms, each assigned with a weighting factor. The first term,
which has a higher weight, aims to maximize the proposed
resilience metric. As discussed in Section III, maximizing the
integral of the performance index (number of supplied cus-
tomers) during the recovery interval results in maximizing the
introduced recovery metric. This is captured in the first term
of the objective function. Since the system loads change, it
would be difficult to supply them in islands for a long duration
of time. Therefore, it is preferred to quickly reconnect them
to the main grid. Consequently, the number of grid-connected
buses is taken into account in the second term of the objective
function [20]. As stated earlier, the larger the islands, the higher
the available capacity and the load-serving flexibility in response
to load variations. Thus, it is aimed to unify the small islands.
In doing so, the number of islands should be minimized. The
number of islands is equal to the number of normally connected
lines minus the number of currently connected lines. Therefore,
minimizing the number of islands resembles maximizing the
number of connected lines. Hence, the third term in the objective
function reflects the number of connected lines [20]. The last
term minimizes the number of connected tie lines because the
base configuration of the system is preferred. The weights asso-
ciated with the second, third, and fourth terms of the objective
function should be selected small enough, not to compromise
the first term.

max { Z Tstep cNp - Pot + k2 Z Z)\,b’ﬂ .

teT, t'eTy, beB

MNlines

AL DIDIEL DD

t'eTy 1=1 t'€Ty I¢Tie_Lines

ap oo (4
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The constraints, including those corresponding to the network
topology, components’ availability, and technical requirements,
are listed in (5) to (24):

Yo+ Yy = e Vb, € BC(b), t'eT, (5)
Yypp =0 VoeS_B, t'eT, (6)
> wer <1 Vb, tET, O
YeBC(b)
My =1 VYbeS B, teT, (®)
b <Y Wwpr VWES B, HET, ©)
YeBC(b)
App — kb’,t’ < (]. — al,t’)M Vb ¢ S_B, l= bb/, t e Ty
(10)
)\‘b,t/ — )"b/,t' Z —(1 — al,t/)M vb ¢ S_B7 l = bbl7 t/ < Tb
(11)
iy <zp Vl€ D_lines, t' €T, (12)
Gb,t < Zp vVt € Ty, t e T,, be D_B (13)
oy < 2t/ Vb e D_B, t e Ty,
(bb' =1 or bapos;b=1) (14)
ap=1 VteT, [¢SWUD_lines. (15)

Equations (5)—(7) ensure the radiality of the distribution grid
[13]. Equations (8)—(11) quantify the grid connectivity of buses
[20]. Binary variable A, ; is the grid connectivity variable. Equa-
tion (8) asserts the fact that each substation bus is grid connected.
According to (9), a bus which neither is a substation nor does
it have any parent nodes is not grid connected. Constraints (10)
and (11) present that two ends of a connected line are in the same
grid-connectivity condition. In other words, an online line does
not connect a grid-connected bus to a grid-isolated bus. Equa-
tions (12)—(15) are the availability constraints of different nodes
and sections in the system. According to (12), an unavailable
line cannot be connected. Equations (13) and (14) assert that
all DGs and lines that are connected to an unavailable node are
offline. The fact that a healthy line that does not have any switch
is always connected is insured in (15).

>

b'eL(.,b),l=bPrimeb

Pogp: + Py

= Poadbtpor+ >, P Vb, teT,  (16)
b'eL(b,.),l=bb
Qpabt + > Qut
b'eL(.,b),l=bPrimeb
= Quoadpepoe+ D Que Vb, teT, (17
b'eL(b,.),l=bb
— Py <Py <P™agy VI, teT,, teT,
(18)

— Q™ Qe < Q™ VI, teT, t T,
(19)
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0< Phays < PR3- Gy, Wb, teT, (20)
0 < Q@pcbt <Qpey-Goe Vb, teT, (21)
Vi = Voo + 1P +2Que > —M(1 — ayp)

vteT,, t €T, |=bv (22)
Vot =Voe+riPe+xQue < M(1—ayyp)

VieT, feT, 1=b (23)
l—c<Vys<lte Wb, teT, (24)

Technical constraints are listed in (16)—(24) [13]. The active
and reactive power balance in each bus is ensured in (16) and
(17). Equations (18)—(21) enforce the capacity limitations of
lines and DGs. The linear approximation of the voltage drop
across a line is modeled in (22) and (23). Finally, (24) ensures
that the voltages are within an acceptable range.

B. Repair Sequence Optimization

Constraints associated with the RSO optimization problem
are listed in (25)—(35). As expressed earlier, the RSO aims to
find the optimal repair sequence. A, ,, . is utilized as a decision
variable which is 1 if element p is repaired in repair sequence n
by crew c and 0 otherwise. In order to reduce the computational
burden in large-scale power distribution systems, it is assumed
that the distribution system is geographically divided into a
number of clusters. A crew can only work on the sections located
within its cluster, as modeled in (25). Constraint (26) forces
that a damaged element should be repaired in one of the repair
sequences by one of the crews. According to (27), a crew cannot
repair the damaged components located in more than one place
simultaneously.

Mend
Z hpn,e < Cluspe Vp,c (25)
n=1
MNend

> hpen =DMG, Vp (26)
ceRC n=1

Z hpen <1 Vn,c (27)
pePlaces
RTpne— Y. >, Tyxhgen <M Xhyen Ypnc

n'=1 gePlaces

(28)

RTpn,c — zn: > Tyxhgen =M X hpen Vpn,c

n/=1 gePlaces

(29)

RTpne <M Xhyen Vp,n,c. (30)

Index p is a place that may contain a damaged line, a damaged
node, or starting and ending depots. The total repair time of
an element is the summation over the repair duration of that
element and the elements that have been repaired in the previous
sequences by the same crew. To clarify, consider that crew 1
repairs elements 2, 3, 8, and 4, respectively, in 0.3, 0.8, 0.7, and
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0.2 hrs. The total repair time of element 8 is 0.3 + 0.8 + 0.7
= 1.8 hrs. Equations (28)—(30) aim to estimate the total repair
time of the elements with respect to the repair sequence variables

(hp,n,e)-

T

S fpe=1 Vp 31)
t=tir

T Tend

> Taep X (t =t +1) X fre > > RTpen Vpc (32)
t=ti, n=1

Nend

T
> Taep ¥ (t =t +1) X fre <> RTpen+05 Vp,c

t=ts, n=1

(33)

accessp; =0 Vp, t =1 (34)
t—1

accessy ; = Z fot Yo, t> tip. (35

t'=1

In this approach, the distribution system operation scheduling
is not time continuous. Instead, they are scheduled for discrete
time steps within the scheduling horizon. Thus, (31)—(35) are
employed to estimate the time step wherein repair action is
accomplished [13]. According to (31), the summation of repair
finishing binary variable for a damaged element over all time
steps is one. In other words, the repair process of the damaged
element finishes in any time step during the infrastructure recov-
ery process. The repair finishing binary variable is computed in
(32) and (33). The access binary variable, indicating whether the
component is available, is computed in (34) and (35). Equation
(34) asserts that all the damaged components are unavailable at
the beginning of the repair process. Equation (35) states that a
damaged element is available provided that its repair process
has finished in one of the previous time steps. To illustrate this,
fs,4 1s equal to 1 in the previous example if each time step lasts
for 30 min. Then, the element 8 is available since the fifth time
step.

In order to model the DSR-RSO co-optimization problem,
some linking equations are required. Both variable z in the DSR
and variable “access” in the RSO models indicate the availability
of system components. In this regard, (36) and (37) link these
variables

(36)
(37

21,1 = accessp; | = Elements(p)
zp = accessy; b= Elements(p).

To summarize, the recovery process in the restorative state
is formulated as maximizing (4) subject to (5)—(24); and the
RSO-DSR co-optimization in the infrastructure recovery stage
is formulated as maximizing (4) subject to (5)—(37).

V. CASE STUDIES
A. Test Network and Main Assumptions

The proposed framework is simulated on the modified IEEE
33-bus test network, as shown in Fig. 3. The grid topology,
line impedances, and maximum loads of the network buses
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Fig. 3. Modified IEEE 33-bus test network and repair clusters.

TABLE I
SIMULATED STORMS

Hourly Speed Endin, Occurrence
Storm # Proﬁl}é (rr;/s) Hourg Month
1 {21} 20 7
2 {21} 20 11
3 {21} 2 4
4 {21} 14 1
5 {23} 14 4
6 {21} 17 3
7 {23} 23 3
8 {22} 17 3
9 {23} 17 2
10 {20.33,22} 6 2
11 {20.33,22} 0 4
12 {23} 5 3

are borrowed from the article presented in [21]; in order to
consider the load variations, the load profile in [22] is utilized.
A total of 12 storm events with the same intensity profiles and
occurrence times experienced in a city in the north of Iran are
simulated, as listed in Table I. The fragilities of distribution
lines and poles are considered, as presented in [23]. It is also
assumed that the restoration process starts one hour following
the event and the crews start to repair the damaged components
one hour following the restorative state. The reconnection time
of a damaged span and a damaged pole is assumed to be 12 and
30 min, respectively.

Three recovery strategies are simulated in order to evaluate
the performance of the metric to quantify the impacts of recovery
optimization. The strategies are listed accordingly.

1) Without DSR: In this strategy, no reconfiguration or island
formation is performed. Only the loads connected to the
upstream grid are supplied. The tie lines are offline. A load
will be recovered if all damaged lines connecting it to the
upstream power grid are repaired.

2) Uncoordinated RSO and DSR: In this strategy, DSR is
performed, however, RSO is not coordinated with DSR.

3) Co-optimized RSO and DSR: In this strategy, RSO is co-
optimized and coordinated with DSR.

B. Simulation Results

The case study with the considerations presented earlier in
Section V-A was simulated in the GAMS/CPLEX environment.
Resilience metrics for the three strategies are depicted in Fig. 4.
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Fig. 4. Results of the Monte Carlo-based resilience assessment.
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Fig. 5. Histogram plot of the metric distribution for 360 simulated scenarios.

TABLE II
DAMAGES IN THE EXAMPLE STORM SCENARIO: SECTION V-C

Line Number of Line Number of
Damaged Spans Damaged Spans

2-3 5 23-24 3

8-9 4

The final values, which are the average metric values over all
scenarios, are 190.33 Customers/hr for “without DSR strat-
egy,” 253.54 for “uncoordinated RSO and DSR strategy,” and
262.01 Customers/hr for “co-optimized RSO and DSR strategy.”
Accordingly, DSR itself results in a 33.21% improvement in
the introduced resilience metric. Furthermore, if the RSO is
co-optimized with DSR, an additional 4.46% enhancement in
the resilience metric is achieved.

To further elaborate the results, the distribution of the metric
through all simulated scenarios for the three strategies is shown
in Fig. 5. It confirms that employing DSR can significantly
increase the metric. Moreover, co-optimizing DSR and RSO
can lead to the additional improvements in the metric.

C. Example Scenario

To illustrate how the DSR improves the resilience metric, an
example of recovery from a specific disaster is analyzed. The
location and number of damaged spans in this scenario are tab-
ulated in Table II. The storm is considered to happen at 10 A.M.
on Friday of a winter day. The resilience curves in the postevent
degraded operating state and recovery phase for two cases of
with and without performing DSR are illustrated in Fig. 6. As
one can see in Fig. 6, the recovery procedure is significantly
smoother if DSR is performed. To understand the rationale
behind this observation, Fig. 7 provides additional information
in detail. Following the incident, the protection devices isolate

Authorized licensed use limited to: The George Washington University. Downloaded on February 27,2022 at 22:36:00 UTC from IEEE Xplore. Restrictions apply.



4732

Resilience Curve After the Incident for a Specific

4 Case Study
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Fig. 6. Resilience curve following the example storm scenario: Section V-C.
TABLE III
RESILIENCE METRICS IN THE EXAMPLE STORM SCENARIO: SECTION V-C
Strate I Proposed Metric
24 (Customers/hr) (Customers/hr)
Without
DSR 93 199.8119
With DSR 93 302.7150

lines 2-3, 8-9, and 23-24, resulting in further interruptions in the
supply of energy to some healthy areas [see Fig. 7(a)]. If DSR is
performed, several customers in the healthy sectors are supplied
in the third time step, which is the beginning of the restorative
state, as depicted in Fig. 7(b). If DSR is not performed, the
system will remain in the same condition as right after the
incident until lines 2-3 and 8-9 are repaired at the seventh time
step [see Fig. 7(c)]. According to Fig. 7(d), the loads that are
located at the downstream of the repaired lines are supplied. In
the case where DSR is performed, node 24 will be supplied in
the seventh time step additionally. The quantified metrics are
presented in Table III. An enhancement in the proposed metric
from 199.8119 Customers/hr to 302.7150 Customers/hr reflects
the contribution of the DSR in improving the recovery agility.
However, the m metric gets the same value for both strategies,
although the amount of served loads is significantly different.
Therefore, the introduced metric is well reflective of the DSR in
improving resilience compared with the m metric.

D. DG Placement Planning

The potential impacts of different strategies on the intro-
duced resilience metric are observed. The proposed resilience
quantification framework and metric are not only able to assess
the impacts of different recovery strategies, thereby enabling
an informed decision making for system operational resilience,
but also can assess different planning decisions for improved
structural resilience. As a case, it is considered that the distri-
bution utility would like to invest in a 500 kW DG in order
to enhance the distribution system resilience. Different nodes
can be considered as potential candidates to host the DG units.
To find the best candidate from the resilience perspective, the
metric is assessed for each planning scenario. The one for which
the most enhancement in the resilience metric is observed can
be considered as the most promising candidate node to host
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Fig. 7. Configurations following the example incident in Section V-C. (a)

Right after the event. (b) In restorative state if DSR is performed. (c) At the 7th
time step if DSR is not performed. (d) At the 7th time step if DSR is performed.

the DG unit. The result is depicted in Fig. 8, where the most
resilience improvement is achieved if the DG is installed in
node 29. This observation is valid as node 29 is in the area
far from the existing DGs. In addition, it can serve nodes 24
and 25 in the recovery process via an existing tie line. Table IV
provides more results of the three best and three worst locations
for installing the DG. Nodes 25 and 30 that are the nearest nodes
to node 29 are regarded as the second and third best nodes for
installing the DG. Installing the DG in nodes 2, 19, and 17
leads to the least resilience improvement because these nodes
are near to the substation and the previously installed DGs.
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Fig.8. Improvement in the resilience metric with DGs at each candidate node.

TABLE IV
RESILIENCE IMPROVEMENT OF D CASE STUDY FOR VARIOUS DG LOCATION

Resilience Resilience
DG .
Location Improvement DG Location Improvement
(%) (%)
Node 29 18.67 Node 02 0.52
Node 25 18.59 Node 19 0.84
Node 30 18.11 Node 17 2.43

Substation Transformer —(() —
Distribution Node

Distribution Feeder

§ 9 10 11 12

Fig. 9. 12-bus test network configuration.

In case of an emergency, they are more likely to be supplied
either by the main grid or islands. It is, therefore, reasonable to
have the DG installed in a location far from the substation and
previously installed DGs. The metric quantification results align
with the fact that installing DG in locations in a lack of sufficient
resources would be a wise decision to prepare for and respond
to future events.

E. Tie-Line Placement Planning

As another case study, the tie-line placement planning for an
assumed two-feeder 12-bus test network, as shown in Fig. 9, is
investigated. It is assumed that all lines have the same 0.0047
+ 0.0042j p.u. impedance and 1.465 km length and all nodes
serve the same load of 0.1126 + 0.0697;j p.u. There is no DG
unit installed in the network. Hence, loads cannot be supplied
in islands. In this regard, tie lines play a vital role in restoring
loads by connecting them via an adjacent feeder in case the main
feeder is damaged. Consider that the candidate locations in the
network to install new tie lines are “from bus 4 to bus 10" and
“from bus 7 to bus 12.”

With simulating over 480 scenarios, the resilience metric
would be achieved 71.66 Customers/hour if the tie line is
installed from bus 4 to bus 10 and would be 66.64 Customers/hr
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Fig. 10. Required optimization runtime for reaching the optimal solution

within a desired optimization gap in different scenarios.

if the tie line is from bus 7 to bus 12. Thus, a tie line between
bus 4 and bus 10 provides a more promising contribution to the
system resilience enhancement.

F. Optimization Performance

In order to examine the robustness of the presented coor-
dinated DSR-RSO optimization, a sensitivity analysis is con-
ducted in multiple scenarios of the grid in the case study
presented in Section V-E. The total repair duration changes
representing the problem complexity during the disasters. The
optimization model is performed for the desired optimality gaps
of 1% and 0.5%. The effect of the scheduling horizon on the
performance of the optimization model is also investigated. With
no infeasible solution, it takes between 0.3 to 200 s to reach
the optimal solution. The performance sensitivity analysis is
depicted in Fig. 10. It reveals that there is no straightforward
relationship between the time taken to reach the optimal solution
and the complexity of the problem. However, in general, it is
expected that the optimization runtime increases as the problem
complexity grows. Additionally, if the lower optimality gap is
desired, the optimization runtime increases. Also, the compu-
tational time increases if the scheduling horizon is taken too
long. For instance, in Fig. 10, the optimization runtime for the
green curve (50 time steps scheduling horizon) is more than
that for the other optimization models. Hence, the scheduling
horizon should be adjusted a bit longer than the total repair
duration. Otherwise, a rise in the computational burden would be
realized.

VI. MAIN CHALLENGES IN REAL-WORLD IMPLEMENTATION

The application of the proposed framework on several op-
eration and planning problems has been examined on the test
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networks. The proposed models are generic to be implemented
in any distribution systems of different sizes, configuration, and
complexity provided that the requisite data, as mentioned in Sec-
tion II, are available. In addition, the considered system is mod-
eled as a balanced power distribution network. The real-world
power distribution systems may be unbalanced networks. One
could then either use the positive sequence as an approximation
or replace the (16)—(24) with unbalanced load flow equations.
Notice that this replacement does not change the general frame-
work. The metric, the RSO formulation, the objective function,
and the other DSR equations remain unchanged.

Another challenge that should be taken into account is that
the scheduling horizon should be chosen in accordance with the
estimated total repair time. Choosing a short scheduling horizon
may jeopardize the feasibility of the problem, whereas a too long
scheduling horizon increases the computation burden.

VII. CONCLUSION

This article aimed at resilience quantification and developing
arecovery optimization procedure based on the proposed quan-
tification framework. In the first stage, a new metric to quantify
the impact of recovery was developed. As an operational practice
for load restoration during emergencies, a DSR formulation was
proposed that optimized the suggested resilience metric. The
model was then co-optimized with a computationally attractive
RSO formulation. Besides, a Monte-Carlo-based framework
was designed to model the effects of DSR and its co-optimization
with RSO on distribution system resilience. Several case stud-
ies on the modified 33-bus test network were implemented to
investigate the performance of the introduced framework to
quantify the resilience performance of the distribution system
considering DSR. It was observed that DSR would result in a
33.21% improvement in the recovery agility. Furthermore, if the
RSO procedure is coordinated with DSR, the resilience metric
could rise up to 4.46% in the studied scenarios. In another case
study, it was demonstrated how DSR contributes to the enhanced
recovery agility. It has been shown that the network reconfigura-
tion played a prominent role in supplying the interrupted loads
during emergencies. At last, it was shown that the introduced
resilience metric and the quantification framework could be also
used for optimal grid investment planning on DGs or tie-line
placements to enhance the structural resilience in the modern
distribution systems of the future. In conclusion, the metric
was not only found effective for resilience quantification but
also can be used for various planning and operational decision
optimizations in power distribution systems.

Future research could include the following:

1) capturing the uncertainty in renewable generation and
incorporating it in the proposed joint DSR and RSO co-
optimization framework;

2) the decentralized management of the resilience-oriented
joint DSR and RSO co-optimization;

3) multiobjective modeling and assessment of the planning
and operation decisions based on the proposed resilience
metric in power distribution systems.
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