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Abstract—This paper proposes a proactive generation
redispatch strategy to enhance operational resilience of power
grids during hurricanes considering unavailability and forced
outages of renewable energy sources. Previous resilience
enhancement strategies focus on utilizing available generation
resources to enhance the performance of power grids during
extreme events without proactively preparing the system for
predicted events. Recent incidents have shown that unavailability
and forced outages of renewable energy generation during
extreme weather events can lead to catastrophic impacts. Due
to spatiotemporal characteristics of extreme weather events,
changing system conditions, and rapidly varying component
statuses, system operators need to initiate proactive and
preventive actions early in time to avoid power outages and
potential cascading failures. In this paper, a multi-objective
mixed integer linear programming problem is formulated
to minimize operational costs and the amount of load
curtailments. The optimization problem takes into account the
behavior of renewable energy sources and their forced outages
during hurricanes. Operational generation constraints (e.g.,
ramping rates, minimum up/down times, and start-up/shut-down
generation costs), transmission constraints (e.g., line capacity and
line availability), and other system constraints (e.g., load and
weather variation) are considered for the resilience enhancement
approach. Also, the importance of the proactive redispatch
strategy has been assessed under various penetration levels of
renewable energy sources. The proposed strategy is tested on
a modified version of the IEEE 30-bus system under diverse
impact levels of a hurricane. The results show the effectiveness
of the proactive and dynamic generation redispatch to improve
power system resilience and the capability to reduce the load
curtailments with limited generation resources during hurricanes
by at least 40%.

Index Terms—Extreme weather events, generation redispatch,
hurricanes, renewable energy sources, resilience.

NOMENCLATURE

Indices and Sets

i Index of generators.

n, n’  Index of buses.

t Index of time instants.

Qv Set of all buses.

QN Set of buses connected to bus n.

Q¢ Set of all generators.

0¢ Set of generators connected to bus n.

or Set of all time instants.

QE Set of all time instants during hurricane event
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Q% Setof all time instants excluding hurricane duration

Notation for Optimization Problem

b Generator linear cost coefficient.

By Susceptance of line between bus n and bus
n'.

Csu Generator start-up cost.

Cyd Generator shut-down cost.

C(Chy) Load curtailment cost at bus n at ¢t.

c f(Pﬁ) Operational fuel cost of generator 7 at .

Cht Load curtailment at bus n at time t.

Ly Amount of load in MW at bus n at time t.

Prfn',t Real power flow between bus n and bus n’

l at time t.

Pf,,\f[,f?, P7%,f‘/”” Real power flow limits between bus n and
bus n'.

Pﬁ Real power of generator ¢ at time t.

Pf’Mm Minimum power rating of generator .

peMaz Maximum power rating of generator 7.

P? Solar real power at time .

Py Wind real power at time .

RYP Ramp up rate of generator 1.

RPN Ramp down rate of generator i.

TON, THFF  Turn on/off signal of generator i at time ¢.

Ui ¢ Status of generator 7 at ¢.
Ui t41 Status of generator ¢ at ¢ + 1.
UT,DT Minimum Up/down time.
Wi, Wy Optimization weighting factors.
Ot Voltage angle of bus n at time t.
On' 1 Voltage angle of bus n’ at time ¢.
gMin Minimum voltage angle of bus n.
gMaz Maximum voltage angle of bus n.
I. INTRODUCTION
XTREME weather events have shown significant

catastrophic impacts on the power system resulting in
noticeable economic losses [1], [2]. More than $25 billions
per year is the estimated economic losses due to extreme
weather-related outages in the United States [3]. More than
147 million customers lost power due to weather-related events
in the United States between 2003 and 2012 [4]. During the
last two decades, more than 160 thousands customers per
year are impacted by weather-related power outages in the
United States [5]. Hurricanes and tornadoes have counted the
most frequent number of occurrences as well as one of the
most impactful extreme weather events on electric power grids



[1]. The deployment of renewable energy resources (RESs)
alleviates several concerns related to their stochastic behavior
and output variability on power system resilience [6], [7]. A
few studies have assessed the role of high penetration levels
of RESs on resilience levels and system performance [8]. On
the other hand, several resilience enhancement strategies have
been studied based on corrective and restorative approaches
giving less interest to proactive strategies [9], [10]. Also,
resilience enhancement strategies of distribution systems have
gained more interest than that of transmission systems due
to the high vulnerability levels of distribution systems to
extreme events [9], [10]. Some system dynamic constraints
are not explicitly considered in resilience-based studies to
reduce modeling complexities [11]. Impacts of load and
renewable energy variations, future potential failures, event
attack time, and enhancement implementation time have
not been extensively studied yielding less realistic problem
formulation [12]. Thus, it has become more indispensable to
implement a resilience enhancement strategy that accounts
for operational cost, generation dynamic constraints, load
variations, uncertainties of renewable energy sources, and
extreme weather spatiotemporal characteristics.

Resilience enhancement strategies can be classified
into planning-based and operational-based methods [13].
Planning-based methods assess the current system resilience
level, study strengthening strategies, and improve the
system resilience characteristics against future extreme
events; however, operational-based methods utilize the current
available assets to reduce/eliminate the impacts of occurring
extreme weather events on system performance [14], [15].
Operational-based approaches provide a set of immediate
solutions and actions to maintain a minimal acceptable level
of performance of the power grid and avoid any further tightly
operational constraints that might lead to a cascading failure
or blackout [12]. Operational-based resilience enhancement
strategies can be classified into proactive, corrective, and
restorative based on the study period [16]. Proactive strategies
tend to prepare the system in advance, whereas corrective
strategies provide immediate actions after the occurrence of
an event. Restorative strategies retain failed components or
curtailed loads in a stable and reliable manner.

Various operational-based resilience enhancement strategies
have been studied. A procurement plan has been studied
to ensure the availability of sufficient black start resources
prior to an event under minimal operating costs in [17];
however, propagation patterns of extreme events have not been
considered. In [18], a decision-making framework based on
analytical hierarchy process has been proposed to evaluate
possible locations of solar panels and battery energy storage
systems for multiple contingencies to improve resilience
and reduce operational costs in distribution systems. A
maintenance planning and rescheduling strategy [19]-[21] and
a mobile energy storage allocation strategy [22], [23] have
been studied to enhance power system resilience prior to
adverse events. A framework that splits distribution systems
into self-adequate microgrids for resilience enhancement
has been provided in [24]. Also, the role of demand
response to improve operational resilience of microgrids

has been studied in [25]. In [26], resilience enhancements
have been quantified using graph theory-based approach
integrated with Choquet integral to maintain power supply
to critical loads at the distribution level. An event—driven
resilience-based unit commitment model has been proposed in
[27] considering simultaneous failures of system components
due to a predefined hurricane event. In [28], a proactive
sequential generation redispatch strategy has been proposed
to reduce the cost of load curtailments during hurricanes.
However, in this study, operational costs and load variations
are not included in the model. In [11], a multiobjective
optimization problem has been formulated to reduce both
operational costs and curtailment costs for a day-head interval
during hurricane events; however, the role of RESs and
their accompanied uncertainties have not been considered. A
discrete Markov decision process has been provided in [29]
to improve resilience of transmission systems during wildfire.
Also, the role of dynamic decision process considering
economic valuation during extreme events has been provided
in [30].

The high penetration levels of RESs has introduced
significant uncertainties in the operation and control of power
systems especially during extreme weather events. Assessing
the impacts RESs on power system response to extreme
events has become a key factor for modern power operation
especially for resilience-based studies. Authors of [31] have
proposed a stochastic programming approach to determine
the optimal utilization of RESs when the main feeder in a
distribution system is impacted by a wildfire. In [32], a two
stage optimization function has been solved to minimize the
costs for both dispatchable and non-dispatchable renewable
generating units, and load curtailment of microgrids. The
role of RESs to provide voltage support for resilience-based
autonomous microgrid formation after disturbances has been
studied in [33], [34]. The time-varying demand and renewable
energy levels have been integrated into a probabilistic extreme
event model to quantify the resilience level for planning
purpose in [35]. Although several studies have focused on the
role of RESs to improve resilience in distribution systems,
only a few studies have focused on transmission systems [1].
Also, the 2021 Texas ice storm has raised concerns about the
capability and availability of RESs during extreme events [36];
and hence, the impacts of RESs on resilience of transmission
systems require further investigation.

This paper proposes a proactive generation redispatch
strategy to enhance the operational resilience of power grids
during hurricanes considering the role of RESs. This paper
advances the work presented in [37]. Due to the spatiotemporal
propagation characteristics of hurricanes, the status of each
component in the power grid might vary, which can be
classified into three main stages: prior, during, and after the
event. The proposed strategy takes into consideration varying
conditions of system components as well as the variability
and intermittency of RESs. The strategy minimizes the overall
operating cost of the power system through (1) minimizing or
even eliminating load curtailments during hurricanes and (2)
minimizing the operating cost of both conventional generators
and RESs during normal operation. Also, the effect of both



load variations and availability of RESs are considered over a
period of 24 hours sampled in 5-minute intervals. To induce
more severity to system conditions, two hurricane scenarios
are simulated at different attack times: (a) at peak RES
generation and (b) at peak load demand. For realistic system
modeling, several system dynamic constraints have been
considered such as power balance, transmission limits, load
curtailment limits, generation limits (e.g., power output limits,
ramping rates, and up/down times), and generator statuses.
A mixed integer linear programming (MILP) optimization
problem is formulated to determine optimal generation
utilization and cost reduction and minimal load curtailments
using CPLEX solver integrated with MATLAB environment.
The proposed method is tested on a modified version of the
IEEE 30-bus system for validation.
The contribution of this paper is summarized as follows.

« Integrate the spatiotemporal characteristics of hurricanes
into sequential failure behavior of power grid
components.

e Develop an MILP optimization problem considering
dynamic system constraints, load variations, and
spatiotemporal fragility model.

e Assess the role of RESs during hurricane events for
resilience enhancement.

o Provide extensive simulation results via standard test
systems to validate the efficiency and accuracy of
proactive generation redispatch considering insufficient
RESs generation.

The rest of the paper is organized as follows. Section
IT describes the proactive generation redispatch strategy.
Section III explains the main proposed algorithm for minimum
load curtailments during extreme weather events and overall
operation costs under consideration of RES. Section IV
illustrates the proposed method on the IEEE 30-bus system and
discusses the results. Section V provides concluding remarks.

II. THE CONCEPT OF PROACTIVE GENERATION

This section describes the proposed resilience enhancement
strategy for transmission systems against hurricanes. First,
it describes the propagation behavior of hurricanes through
a power grid. Then, it explains the proposed generation
redispatch algorithm under unavailable RESs.

A. Spatiotemporal Impacts of Hurricane

Extreme weather events, also known as high impact
low probability events, can cause catastrophic impacts and
sometimes prolonged power outages [38]. Even in a very short
period of time, the performance of a power system varies
dramatically according to the type of event and vulnerabilities
of system components. For instance, wildfires reduce the
capacity of over head transmission lines due to high heat
convection and radiation losses, whereas hurricanes result in
failure of transmission towers and lines as well as generation
resources [39]. A proper propagation model is required to
simulate the spatiotemporal characteristics of extreme weather
events based on the event type. Probabilistic and deterministic
weather event models have been proposed and applied in
resilience-based studies [40]. Fragility curves are the most

commonly used failure models to determine component
failures based on a specific weather parameter. However, some
studies have used either real weather events or predetermined
sequential failure scenarios based on forecasting models of
extreme weather events [1].

Hurricanes are rapidly propagating weather events with
unique spatiotemporal characteristics. Their intensities
vary temporally and geographically with their progression
trajectories [28]. Power system components are impacted
based on their relative position to a hurricane trajectory.
Also, various components can be impacted at sequential time
intervals. In [41], a detailed spatiotemporal fragility model
has been provided to simulate the impact of a typhoon on
power grid components. Fig. 1 shows impacts of a hurricane
scenario on three system components. At ¢, component
A is subjected to potential failure resulting in noticeable
disturbance in the system performance. Component B is
expected to fail at ¢4 imposing further impacts on system
dynamics. On the other hand, component C will not be
impacted since it lies outside the impact region of the
hurricane. As components fail sequentially, the configuration
and topology of the system change dramatically resulting
in various system operating conditions. On the other hand,
restoring failed components usually requires some time after
the hurricane event to make sure that no further failures are
encountered. Under severe hurricane conditions, maintenance
of failed components might extend to a few days especially if
maintenance crew dispatching is a must [28]. Therefore, the
sets of failed and restored components varies based on the
time instant. During a hurricane, sets of failed components
include all failed components from previous time instants till
the current instant. After the hurricane passes the system, the
set of restored components includes all restored components
till the current instant.

Fig. 1. Three components on the trajectory of a hurricane

B. Proactive Generation Redispatch

Sequential failure of power system components results in
significant changes in the performance of power grids such
as power flow between transmission lines, output levels of
generators, and overall operating costs. As the number of
failed components increases, impacts of the event increase
dramatically. Priority is always given to reduction of load
curtailments during and post hurricane events to maintain
acceptable level of grid performance, whereas minimal
operating costs is usually the objective for the period before
the hurricane and after restoration period. In severe situations,
some loads must be curtailed to maintain the stability of power



systems and to avoid larger potential load curtailments in
future time instants; however, some existing strategies ignore
the future potential failures of system components resulting in
less resilient strategies and increased negative consequences.
For instance, it is preferable to reduce the utilization of
conventional generators that are expected to be impacted by
a hurricane at a future instant. In some cases, the power grid
could be islanded into multiple grids and thus the generation
level at each islanded grid should be sufficient to stably supply
its loads and avoid load curtailments. Moreover, curtailed loads
should be recovered as soon as possible to improve the overall
resilience of power systems.

Proactive generation redispatch focuses on determining
the optimal generation level of each operating generator for
a specific period of time under varying system conditions
due to extreme weather events. During normal operation,
minimum operating costs of both generators as well as
RESs should be imposed. On the contrary, during abnormal
circumstances, load curtailments should be avoided or
minimized, if necessary. Also, the behavior of RESs should be
considered during extreme weather events for realistic system
representation. For example, solar power might have much less
generation level due to high cloud formulation and reduced
solar irradiance level during hurricane events. Although wind
energy might provide higher generation level due to increased
wind speeds, sometimes it is accompanied with high risks if
the wind speed exceeds the cut-out speed of wind turbine
generators. Various system constraints and varying factors
should be considered in the optimization problem such as
ramping rates, minimum up and down times, and forecasted
hurricane progression. Assurance of assets availability, such as
generators and transmission lines, during and after a hurricane
is a vital constraint to maintain reliable operation of power
systems.

III. MULTIOBJECTIVE OPTIMIZATION FORMULATION

This section introduces the formulation of the mulitobjective
optimization problem to minimize the overall operating
costs. The first objective is to minimize the cost of load
curtailments during and after the hurricane period whereas
the second objective is to reduce the operational costs of
conventional generators and RESs. Various system constraints
are considered to maintain reliable operation of the power
grid. A DC power flow formulation is used for system
modeling which has been commonly used in studies that
require repetitive solutions of optimization problems such as
power system reliability and resilience studies [42]-[44].

A. Objective Function
The multiobjective function is expressed as follows.

min W; Z Z C(Cpy) + W Z Z Cf(Pz%)’ )]

teQll neQlN teQr ieQC

Proper values for W; and W5 are chosen such that their
summation equals to one. Various methods can be used to
determine their proper values such as Pareto analysis method.
In the paper, W is selected to be 0.9 to make sure that the
algorithm prioritize reducing load curtailment over operational
costs during event duration [11], [12].

B. Constraints

For a feasible problem formulation, several constraints are
considered as follows.

1) Power Balance

During any time instant, the amount of power supplied
by generators and RESs should be equal to required load
consumption as well as system losses. The power balance at
bus n and at time ¢ can be expressed as follows.

P,m-l— Z PZ‘?;_(Ln,t Z

1€Qf n,n’€QN

n,n/t =0 >
2
2) Transmission Flow Limits
The power flow through a specific line connected to bus n
at any time ¢ must be within the predefined line capacity limits
as follows.

Buw (Opy — O y) = PLc, <PV YR e QN (3)

n,n’

Bn,n"(an,t - 9 ) PL > .P]V["Z Vn € QN (4)
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3) Load Curtailment Limits

During the hurricane, the amount of load curtailment at each
bus should be less than or equal the total amount of load at
the same bus. In other words, the maximum load curtailment
at a specific bus should not exceed the sum of all loads at the
same bus, which can be expressed as follows.

0<Cpt < Ln; YneQVvteq. (5)
the amount of load

During normal operating conditions,
curtailment should be zero.

Crt =0 VYne QY vt e Oy, (6)

4) Status of Generating Units
The status of each generator at time ¢ is represented by a
binary number as follows.

ui s € {0,1} Vi € QF, (7)

5) Ramping Rates of Generators:

The ramping behavior of each generator is governed by its
current status, future status, current power generation, and
future power generation. When a generator is fired up, it
should supply power more than or equal its minimum capacity.
If a generator is supplying power and requested to ramp down,
it cannot supply power less than its minimum capacity. Also a
generator can ramp up till its maximum capacity. The ramping
rates of each generator are expressed as follows.

Pzt+1 Pi(,;tS(Q_u t— uzt-l—l)PGM”L (8)
(]. + Uit — ui,Hl).Ri ve Vi € QG,
- P& 2 — Uiy — Uy PG Min

Jgt4+1 = ( it t+1) 9)

+(1 = wig + ui1).RPY Vi€ 0o,



6) Generators Minimum Up/Down Time:

During redispatch, minimum up and down times for each
generator should be satisfied as follows.

t
> TN <wiy Ve {UT,...,T}Vie Q%  (10)
t—UT+1

t
Z Ti?tFFgl—ui,t VtE{DTr--vT}ViGQG’ (11)
t—DT+1

In (10), there is should at most one instant of turn on signal
for a duration of UT prior to t; whereas in (11), there should
be at most one instant of turn off signal for a duration DT
prior to ¢t when the generator‘s status changes into 0.

7) Power Limits of Generators:
The generated power of each generator can be as expressed

as follows.

Mi M .
PEMI ;e < PG < POMOT ;4 Wi € QF,

i (12)
8) Voltage Angle Limits:
Voltage angle at bus n at time ¢ can be expressed as follows.

oMin <9, , < oM wyp c QN (13)

where OMi" and M3 are the minimum and maximum
voltage angle levels for the n'" bus, respectively.

The proposed proactive generation redispatch algorithm
considering unavailability of RESs is illustrated by the
flowchart shown in Fig. 2.

IV. IMPLEMENTATION AND RESULTS

The proposed approach is applied on modified versions of
the IEEE 30-bus system. The CPLEX solver is integrated
with MATLAB environment to solve the MILP optimization
problem. This section explains the implementation procedures
and discusses the results. Test cases are simulated to validate
the accuracy and effectiveness of the proposed method as well
as assess the impact of RESs penetration level on proactive
redispatch strategy.

A. Modified IEEE 30-bus System

To accommodate the the role of RESs in the proposed
strategy, solar and wind energy sources are added to the
IEEE 30-bus system. G5 is replaced by a solar power plant
with total power capacity of 25 MW, whereas G is replaced
by a wind power plant with maximum capacity of 30 MW.
The parameters of both solar and wind energy are obtained
from [41]. The curves of solar and wind power, shown in
Fig. 3, are calculated based on historical data from [45].
The generators data is provided in Table I. The generators
ramping rate (MW/hour) is assumed to be 10% of maximum
power capacity. All generators are assumed to have minimum
up/down time of 15 minutes. The impact of load variation
is considered using 5 minute intervals load demand obtained
from [46] as shown in Fig. 4.

| Define system data |

| Calculate solar and wind power |

Hurricane
time?

Remove failed
components
Ignore solar and wind

powers

Restoration
time?

Yes

Restore failed
components

| Add generation constraints |

| Integrate load demand |

| Add transmission constraints |

No

Last time
instant?

Solve proactive generation
optimization

Fig. 2. The proposed proactive generation redispatch algorithm considering
unavailability of RESs
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Fig. 3. Solar and wind real power output

B. Hurricane Scenario
In this work, a hurricane scenario is assumed to propagate
across the IEEE 30-bus system as shown in Fig. 5. The total
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TABLE 1
GENERATOR PARAMETERS
Unit Cost ($) Power (MW)
b Csu Csd Pmin Pma:v
G1 1.75 70 176 30 120
Ga 2 70 176 35 140
G3 2 70 176 10 50
Gy 2.25 70 176 5 30
Gs 0.75 0 0 10 25
Gs 0.75 0 0 15 30

duration of the hurricane is assumed to be 25 minutes. The
hurricane period is sampled in set of 5 minutes to discretize
their propagation behavior. The set of failed components at
each time instant is provided in Table II based on the trajectory
of the hurricane using the approach proposed in [28], [41].

Fig. 5. Hurricane propagation on IEEE 30-bus system

TABLE II
LIST OF FAILURE COMPONENTS
Time Instant Component No. Component Description
t1 — -
t C1 Line 15-23
Co Line 18-19
t3 Cs3 Line 16-17
ta Cy Line 4-6
ts Cs Line 2-6
Ce Line 2-5

C. Validation of the Proposed Algorithm

The accuracy and effectiveness of the proposed algorithm
are tested through test cases. The performance of the
redispatch strategy relies on numerous factors; however, in this
work, two factors are considered: the hurricane impact time
and the strategy execution time. Also, it is assumed that all
failed components will be fully restored after one-hour period
from the hurricane end instant. All test cases are validated
via comparison between the proposed proactive redispatch
strategy and corrective redispatch strategy. In the corrective
strategy, no prior redispathcing is applied before the hurricane
impact time; however, dispatching is readjusted at each time
instant to encounter the failed components and fulfill the
current system operational constraints.

1) Hurricane Impact Time

Within the context of this paper, a hurricane impact time is
the instant when a hurricane lands and its impacts are being
realized on power grid components. Since a hurricane might
occur at different times during a day, the realization of its
impact will vary based on system operational conditions at the
impact time. In this paper, two hurricane events are simulated:
E-hurricane occurs during peak load demand, Es-hurricane
occurs during peak solar generation. Table III summarizes the
two simulated hurricane events.

TABLE III
SIMULATED HURRICANE EVENTS
Impact period Start time End time
En During peak load demand 18:25 18:50
Eo During peak solar generation 11:55 12:20

(a) During peak load period
During normal operation, generators and RESs supply the full
load demand; however, during a hurricane, RESs are forced
to shut down due to their uncertain generation behavior. In
this case, £ hurricane lands at 18:25 during which neither
solar nor wind will have noticeable input, as shown in Fig.
3. Although dependency on conventional generators increases
significantly, this will differ based on the RESs generation
profile during peak load period.

Fig. 6 shows the real power output of all four conventional
generators for 24 hours. In a typical day where hurricane does
not occur, all generators are utilized at almost 50% of their
capacities. The occurrence of hurricane imposes a corrective
redispatch to adjust the generation based on the new system
state. This is noticed at G; and G5 where a ramp down
behavior is realized to maintain operational constraints. The



generation profiles have changed completely due to applying
the proposed proactive generation redispatch. Prior to the
hurricane, higher utilization of Gy is noticed to compensate
for the less utilization of (G3 and (4. During the hurricane,
G3 and G4 ramp up to match the required load demand and
compensate the ramp down of GG; and G,. Also, G5 comes
to a complete shut down at 18:50. After the restoration of
system components (1 hour post hurricane end time), G; and
G2 ramp up to benefit from their low operational costs. G3
supplies works almost at full capacity to maintain high load
demand; whereas G4 ramps down to reduce overall operational
costs. Generally, the proactive redispatch provides a better
prepardness of the system.

The failure of system components on the hurricane
trajectory results in splitting the power system into two islands.
Most of the load spots exist in As; while the two largest

Typical dispatch
E1 Hurricane

Corrective redispatch

Proactive redispatch

Real power output for generator 1

O 1 1
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Fig. 6. Real power output of all conventional generators with and without
proactive redispatch strategy during E7 hurricane (case 1(a))

generators exist in A;. Insufficient generation resources at
a specific area yields non-avoidable load curtailments. Fig.
7 shows the amount of load curtailments with and withou
proactive redispatch strategy. Proactive redispatch shows less
load curtailments compared to corrective redispatch. At the
first few instants during hurricane, proactive redispatch has
avoided any load curtailments. Afterwards, the proposed
algorithm has shown at least 30% reduction in load
curtailments. At 18:50, the amount of load curtailments is
still growing momentarily under the corrective strategy. After
restoration of failed components, proactive redispatch provides
faster recovery of curtailed load.
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Fig. 7. Load curtailments with and without proactive redispatch strategy
during E7 hurricane (case 1 (a))

(b) During peak solar generation period
Since RESs are forced to shut down during hurricane
because of their uncertain behavior, this case assess the
proactive redispatch algorithm when hurricane lands during
high generation supply from RESs. FEs hurricane lands at
11:55 during which RESs have high generation, as shown
in Fig. 3. Reliance on conventional generators will increase
highlighting the importance of proactive redispatch strategy.

Fig. 8 compares the real power output of all conventional
generators with and without proactive redispatch. Although the
proposed algorithm is applied for a whole day, Fig. 8 shows
a zoomed view for two-hour period starting at the hurricane
impact time. Overall, the generation profiles varies based on
the applied redispatch strategy. In a typical day with normal
operating conditions, the power supplied from RESs will yield
less utilization of conventional generators. This is clearly
noticed in the corrective strategy results of Fig. 8. Applying
the proactive redispatch strategy encourages the system to rely
on (71 due to its high capacity and low operational costs. Also,
G3 and G4 ramp up during the hurricane to match the required
load demand. On the other hand, G; ramps down very fast to
maintain all dynamic constraints post islanding behavior.

The significant impact of the redispatch strategy is
the capability to minimize load curtailments even with
unavailability of RESs as shown in Fig. 9. It is worth noting
that proactive redispatch resulted in no curtailments during
hurricane period and prior to islanding. At 12:20, proactive
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redispatch has much lower load curtailments compared to
corrective redispatch by almost 60%. After the hurricane, the
curtailed load under proactive redispatch is due to islanding
behavior and insufficient generation in As. The increase in
load demand starting at 12:30 does not impose further stress
conditions on the proactive redispatch strategy. On average,
proactive redispatch reduced the amount of load curtailment
by 70% post the hurricane period.
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Fig. 9. Load curtailments with and without proactive redispatch strategy
during Eo hurricane (case 1 (b))

2) Strategy Execution Time

Due to high uncertainties in hurricane temporal and
geographical progression and high possibility of changing its
trajectory, it might not be essential to apply the redispatch
strategy for the whole day resulting in overall high operational
costs. The proposed algorithm can be executed at any instant
prior to hurricane; however, diverse generation levels and costs
might be encountered. In this case, the impact of execution
time of the proposed strategy is tested by comparing two

scenarios: (i) 60-minute interval, and (ii) 120-minute interval
prior to the hurricane.

Fig. 10 shows the real power output of all conventional
generators for the two scenarios during FE5 hurricane.
When the proactive redispatch strategy is executed earlier,
operational costs are reduced and utilization of reliable
generators is achieved. For instance, G; ramps up as soon
as the strategy is being implemented while G2 ramp down to
complete shutdown. This implies the efficiency of proactive
redispatch to prioritize low-operational generators. Also, G4
is pushed to maintain low generation level prior to the
hurricane for further cost reduction. Although same load
curtailment level is observed for both scenarios, different costs
are encountered. The total operational costs for scenario (i) and
(ii) are $940297.7 and $937629.7, respectively.
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Fig. 10. Generation profile under various implementation time

D. The Effect of RESs Sizing

In this case, further analysis is conducted to assess the
impacts of varying penetration level of RESs on resilience
of power systems and overall operational costs. The standard
IEEE 30-bus system is modified to include solar power plants
at buses 3, 6, and 10, and wind power plants at buses 12,
15, and 25. The generation cost coefficients for all units are
modified to create a diverse cost profile as summarized in
Table IV. All conventional generators are assumed to have 15
minutes minimum up/down time. E5 hurricane is considered in
this case. Simulations are run on the system with varying RESs
levels under proactive redispatch and corrective redispatch
strategies. For validation purpose, the initial generation level
of all units is obtained from optimal power flow solution for
a typical day where no hurricane is expected.

Fig. 11 shows that the operational cost decreases
smoothly as the size of RESs increases when using
the proposed proactive redispatch algorithm. Ignoring the
proactive redispatch results in less operational costs due to
the low utilization of conventional generators; on the contrary,
load curtailments increases. Also, increasing the size of RESs
without retiring conventional generators might reduce the total



TABLE IV
MODIFIED GENERATOR PARAMETERS

Unit | Gy Go Gs Gy Gs Gs
b 1.8 2 1.8 22 1.9 1.6
Csu | 70 75 80 65 60 70
Csq 30 40 35 25 30 40
Unit S1 So Ss3 Wi Wa W3
b 0.9 1 0.9 1.1 1 0.8

amount of load curtailments, which highlights the importance
of integrating RESs to resilience of power systems. At the
beginning of the day, higher load curtailments might be
observed compared to the end of the day due to the very tight
operating conditions. Even with enough generation capacities,
the power flow for some transmission lines hits the maximum
threshold yielding further burdens on system operation.
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Fig. 11. Variation between RES size and operational costs and total load

curtailments

Fig. 12 shows the relationship between load curtailment
and time under various RESs penetration level. For each
penetration level, the generation redispatch is solved with and
without proactive strategy. It is noticeable that for all RESs
penetration level, the proactive redispatch has avoided load
curtailments. Ignoring the proposed proposed algorithm yields
load curtailments regardless the size of RESs. As the RES sizes
increase, the load curtailment profile changes based on the
weather data; however, the total amount of load curtailments
decreases. Due to the very tight operating conditions, load is
curtailed even with zero penetration level of RESs.
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Fig. 12. Variation between RES size and load curtailments

V. CONCLUSION

This paper has proposed a proactive generation redispatch
strategy to enhance the operation resilience of power

grids during hurricanes considering unavailability of RESs.
The proposed method minimizes load curtailments and
operational costs considering system operational constraints
and hurricane spatiotemporal characteristics. A MILP is
formulated to determine the optimal generation redispatch
under a predefined sequential failure of system components.
The proposed method was demonstrated on a modified
version of IEEE 30-bus system. The results showed that
proactive generation redisptatch strategy is able to reduce
the total amount of load curtailment by 60% in many cases
and avoided load curtailments for hurricane taking place at
high RESs generation period. Also, the role of execution
time of the proposed proactive redispatch has been assessed.
The earlier the execution is, the less load curtailment will be.
The results has also proactive redispatch strategy eliminates
the load curtailment even with high penetration level of
RESs in the specified system. The proposed algorithm
provides system operators with possible solutions to reduce
the impacts hurricane impacts on transmission systems via
utilization of available generation resources. This algorithm
facilitates the decision process during fast evolving hurricane
event. It provides system operators with a preliminary
dispatch solution that considers forced outage of RESs during
hurricane. Also, it paves a framework for system planners
to determine proper upgrade and hardening requirements for
resilient power grids. In the future, the role of large-scale
energy storage systems integrated into proactive generation
redispatch shall be considered. Also, the scaleability of the
proposed algorithm to larger systems will be studied.

REFERENCES

[1] N. Bhusal, M. Abdelmalak, M. Kamruzzaman, and M. Benidris, “Power
system resilience: Current practices, challenges, and future directions,”
IEEE Access, vol. 8, pp. 18064-18 086, 2020.

[2] R. J. Campbell, “Weather-related power outages and electric system
resiliency,” Congressional Research Service, Tech. Rep., 2012.

[3] W. House, “Economic benefits of increasing electric grid resilience to
weather outages,” Executive office of the president, Washington, DC,
USA, Tech. Rep., Aug 2013.

[4] A. Kenward and U. Raja, “Blackout: Extreme weather climate change
and power outages,” Climate central, vol. 10, pp. 1-23, 2014.

[51 S. A. Shield, S. M. Quiring, J. V. Pino, and K. Buckstaff, “Major
impacts of weather events on the electrical power delivery system in the
united states,” Energy, vol. 218, p. 119434, 2021. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S036054422032541X

[6] M. Fan, V. Vittal, G. T. Heydt, and R. Ayyanar, “Probabilistic power
flow studies for transmission systems with photovoltaic generation using
cumulants,” IEEE Trans. Power Syst., vol. 27, no. 4, pp. 2251-2261, Nov
2012.

[71 M. Abdelmalak and M. Benidris, “A polynomial chaos-based approach
to quantify uncertainties of correlated renewable energy sources in
voltage regulation,” IEEE Transactions on Industry Applications, vol. 57,
no. 3, pp. 2089-2097, 2021.

[8] B. Zhang, P. Dehghanian, and M. Kezunovic, “Optimal allocation
of PV generation and battery storage for enhanced resilience,” IEEE
Transactions on Smart Grid, vol. 10, no. 1, pp. 535-545, Jan. 2019.

[91 A. Kavousi-Fard, M. Wang, and W. Su, “Stochastic resilient

post-hurricane power system recovery based on mobile emergency

resources and reconfigurable networked microgrids,” IEEE Access,

vol. 6, pp. 72311-72326, 2018.

A. Gholami, T. Shekari, and S. Grijalva, “Proactive management of

microgrids for resiliency enhancement: An adaptive robust approach,”

IEEE Trans. on Sust. Energy, vol. 10, no. 1, pp. 470-480, Jan 2019.

M. Abdelmalak and M. Benidris, ‘“Proactive generation redispatch to

enhance power system operation resilience during hurricanes,” in 2020

52nd North American Power Symposium (NAPS), 2021, pp. 1-6.

[10]

(11]



[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(32]

——, “A markov decision process to enhance power system operation
resilience during hurricanes,” in IEEE Power Energy Society General
Meeting (PESGM), July 2021, pp. 1-5.

S. Chanda, A. K. Srivastava, M. U. Mohanpurkar, and R. Hovsapian,
“Quantifying power distribution system resiliency using code-based
metric,” IEEE Trans. on Industry Applications, vol. 54, no. 4, pp.
3676-3686, July 2018.

S. Abbasi, M. Barati, and G. J. Lim, “A parallel sectionalized restoration
scheme for resilient smart grid systems,” IEEE Transactions on Smart
Grid, vol. 10, no. 2, pp. 1660-1670, March 2019.

M. Panteli and P. Mancarella, “Modeling and evaluating the resilience of
critical electrical power infrastructure to extreme weather events,” I[EEE
Systems Journal, vol. 11, no. 3, pp. 1733-1742, Sep. 2017.

“Severe impact resilience: Considerations and recommendations,”
NERC, Tech. Rep., May 2012. [Online]. Available: http://www.nerc.com
F. Qiu, J. Wang, C. Chen, and J. Tong, “Optimal black start resource
allocation,” IEEE Trans. on Power Syst., vol. 31, no. 3, pp. 2493-2494,
2016.

T. R. B. Kushal and M. S. Illindala, “Decision support framework
for resilience-oriented cost-effective distributed generation expansion in
power systems,” IEEE Transactions on Industry Applications, vol. 57,
no. 2, pp. 1246-1254, 2021.

J. Kim and Y. Dvorkin, “Enhancing distribution system resilience with
mobile energy storage and microgrids,” IEEE Transactions on Smart
Grid, vol. 10, no. 5, pp. 4996-5006, 2019.

C. Wang, Y. Hou, Z. Qin, C. Peng, and H. Zhou, “Dynamic coordinated
condition-based maintenance for multiple components with external
conditions,” IEEE Trans. on Power Del., vol. 30, no. 5, pp. 2362-2370,
2015.

Y. Lin, B. Chen, J. Wang, and Z. Bie, “A combined repair crew
dispatch problem for resilient electric and natural gas system considering
reconfiguration and DG islanding,” IEEE Transactions on Power
Systems, DOI: 10.1109/TPWRS.2019.2895198, 2019.

M. Nazemi, M. Moeini-Aghtaie, M. Fotuhi-Firuzabad, and
P. Dehghanian, “Energy storage planning for enhanced resilience
of power distribution networks against earthquakes,” IEEE Transactions
on Sustainable Energy, DOI: 10.1109/TSTE.2019.2907613, 2019.

A. Hussain, V. Bui, and H. Kim, “Optimal operation of hybrid
microgrids for enhancing resiliency considering feasible islanding and
survivability,” IET Renewable Power Generation, vol. 11, no. 6, pp.
846-857, 2017.

T. Khalili, M. T. Hagh, S. G. Zadeh, and S. Maleki, “Optimal reliable and
resilient construction of dynamic self-adequate multi-microgrids under
large-scale events,” IET Renewable Power Generation, vol. 13, no. 10,
pp. 1750-1760, 2019.

T. Khalili, A. Bidram, and M. J. Reno, “Impact study of demand
response program on the resilience of dynamic clustered distribution
systems,” IET Generation, Transmission & Distribution, vol. 14, no. 22,
pp. 5230-5238, 2020.

P. Bajpai, S. Chanda, and A. K. Srivastava, “A novel metric to
quantify and enable resilient distribution system using graph theory and
choquet integral,” IEEE Transactions on Smart Grid, vol. 9, no. 4, pp.
2918-2929, 2018.

R. Eskandarpour, A. Khodaei, and J. Lin, “Event-driven
security-constrained unit commitment with component outage estimation
H. Farzin, M. Fotuhi-Firuzabad, and M. Moeini-Aghtaie, “Enhancing
power system resilience through hierarchical outage management in
multi-microgrids,” IEEE Transactions on Smart Grid, vol. 7, no. 6, pp.
2869-2879, Nov. 2016.

(28]

[29]

[30]

(31]

(33]

[34]

[35]

[36]

(371

[38]

(391

[40]

[41]

[42]

[43]

[44]

[45]

[46]

based on machine learning method,” in 2016 North American Power
Symposium (NAPS), 2016, pp. 1-6.

C. Wang, Y. Hou, F. Qiu, S. Lei, and K. Liu, “Resilience enhancement
with sequentially proactive operation strategies,” IEEE Transactions on
Power Systems, vol. 32, no. 4, pp. 2847-2857, 2017.

M. Abdelmalak and M. Benidris, “A Markov decision process to enhance
power system operation resilience during wildfires,” in IEEE Industrial
Applications Society Annual Meeting, Vancouver, BC, Canada, October
2021.

Y. Wu, C. Yu-Chih, C. Hui-Ling, and H. Jing-Shan, “The effect of
decision analysis on power system resilience and economic value during
a severe weather event,” in IEEE Industrial Applications Society Annual
Meeting, Vancouver, BC, Canada, October 2021.

D. N. Trakas and N. D. Hatziargyriou, “Optimal distribution system
operation for enhancing resilience against wildfires,” IEEE Trans. on
Power Systems, vol. 33, no. 2, pp. 2260-2271, 2018.

A. Hussain, V. H. Bui, and H. M. Kim, “Microgrids as a resilience
resource and strategies used by microgrids for enhancing resilience,”
Applied Energy, vol. 240, pp. 56-72, 2019.

Z. Li, M. Shahidehpour, F. Aminifar, A. Alabdulwahab, and Y. Al-Turki,
“Networked microgrids for enhancing the power system resilience,”
Proceedings of the IEEE, vol. 105, no. 7, pp. 1289-1310, July 2017.
P. Gautam, P. Piya, and R. Karki, “Resilience assessment of
distribution systems integrated with distributed energy resources,” IEEE
Transactions on Sustainable Energy, vol. 12, no. 1, pp. 338-348, 2021.
H. Nazir, “Lessons learned from the february 2021 Texas power outage,”
Canadian Energy Research Institute, Tech. Rep., 2021.

M. Abdelmalak and M. Benidris, “Proactive generation redispatch
strategy considering unavailability of renewable energy sources during
hurricanes,” in IEEE Industrial Applications Society Annual Meeting,
Vancouver, BC, Canada, October 2021.

(2019) NOAA national centers for environmental information (NCEI)
U. S. Billion-Dollar Weather and Climate Disasters. [Online]. Available:
https://www.ncdc.noaa.gov/billions/

J. W. Muhs, M. Parvania, and M. Shahidehpour, “Wildfire risk
mitigation: A paradigm shift in power systems planning and operation,”
IEEE Open Access, Power and Energy, vol. 7, pp. 366-375, 2020.

A. Hussain, A. Oulis Rousis, I. Konstantelos, G. Strbac, J. Jeon, and
H. Kim, “Impact of uncertainties on resilient operation of microgrids:
A data-driven approach,” IEEE Access, vol. 7, pp. 14924-14937, Jan.
2019.

X. Liu, K. Hou, H. Jia, J. Zhao, L. Mili, X. Jin, and D. Wang,
“A planning-oriented resilience assessment framework for transmission
systems under typhoon disasters,” IEEE Transactions on Smart Grid,
vol. 11, no. 6, pp. 5431-5441, 2020.

M. Benidris, J. Mitra, and C. Singh, “Integrated evaluation of reliability
and stability of power systems,” IEEE Transactions on Power Systems,
vol. 32, no. 5, pp. 41314139, 2017.

S. Elsaiah, M. Benidris, and J. Mitra, “Sensitivity analysis of
power system reliability indices including voltage and reactive power
constraints,” in 2020 IEEE Power Energy Society General Meeting
(PESGM), 2020, pp. 1-5.

R. Billinton and R. Allan, Reliability evaluation of power systems.
Springer Science & Business Media, 2013.

National Renewable Energy Laboratory Measurement and Instrument
Data Center. [Online]. Available: http://www.nrel.gov/midc/
NYISO. Load data. [Online].
https://www.nyiso.com/load-data

Available:



