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Resilience-oriented Hardening and Expansion
Planning of Transmission System Under

Hurricane Impact
Jing Zhou, Heng Zhang, Haozhong Cheng, Fellow, CSEE, Shenxi Zhang, Lu Liu, Zheng Wang,

and Xiaohu Zhang

Abstract—In this paper, we propose a two-stage transmission
hardening and planning (TH&P) model that can meet the load
growth demand of normal scenarios and the resilience require-
ments of hurricane-induced damage scenarios. To better measure
the resilience requirements, the proposed TH&P model includes
two resilience assessment indexes, namely, the load shedding
(LS) under the damage scenario and the average connectivity
degree (ACD) at different stages. The first-stage model, which
aims to meet the load growth demand while minimizing the
LS, is formulated as a mixed-integer linear program (MILP) to
minimize the total planning and hardening cost of transmission
lines, the operating cost of generators, and the penalty cost of
wind power and load shedding in both normal and damage
scenarios. The second-stage model aims to further improve the
ACD when the ACD of the scheme obtained from the first-stage
model cannot reach the target. Specifically, the contribution of
each transmission line to the ACD is calculated, and the next
hardened line is determined to increase the ACD. This process
is repeated until the ACD meets the requirements. Case studies
of the modified IEEE RTS-24 and two-area IEEE reliability test
system-1996 indicate the proposed TH&P model can meet the
requirements for both normal and damage scenarios.

Index Terms—Hardening, hurricane disaster, resilience,
transmission expansion planning.

NOMENCLATURE

A. Set

Γ,Γ∗,Γ− Set of all lines, candidate lines, and existing
lines, respectively.

ΩNS,ΩDS Set of normal and damage scenarios, respec-
tively.

ΩH,ΩH′ Set of duration of representative days in normal
operating conditions and emergency operating
conditions, respectively.
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ΩB Set of all buses.
ΩG,ΩW Set of wind farms and generators, respectively.

B. Parameters

Ch,l, Cl Investment cost for hardening and construct-
ing line l ($).

Cg Operating cost for generator g ($/MWh).
Cls,ns Penalty cost for load shedding in normal and

($/MWh).
Cls,ds Penalty cost for load shedding in damage

scenarios ($/MWh).
Cw Wind curtailment penalty factor of wind farm

w ($/MWh).
qns, qds Probabilities of normal scenario ns and dam-

age scenario ds, respectively.
τh,ns, τh′,ds Duration of normal scenario ns and damage

scenario ds, respectively.
pmax
g , pmin

g Maximum and minimum capacity limit of
generator g, respectively (MW).

pmax
w,s , p

min
w,s Maximum and minimum output limit of wind

farm w in scenario s, respectively (MW).
pb,s Power demand of bus b in scenario s (MW).
pmax
l Maximum capacity limit of line l (MW).
Bl Admittance of line l.
vl,s Binary parameter to indicate whether line l

is attacked (vl,s = 0) by a hurricane or not
(vl,s = 1).

M Big M is a large positive number.

C. Variables

hl The binary decision variable indicates whether
line l is hardened (hl = 1) or not (hl = 0).

xl The binary decision variable indicates whether
line l is constructed (xl = 1) or not (xl = 0).

Pg,s The output power of generator g in scenario s
(MW).

pls,b,s Load curtailment of bus b in scenario s (MW).
Pw,s The output power of wind farm w in scenario s

(MW).
Pwcw,s Curtailed wind power of wind farm w in scenario

s (MW).
fl,s Power flow in line l in scenario s (MW).
θm(l),s,
θm(l),s

Voltage angle of bus m,n (connected to line l)
in scenario s, respectively (rad).
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I. INTRODUCTION

IN recent years, natural disasters such as hurricanes, ice
storms, and earthquakes have been increasing around the

world [1]. Natural disasters often damage the components of a
system and cause large-area blackouts, posing great challenges
for the safe and reliable operation of power systems. For
instance, in 2012, Hurricane Sandy hit the United States,
causing economic losses of more than $60 billion and power
outages for millions of people. In 2016, a hurricane hit Jiangsu
Province, China, which tripped more than ten transmission
lines and causing more than 100,000 customers to suffer
power outages [2]. To mitigate the related risks of natural
disasters, the concept of power system resilience, which
means the ability to resist, absorb, accommodate and recover
from the effects of a hazard, is presented [3]. Compared
with reliability, resilience is faced with high-impact and low-
probability (HILP) events and is tied to coping with one or
more specific threats [4], and it exhibits dynamic behavior
because of changes in network topology [5].

Based on different periods of the response of a power
system to natural disasters, power system resilience enhance-
ment strategies can be divided into three categories: 1) pre-
disaster system hardening and planning [6]–[18]; 2) emergency
response during the disaster [19]–[21]; and 3) restoration
after the disaster [22]–[25]. Focusing on the pre-disaster stage
of resilience enhancement of the transmission system, many
studies have made useful achievements.

Hardening measures (HMs) enhance system resilience by
strengthening transmission system components. Reference [6]
adopted load shedding (LS) as a resilience assessment index
(RAI) and applied HMs to minimize the LS under extreme
weather events (EWEs). Reference [7] improved the resilience
of an integrated electricity-gas system in case of an earthquake
through HMs, while power and natural gas load loss (LL)
were used to represent the integrated system’s resilience.
Reference [8] presented in-depth research on multiple types of
natural disasters; expected LS (ELS) was utilized as an RAI,
and HMs were used to improve this index. Reference [9] pro-
posed a resilient attacker-defender planning model to improve
the power system’s resilience, while the LS and the number of
damaged components were adopted as RAIs. Reference [10]
proposed a novel comprehensive index framework to measure
system resilience in terms of LS, transmission lines, and
generation after EWEs; then, HMs and smart operational mea-
sures were utilized to develop the index. However, only using
load-related RAIs (LRAIs) to quantify resilience, with less
consideration given to assessing the disaster-induced damage
to network structural integrity, will lead to a biased resilience
assessment result. The reason is the result may ignore damage
conditions with a small LS but severe structural degradation,
leading to an underestimation of system structural damage
and an inability to effectively provide advice on implementing
HMs.

In addition to the application of HMs, planning measures
(PMs) that enhance system resilience by constructing different
transmission system devices are widely implemented. Refer-
ence [11] adopted worst-case expected load shedding (WCEL)

as an RAI and proposed a planning model for transmission
lines with optimal transmission switching to enhance system
resilience under typhoon conditions. Reference [12] evaluated
system resilience through LS and proposed a novel RAI
from the perspective of capacity adequacy, namely, reach-
ability (RA). Joint planning of PV generation and battery
storage was conducted to improve these two indexes under
EWEs. Reference [13] adopted LS as an RAI and proposed
a novel resilience-based tri-level model for jointly planning
transmission lines and substations to minimize the LS under
EWEs. Reference [14] introduced deep learning into resilience
studies and presented a co-planning model for transmission
lines, battery energy storage and wind farms, and LS was
utilized as an RAI and reduced through the proposed model.
Reference [15] proposed a novel resiliency-oriented model
considering both normal and damage scenarios, adopted the LS
under EWEs as an RAI, and reduced it through the construc-
tion of transmission lines and distributed energy resources.
However, PMs are long-term resilience enhancement measures
(REMs), and this long-term period often contains numerous
normal scenarios and relatively few hurricane-induced damage
scenarios. Only implementing PMs to meet the resilience
requirements of disaster-induced damage scenarios is uneco-
nomical and not realistic.

A few papers [16]–[18] have studied the implementation of
both HMs and PMs together to enhance resilience in addition
to the utilization of hardening and planning measures sepa-
rately. Reference [16] adopted the ELS under EWEs as an RAI
and presented a novel transmission defense planning model
to collaboratively construct and enhance transmission lines to
further reduce the ELS. Reference [17] adopted the expected
load reduction (ELR) as an RAI, and then, the HMs and PMs
were selectively implemented to enhance system resilience
through the cost-effectiveness ratio and construction difficulty.
Reference [18] considered LL as an RAI and presented a
resilient constrained planning model for the joint consideration
of generators and hardening transmission lines to minimize
LL under floods and earthquakes. However, implementing
HMs and PMs in different stages can effectively enhance
system resilience, but it cannot enable an economic scheme
and cannot overcome shortcomings, namely, underestimating
the degradation of the system structure and implementing PMs
in an uneconomical way without considering the requirements
of normal scenarios.

Table I summarizes the above references [6]–[18] in terms
of natural disasters, RAI, REMs, and consideration of scenar-
ios. In Table I, NS and DS are shorthand for a normal scenario
and a damage scenario. Notably, LRAI contains relevant RAIs
such as LS, LL, ELS, WCEL and ELR.

On the premises of the analysis above, the major research
gaps are as follows: (1) Only adopting LRAIs cannot com-
pletely reflect damage to the network structure, which will lead
to a biased resilience assessment result without considering
structure-related RAIs (SRAIs). (2) Implementing PMs only
aims to meet the resilience requirements of damage scenarios,
which is uneconomical and not realistic. In addition, separately
implementing PMs and HMs in different stages cannot enable
optimal economic costs to be achieved for the scheme. The
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main objective of this paper is thus to propose a collaborative
transmission hardening and planning (TH&P) model to meet
requirements of both normal and hurricane-induced damage
scenarios.

The main contributions are as follows:
• To address research gap (1), this paper adopts the LS

under damage scenarios and the average connectivity
degree (ACD) as two RAIs to comprehensively measure
transmission system resilience from the perspective of
system loss and the overall connectivity status.

• To address research gap (2), this paper presents a TH&P
model to collaboratively implement these two measures
to meet load growth demand for normal scenarios and the
resilience requirements for damage scenarios, simultane-
ously. In addition, considering the complexity of directly
embedding the two RAIs into the same stage of the
model, the proposed TH&P model is constructed in two
stages to help these two RAIs reach their target values
separately. Furthermore, this model can be effectively
solved and extended to cover other RAIs that cannot be
solved directly.

The rest of the paper is organized as follows:
Hierarchical structure is described in Section II. Section III

introduces the hurricane simulation model and the formulation
of the two RAIs. Section IV describes the mathematical
formulation of the proposed TH&P model. Section V validates
the proposed model on a modified IEEE RTS-24 and two-
area IEEE RTS-1996. The conclusions are summarized in
Section VI.

II. HIERARCHICAL STRUCTURE

The objective of this paper is to develop an economical
scheme while meeting the requirements of system resilience.
Hence, a tractable two-stage mathematical model intended
for TH&P problems is proposed to meet the requirements
of normal and damage scenarios for a transmission system,
and a hierarchical structure is illustrated in Fig. 1. For normal
scenario considerations, the load growth demand needs to be
met, and wind curtailment and LS should be avoided as much
as possible. For damage scenario considerations, ability of the
transmission system to resist damage from hurricanes needs
to be quantified and improved.

TABLE I
TAXONOMY OF RECENT RESEARCH WORKS

Section Aspect Reference number
[6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] TH&P model

Natural disasters EWEs
√ √ √ √ √ √ √ √ √ √

Others
√ √ √ √ √

RAI LRAI LS LL ELS LS LS WCEL LS LS LS LS ELS ELR LL LS
SRAI RA ACD

REMs HMs
√ √ √ √ √ √ √ √ √

PMs
√ √ √ √ √ √ √ √ √

Scenario DS
√ √ √ √ √ √ √ √ √ √ √ √ √ √

NS
√ √

Input data related to component Input data related to hurricane Input data related to transmission network

Fragility
curve

Geographical
coordinates

Intensity
parameters

Decay
function

Path
parameters

Hurricane simulation model

The wind speed at the location
of the component

The failure probability of
components at different moments

MCS CA

Different hurricane scenarios

Component status

Existing generator

Capacity Output cost

Existing line

Existing bus

Load

Candidate line

Reactance Capacity Hardening cost Investment cost

Resilience assessment

Index 1: LS

Index 2: ACD

Model setting parameters

Load demand
Energy

penalty cost

Resetting

Model initialization

TH&P model

The first stage

Results of planning results

Results of hardening results

Calculate the value of the resilience
index 1 for the planning scheme

No Satisfying? Yes

No Satisfying? Yes

Calculate the value of the resilience
index 2 for the planning scheme

The second stage

Calculate line contribution

Hardening Ranking

Output

scheme

Fig. 1. The hierarchical structure of the proposed two-stage TH&P model.
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Natural disaster events tend to destroy the network topology
and weaken system resilience. Before enhancing resilience,
quantification of resilience is a primary task. Ensuring load
supply is a primary goal of the transmission system, and the
quantity of the LS under hurricanes can visually quantify the
adverse impact of hurricanes on the system and demonstrate
the benefits of different REMs. Moreover, the LS is a widely
used index in resilience studies. Therefore, this paper also
adopts the LS as one of the RAIs. Additionally, using only
the LS as a RAI cannot completely reflect hurricane-induced
damage to the network structure and may lead to a biased
resilience assessment result. The result may ignore damage
conditions with a small LS but severe structural degradation
and lead to an underestimation of system structure damage.
Therefore, this paper adopts the ACD as another RAI.

Notably, there is no consensus on the most appropriate
resilience indexes, and researchers choose the indexes based
on their research needs.

After quantifying system resilience, resilience can be en-
hanced by HMs and PMs. To achieve a more resilient enhance-
ment performance, two REMs are applied. However, HMs
and PMs are determined separately in different stages and
cannot obtain optimal economic costs for the scheme. In this
paper, HMs are implemented in the planning stage to explore
the advantages of combining these two measures in the same
stages.

In reality, HMs include laying underground transmission
lines, strengthening the transmission network components with
more robust types of materials, and moving the transmission
lines to places less influenced by severe climate-related events.
PMs include adding new components and devices, such as
transmission lines, energy storage, and generators. It seems
that these two measures are very different in terms of their
time scale.

However, the two measures can be implemented on the
same time scale. For example, when new components for
the transmission network need to be constructed to meet
the requirements of load growth, considering the impact of
hurricanes on the system, components with higher resilience
can be prioritized for construction. Taking line construction as
an example, underground transmission lines can be constructed
instead of overground lines, and more robust materials can be
used. By doing so, the HMs and PMs are implemented on the
same time scale.

Based on the two RAIs, we need to implement HMs and
PMs to reduce LS and increase the ACD based on economic
considerations. To achieve this goal, LS is formed as a part
of the objective function and is satisfied in the first stage of
the proposed model, while the ACD reaches the target in the
second stage through a repeated process.

Before using the proposed TH&P model, the impact of a
hurricane on the transmission system’s components, whether
they are damaged or operating normally, needs to be deter-
mined. To achieve this goal, we establish a hurricane simu-
lation model to generate real-time wind speed at the location
of components and then obtain the failure probability of each
component. To simulate different damage situations caused by

a hurricane, Monte Carlo simulation (MCS) is used to deter-
mine the final state of the components and generate a large
number of damage scenarios. However, considering all these
scenarios in the proposed TH&P model is not realistic and
uneconomical. Hence, a clustering algorithm (CA) is adopted
to transform the massive scenarios into typical scenarios.

III. HURRICANE SIMULATION MODEL

In this section, a hurricane simulation model is utilized to
generate the wind speed at the location of each component.
Then, the failure probability of different components at dif-
ferent times is calculated based on wind speed. The detailed
process of generating hurricane-induced damage scenarios is
described, and two RAIs are introduced.

A. Hurricane simulation

To quantify impact of hurricanes on transmission network
components at different moments, a Batts hurricane model [26]
is adopted to simulate the changing process of a hurricane. The
Batts model is a mature wind field model that assumes decay
in hurricane intensity over time is caused by a reduction in
the central pressure difference. The moving path of a certain
hurricane is shown in Fig. 2.

Hurricane landfall site

Hurricane center

Power system components

Hurricane track

Maximum wind speed radius

Distance between (    ,      )

Rmax

d

d1

d2
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Rmax3

Rmax4
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Rmax1

d
3

d
4

Coastline

Fig. 2. The moving path of a certain hurricane.

A related parameter, central pressure difference ∆p(t), and
the maximum wind speed radius of the hurricane Rmax(t) are
expressed as follows [27]:

∆p(t) = pa − pty(t) (1)

∆p(t) = ∆p(tland)e(−α(t−tland)) t > tland (2)

α = β + χ

(
∆p(tland)vH(tland)

Rmax(tland)

)
(3)

Rmax(t) = e(ξ−η×10−5∆p(t)2) (4)

where pa (mb) represents the ambient pressure, which is a
constant parameter (1013 mb). pty(t) represents the central
hurricane pressure. tland represents the time when the hur-
ricane makes landfall. α, β, χ, ξ and η are the coefficient
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parameters. vH(tland) (m·s−1) represents the translation speed
of the hurricane at time tland.

Based on the central pressure difference ∆p(t), wind speed
at the component location vcom(t) can be obtained by:

vmax
g (t) = k

√
∆p(t) (5)

vmax
t (t) = δvmax

g (t) + εvH(t) (6)

vcom(t) =

{
vmax
t (t)× d(t)/Rmax(t) d(t) ≤ Rmax(t)

vmax
t (t)× (Rmax(t)/d(t))0.6 d(t) > Rmax(t)

(7)

where k, δ and ε represent the coefficients. vmax
t (t) represents

the maximum wind speed at time t. d(t) represents the distance
between the hurricane center and the component position at
time t and can be obtained by (8)–(10):

d(t) = ((xcom − x(t)) + (ycom − y(t)))0.5 (8)
x(t) = xland + vH(t)t cosϕ (9)
y(t) = yland + vH(t)t cosϕ (10)

where (xcom, ycom), (x(t), y(t)) and (xland, yland) represent
geographical coordinates of the component, the hurricane
center at time t and at time tland, respectively.ϕ is the angle
between the hurricane path and coastline.

B. Component Failure Model

Transmission corridors are more likely to be damaged by
extreme wind speeds from hurricanes, while transformers and
cables are virtually unaffected [28], [29]. Therefore, when
analyzing the impact of hurricanes on a transmission system,
we only focus on the damage to transmission lines. To consider
different wind speeds in different segments of the transmission
corridor, a long transmission corridor can be considered as a
series of transmission line segments connected by transmission
towers.
1) Failure Model of Towers and Line Segments

Previous research has constructed wind fragility curves for
components from real data. This model can reflect failure
probability of components under different wind speeds and is
widely used in resilience studies. Here, the prescribed analyt-
ical fragility function [30] based on structural characteristics
is adopted to assess the probability of tower collapse under
hurricanes. Cumulative failure probability of each tower in
duration T is indicated as [30]:

µkm(ti) =


0 vkm(ti) ∈ [0, vdes

tower]

eγ[v
k
m(ti)−2vdes

tower] vkm(ti) ∈ (vdes
tower, 2v

des
tower)

1 vkm(ti) ∈ [2vdes
tower,∞)

(11)

pkm = 1− exp

{
−
N−1∑
i=0

µkm(ti)

1− µkm(ti)
∆t

}
(12)

where the combination of the superscript and subscript (m, k)
represents the kth tower of the mth transmission corridor. For
each tower, µkm(ti) is the failure rate at time t, vkm(ti) is the
wind speed at time t, γ is the shape factor, and vdes

tower is the
design wind speed. N is the total number of shorter divided
periods, and ∆t is the time interval of each period.

All points on the line segment between two adjacent towers
are assumed to be affected by the same wind speed. Similarly,
the cumulative failure probability of each line segment in
duration T is indicated as [30], [31]:

µlm(ti) = exp

[
ς × vlm(ti)

vdes
line

− ρ
]

∆l (13)

plm = 1− exp

{
−
N−1∑
i=0

plm(ti)∆t

}
(14)

where the combination of the superscript and subscript (m, l)
represents the lth line segment of the mth transmission corri-
dor. For each line segment, µlm(ti) is failure rate at time t, and
ς and ρ are parameter coefficients. vlm(ti) is the wind speed
at time t, vdes

line is the design wind speed, and ∆l is the length
of the line segment between two adjacent towers.
2) Failure Model of a Transmission Corridor

Since a long transmission corridor is considered to be a
series of transmission towers connected to line segments, the
equivalent failure probability of a transmission corridor can be
expressed as follows:

Pm = 1−
K∏
1

(1− pkm)

L∏
1

(1− plm) (15)

where K and L represent total number of transmission towers
and line segments for the mth transmission corridor, respec-
tively.

C. Hurricane Damage Scenario Generation Process

In general, the process of generating hurricane damage
scenarios is as follows:

Step 1) Input Data
The hurricane and system component data are input. Hurri-

cane data include the translation speed, moving direction, and
central pressure difference when the hurricane makes landfall.
Transmission system component data include the geographic
coordinates of each bus and the fragility curves of the towers
and line segments.

Step 2) Hurricane Simulation
The total hurricane-affected period T is determined, and

the total period T is divided into equal time intervals. In
each time interval [tk, tk+1], wind speed at the location of
each tower and line segment is assumed to be constant. Then,
the distances between the hurricane center and component
locations are calculated with (8)–(10). Next, the changes in
hurricane intensity and wind speeds at all component locations
are calculated with (1)–(4) and (5)–(7), respectively. Then,
the cumulative failure probabilities of the towers and line
segments are calculated to obtain the failure probability of
the corresponding lines with (11)–(15).

Step 3) Typical Damage Scenario Generation
After obtaining the failure probabilities of all lines at

time intervals [tk, tk+1], Monte Carlo simulation is used to
determine final state of each line [32]. When all component
states in time interval [tk, tk+1] are obtained and the next
time interval is reached, steps (2)–(3) are repeated until the
total period is complete. Then, component states at time tn
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are recorded to generate a damage scenario. In this paper, a
total of 2000 sampled damage scenarios are generated and
transformed into 4 typical damage scenarios by the k-means
cluster algorithm.

D. Resilience Assessment Index

Hurricanes can cause the disconnection of multiple corridors
in the transmission system, weakening transmission function
and resulting in a LS. To reflect the degradation in system
performance caused by hurricanes, an index widely used in
previous studies [6]–[15], namely, the LS, is adopted.

(1) Transmission system load shedding (LS)

LS =
∑

ds∈ΩDS

qds
∑
b∈ΩB

pls,b,ds (16)

where LS represents the total load shedding of the transmis-
sion system under hurricane-induced damage scenarios. qds
represents the probability of each damage scenario. pls,b,ds
represents the load shedding at bus b under damage scenarios.

The LS is a widely used index in resilience studies that
can visually quantify the adverse impact of hurricanes on the
system and demonstrate the benefits of different REMs.

(2) Average connectivity degree
Using only LS cannot completely reflect the damage to

the network structure and may lead to a biased resilience
assessment result. The result may ignore damage conditions
with a small LS but severe structural degradation and lead
to an underestimation of system structural damage. Therefore,
another index, the ACD, is adopted to consider the overall
system connectivity status:

ACD =
∑

ds∈ΩDS

qds

(
CIdsk−m
N(k,m)

)
(17)

where ACD represents the average connectivity of all gener-
ator nodes and load nodes of the system under the damage
scenario. CIdsk−m represents the connectivity degree between
generator k and load node m under damage scenario ds. If
generator k and load node m remain on the same island under
damage scenario ds, then CIdsk−m equals 1. Otherwise, CIdsk−m
equals 0. N(k,m) represents the total number of generator–
node pairs in the initial system.

IV. PROBLEM FORMULATION

The model of this paper is obtained to develop an econom-
ical scheme while meeting requirements of system resilience.
This paper adopts LS under damage scenarios and the ACD as
two RAIs to quantify hurricane stress on the network. Then, a
cost-optimal objective function is set to meet the requirements
of the two RAIs so an economic planning solution can be
obtained to reduce the impact of hurricanes. Based on the two
RAIs proposed in the previous section, a two-stage TH&P
model is proposed in this section to reduce the LS while
increasing the ACD of the transmission system and ultimately
improving system resilience. To achieve this goal, LS is
formed as a part of the objective function of the first-stage
model, as shown in (18), while the ACD reaches the target in
the second stage through a repeated process.

A. Model formulation

(1) First-stage model

min TC = HPC + NSC + DSC (18)

HPC =
∑
l∈Γ

ch,lhl +
∑
l∈Γ∗

clxl (18a)

NSC =
∑

ns∈ΩNS

qns
∑
h∈ΩH

τh,ns

( ∑
g∈ΩG

cgPg,ns

+
∑
b∈ΩB

cls,nspls,b,ns +
∑
w∈ΩW

cw(Pmax
w,ns − Pwcw,ns)

)
(18b)

DSC =
∑

ds∈ΩDS

qds
∑

h′∈ΩH′

τh′,ds

( ∑
g∈ΩG

cgPg,ds

+
∑
b∈ΩB

cls,dspls,b,ds

)
(18c)

The objective function (18) consists of three parts, (18a)–
(18c). HPC in (18a) represents the total investment cost, which
includes the line hardening cost and construction cost. NSC
in (18b) represents total cost (TC) of normal scenarios, where
the first part represents the operating costs (OCs) of thermal
generators and the second and third parts represent the LS
and wind curtailment penalties under normal scenarios, respec-
tively. DSC in (18c) represents the TC of damage scenarios,
and the two parts represent the OCs of thermal generators
and LS under damage scenarios. To reduce LS, a large value
of cls,ds is adopted to ensure value of pls,b,ds is as small as
possible in the final resilience enhancement scheme. On this
basis, to minimize the TC during the model solving process,
LS with a large penalty cost coefficient (cls,dspls,b,ds) will be
reduced as small as possible, and the goal of LS reduction is
achieved.∑

g∈ΩG

Pg,s +
∑
w∈ΩW

(Pmax
w,s − Pwcw,s) +

∑
l∈L+(b)

fl,s

−
∑

l∈L−(b)

fl,s =
∑
b∈Ωb

(pb,s − pls,b,s) ∀b ∈ ΩB (19)

Pmin
g ≤ Pg,s ≤ Pmax

g ∀g ∈ ΩG (20)

Pmin
w,s ≤ Pwcw,s ≤ Pmax

w,s ∀w ∈ ΩW (21)

0 ≤ pls,b,s ≤ pb,s ∀b ∈ ΩB (22)

Constraint (19) represents the power balance for each bus.
L+(b), L−(b) are the sets of lines through which power flows
into and out of bus b. Constraints (20)–(22) limit the value
of thermal power generation, wind power generation and LS
for each bus within a certain range. Note constraints (19)–
(22) should be satisfied in both normal and damage scenarios,
which means ∀(s ∈ ΩNS ∪ ΩDS).

xl ∈ {0, 1} l ∈ Γ∗ (23)
hl ∈ {0, 1} l ∈ Γ (24)
hl ≤ xl l ∈ Γ∗ (25)

Constraints (23)–(24) indicate xl and hl are binary vari-
ables. xl = 1 means line l is constructed; otherwise, line
l is not constructed. Similarly, hl = 1 means line l is
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hardened; otherwise, line l is not hardened. In practice, hard-
ening transmission lines does not completely avoid the danger
from hurricanes, but it can significantly reduce the probability
of hurricane-induced failures to a very small level. In this
paper, we ignore the small probability of failure after the
implementation of HMs and assume hardened lines are not
disturbed by a hurricane. Constraint (25) is a logical constraint,
indicating if line l is not constructed (xl = 0), then line l
cannot be hardened (hl = 0).

(hl + vl,s − hlvl,s)(θm(l),s − θn(l),s) =
fl,s
Bl

∀l ∈ Γ− (26)

|fl,s| ≤ Pmax
l (hl + vl,s − hlvl,s) ∀l ∈ Γ− (27)

xl(hl + vl,s − hlvl,s)(θm(l),s − θn(l),s) =
fl,s
Bl

∀l ∈ Γ∗
(28)

|fl,s| ≤ Pmax
l xl(hl + vl,s − hlvl,s) ∀l ∈ Γ∗ (29)

Constraints (26)–(27) represent the power flow in terms of
the phase angle and the line flow capacity limit of existing
lines. Similarly, constraints (28)–(29) represent the same lim-
itation for candidate lines. In constraints (26)–(29), the term
(hl + vl,s − hlvl,s) ensures power flow constraints depend on
a combination of hardening and hurricane disturbance. Note
constraints (26)–(29) should be satisfied in both normal and
damage scenarios, which means ∀(s ∈ ΩNS ∪ ΩDS).

In normal scenarios (s ∈ ΩDS), hurricanes do not have
any impact on the transmission system. Thus, none of the
transmission lines will be disconnected due to the hurricane.
Therefore, (vl,s = 1) and (hl + vl,s − hlvl,s) = 1, and
constraints (26)–(29) hold. In damage scenarios (s ∈ ΩDS),
after completing the hurricane simulation, the value vl,s is
determined as input data to the model. If line l is not affected
by a hurricane (vl,s = 1), then (hl + vl,s − hlvl,s) = 1, and
this situation can be regarded as a normal scenario. If line l is
affected by a hurricane (vl,s = 0), then (hl+vl,s−hlvl,s) = hl,
and the normal operation of line l at this time depends on
whether HMs are taken. If line l is hardened (hl = 1), line l
can operate normally, and constraints (26)–(29) hold. If line l
is not hardened (hl = 0), then there is no power flow on line
l, and constraints (26)–(29) hold.

Note constraints (26) and (28)–(29) are nonlinear, which
can make the model difficult to directly solve. Therefore, the
big-M method is adopted to linearize constraints (26), and the
transformed expression is as follows:

|fl,s −Bl(θm(l),s − θn(l),s)| ≤M(1− (hl + vl,s − hlvl,s))
(30)

where M is a very large constant. To linearize constraints (28),
the big-M method is first used, and the transformed expression
is as follows:

|fl,s −Bl(θm(l),s − θn(l),s)| ≤M(1− xl(hl + vl,s − hlvl,s))
(31)

Then, we rewrite constraint (31) as:

|fl,s −Bl(θm(l),s − θn(l),s)|
≤M(1− (xlhl(1− vl,s) + xlvl,s)) (32)

Then, to linearize the term xlhl in constraints (32), we
introduce the auxiliary binary variable ul = xlhl:

|fl,s −Bl(θm(l),s − θn(l),s)| ≤M(1− (ul − ulvl,s + xlvl,s))
(33)

ul ≤ xl
ul ≤ hl
ul ≥ xl + hl − 1

(34)

Similarly, the transformed expression of constraint (29) is
as follows:

|fl,s| ≤ Pmax
l (ul − ulvl,s + xlvl,s) (35)

In summary, the first stage of the TH&P model is composed
of objective function (18) and constraints (19)–(25), (27), (30),
and (33)–(35). By solving the first-stage model, we can obtain
a hardening and planning scheme (abbreviated as PSH0) that
satisfies the LS requirement.

(2) Second-stage model
To increase the ACD, we formulated a second-stage model

to address a situation in which the ACD of the planning
scheme of the first-stage model cannot meet the requirements.
If ACD has been satisfied, then the scheme is output, and
the program is terminated. Otherwise, the contribution of each
transmission line to the ACD is computed through (36):

RCACD
l = ACD|PSHi∪(hl=1) −ACDPSHi l ∈ Ξ (36)

where ACDPSHi
represents the value of the ACD of the

scheme PSHi, and (i = 0) means the first time the first-stage
model is solved. ACD|PSHi∪(hl=1) represents the value of the
ACD when line l is assumed to be hardened during a hurricane.
RCACD

l represents the percentage improvement in the ACD
when line l is assumed to be 100% reliable during hurricane
simulations. Ξ represents the set of lines not hardened. After
the RCACD

l values for all nonhardened lines are calculated, the
line with the largest RCACD

l is hardened to improve the value
of the ACD. This process is repeated until the ACD meets the
target value and the goal of increasing the ACD is achieved.

B. The Solution Process of The Proposed Model

The whole process of the TH&P model is shown in Fig. 3,
and the main procedure is divided into 4 steps:

Step 1: Input related data, including the transmission net-
work data and hurricane-induced damage scenarios. The first
part includes the cost and capacity of generators, the hardening
cost and capacity of both candidates and existing lines, and
the load demand of each bus. Additionally, hurricane-induced
damage scenarios with different corridor states are obtained
through a hurricane simulation model. Move to step 2.

Step 2: Solve the first-stage model to obtain a hardening and
planning scheme that satisfies the load growth demand. Then,
calculate the value of the load supplied proportion (V[LSP])
of the obtained scheme based on the LS of PSH0. If V[LSP]
is less than or equal to the set target value ϑ1, return to step
1 and reset the parameters. Otherwise, move to step 3.

Step 3: Calculate the value of the ACD (V[ACD]) for PSH0

and compare this value with ϑ2. If V[ACD] is less than
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Fig. 3. The whole process of the TH&P model.

ϑ2, then the ACD needs to be improved, and the second-
stage model is initialized; move to step 4. Otherwise, stop
the process and output the scheme.

Step 4: Solve the second-stage model to help V[ACD] reach
the target. Contribution RCACD

l of each nonhardened line
(l ∈ Ξ) to the ACD is calculated and ranked. Then, the line
with largest RCACD

l is determined to be hardened. Update the
scheme (PSH0→PSHi) and the set Ξ, and return to step 3.

V. CASE STUDY

The proposed TH&P model is implemented on the modified
IEEE RTS-24 [33] and the two-area IEEE RTS-1996 [34] un-
der two simulated hurricanes. All programming is completed
in MATLAB R2017a, and numerical results are obtained using
the YALMIP toolbox and GUROBI solver on an individual
computer with an i5 Intel Core and 8 GB RAM.

The meanings of abbreviations in this section are summa-
rized in Table II. Two simulated hurricanes are considered
for the resilience study, and the corresponding parameters are
summarized in Table III. In general, parameters ∆p(tland) and
ϕ(tland) are assumed to conform to a log-normal distribution
and normal distribution, respectively. The corresponding prob-
ability distribution curve can be obtained from reference [32],
and then, the Monte Carlo method is adopted to obtain the
initial values. In addition, the value of VH(tland) is taken to
be consistent with reference [32].

Figure 4 shows a geographical location map of the IEEE
RTS-24, and the detailed information refers to [32]. In prac-
tice, depending on the purpose of the application, the initial
hurricane conditions can be replaced flexibly based on forecast
data or historical data.

The other parameters in the hurricane simulation model are
set as follows: β and χ in (3) are set to 0.006 and 0.00046,
respectively [35]. ξ and η in (4) are set to 3.859 and 7.7,
respectively [32]. k in (5) is set to 6.93 [30]. δ and ε in (6)

TABLE II
MEANING OF THE ABBREVIATIONS IN SECTION V

Abbreviation Meaning Unit
Cnum Corridor number –
fb, tb From bus, to bus –
PC Planning cost M$
HC Hardening costs M$
OC Operation cost M$
LSC Load shedding cost M$
TC Total cost M$
V[LSP] Value of load supplied proportion %
V[ACD] Value of ACD %

TABLE III
DATA OF TWO SIMULATED HURRICANES

Aspect Hurricane 1 Hurricane 2
∆p(tland) 40 hPa 45 hPa
VH(tland) 27 km/h 27 km/h
ϕ(tland) 60◦ 90◦

are set to 0.865 and 0.5, respectively [30]. γ in (11) is set to
0.3 [36]. ς and ρ in (13) are set to 11 and 18, respectively [31].
vdes

tower in (13) and vdes
line in (11) are set to 35 m/s and 30 m/s,

respectively [37].
The impact of two simulated hurricanes on the system

was simulated approximately 2000 times and generated 2000
corresponding damage scenarios, which can include most
situations of hurricane impact on the system in this region. In
practical applications, historical hurricane data can be adopted
as a supplement to enhance the practicality of the proposed
model. Then, total damage scenarios are transformed into 4
typical damage scenarios by the k-means cluster algorithm.
The states of the corridor under each typical damage scenario
are introduced in Table IV.

A. Modified IEEE RTS-24

The modified IEEE 24-RTS is adopted to demonstrate the
effectiveness of the proposed TH&P model. The original case
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Fig. 4. IEEE RTS-24 under two simulated hurricanes.

TABLE IV
TYPICAL DAMAGE SCENARIOS FOR IEEE RTS-24

Cnum fb tb State Cnum fb tb State
1 2 3 4 1 2 3 4

1 1 2 ? 19 11 13 ? ?
2 1 3 ? ? ? ? 20 11 14 ? ? ?
3 1 5 ? ? 21 12 13 ? ? ? ?
4 2 4 ? ? ? 22 12 23 ? ? ? ?
5 2 6 ? ? ? ? 23 13 23 ? ?
6 3 9 ? ? ? 24 14 16
7 3 24 25 15 16
8 4 9 ? ? ? 26+27 15 21 ?
9 5 10 ? ? ? 28 15 24
10 6 10 ? ? ? 29 16 17
11+12 7 8 ? ? 30 16 19
13 8 9 ? ? ? ? 31 17 18
14 8 10 ? ? ? ? 32 17 22
15 9 11 33+34 18 21 ?
16 9 12 35+36 19 20
17 10 11 37+38 20 23
18 10 12 39 21 22

? indicates that a corridor is damaged under the damage scenarios.

contains 34 transmission corridors, and total load and genera-
tor capacity are 2850 MW and 3405 MW, respectively. Then,
the thermal power capacity and load demand are increased to
1.5 times their original values to simulate the target of the
planning year, and line capacity is reduced to 0.7 times its
original value. The original values of thermal power capacity,
load demand and line capacity can be found in [33]. The
penalty costs of LS and curtailed wind energy are $5000/MWh
and $150/MWh [38].

Corridor 7–8 adds a new line to ensure the system meets
the N − 1 criterion. Three wind farms are connected at buses
5, 8 and 19 with an initial capacity of 800 MW, and four
representative days from reference [39] are taken as normal
scenarios.

Two cases are designed to demonstrate the effectiveness of
the TH&P model, and the descriptions are as follows:

Case 1 (C1): Collaborative implementation of HMs and

PMs, considering normal and damage scenarios and adopting
only the LS as an RAI, which is used in references [16], [18].

Case 2 (C2): Separate implementation of HMs and PMs,
considering normal and damage scenarios and adopting only
the ACD as an RAI.

Case 3 (C3): Separate implementation of HMs and PMs,
considering normal and damage scenarios, and adopting two
RAIs, namely, the LS and ACD.

TH&P: Collaborative implementation of HMs and PMs,
considering normal and damage scenarios and adopting two
RAIs, namely, the LS and ACD.
1) The Validity of The TH&P Model in Meeting The Require-
ments of The Two RAIs

To address the research gap stemming from the fact that
quantitative RAIs are not fully used in terms of the overall
network structure, this paper adopts the LS and ACD as two
RAIs. To illustrate the validity and advantages of the proposed
TH&P model for meeting the two RAIs’ requirements, a
comparison case (C1) is used. Planning results are presented
in Table V.

TABLE V
PLANNING SCHEMES OF THE IEEE RTS-24 SYSTEM

Aspect TH&P C1 C2
PC (M$) 179.4 179.4 158.2
HC (M$) 851.9 591.9 771.9
OC (M$) 1907.6 1907.6 2606.5
LSC (M$) 0 0 92.2
TC (M$) 2938.9 2678.9 3628.8
V[LSP] (%) 100 100 97.5
V[ACD] (%) 100 79.4 100

In Table V, V[LSP] represents value of the load supplied
proportion based on the LS; a larger V[LSP] indicates a
smaller LS and a better system resilience performance. It can
be calculated as follows:

V[LSP] =

∑
ds∈ΩDS

qds
∑
b∈ΩB

pb,s − LS∑
ds∈ΩDS

qds
∑
b∈ΩB

pb,s
(37)

We observe from Table V C1 can make V[LSP] reach 100%
and V[ACD] reach 79.4% with a TC of $2678.9 M, while C2
can obtain 97.5% and 100% of the two aspects with a TC of
$3628.8 M, and the proposed TH&P model can achieve 100%
values of the two aspects with a TC of $2938.9 M.

Compared with C1, the TC of the TH&P model increases
by approximately 9.7% due to the cost of additional hard-
ened lines, and V[ACD] increases by 20.6% and meets the
requirements (in this paper, V[ACD] needs to be 100%; in
practice, different V[ACD] values can be set based on different
situations). Compared with C2, the TC of the TH&P model is
reduced by approximately 19%, and the V[LSP] of the TH&P
model increases by approximately 2.5%. Because the scheme
that only aims at improving the V[ACD] could not obtain a
reasonable network structure, this will lead to inefficient and
uneconomical power transmission and finally result in LS and
an increment in generation costs. These results illustrate the
proposed TH&P model can effectively meet the requirements
of both RAIs with a certain cost increment compared to the
case that only considers LS and has economic advantages in
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terms of the TC compared to the case only considering the
ACD. The specific resilience enhancement scheme is shown
in the appendix.
2) The Effectiveness of Improving The ACD in The Second
Stage of The TH&P Model

For a clearer illustration of the process of selecting each line
in the second-stage model, taking the scheme of the TH&P
model in Table V as an example, the resilience increment of
the remaining lines in the 1st iteration of the TH&P model is
shown in Fig. 5. We observe lines 5–10, 2–4, and 2–6 have
the same highest resilience increment (12.83%) among the 10
lines but different construction costs. In this situation, line 5–
10 is chosen as the next hardening line because it has the
lowest construction cost.

Then, the top 10 lines in the 2nd iteration after line 5–10
is hardened are shown in Fig. 6 to demonstrate the resilience
increment between the two adjacent iterations. By comparing
Figs. 5 and 6, it can be found resilience increments of the
top 10 lines are generally lower overall after hardening a
line. This feature is obvious on some lines, such as lines 1–
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3 (the resilience increment drops from 12.48% to 4.07%).
Since hardening any one line will have an impact on the
contributions of the ACDs of the other lines, in this paper,
we decided to reinforce only one line instead of multiple lines
per iteration in the second-stage model.
3) The Advantages of Collaborative Hardening and Planning
Measures

To address the research gap stemming from the combination
of transmission HMs and PMs not being fully explored and
to illustrate the advantages of the proposed TH&P model in
economic terms, a comparison case (C3) is utilized. The core
difference between the TH&P model and C3 is shown in
Table VI, namely the collaborative or separate implementation
of HMs and PMs to meet requirements of normal and damage
scenarios.

TABLE VI
TH&P VS. C3

Stage Aspect TH&P C3

First

Resilience
measures for
scenarios

Hardening and
planning for both
NS and DS

Planning for NS,
hardening for DS

Aim Meet the load growth demand of NS and the
requirement for V[LSP] for DS

Second

Resilience
measures Hardening Hardening

Aim
Developing the V[ACD] of the scheme
obtained in the first stage until V[ACD]

meets the target

The planning results are presented in Table VII, which
indicates both the TH&P model and C3 meet the two RAIs’
requirements at a certain cost.

TABLE VII
PLANNING SCHEMES OF THE IEEE RTS-24 SYSTEM

Aspect TH&P C3
PC (M$) 179.4 158.2
HC (M$) 851.9 874.3
OC (M$) 1907.6 1985.3
LSC (M$) 0 0
TC (M$) 2938.9 3017.8
V[LSP] (%) 100 100
V[ACD] (%) 100 100

Planning Same 1-5, 5–10, 6–10, 14–16, 16–17, 17–18
Difference 11-14 –

Hardening Same
1-2, 1–5, 4–9, 6–10(2), 7–8(2), 8–9, 11–14,

12–13, 12–23, 14–16, 15–21, 16–19,
17–18, 17–22, 20–23

Difference 3-9, 5–10, 11–14, 13–23, 15–16 1-3, 2–4, 15–24

In comparison, the proposed TH&P model saves $78.9 M
in TC (approximately 2.6%). Additionally, the TCs of PMs
and HMs are almost the same for the two models (for the
TH&P model, (PC+HC) = $1031.3 M, while for C3, (PC+
HC) = $1032.5 M). Thus, the cost savings are mainly on
the operational side, which is due to consideration of the
collaborative capacity of HMs and PMs, resulting in a more
rational transmission network structure.

To further illustrate the process of effectively developing
V[ACD] through the second stage of the proposed model,
the changes in TC and V[ACD] in each iteration are shown
together in Fig. 7. Part (a) is used as an example for analysis.
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In the 1st iteration, the TC of the planning scheme obtained in
the first stage is $2678.9 M, and V[ACD] is 79.4%. V[ACD]
does not meet the requirements (in this paper, V[ACD] needs
to be 100%; in practice, different V[ACD] values can be
set based on different situations). Therefore, the second-stage
model is initiated. After calculating the resilience increment
of the remaining lines (not hardened), line 5–10 is selected as
the next line to be enhanced. Continuing to the 2nd iteration,
the TC increases to $2732.5 M, and V[ACD] is 92.2%. At the
9th iteration, V[ACD] reaches 100%, and at that point, the
TC reaches $2938.8 M. From the V[ACD] curve in Fig. 7(a),
the resilience improvement is most significant in the first few
iterations (1st–2nd iterations) and gradually decreases in each
subsequent iteration. Therefore, a smaller V[ACD] (e.g., 95%)
can be set to properly consider the cost–benefit issue, and the
remaining 5% of the requirement can be addressed through
post-disaster resilience measures (e.g., response measures, but
this is not the focus of this paper).
4) Maximum Resilience Enhancement Scheme of The TH&P
Model Under Different Budgets

The proposed TH&P model can not only effectively obtain
hardening and planning schemes meeting the requirements
of the two RAIs but also provide the maximum resilience
improvement strategies for different budgets. The sensitivity
analysis results are shown in Table VIII, and we observe

TABLE VIII
MAXIMUM RESILIENCE VALUES AT DIFFERENT BUDGETS

Budget (M$) TC (M$) V[LSP] (%) Maximum V[ACD] (%)
2700 2691 100 81.35
2750 2745.6 100 94.40
2800 2793.8 100 97.49
2850 2842.5 100 98.56
2900 2891.8 100 99.35

that V[ACD] improves as the budget increases, with marginal
utility. This means return on the same cost investment up-
front is higher than those of later investments. In addition,
the increase in the per unit budget ($50 M) has a greater
impact on improvement in V[ACD] when the budget is less
than $2750 M. Specifically, when the budget increases from
$2700 M to $2750 M, the maximum V[ACD] increases by
13.05%; however, the next $50 M budget increment (from
$2750 M to $2800 M) increases V[ACD] by only 3.09%.
Therefore, in practice, a reasonable V[ACD] can be set in
consideration of the cost–benefit ratio.
5) TH&P Schemes with Different Wind Farm Capacities

Wind power generators in the path of a hurricane are
assumed to shut down to avoid destruction by excessive wind
speeds. To further study the impact of increased installed wind
power capacity (WPC) on hardening and planning schemes,
four comparison scenarios are constructed with total WPCs
of 0 MW, 600 MW, 1200 MW, and 2400 MW. The planning
results are presented in Fig. 8. (HC1 and HC2 represent the
hardening costs of the first and second stages, respectively).
Fig. 8 shows TC decreases as the WPC increases, with the
main reduction being in OCs (the green part in Fig. 8). For
example, when the installed WPC increases from 0 MW to
2400 MW, the TC decreases from $3435.6 M to $2938.8 M
(approximately 14.5%). In particular, the OC is reduced from
$2331.8 M to $1907.6 M, which is due to replacement of the
output of the thermal generator with wind power. Moreover,
the PC of the scenario WPC = 1200 MW is less than the
other two scenarios (WPC = 2400 MW and WPC = 0 MW)
because when considering large or not installed WPCs, new
lines are generally required to ensure the outputs of thermal
and wind power.

Capaticies of each wind farm (MW)

C
o
m

p
re

h
en

si
v
e

C
o
st

 (
M

$
)

3500

3000

2500

2000

1500

1000

500

200 400 800
0

0

OC

HC2

HC1

PC

Fig. 8. Planning results with different capacities of each wind farm.



ZHOU et al.: RESILIENCE-ORIENTED HARDENING AND EXPANSION PLANNING OF TRANSMISSION SYSTEM UNDER HURRICANE IMPACT 1757

B. Two-area IEEE RTS-1996

The modified two-area IEEE RTS-1996 is used as a large
system to show the effectiveness of the proposed TH&P
model. This case has two areas and 71 transmission corridors.
Total load and generator capacity are 5700 MW and 6810 MW,
respectively, and the original information of each area is
the same as the IEEE RTS-24. The following modifications
are made: the thermal power capacity and load demand are
increased to 1.5 times their original values. Corridors 7–8 and
31–32 add a new line. Wind farms are connected to buses 5,
8, and 19 for area 1 and to buses 29, 32, and 43 for area 2
with the same initial capacity of 800 MW.

The states of the corridor under typical hurricane damage
scenarios and the geographical location map of the two-area
IEEE RTS-1996 are introduced in the appendix (Table AI and
Fig. A1). According to Table AI, no transmission lines in area
2 are destroyed in the four typical damage scenarios because
they are far away from the hurricane. One of the three tie lines
between two areas is destroyed in some scenarios because it is
closest to the hurricane landfall, where the hurricane intensity
is higher.

Under the simulated hurricane, the TC of the TH&P model
satisfies the requirements of both RAIs is $3443.5 M. Com-
pared to C1, the cost increment is approximately 8.8%, and
V[ACD] increases by 12.3%. Compared with C2, the TC of
the TH&P model is reduced by approximately 11.3%, and
the V[LSP] of the TH&P model increases by approximately
1.4%. Compared to C3, cost savings are approximately 2.1%.
The specific resilience enhancement scheme is shown in the
appendix. The results of the maximum resilience value for
different budgets are presented in Table IX, and we observe
when the budget increases from $3150 M to $3200 M, the
improvement in the maximum V[ACD] is most significant,
approximately 7.69%. Moreover, the impact of the subsequent
budget increments ($50 M) gradually decreases. Additionally,
when the installed WPC increases from 0 MW to 4800 MW,
the TC of the scheme meeting requirements of the two RAIs
decreases from $4977.7 M to $3443.5 M, almost 30.8%.

TABLE IX
MAXIMUM RESILIENCE VALUES AT DIFFERENT BUDGETS

Budget (M$) TC (M$) V[LSP] (%) Maximum V[ACD] (%)
3150 3149.4 100 87.95
3200 3192.5 100 95.64
3250 3249.4 100 98.77
3300 3293.2 100 99.33
3350 3349.7 100 99.44
3400 3399 100 99.67

VI. CONCLUSION

This paper proposes a novel two-stage TH&P model to meet
the load growth demand of normal scenarios and the resilience
requirements of hurricane-induced damage scenarios. The pro-
posed TH&P model is verified on a modified IEEE RTS-24
and two-area IEEE reliability test system-1996.

Simulation results reveal 1) resilient PMs and HMs can be
taken on the transmission system effectively and economically
with the proposed model. 2) The proposed model can also

provide a maximized resilience enhancement strategy with
different budgets, which can help transmission planners make
decisions in the case of inadequate budgets. 3) Increasing the
installed capacity of wind power can effectively reduce the
OC and thus further reduce the TC.

In practical applications, when transmission systems in
hurricane-prone coastal areas need to meet the requirements
of load growth with extra construction, strengthening methods
such as grounding overhead lines and employing more robust
materials can be deployed. Thus, a powerful tool is presented
for network owners to expand the existing power system with
maximum resilience with respect to a limited budget.

This work has some limitations. It considers only direct line
failures caused by hurricanes, ignoring subsequent cascading
failures. In future studies, we can analyze the fault propagation
process after the first failure of a line to obtain a more realistic
fault scenario. Moreover, we will further increase number of
considered hurricanes based on practical data to make the
resilience enhancement scheme resilient to more hurricanes.

APPENDIX

TABLE AI
TYPICAL HURRICANE DAMAGE SCENARIOS FOR THE TWO-AREA

IEEE RTS

Cnum fb tb State Cnum fb tb State
1 2 3 4 1 2 3 4

1 1 2 ? 42 25 29
2 1 3 ? ? ? ? 43 26 28
3 1 5 ? ? 44 26 30
4 2 4 ? ? ? ? 45 27 33
5 2 6 ? ? ? ? 46 27 48
6 3 9 ? ? ? 47 28 33
7 3 24 48 29 34
8 4 9 ? ? ? 49 30 34
9 5 10 ? ? ? 50+51 31 32
10 6 10 ? ? ? ? 52 32 33
11+12 7 8 ? ? ? 53 32 34
13 8 9 ? ? ? ? 54 33 35
14 8 10 ? ? ? ? 55 33 36
15 9 11 56 34 35
16 9 12 57 34 36
17 10 11 58 35 37
18 10 12 59 35 38
19 11 13 ? ? ? ? 60 36 37
20 11 14 ? ? ? 61 36 47
21 12 13 ? ? ? ? 62 37 47
22 12 23 ? ? ? 63 38 40
23 13 23 ? 64 39 40
24 14 16 65+66 39 45
25 15 16 67 39 48
26+27 15 21 ? ? 68 40 41
28 15 24 69 40 43
29 16 17 70 41 42
30 16 19 71 41 46
31 17 18 72+73 42 45
32 17 22 ? 74+75 43 44
33+34 18 21 76+77 44 47
35+36 19 20 78 45 46
37+38 20 23 ? 79 23 41
39 21 22 80 13 39
40 25 26 81 7 27 ? ? ?
41 25 27

? indicates that a corridor is damaged under the damage scenarios.
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Fig. A1. Two-area IEEE reliability test system-1996 under two simulated hurricanes.

TABLE AII
PLANNING SCHEMES OF THE IEEE RTS-24 SYSTEM

REM Aspect TH&P C1 C2

Planning Same 1-5, 5–10, 6–10, 14–16, 16–17, 17–18
Difference 11-14 11-14 –

Hardening Same 1-5, 4–9, 6–10, 7–8, 8–9, 11–14, 12–23, 15–21
Difference 1-2, 3–9, 5–10, 6–10, 7–8, 11–14, 12–13, 13–23,

14–16, 15–16, 16–19, 17–18, 17–22, 20–23
1-2, 6–10, 7–8, 11–14, 12–13,
13–23

1-3, 3–9, 11–13, 15–24,
16–19, 17–18, 17–22, 20–23

TABLE AIII
PLANNING SCHEMES OF THE TWO-AREA IEEE RTS-1996 SYSTEM

REM Aspect TH&P C1 C2

Planning Same 1-5, 6–10, 14–16, 16–17, 17–18
Difference 25-29, 38–40, 40–41 25-29, 38–40, 40–41 5-10

Hardening Same 1-5, 4–9, 6–10, 7–8, 7–27, 11–14, 15–21, 20–23
Difference 1-2, 3–9, 5–10, 6–10, 8–9, 12–13, 13–23, 14–16,

16–17, 16–19, 17–18, 17–22
1-2, 6–10, 8–9, 12–13 1-3, 3–9, 11–13, 13–23, 13–39,

15–24, 16–19, 18–21, 21–22
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