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Abstract—In this paper, a planning-oriented resilience assess-
ment framework is proposed that can help to design a more
resilient power transmission system against extreme weather-
induced events, such as typhoon disasters. It consists of three
major models, i) a wind field-based probabilistic typhoon model
to determine the level of uncertainty in the intensity and path
of the typhoon; ii) a spatiotemporal fragility model of the power
transmission corridor to quantify the spatiotemporal impacts of
extreme wind speed on the failure probability of transmission
corridor, and iii) a resilience assessment model of the planning
system that allows us to develop quantitative resilience indices
from both the system and component perspectives. The combi-
natorial enumeration method is introduced into the proposed
framework to generate various potential typhoon disasters.
Meanwhile, the impact-increment-based state enumeration (IISE)
method is embedded within the proposed framework to improve
its computational efficiency. The proposed method can provide
the key information to identify the weak points of the system as
well as inform the design of enhanced resilient planning schemes
of transmission system against typhoon disasters. Extensive sim-
ulations carried out on the IEEE RTS-79 system considering
realistic typhoon scenarios demonstrate the effectiveness of the
proposed method.
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I. INTRODUCTION

THE CONTINUOUS development of long-distance and
large-capability power transmission system has resulted

in an unprecedented growth in their scale and complexity.
A number of quantities of long-distance transmission corri-
dors including transmission lines and towers may be exposed
to harsh environmental conditions for a long period of time,
increasing their vulnerabilities to extreme weather conditions.
In the light of global climate change, extreme weather events,
such as typhoons, are becoming recurrent, resulting in an
unprecedentedly large number of power outages all around
the world [1]–[4]. Despite this fact, the impacts of extreme
weather conditions are often ignored during the planning of
power transmission systems.

To overcome this problem, research on power system
resilience to natural disasters has gained popularity in the past
few years [5]–[9]. According to the outcomes of such papers,
there is a necessity for seeking an effective way to capture
the adverse impacts of possible adverse weather incidences
on transmission systems within the planning period. Gaining
such information is essential in enhancing system resilience
during the planning stage.

There are a number of extreme weather events that could
temper with the power transmission system. This paper, how-
ever, focuses specifically on typhoons. When a typhoon occurs,
the super-intense wind speed normally leads to a surge in
the failure rates and failure probabilities of the transmission
components. Such failures often result in severe load shed-
ding. It is, therefore, necessary to construct the wind field
model of the typhoon to predict the wind speed at differ-
ent geographical locations. For this purpose, many scholars
have studied the wind filed model of typhoons for various
application scenarios. Batts et al. [10], for instance, used an
empirical formula to establish a wind field model consider-
ing the attenuation after typhoon landing. Shapiro [11], on
the other hand, developed a wind field model by solving the
momentum equation of atmospheric motion. Meng et al. [12]
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established an analytical wind field model based on the per-
turbation equilibrium equation. The wind speed, at any point
in the typhoon wind field, can be obtained by the above-
mentioned models. However, typhoons usually occur randomly
in the planning prospect, thereby making the existing mod-
els fail to capture their probabilistic features. As a result, it
is difficult to make long-term predictions considering various
potential typhoon disasters within the planning period aiming
at initiating precaution measures.

The challenge of incorporating grievous weather impacts
in planning system resilience assessment is about reveal-
ing the relationship between the failure probability of each
transmission component and the wind speed. To solve it,
Liu and Singh [13] and Li et al. [14] adopted the fuzzy
cluster method to obtain the nonlinear relationship between
wind speed and the failure rate of the transmission lines.
Liu et al. [15] and Han et al. [16], on the other hand,
used statistical regression methods to predict the wind speed
related to power outages during the dreadful weather. Despite
their general plausibility, these models only provide a cer-
tain failure probability of the transmission components under
typhoons. They do not well capture the impact of continuous
change of wind speed over time. To overcome these shortcom-
ings, Panteli et al. [17]–[19] constructed a fragility curve by
determining the failure probability of the transmission com-
ponent via a function of wind speed. Wang et al. [20] and
Li et al. [21] show that the failure rate of components is
related to the square of wind speed. Due to the lack of spa-
tial and temporal typhoon model, the transmission system is
usually assumed to be exposed to the same wind speed in the
aforementioned literature. However, a practical transmission
system generally covers a large geographic area. Consequently,
different transmission corridors, or even different segments
of the same corridor, may suffer from different wind speeds
when the typhoon moves across. Therefore, it is necessary to
build a model that can reflect the temporal and spatial failure
probability of different transmission corridors when a typhoon
moves across with attenuation.

Regarding the resilience indices, most of the existing ones
are based on the resilience triangle, which is defined as the
integral of the system performance degradation and the degra-
dation time [22]. Panteli et al. [23] extended the resilience
triangle into a multi-phase resilience trapezoid. The resilience
trapezoid can further quantify how fast the system performance
is dropped when a severer weather incident struck a system
and how fast the system recovers to its previous normal state.
Regarding the transmission system, the load demand is usually
used to depict system performance. Espinoza et al. [24] and
Amirioun et al. [25] quantified the system resilience as a func-
tion of the amount of load demand that is not provided due
to the catastrophic effects of extreme weather conditions. In
this regard, a smaller amount of load shedding depicts higher
system resilience. Johnson et al. [26] developed the Demand
Not Served (DNS) index by using non-sequential Monte Carlo
simulation (MCS) methods to assess power system resilience.
Amirioun et al. [9] introduced a vulnerability index to evaluate
the level of system performance degradation. That index can
provide a quick perception of how the system performance

is impacted by the extreme weather events. However, these
indices can only reflect the resilience from the view of the
whole system. They cannot aid planners to identify specific
vulnerability cases, such as the vulnerable transmission corri-
dors. By analyzing the impacts of various potential typhoon
disasters on each transmission corridor, the resilience of the
planning system can be comprehensively investigated, and the
weak points of the system can be fully determined. This allows
planners to optimize the resilience enhancement strategy of
the transmission system. Therefore, it is of urgent need to
build a model that can not only assess whether the system is
resilience enough against typhoon disasters, but also determine
its weak points.

To sum up, this paper aims at developing a planning-
oriented resilience assessment framework to assess the
resilience of the power system against typhoon disasters and
determine its weak points. By analyzing the impacts of vari-
ous potential typhoon disasters on each transmission corridor,
the resilience of the power system can be comprehensively
investigated, and the weak points of the system can be fully
determined. In addition, the framework can further guide
the resilience enhancement measures to strengthen the weak
points, such as expanding or upgrading the vulnerable trans-
mission corridors. The proposed framework includes three
major parts:

1) A probabilistic typhoon model is proposed by analyzing
the key parameters of the wind field model and their probabil-
ity distributions. This allows us to simulate various potential
typhoon disasters within the planning time.

2) A spatiotemporal fragility model of a transmission corri-
dor, subdivided into a combination of a series of transmission
line segments and transmission towers, is developed to inves-
tigate the cumulative spatiotemporal effect of the typhoon
duration on the transmission corridor failure probability. This
couples the impacts of typhoon disaster and power transmis-
sion systems.

3) A resilience assessment model of the planning transmis-
sion power system is proposed from both the system and the
component perspectives. This provides the planner with the
key information needed to identify the weak points of the
system as well as to inform about the design of enhanced
resilient planning schemes.

It is worth noting that the proposed framework is also
suitable for power system resilience assessment under other
types of extreme weather events. The rest of the paper is
organized as follows. Section II introduces the basic theory
of resilience assessment. The proposed resilience assessment
framework and its algorithm implementation are elaborated in
Section III. Numerical studies are presented in Section IV, and
conclusions are drawn in Section V.

II. BASIC THEORY OF RESILIENCE ASSESSMENT

A. Wind Field Model of Typhoon

Batts model is a mature wind field model that is simple
and fast to estimate [10]. It is used in this paper to simulate
the real-time wind speed at different locations of the affected
areas. This model assumes that the attenuation of the typhoon
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over time is caused by the reduction of the pressure difference
between the center and the periphery of the typhoon.

The attenuation model of the pressure difference at a certain
time t when the typhoon travels over land is expressed as

�H(t) = �H0 − 0.02[1 + sin(ϕ − θ)]t, (1)

where �H(t) is the central pressure difference at time t (hour),
�H0 is the original central pressure difference before the
typhoon landing, they are given in inch, θ is the angle between
the typhoon motion direction and the due north direction - the
clockwise is positive, ϕ is the angle between coastline and the
due north direction.

Based on the original central pressure difference, the max-
imum gradient wind speed is expressed as

vgx(t) = K
√

�H(t), (2)

where K is a coefficient, typically set between 6.97
(m/s/mm1/2) at latitude 23◦N to 6.93 (m/s/mm1/2) at latitude
45◦N [10]. And, the central pressure difference in (2) is given
in mm.

Then the maximum wind speed is obtained by

vrmax(t) = 0.865vgt(t) + 0.5vT , (3)

where vT is the translational speed of typhoon (m/s). Generally,
the path of the typhoon motion is assumed to be a straight line.

The wind speed of a certain location in the typhoon wind
field is given by [27]

vr(t) =
{

vrmax(t)d(t)/rmax(t), d(t) ≤ rmax

vrmax(t)(rmax(t)/d(t))0.6, d(t) > rmax
, (4)

where d(t) is the distance between a location and the typhoon
center at time t, and rmax is the radius of maximum wind
speed, which can be obtained by [28]–[29]

rmax(t) = exp
(

2.63 − 5.086 × 10−5�H(t)2+0.0395y(t)
)
,

(5)

where y(t) is the latitude of typhoon center at time t. It should
be noted that the �H in (5) is given in mb.

B. Resilience Assessment Indices for Transmission System

Quantitative indices are necessary to assess and enhance
the resilience of transmission system against typhoon dis-
asters. The resilience triangle provides an effective way to
quantify the resilience of the system, especially in the plan-
ning stage [22]. As shown in Fig. 1, the performance curve
of a normal system can be described by Q0, while the
performance curve during the typhoon affecting period can
be described by Q(t). Q1 represents the worst degraded
performance level. With the resilience triangle, the resilience
index of the system can be defined as the normalized area of
the performance degradation during the period of typhoon
occurrence. Therefore, the quantitative resilience index can be
obtained by �. A higher index corresponds to lower system
resilience.

� =
∫ t2

t1
[Q0 − Q(t)]dt/(t2 − t1), (6)

Fig. 1. The resilience triangle and rectangle.

It is noticeable that the above index can only assess the
resilience of the transmission system caused by a certain
disturbance. Since the transmission system may face dif-
ferent intensities of typhoons, it is necessary to consider
the resilience under various potential typhoon disasters dur-
ing the planning stage. In this paper, we have modified
the resilience index to comprehensively reflect the expected
system performance degradation induced by various scenar-
ios of typhoons. It is worth noting that the failure scenar-
ios are considered as a stable state after various remedial
action schemes have been taken. Another downside of that
index lies in its lack of consideration of the uncertainty
of typhoons. Normally, typhoon disasters are different, and
quantifying them uniformly is not accurate. Only the most seri-
ous performance degradation is considered, and the resilience
triangle has been simplified into a resilience rectangle. To
consider typhoon uncertainty, the index is modified as

R = E[�] ≈ E[Q0 − Q1] =
∑

w∈W

Pw(Q0 − Q1)w

=
∑

w∈W

PwQw, (7)

where E[ ] is the expected value of the resilience index �,
Qw is the worst performance degradation incurred by a certain
typhoon w, Pw is the probability of typhoon w, and W is the set
of various potential typhoons in the affected area. In this paper,
load shedding is used to quantify the performance degradation.
Their values can be obtained from the AC optimal power flow.

III. PROPOSED PLANNING-ORIENTED RESILIENCE

ASSESSMENT FRAMEWORK

The proposed resilience assessment framework is shown in
Fig. 2. It consists of the following three main components:
1) a probabilistic typhoon model that presents the uncertainty
of typhoon during the planning period 2) a spatiotemporal
fragility model of the transmission corridors to characterize
their failure probabilities as a function of the wind speed and
3) a resilience assessment model to obtain the resilient indices
for both the system and its components.

A. Probabilistic Typhoon Model

Evaluating the comprehensive spatiotemporal impacts of
typhoons on the transmission systems is possible under the
premise that the occurrence of a typhoon in a certain region
follows a stochastic model. Identifying these key parameters
of this model and their probability distributions allows us to
quantify the uncertainty of the occurrence of a typhoon. As
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Fig. 2. The proposed resilience assessment framework.

shown in Fig. 3, the green circles represent the radius of max-
imum wind speed at different times. The green dotted line
represents the path of the typhoon motion. The orange shade
indicates the affected rang of the typhoon and the wind speed.
The darker the color, the higher the wind speed is. Due to
the attenuation of the typhoons, the wind speed at a given
transmission corridor varies with time.

Generally, the unit of pressure difference given by meteo-
rological department is hectoPascal pressure (hPa). However,
the central pressure difference �H(t) is given in inch in (1)
and in mm in (2), so (1) needs to be transformed into the
following form:

�H′(t) = 0.75�H0 − 0.508[1 + sin(ϕ − θ)]t, (8)

where the �H’(t) is given in mm.
Substituting (8) into (3) and considering the maximum wind

speed at time t, vrmax(t) can be obtained by

vrmax(t) = 6.029
√

0.75�H0 − 0.508[1 + sin(ϕ − θ)t]

+ 0.5vT ,

T = 1.476�H0[1 + sin(ϕ − θ)] (9)

By translating the latitude and longitude coordinates to the
rectangular axes, the coordinate of the typhoon center at time
t can be obtained by

x(t) = x0 + vT t sin(−θ + π/2) = x0 + vT t sin θ, (10)

y(t) = y0 + vT t cos(−θ + π/2) = y0 + vT t sin θ, (11)

Thus, the distance between a location and the typhoon
center at time t can be obtained by

d(t) =
√

[xd − (x0 + vT t sin θ)]2 + [yd − (y0 + vT t cos θ)
]2

,

(12)

where xd and yd are the longitude and the latitude of d meters
from the typhoon center, respectively; x0 and y0 are the longi-
tude and the latitude of the typhoon landing sites, respectively.

Fig. 3. The moving process of a certain typhoon.

In addition, the duration time of typhoon T is related to the
central pressure difference and can be obtained by

T = 1.476�H0[1 + sin(ϕ − θ)], (13)

In Fig. 3, d(t1) and d(t2) represent the distance of this line
segment from the typhoon center at times t1 and t2, respec-
tively. vr(t1) and vr(t2) represent the wind speeds at times
t1 and t2, respectively. rmax(t1) and rmax(t2) represent the
radius of maximum wind speed at times t1 and t2, respec-
tively. vrmax(t1) and vrmax (t2) are the maximum wind speeds
at times t1 and t2, respectively.

Key parameters that directly affect the wind speed at any
location of a typhoon can be further inferred from (9) and (12):
the original pressure difference �H0, the translational speed
vT , the motion direction θ , and the longitude and the lati-
tude of typhoon landing site (x0, y0). Based on the statistical
information of the historical typhoon disasters in a certain
region, the probability distribution can be estimated for such
parameters. Thus, a large number of potential typhoons and
their occurrence probabilities can be generated by sampling or
enumeration from the probability density functions of those
key parameters.

B. Spatiotemporal Fragility Model of a Transmission
Corridor

A transmission corridor comprises a set of transmission
lines and towers, which are generally more likely to be sub-
ject to the damages of typhoons. On the contrary, transformers
and cables are almost impervious to extreme wind speed [5].
Therefore, we only focus on the typhoon-induced failures of
lines and towers when analyzing the typhoon-induced impacts
on transmission systems. Transmission corridors are usually
very long, so the wind speed varies in different corridor seg-
ments. In this paper, a long transmission corridor is equivalent
to a series of transmission line segments that are connected
via two adjacent transmission towers, as shown in Fig. 3.
Consequently, the equivalent failure probability of a transmis-
sion corridor can be modeled as a series system with several
line segments and towers.

To quantitatively assess the resilience of a transmission
system under typhoon disasters, the core work is to estab-
lish the relationship between the wind speed and the failure
probability of each transmission corridor from both tempo-
ral and spatial perspectives. In this regard, a spatiotemporal
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fragility model is developed when the typhoon moves across
the transmission system. Using this model ensures that its
cumulative failure probability within the typhoon duration T
can be obtained.

The failure rate λm,k(t) of the kth tower of the mth trans-
mission corridor at time tican be expressed as follows:

λm,k(ti) =
⎧
⎨

⎩

0, vm,k(ti) ∈ [0, vd,tower
]

eγ [vm,k(ti)−2vd,tower], vm,k(ti) ∈ [vd,tower, 2vd,tower
]

1, vm,k(ti) ∈ [vex,∞]
(14)

where vm,k(ti) is the real-time wind speed of the kth tower of
the mth transmission corridor at time ti,γ is the model coeffi-
cient, considered to be 0.2 in our model [30], and vd,tower is
the design wind speed of each tower, considered to be 35 m/s
in our model [30].

Since the wind speed at different locations cannot be
directly expressed as a continuous function of time, the total
typhoon duration T can be divided into several shorter periods
based on the integral theory. The wind speed and the failure
rate at each shorter period are then obtained as a constant.
Then, the cumulative failure probability of the kth tower of
the mth transmission corridor in the period T is expressed as

pm,k = 1 − exp

{
−
∫ T

0

[
λm,k/

(
1 − λm,k

)]}
dt

= 1 − exp

{

−
N−1∑

i=0

∫ ti+�t

ti

[
λm,k(ti)/

(
1 − λm,k(ti)

)]
dt

}

= 1 − exp

{

−
N−1∑

i=0

[
λm,k(ti)/

(
1 − λm,k(ti)

)]
�t

}

, (15)

where N is the total number of shorter period, and �t is the
time interval of each shorter period.

The line segment between two adjacent towers is supposed
to suffer from the same wind speed. Therefore, the failure rate
λm,l(t) of the lth line segment of the mth transmission corridor
at time tiis expressed as [31]

λm,l(ti) = exp

[
11 × vm,l(ti)

vd,line
− 18

]
�l, (16)

where vm,l(ti) is the wind speed of the lth line segment of the
mth transmission corridor at time ti, vd,line is the design wind
speed of the line segment, and �l is the length of the lth line
segment.

Accordingly, the cumulative failure probability of the lth
line segment of the mth transmission corridor within the
typhoon duration T is given by

pm,l = 1 − exp

(
−
∫ T

0
λm,ldt

)

= 1 − exp

[

−
N−1∑

i=0

∫ ti+�t

ti
λm,l(ti)dt

]

= 1 − exp

[

−
N−1∑

i=0

λm,l(ti)�t

]

, (17)

Since the transmission towers and line segments are con-
nected in series, the failure of a single tower or line segment

can trip a transmission corridor. Their failures are, however,
considered to be independent of the adjacent ones. According
to the failure probability of the series system, the equivalent
failure probability of the mth transmission corridor is assumed
to be equal to the aggregated failure probability of all towers
and all line segments, which can be obtained by:

pm = 1−
K∏

1

(
1 − pm,k

) L∏

1

(
1 − pm,l

)
, (18)

where K represents the total number of towers across the mth
transmission corridor, and L represents the total number of
line segments across the mth transmission corridor.

C. Resilience Assessment Model of a Transmission System

Analysis of spatiotemporal cumulative failure probabilities
of the transmission corridors can enable planners to determine
the ones that are likely to be damaged by a typhoon, i.e., the
weak points of the system. In this section, a resilience assess-
ment model is developed to quantify the system resilience and
reveal the weak points of the system. From the system per-
spective, the resilience assessment model can anticipate the
expected typhoon-induced load shedding during the planning
time period. If the results are higher than a preset limit, it
means that the planning system is not resilient enough to
survive typhoon strikes. Thereafter, from the perspective of
the system components, the resilience assessment model can
further identify vulnerable transmission corridors that are the
most likely to be severely affected.

1) System Resilience Assessment: In coastal areas,
typhoons may occur every year. So, planners have to take
into account various potential typhoon disasters within the
planning period. The landing sites, paths, and intensities of
such typhoons are, however, likely to be different for each
scenario. In addition, each typhoon disaster may yield differ-
ent failure scenarios and result in different load shedding. To
this end, the system resilience index Rsys is defined as the
expected load shedding of the enumerated failure scenarios
caused by various potential typhoon disasters throughout the
planning period. It can help planners to determine whether
the planning scheme is resilient enough against typhoon
disasters and can be expressed as

Rsys =
W∑

w=1

PwE[Qw], (19)

where Pw is the probability of typhoon w, W is the number of
various potential typhoon disasters, E[ ] is the expected value
of load shedding yielded by typhoon w.

2) Component Resilience Assessment: It is of vital impor-
tance to effectively expand and upgrade the planning system
in order to enhance its resilience against typhoon disasters.
However, it is too costly to strengthen all the transmission
corridors. Therefore, the component index is developed to
determine the vulnerable corridors that may cause severe
load shedding when a typhoon strikes. Generally, the com-
ponent resilience index of the mth transmission corridor can
be obtained by

Rm = Rsys − Rsys
∣∣pw,m=0 , (20)
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where Rsys|pw,m = 0 is the system resilience under the assump-
tion that the mth transmission corridor will never fail under
any typhoon disasters.

This index reflects the increment of system resilience caused
by the failed component. A larger value of Rm indicates that
the failure of the component m is more consequential than
other components, thus making it more critical to overall
resilience of the system. Once the weak points are determined,
multiple enhancement measures can be conducted to reduce
the vulnerability of the planning system against typhoons.

D. Algorithm Implementation

From the long-term planning view, constructing a resilient
transmission system can be achieved via the proposed
framework as shown in Fig. 2. Combinatorial enumeration
method [32] is implemented in the probabilistic typhoon
model to yield various potential typhoon disasters, and
the failure probability of transmission corridors under each
typhoon can be further obtained through the spatiotemporal
fragility model. In the resilience assessment model, the IISE
method [30] is embedded to efficiently compute of the system
and the component indices. It is worth noting that the adoption
of other methods for solving each model does not affect the
applicability of the proposed framework.

1) Combinatorial Enumeration Method: In this paper, the
combinatorial enumeration method is used to generate var-
ious potential typhoon disaster scenarios. According to the
empirical estimates from [27], the original pressure difference
between the center and the periphery of the typhoon is sup-
posed to obey a lognormal probability distribution, and so is
the translational speed. The motion direction is supposed to
obey a binormal probability distribution, while the landing site
along the coast is supposed to obey a uniform probability dis-
tribution. Note that the adoption of other distributions does not
affect the applicability of the proposed framework.

The probability density function of each key parameter is
divided into several equal portions. A group of key parameters
can be enumerated in each segmented interval, and a simu-
lated typhoon disaster can be generated accordingly. Take the
original pressure difference �H0 as an example. The original
pressure difference probability density function is divided into
C equal portions and the segmented interval is cH . �H0,w
is the original pressure difference under typhoon w, and its
occurrence probability can be obtained via

Pr
(
�H0,w

) =
∫ �H0,w+cH/2

�H0,w−cH/2
f (�H0)d�H0, (21)

where Pr( ) is the probability of each parameter, and c is the
length of each portion.

Similarly, the occurrence probabilities of the translational
speed vT,w, the motion direction θw and the landing site along
the coast (x0,w, y0,w) of a typhoon w can also be enumerated.
The occurrence probability of a typhoon w in the given region
can be further obtained by (19), as shown in Fig. 4.

Pw = Pr
(
�H0,w

)
Pr
(
vT,w

)
Pr(θw)Pr

(
x0,w, y0,w

)
, (22)

By substituting each set of key parameters into the typhoon
wind field model from (8) to (13) the wind speed at any point
in the typhoon-affected area can be obtained.

Fig. 4. The occurrence probability of typhoon w.

Then the cumulative failure probability of each corridor
during the typhoon period can be further obtained from the
spatiotemporal fragility model.

2) IISE Method: To balance the computational efficiency
and accuracy of the resilience indices, the IISE method,
developed in our previous works [33]–[35], is employed in
the resilience assessment model. Considering J orders failure
scenarios in each typhoon, the system resilience indices based
on the IISE method are obtained via

Rsys =
W∑

w=1

Pw

J∑

j=1

∑

s∈�
j
A

(
∏

i∈s

pw,i

)

�Iw,s, (23)

where �
j
A is the j order subset of A and s is a failure sce-

nario denoted by a set of corresponding failed transmission
corridors, J is the default order of enumerated failure sce-
nario, pw,i is the failure probability of the ith corridor under
typhoon w, and �Iw,s is the impact-increment of load shed-
ding of the failure scenario s under the typhoon w. Note that
pw,i is obtained using the spatiotemporal fragility model in the
previous subsection.

And by the same way, the component resilience indices
based on the IISE method are obtained via

Rm =
W∑

w=1

Pw

⎡

⎢⎢⎢⎢⎢⎢
⎣

J∑

j=1

∑

s∈�
j
A

(
∏

i∈s

pw,i

)

�Iw,s

−
J∑

j=1

∑

s0∈�
j
A

m/∈s0

⎛

⎝
∏

i∈s0

pw,i

⎞

⎠�Iw,s0

⎤

⎥⎥⎥
⎦

=
W∑

w=1

Pw

J∑

j=1

⎡

⎢⎢⎢
⎣

pw,m

∑

sm∈�
j
A

m∈sm

⎛

⎝
∏

i∈sm

pw,i

⎞

⎠�Iw,sm

⎤

⎥⎥⎥
⎦

, (24)

where s0 is a failure scenario that excludes the mth transmis-
sion corridor, and pw,m is the cumulative failure probability of
the mth transmission corridor under typhoon w. sm is a failure
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Fig. 5. The flow chart of resilience assessment under typhoon disasters.

scenario denoted by a set of corresponding failed transmission
corridors, including the mth transmission corridor.

With the assessment outcomes obtained from our proposed
framework, corresponding resilience enhancement measures
can be conducted, such as building additional transmission
corridors to enable redundant transmission routes for the vul-
nerable corridors, updating the vulnerable corridors with more
robust materials, among others [4].

3) Resilience Assessment Process: The proposed planning-
oriented resilience assessment framework can not only assess
whether the planning scheme makes the transmission system
resilient enough against typhoon disasters, but also can guide
the resilience enhancement measures aiming at the weak link.
The application process of the proposed framework is shown
in Fig. 5.

The system resilience of the planning transmission system
can be obtained through the proposed framework. If the
planning scheme makes the system resilient enough against
typhoon disasters by comparing the preset threshold of system
resilience, the planning scheme can be a candidate. On the
contrary, if the planning scheme does not make the system
more resilient, the enhancement measures, such as expanding
or upgrading the vulnerable transmission corridors, can be con-
ducted to enhance the weak links. The corresponding enhanced
planning scheme can be backtracked to the planning-oriented
resilience assessment framework to re-assess its resilience until
the system is resilient enough against typhoon disasters.

IV. CASE STUDIES

A. Case Scenario

The IEEE RTS-79 is employed to testify the practicality
and effectivity of the proposed framework and method. It con-
sists of 32 overhead transmission corridors and the total load
capacity is 2850MW. System details can be found in [36].
The transformers and cables generally have high structural
reliability against typhoons, so only the transmission corridor
damages are considered.

The coastal areas of Guangdong province are often affected
by typhoons. We attach the IEEE RTS-79 test system on the

Fig. 6. The wiring schematic diagram and the location schematic diagram.

geographic map of Guangdong province. Transmission towers
are assumed to stand every 500 meters along the transmis-
sion corridors. The transmission lines are divided into several
segments with a length of 500 meters. According to [37], the
locations of all line segments and towers can be estimated.
The wiring and location schematic diagrams of the system are
shown in Fig. 6. The yellow cross indicates the location of each
bus, and the blue curve indicates the coastline of Guangdong
province. The simulation time interval is set to 1 hour.

B. Resilience Assessment Under Typhoon Mangkhut

Before considering the probabilistic feature of various
typhoons, an actual typhoon, Mangkhut, is conducted to illus-
trate the calculation process. The original central pressure
difference is 58 hPa, the translational speed is 30 km/h, the
motion direction is west-northwest and the landing site is 21.9◦
N/112.5◦ E [38]. The path of typhoon motion is shown by the
green dotted arrow in Fig. 5. Green circles represent the radius
of maximum wind speed for each hour. Five corridors of differ-
ent sites are randomly selected as examples to demonstrate the
proposed method. They are Corridor-2 (bus 1 to 3), Corridor-8
(bus 4 to 9), Corridor-12 (bus 8 to 9), Corridor-20 (bus 12 to
13) and Corridor-27 (bus 15 to 24). Those corridors contain
both a series of line segments and towers. The wind speeds in
the middle of these corridors are shown in Fig. 7 (a). It can
be seen that the wind speed of different corridors varies with
time as the typhoon moves across the system.

Take Corridor-2 as an example. According to (4), in the
early stage after typhoon landing, the wind speed increases
continuously with the decreasing distance between Corridor-2
and the typhoon center. However, when the distance is less
than the radius of maximum wind, the wind speed begins
to decrease. As the typhoon continues to move, the distance
begins to increase again, but it is still less than the radius of
maximum wind, yielding decreased wind speed. When the dis-
tance continues to increase to the radius of maximum wind,
the wind speed begins to decrease again and further decrease
as the typhoon moves away.

The cumulative failure probabilities of those corridors are
also shown in Fig. 7 (b) and they increase with time. This is
because in the early stage of typhoon landing, the wind speed
increases sharply. Similarly, the cumulative failure probabil-
ity of each transmission corridor also has a similar behavior.
With the movement and attenuation of the typhoon, the wind
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Fig. 7. The wind speed and the cumulative failure probability of corridors.

TABLE I
THE SYSTEM RESILIENCE INDICES UNDER TYPHOON MANGKHUT

speed decreases, and the cumulative failure probability still
increases very slowly. The cumulative failure probability of
the rest corridors can be obtained in the same way.

The corresponding failure scenarios set for the resilience
assessment can then be established. The default order of the
enumerated failure scenario is set to 2 for illustration pur-
poses. Monte Carlo simulation (MCS) method [39] is used as
a benchmark method and the convergence criterion is set to
107 sampled failure scenarios. SE method is implemented for
comparison. Calculation results are listed in Table I, where
IISE2 and SE2 represent the result obtained by the IISE and
the SE methods, which are based on a 2nd order of enumer-
ated failure scenarios. It can be seen from Table I that the
IISE method is more accurate than the SE method with nearly
the same computation time. So, in the following assessment
process, the IISE method will be adopted.

Subsequently, a component-level evaluation is conducted to
determine the weak corridors that are more vulnerable to this
typhoon. Recall that the cumulative failure probability of each
transmission corridor and the impact-increment of each fail-
ure scenario have already been obtained during the calculation
process of the system resilience assessment. The component
resilience indices can be directly obtained without any optimal
power flow calculation and the results are listed in Table II.
These vulnerable corridors are also marked in red in Fig. 5.
The darker the red line is, the more fragile the corridor is.
It can be found that the index of Corridor-27 is larger than
the others, indicating that its failure will result in more severe
consequences under typhoon Mangkhut.

C. Resilience Assessment Under Potential Typhoon Disasters

Using historical data of typhoons, the probability density
function of each key parameter in the given region is obtained.
Such functions are then employed for the probabilistic typhoon
model to calculate the occurrence probability of various poten-
tial typhoon disasters via combinatorial enumeration. Each set
of key parameters only generates a certain typhoon. The key
typhoon parameters of this region are fitted according to the

TABLE II
THE COMPONENT RESILIENCE INDICES

TABLE III
THE COMPONENT RESILIENCE INDICES

tracking data of the tropical cyclone in the Northwest Pacific
provided by the Chinese Meteorological Administrator for the
period from 1949 to 2011, as well as the 2000 geographi-
cal coordinate data of coastline in Guangzhou province [27].
The probability density function of each key parameter is
divided into ten equal portions, and the combinatorial enumer-
ation number is 10000. The resilience indices can be obtained
by repeating the calculation process under each generated
typhoon. The calculation result of the system resilience index
is listed in Tab. III (first row).

For regions that are frequently struck by typhoons, how
to expand, or upgrade them in the planning period is an
issue worthy of further study. Given that the system resilience
index does not indicate which corridors should be expanded
or upgraded, it is necessary to calculate the component
resilience indices to obtain the vulnerable transmission corri-
dors. According to the proposed component resilience indices,
the occurrence probability of each typhoon, the cumula-
tive failure probability of each transmission corridor and the
impact-increment of each failure scenario have been obtained
during the calculation process of the system resilience index.
The results of the component resilience index and the five most
vulnerable corridors are listed in Table III (from the second to
the sixth row). From this data, it is deducible that Corridor-11
is the most vulnerable to typhoon disasters. The results can fur-
ther provide a reference for enhancement strategies to increase
the system resilience to typhoons.

To validate the effect of the component resilience indices
on the implementation of resilience enhancement measures,
two different measures are considered: 1) Expansion: adding
redundant corridor parallel to the vulnerable transmission; and
2) Upgrading: building the transmission corridors with more
robust materials. In the former, an additional corridor is built
in parallel with each vulnerable corridor, while in the latter,
each original corridor is upgraded with more robust material.
Upgrading a corridor is achieved by increasing the designed
wind speed of each line segment and tower. For the sake
of comparison, the percentage of the system index reduction
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TABLE IV
THE ENHANCED SYSTEM RESILIENCE INDICES

is used to evaluate the effects of enhancement under each
scheme.

The system resilience indices of the enhancement schemes
are listed in Table IV. Here, SExp and �SExp denote the
resilience and the corresponding enhancement effect of the
expanding, while SUpg and �SUpg denote the resilience and
the corresponding enhancement effect of the upgrading. The
ranking result of each enhancement scheme is consistent with
the ranking of the component resilience indices. In the case of
limited resources, increasing redundancy in the most vulner-
able corridor is a more effective action than upgrading them.
These results illustrate the role of the component resilience
indices in determining the vulnerable corridors and guiding
the planning schemes toward enhancing the resilience of the
transmission systems.

V. CONCLUSION AND FUTURE WORK

This paper proposes a planning-oriented resilience assess-
ment framework. Firstly, a probabilistic typhoon model is
proposed, which depicts the uncertain features of typhoons
by the probability distribution of key parameters. This allows
us to generate a series of typhoon disasters and their occur-
rence probabilities. Secondly, a spatiotemporal fragility model
of the transmission corridors is constructed considering the
movement and attenuation of the typhoon. Those models
quantify the relationship between the failure probability of
each transmission corridor and the wind speed from both
time and space scales. Finally, a resilience assessment model
is developed to quantify the resilience of the transmission
system from the perspectives of the system and the compo-
nent. Combinatorial enumeration method is introduced into
the probabilistic typhoon model to generate various potential
typhoon disasters, and the failure probability of transmission
corridors under each typhoon can be further obtained via spa-
tiotemporal fragility model. In addition, the IISE method is
embedded into the resilience assessment model to efficiently
compute the system and the component indices.

Numerical results verify the accuracy and efficiency of the
proposed framework. The outcomes can also provide insights
into potential resilience enhancement measures against future
similar or unforeseen typhoon disasters. With the proposed
method, resilient expansion and upgrade of the planning trans-
mission system can be conducted effectively and economically.
In addition, the proposed method can be easily extended to
deal with other extreme events.

The resilience enhancement measures in this paper, such
as expanding or upgrading the vulnerable transmission corri-
dors, belong to the research category of prevention control in

TABLE V
THE BUS INVOLVED WITH THE CORRIDOR

long time scale. However, the restoration in short-time scale
is also an important way to enhance system resilience. In the
future, we will extend our research to address both preven-
tion and restoration enhancement measures. Furthermore, the
impacts of interactions between adjacent components are not
considered in this paper. Since the transmission towers and line
segments are connected in series, the failure of a single tower
or line segment may trip a transmission corridor. The interac-
tions can be considered by a joint probability distribution of
dependent line. We will extend our work to address that.

APPENDIX A
PROBABILITY DENSITY FUNCTIONS OF KEY PARAMETERS

According to the empirical estimates from [28], the original
pressure difference between the center is supposed to obey
a lognormal probability distribution as follows:

f (�H) = 1

�Hσ
√

2π
exp

(

− (ln �H − μ)2

2σ 2

)

, (25)

where μ = 2.9001, σ = 0.6274.

The translational speed of the typhoon is supposed to obey
a lognormal probability distribution as follows:

f (vT) = 1

vTσ
√

2π
exp

(

− (ln vT − μ)2

2σ 2

)

(26)

where μ = 2.6680, σ = 0.5185.

The motion direction is assumed to obey a binormal prob-
ability distribution as follows:

f (θ) = α

σ1
√

2π
exp

[

− (θ − μ1)
2

2σ 2
1

]

+ 1 − α

σ2
√

2π
exp

[

− (θ − μ2)
2

2σ 2
2

]

(27)

where μ1 = −73.3392, μ2 = −7.2084, σ1 = 22.5891, σ2 =
70.3532, α = 0.5035.
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The landing site along the coast is assumed to obey
a uniform probability distribution as follows:

f (x0) = 1

bx − ax
, f (y0) = 1

by − ay
(28)

where (ax, ay) and (bx, by) are the coordinates of the start-
ing and ending points of the coastline of the studied areas,
respectively.

APPENDIX B
THE BUSES INVOLVED WITH THE CORRIDOR

Table V shows the buses involved with each corridor. It
is worth mentioning that corridors 25 and 26, 32 and 33, 34
and 35, 36 and 37 are double circuit transmission ones. The
failures of double circuit transmission corridors are considered
to be independent in our paper.
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