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Electrical Power System Resilience Assessment:
A Comprehensive Approach

Hamed Sabouhi, Aref Doroudi , Mahmud Fotuhi-Firuzabad , Fellow, IEEE, and Mahdi Bashiri

Abstract—Extreme weather events such as earthquake and
hurricane have disastrous consequences on power systems. Due to
the inherent nature of these events, as high-impact low-probability
(HILP) events, selection of an appropriate method that can provide
the effects of weather conditions on the power system behavior
still remains a significant challenge. Resilience is a new concept
that focuses on mitigating the destructive effects of such disastrous
events on power systems. This article provides a fundamental
framework for quantifying and modeling of power systems re-
silience, with focus on high wind incidence. The algorithm composes
of four steps. In the first step, the prerequisites of the analysis are
described. Disaster modeling is carried out in step second and the
transmission line status and system topology obtaining are outlined
in the third step. In the last step, based on optimal power flow
tracing, a novel resilience index is introduced based on axiomatic
design concepts. The core of the main algorithm involves a novel
matrix-based approach to count automatically all possible routes
from generators to loads, considering load importance, before and
after a disruption. The effectiveness of the proposed approach is
illustrated by the IEEE 14-bus system. The proposed methodology
is original and a comprehensive approach.

Index Terms—Axiomatic design concept, high-impact
low-probability (HILP), load importance, power system resilience.

NOMENCLATURE

A,B Assets and busbars.
CA,TA Conversion and transmission assets.
CMCn

,CMTn
Nonsequential constructional conversion
and transmission grid constraint matrix.

CMC ,CMT Conversion and transmission grid
constraint matrix (CGCM and TGCM).

CMn_s,CMs Nonsequential and sequential construc-
tional grid constraint matrix (NSCGCM
and SCGCM).
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CPMi,TPMi Delivery of service conversion and
transmission possibility matrix (DOSCPM
and DOSTPM) for delivery of service i.

CQOFn_s,CQOFs The nonsequential and sequential
constructional quantity of freedom.

DOSj Delivery of service j.
FL(wi), FT (wi) Line and tower failure probability.
LCi(υ1, υ2) Delivering power for delivery of service i.
LCi0(υ1, υ2) Delivering power to load for delivery of

service i in normal operation.
p Number of feasible paths.
RI Resilience index.
RMCn_s ,RMTn_s Nonsequential constructional conversion

and transmission grid relation matrix
(NSCCGRM and NSCTGRM).

RMC ,RMT Conversion and transmission grid relation
matrix (CGRM and TGRM).

RMn_s,RMs Nonsequential and sequential construc-
tional grid relation matrix (NSCGRM and
SCGRM).

RTi Repair time.
SECxi

,SETi
Conversion and transmission service event
matrix for delivery of service i.

SExi Conversion and transmission service event
matrix for delivery of service i.

SE_Cxi,SE_Ti Conversion and transmission service event
matrix for delivery of service i.

sex Service events.
SMCTxi

Sequential constructional grid relation
matrix-conversion, transmission for
delivery of service i.

SMi Sequential constructional grid relation ma-
trix (SCGRM) for delivery of service i.

SMi0 Sequential constructional grid relation ma-
trix for normal operation.

SMTC(x+1)i
Sequential constructional grid relation
matrix-transmission, conversion for
delivery of service i.

SMTTi
Sequential constructional grid relation
matrix—two successive transmissions for
delivery of service i.

Wi,Wj Weighing factor of each load and generator
for delivery of service i.

Wi0 Weighing factor of each load for delivery
of service i in normal operation.

λi, μi Failure rate and repair rate of component i.
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I. INTRODUCTION

E LECTRICAL energy is one of the most important needs of
modern societies. All societies have tried to generate and

transfer more energy with low cost and high reliability. Power
grids are responsible for transferring of electrical energy from
power plants to the electrical loads and are always exposed to
severe environmental conditions, such as earthquake, hurricane,
flood, etc. [1]–[4]. Severe weather in United States which led
to 58% power grid outages between 2003 and 2012, the 2011
earthquake and tsunami in Japan, the 2010 earthquake in Haiti,
and the 2005 hurricanes in the U.S. Gulf of Mexico are examples
of such disasters [5]. In the US–Canada Task Force report [1], the
cascading failures caused great social and economic damages.
These HILP events mostly result in power grid outages and
imposition of heavy financial losses.

Traditional reliability methods measure the performance of
system supplying power to all connected loads. These methods
do not take into consideration the origins of events and also do
not attribute to HILP events. Consequently, it is necessary to
define a new concept for preventing or mitigating the impact of
natural disasters. Studies in this field have led to the emergence of
a novel concept called grid resilience. The concept of resilience
was first raised in psychology [6]. The resilience expresses the
ability of an equipment or a system (or a person) to return to nor-
mal conditions after a major disruption. This concept is divided
into two main categories of static and dynamic. Static resilience
measures the performance of a system after a disruption and it is
independent of time while a dynamic resilience examines how
quickly a system recovers to the normal operation. Some of the
specific power network principles, such as absorption, physical
redundancy, reduce complexity, reorganization, repairability,
localized capacity, and loose coupling can be included in the
resilience analysis [7]. In this article, the absorption principle
was emphasized. Actually, this principle implies that the system
shall be capable of absorbing the magnitude of the disruption
that it encounters.

To quantify the resilience concept, various indices are pre-
sented so far. Generally, four crucial steps are employed to obtain
these indices, which are as follows:

1) Step 1: fulfilling data requirements (e.g., wind profiles);
2) Step 2: disaster modeling;
3) Step 3: equipment status and system topology determina-

tion;
4) Step 4: introducing a resilience index (RI).
In recent years, several resilience studies which were carried

out only considered weather-related incidents (steps 1 and 2)
involving severe thunderstorms, hurricanes, and earthquakes
[8]. Evaluating the impact of extreme weather events on power
systems has also attracted several researchers [9], [10]. These
articles concentrated on the hardening and strengthen activities
such as construction of a redundant route or design change of
power system components. Due to nature of extreme weather
events, the indices proposed in these articles are not able to give
useful information about the operational resilience measures.
After modeling of weather-related events, it is necessary to
quantify and anticipate the impact of weather events on network

topology (step 3). Billinton [11] have highlighted the importance
of employing two adverse weather states, when modeling trans-
mission line failures by Markov processes. The method is then
developed to three [12] and four adverse weather states [13]
to increase the accuracy of the weather modeling. Because of
their complexity, these methods can be only employed in small
grids. However, by increasing the scale and interconnectivity of
modern power grids, it is necessary to predict the weather-related
outage of a whole power system as a function of time-dependent
and independent variables. The predicted outages can be mainly
obtained with the statistical regression-based models such as
accelerated failure time (AFT) [14], multivariate adaptive re-
gression splines [15], and Cox proportional hazards model
(Cox PHM) [16].

After a suitable weather model is found, it is necessary to
introduce a proper index to measure systems resilience (step 4).
There can be found many references devoted to the evaluation
of systems resilience in the psychology, environmental, social,
and organizational fields [17], [18]. The resilience concept is
approximately new in the engineering domain in comparison
to other fields. A novel stochastic network design formulation
for maximizing travel time resilience for roadway networks is
introduced in [19]. The article addressed the three stages of deci-
sion processes of the disaster management life cycle, specifically
pre-event mitigation and preparedness, and postevent response.
The problem of assessing and maximizing the resilience of an
airport’s runway and taxiway networks under multiple potential
damage-meteorological scenarios has been conceptualized and
mathematically formulated as a two-stage stochastic integer
program in [20]. The main purpose is to quickly restore postevent
takeoff and landing capacities to pre-event operational levels
taking into account budgetary, time, space, and physical re-
source limitations. Pant et al. [21] introduced a new multidimen-
sional resilience function that allow multiple resource allocation
scenarios where the static and dynamic resilience indices are
proposed that confirm to well-known resilience concepts of
robustness, rapidity, redundancy, and resourcefulness. A general
metric for quantifying resilience for complex systems as a rela-
tionship of system performance against time has been presented
in [22]. The article described a new model and visual tools
that develop capabilities to determine the resilience behavior
of complex systems.

In power systems context, some reliability indices such as
loss of load frequency, loss of load expectation, and expected
energy not supplied have been employed as a resilience index
[23]–[25]. More recently, some other indices have been proposed
for power system resilience evaluation. The resilience index that
has been presented in [26] is the mismatch between dispatched
power and actual power generated at a specific time throughout
the system. Panteli et al. [27] measured the grid resilience by
a severity risk index to reduce the cascading failures. Farzin
et al. [28] proposed a new resilience index, which can measure
the effectiveness of the proposed outage management scheme in
terms of the expected energy curtailment during a disturbance.

In addition to the abovementioned indices, valuable efforts
have been devoted to provide traditional graph theory metrics
for assessing the grid resilience from a topological point of
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view [29], [30]. However, finding a comprehensive resilience
index for power grids is still a challenging research issue. Some
other resilience indices can be found in [31]–[33] for interested
readers.

In this article, a novel and comprehensive grid resilience as-
sessment framework is proposed from a topological perspective.
A four-step straightforward approach is presented where in the
first step, the prerequisite and the required data for disaster mod-
eling are introduced. With focus on wind events, the required
data are the regional wind speed profiles in the different regions
of the studied grid and the associated reliability data. Disaster
modeling is demonstrated in the second step. The process is
followed by the impact modeling of severe weather conditions
on power grids. The impact is modeled by the fragility curve
based on reliability data and using the Monte Carlo simulations
method. The last step suggests a novel systematic resilience
matrix-based index. The novel index is used based upon an
axiomatic design concept, which is a systematic binary matrix
approach to numerically present the large flexible engineering
systems such as production systems, transportation, and water
distribution networks. The new index systematically enumerates
the feasible paths from sources to destinations based on dc
optimal power flow and axiomatic design concept. In summary,
main contributions of this article are as follows.

1) This article introduces a full systematic binary matrix rep-
resentation for power system apparatus and subsystems.
Adding or removing equipment to and from power net-
works and any remedial actions can be easily implemented
by this approach.

2) It suggests a novel and comprehensive grid resilience
assessment framework from a topological point of view.
It can be applied to all types of power networks.

3) This article provides a novel resilience index for power
grids. It can precisely show the grid status during severe
weather conditions. The index can also easily reflect any
remedial actions and can be used for comparison of net-
works from the resilience point of view.

4) Because of binary matrices used in the algorithm, the pro-
posed index can be so efficient for optimization problems.

5) The proposed algorithm considers loads priority, which is
an important feature of power systems during assessment
of the grid resilience. The loads priority can change power
flow routes and consequently the network resilience.

The rest of the article is organized as follows. Section II
presents the proposed resilience evaluation framework. The
proposed index is calculated in Section III using simulations
on the IEEE 14-bus power system. The concluding remarks of
this article are given in Section IV.

II. POWER GRID RESILIENCE EVALUATION FRAMEWORK

Hollnagel [34] states that “resilience is the ability to maintain
effective barriers that can withstand the impact of adverse agents
and the erosion that is a result of latent conditions.” In general,
resilience indices determine the system resiliency by comparing
the performance of a system before and after disruptions without
focusing on specific system features. The indices can be divided

Fig. 1. General framework for resilience assessment.

into two major groups of deterministic and stochastic [35], [36].
The deterministic indices do not consider uncertainties in the
measuring, whereas the stochastic indices take into account the
probabilistic and random behavior of the system.

The framework of resilience assessment is shown in Fig. 1.
The algorithm is comprised of four steps as fulfilling data
requirements, disaster modeling, line status and system topology
determination, and evaluation of resilience index. This structure
comprehensively covers all the requisite procedures and out-
comes from technical views.

A. Fulfilling Data Requirements for Disaster Modeling

In this step, all data required for the disaster modeling, with
focus on wind events including wind speed profile and reliability
data associated with the transmission lines and towers are pre-
pared. The reliability analysis involves sufficient valid data col-
lection on the technical features of power network components.
The reliability data have been collected from outage reports
in a sufficient and valid data format for lines and towers. The
time-series regional wind profiles are obtained using recorded
statistical data from wind speed at the meteorological station.
For this purpose, wind profiles for several years with an hourly
time resolution are generated, and then a three days, hourly wind
profile is randomly selected among this. These wind profiles
were generated at different regions, and the wind profile with
the maximum wind speeds were then chosen. The hourly wind
profiles are finally scaled up [37], [38].

The fragility curve-based modeling is generally used for as-
sessment of the impact of severe weather conditions on transmis-
sion lines and towers. A fragility function describes the failure
probability of a structure, which depends on a loading that relates
the potential severity of a hazard [39]. All the fragility curves
are in the form of lognormal cumulative distribution functions,
defined in terms of the logarithmic mean and the logarithmic
standard deviation. Fragility curve can be obtained by five ways
including experimental, empirical, analytical, expert judgment,
and combination of these methods. Because of the insufficient
and uncertain wind-related failure data, analytical methods are
the best approaches for obtaining the failure probability of
structural components. These methods employ a structural sim-
ulation model [33]. In order to construct the tower fragility
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Fig. 2. Wind fragility curves related to the transmission lines and towers.

curve, material and geometrical nonlinearities under different
range of wind speed, should be analyzed. For transmission
lines, the empirical statistical data could help to develop the
fragility curve. Fig. 2 illustrates the general fragility curve that
relates the failure probability of the lines and towers to the wind
speed. According to this curve, the impact of wind speeds on
the operational state of lines and towers can be determined.

B. Line Status and System Topology Determination

In order to determine the status of transmission lines and
towers under various weather conditions, the fragility curves
(based on reliability data) and Monte Carlo simulations method
are employed. The procedure is as follows.

1) Step 1: Determine wind speed information at different
regions based on hourly regional wind profiles (wi).

2) Step 2: Compute lines and towers failure probability (wind
intensity) based on wind fragility curve according to

FL(wi) =

⎧
⎪⎨

⎪⎩

1− exp(λLt) if wi < wcritical

FL(wi) if wcritical£wi < wcollapse

1 if wi
3wcollapse

(1)

FT (wi) =

⎧
⎪⎨

⎪⎩

0 if wi < wcritical

FT (wi) if wcritical ≤ wi < wcollapse

1 if wi ≥ wcollapse

(2)

where FL(wi) and FT (wi) describe, respectively, transmission
line and tower failure probability as a function of wind speed,
λL is the “good weather conditions” failure rate, wcritical is the
wind speed at which the network component’s failure probability
picks up, and wcollapse is the wind speed at which the component
has a negligible probability of survival. In this article, wcritical

and wcollapse are considered 30 m/s and 60 m/s, respectively, for
lines. For towers, these parameters are assumed as 45 m/s and
150 m/s, respectively [40].

3) Step 3: Estimate failure patterns and outage durations of
equipment using a sequential Monte Carlo Simulation
method [41]. For all of the components, uniform dis-
tributed random numbers between [0, 1] (randi) are gen-
erated, and compared with the failure probabilities (i.e.,
FL(wi) and FT (wi)) for each hour. If FL(wi) > randi,
a transmission line outage occurs (3). If FT (wi) > randi,

the tower collapses. Single or double circuits’ outage may
happen due to this type of failure (4)

Transmission line outage =

{
0 if FL(wi) < randi
1 if FL(wi) > randi

(3)

tower outage =

{
0 if FT (wi) < randi

1 if FT (wi) > randi.

(4)

After a line or tower outage, the repair time (RT) can be
calculated chronologically using

RTi = − 1

μi
ln(1−R) (5)

where R is a uniformly distributed random number and μi is
the repair rate. It is worth noting that RT of transmission lines
and towers are different. As it is obvious, the RT of equipment
can increase at higher wind speeds. So, in this article, the
three damage levels are defined: low (wi ≤ 20 m/s), medium
(20 m/s ≤ wi ≤ 40 m/s), and severe (wi > 40 m/s) and RT is
determined as the following equation under these conditions:

RTi = − 1

μi
ln(1−R)

=

⎧
⎪⎨

⎪⎩

1− e−1 ≤ R < 1− e−3; if wi ≤ 20m/s

1− e−3 ≤ R < 1− e−5; if 20m/s < wi ≤ 40m/s

1− e−5 ≤ R < 1− e−7; if wi > 40m/s.
(6)

Indeed, a random value within a predetermined range is
multiplied to repair time for each level.

4) Step 4: Repeat steps 2 and 3 in a given time period.
Update the state of all transmission lines based on the
derived failure and repair patterns and their wind-affected
operational state.

5) Step 5: Update the number of Monte Carlo samples iMCS =
iMCS + 1 and repeat steps 1–4. The inherent uncertainty
in the Monte Carlo method can be greatly reduced with a
lot of samples.

6) Step 6: Use dc OPF as a dispatch tool. If priority of
loads is considered, it is necessary to calculate the power
contribution of each generator to each load using power
flow study. This is done by dc OPF and the method has
been proposed in [42].

7) Step 7: Record the change of power grid topology
and components conditions caused by lines and towers
failures.

The flowchart of the abovementioned algorithm is shown in
Fig. 3.

It is worth noting that the complexity and loose coupling are
also necessary taken into account in order to determine the effect
of weather events on the status of equipment [43]. This article
ignores those factors.
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Fig. 3. Resilience evaluation algorithm.

C. Calculation of Axiomatic Design Concept Matrices

This section uses an axiomatic design concept matrix to
present the proposed resilience index. Axiomatic design uses
binary matrices to disengage parameter of the system’s de-
sign from its functional requirements [44]. In this concept,
two essential terms “design parameter” (asset) and “functional
requirement” (process) are primarily defined.

Power grid assets (A) can be generally classified into three
categories of conversion assets (CA), transmission assets (TA),
and busbars (B). These assets can be presented as

A = CA + TA +B. (7)

Conversion assets cover all components that convert energy
from one form to another, whereas transmission assets include
all components that handle the transmission of energy from one
point to another. Generator and electrical loads are examples of
conversion assets and overhead line is an example of transmis-
sion assets. Busbars usually are employed to make a common
connection between several circuits in power grids.

Power grid processes can be also classified into two main
categories of conversion processes and transmission processes.
A conversion process converts energy from one form to another,

whereas the transmission process transmits energy from one area
to another. For example, compression, combustion, generation,
and consumption are the types of conversion processes.

In axiomatic design concept, the binary matrix that describes
power network design and structure is called as a relation matrix
(RM). In fact, this matrix map a set of power grid processes
to their assets. Two binary relation matrices can be defined as
follows [45].

1) Conversion grid relation matrix (RMC): This matrix
shows the relation between conversion assets and their
processes.

2) Transmission grid relation matrix (RMT ): This matrix
shows association between transmission asset and its
processes.

Each entry of these matrices is called an event that shows a
feasible combination of a process and an asset.

In order to apply power grid constraints, constraint matrices
with the same dimensions of the relation matrices should also
be defined. By default, all entries of the constraint matrix are
zero. To include the power network constraints such as targeted
shooting of transformers, intentional downing of power lines
or restriction of transmission of ac power into dc lines, it is
only necessary to change the relevant entries of the constraint
matrices from zero to one.

The abovementioned relation and constraint matrices can
be combined to quantify the capabilities of power grids. For
this purpose, constructional quantity of freedom (CQOF) that
measures the capabilities of power grid assets is defined. The
concept of CQOF was basically extracted on the basis of the
mechanical degree of freedom. CQOF can be employed to
describe delivery of service configuration of an electrical grid.
By their dependence on the sequence of execution, the CQOF
is classified into two categories: sequential and nonsequen-
tial. Sequential CQOF provides a sequence dependent measure
of the capabilities, whereas nonsequential CQOF ignores the
sequence.

1) Nonsequential CQOF: Nonsequential CQOF relin-
quishes sequence of its processes. In order to determine the
nonsequential constructional grid RM (RMn_s), conversion
and transmission grid relation matrices should be combined
together via [46]

RMn_s =

[
RMC | 0

RMT

]

. (8)

The nonsequential constructional grid constraint matrix
(CMn_s) can be also obtained with the same concept using

CMn_s =

[
CMC | 1

CMT

]

. (9)

The nonsequential CQOF can be then calculated via (10).
Broadly speaking, the nonsequential CQOF measures the num-
ber of way that all of the processes may be executed

CQOFn_s =

n(P )∑

ϑ=1

n(A)∑

σ=1

[RMn_s(1− CMn_s)] (10)

where the operator n() gives the size of a set.
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2) Sequential CQOF: Sequential CQOF provides a sequen-
tial measure of capabilities in a power grid. A series of processes
must be done sequentially so as to generate and deliver power
to consumers. A matrix is required to display the sequence
of specified executing processes. The sequential constructional
grid relation matrix (RMs) is a square binary matrix that shows
the sequence of the processes and can be calculated as [47]

RMs = [RMn_s(1− CMn_s)]
V [RMn_s(1− CMn_s)]

V T

(11)
where []V and []T show matrix vectorization and transpose,
respectively. When the sequential CQOF is calculated by (11),
a number of “one” entries are generated, which are unwanted.
They must be removed from the matrix. For this purpose, a
sequential constructional grid constraint matrix (SCGCM) is
defined. SCGCM (CMs) is a binary matrix of size n(P) × n(A)
whose entry is equal to one under the following conditions.

1) Two successive conversion’s events do not occur at the
same assets.

2) A transmission event does not follow a conversion event.
3) A conversion event does not follow a transmission event.
4) Two transmission events do not fall in at the same busbar.
Actually, SCGCM guarantees that the origin and the des-

tination of two consecutive processes are matched together.
Calculation of these minimal constraints has been proposed in
[48]. The sequential CQOF can then be calculated as

CQOFs =

(n(P )×(A))2∑

ρ1=1

(n(P )×(A))2∑

ρ2=1

[RMs(1− CMs)]. (12)

Now, the abovementioned quantified power system capabili-
ties should be related to the outputs (delivery of services). To do
this, mathematical calculations are performed to determine the
paths leading to these outputs. To begin, it is necessary to define
“delivery of service (DOS),” “service event (SE),” and “delivery
of service possibility (DOSP).”

Power system provides a set of DOSs that each DOS consists
of a set of SE (sexj). These SEs, when all are executed, lead to
delivery of power to consumer. A DOS may be written as

DOSj = sex1, sex2, sex3, . . . , sexn (13)

where sex1, sex1, sex2, . . . sexn are a set of service events, a
DOSj is a given DOS.

DOSP is the possibility of a given DOS on an SE-to-SE basis.
It is necessary to define a new matrix to indicate whether a
sequence of SEs can realize a DOS (possibility) or not. The
possibility can be captured in the following two binary matrices
for each DOS.

1) Delivery of service conversion possibility matrix
(DOSCPM): For a given DOSj , a binary matrix CPMi

of size n(sej)× n(Pc) whose entry is equal to one if the
SE realizes the conversion process.

2) Delivery of service transmission possibility matrix
(DOSTPM): For a given DOSj , a binary matrix TPMi

of size 1× n(PT ) whose entry is equal to one if the SE
realizes the transmission process.

From these definitions, the conversion and transmission ser-
vice event matrices for a given DOSj are respectively, expressed
as [49]

SE_Cxi =
[
1n (CA)seTx CPMi

]T
(14)

SE_Ti =
[
1n(A)Kron(TPMi,1

n(T.P )T )
]T

(15)

where Kron is the Kronecker tensor product, and 1n is a column
ones vector with length n. The conversion and transmission
service event matrices should be combined together via

SExi =

[
SE_Cxi | 0

SE_Ti

]

. (16)

By the appropriate replacement of SE_Cxi or SE_Ti with zero
matrices in (16), the conversion and transmission service event
matrices can be calculated as follows:

SECxi
=

[
SE_Cxi | 0

0

]

(17)

SETi
=

[
0 | 0

SE_Ti

]

. (18)

D. Proposed Resilience Index

The previous background allows for the introducing a proper
resilience index for power grids which is based on full enu-
meration of possibility paths for each DOS. For this purpose,
a sequence of events must occur in power grids, continuously.
Actually, electrical power must be generated at a power plant
through conversion events, and then is transmitted through
transmission lines with transmission events via one or more
successive transmission events. Finally, in order to deliver power
to a load, the successive transmission events end to the load
through conversion events. For any reason, if any of these
consecutive events do not occur, the power transmission process
from a power plant to an electrical load would not be done in
a fair and reasonable manner and as a consequence, power grid
resilience decreases. In order to quantify the resilience index, it
is necessary to define path enumeration in terms of three types
of SCQOF as follows [50].

1) A transmission event follows a conversion event that can
be assessed as

SMCTxi
=

[
[SECxi

RMCn_s(1− CMCn_s)]
V

×[SETi
RMTn_s(1− CMTn_s)]

V T
]

× [1− CMs] .

(19)

2) Two successive transmission events that can be evaluated
as

SMTTi
=

[
[SETi

· RMTn_s(1− CMTn_s)]
V

×[SETi
RMTn_s(1− CMTn_s)]

V T
]
.

× [1− CMs]

(20)
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3) A conversion event follows a transmission event that can
be checked through

SMTC(x+1)i
=

[
[SET(x+1)i

RMTn_s(1− CMTn_s)]
V

×[SEC(x+1)i
RMCn_s(1− CMCn_s)]

V T
]

× [1− CMs]
(21)

where x and x + 1 are the indices of sequential service events,
and i indicates a specified DOS. In the above-stated equations,
RMCn_s and RMTn_s can be calculated by the appropriate re-
placement of RMC or RMT with zero matrices in (8). Similarly,
CMCn_s and CMTn_s can be calculated by the appropriate
replacement of CMC or CMT with zero matrices in (9).

To determine the number of possible paths for DOSi, (19)–
(21) should be multiplied together via

SMi =

P∑

p=1

SMCTxi
((SMTTi

)p) SMTC(x+1)i
(22)

where p is number of possible paths for each of DOS. The
sequential constructional grid relation matrix (SMi) represents
the summation of possible paths over p. The ratio between the
numbers of possible paths before disruption unfold (normal op-
eration conditions) and after that can be assumed as a resilience
index. Equation (22) does not consider some of the important
power grid problems such as loads and generators capacities,
loads and generator priorities, and transmission lines congestion.

The factors that should be considered in the processes of
generation and delivering power are power rating of generators
and some predetermined priority based on the importance of
a load or generator. Furthermore, there is some restriction of
delivering power to loads due to the capacity limitation
of transmission lines (congestion). To address these limitations,
a new and modified resilience index is proposed as in (23),
shown at the bottom of this page, where bin[] is a binary
function that returns “one” for all positive values, and returns
“zero” otherwise, subscript i0 shows normal conditions (before
disruption unfold), LCi(v1, v2) is the delivering power to ith
load, Wi and Wj are the load and generator weighting factor,
respectively, for a given DOSi. Indeed, coefficients Wi and Wj

cover loads and generator priorities. The effect of transmission
lines congestion is also considered by the dc OPF problem via
LCi(v1, v2). The new index is normalized and fall in between 0
and 1. The Zero value represents the least resilience, and the unit
value shows the maximum. It is worth noting that the proposed
index calculates the power grid resilience at each time unit (e.g.,
hour). In order to evaluate power grid resilience over a period
of time, the area under the resilience curve versus time should
be determined. As the maximum value of the proposed index is
equal to the supplied power, the area below the curve represents
total amount of supplied energy by the network.

Fig. 4. Single-line diagram of the IEEE 14-bus system including weather
regions.

It is of vital need to determine the difference between trig-
ger events and root causes in resilience evaluation. The root
causes define the origins and the most basic causes for a severe
event (such as limited understanding of the system, deficient
vegetation management, and complexity and tight coupling),
whereas the trigger events represent the reason for the start of
that event (winds, flood, earthquake, etc.). Since in the proposed
index, the ratio between the numbers of feasible paths before
and after disruption unfold is considered, this index ignores root
causes and only reflects the trigger events. Root causes analysis
is a structural procedure and used for recognition the failure
causes and its effects. This procedure helps prevent the failure
reoccurring and consequences and consequently enhance the
network resilience.

III. RESULTS AND DISCUSSIONS

This section presents the proposed resilience evaluation ap-
proach, with the impact modelling of severe windstorm on a
modified version of the IEEE 14-bus system. The modified
network (shown in Fig. 4) consists of 20 lines and 14 buses,
including 2 generator buses and 10 load buses. The grid has
both HV and MV networks [51]. Without loss of generality, the
length of all lines is assumed 1 km. Number of towers for each
line is shown in Fig. 4.

The following assumptions are considered.
1) A simulation period of three days is selected (i.e., 72 h).

The number of Monte Carlo samples is 100.
2) The IEEE 14-bus power system is arbitrarily divided into

three weather regions (see Fig. 4) to model the regional
impact of the wind event. The assumed reliability data

RI =

∑n(G)
j=1

∑n(DOS)
i=1

∑n(row)
υ1=1

∑n(column)
υ2=1 Wj ×Wi × LCi(υ1, υ2)

SMi

SMi0
∑n(G)

j=1

∑n(DOS)
i=1

∑n(row)
υ1=1

∑n(column)
υ2=1 Wj0 ×Wi0 × LCi0(υ1, υ2)bin [SMi]

(23)
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TABLE I
RELIABILITY DATA OF LINES AND TOWERS IN EACH REGION

Fig. 5. Hourly regional wind profiles.

of towers and lines for each weather region are shown in
Table I.

3) Hourly regional wind profiles were generated randomly at
different locations and presented in Fig. 5.

4) When a transmission line encounters two weather regions
and experiencing different wind conditions in each region,
the worst weather condition is considered.

5) The generator weighting factors to be the same.
6) All the generation units are resilient in exposure to wind.
7) Before disruptions unfold, the NSCGCM is initially set to

zero (CMn_s = 0).
8) The SCGCM (CMs) has the minimal constraints based on

the relationship between input and output events.
9) As the number of generators and loads are 2 and 11 in

the simulated network, respectively, the number of the
delivery of power from each generator to each load (DOS)
is equals to 22.

Based on these assumptions, RMC, RMT , RMn_s and CPMs
for each DOS are then calculated. First, all load importance
factors are assumed to be the same. The resilience indices for two
different cases are calculated: both lines and towers failures are
considered [see Fig. 6(a)] and only lines failures are taken into
account [see Fig. 6(b)]. As expected, the figures show that when
towers failures are taken into account, the power grid resilience
is greatly reduced.

The area under the resilience curve versus time represents the
total amount of supplied energy by the network. If difference
between the two mentioned indices (35.6360 − 33.4573 =
2.1787) are calculated and then it is converted to the amount of
supplied energy by the network, this is equivalent to 564.3 MWh.
This amount of energy is so considerable.

It is worth noting that RI value is the mean value of the N
Monte Carlo estimated values. For more clarity, the standard
deviation and the coefficient of variation (CV) are also shown in

Fig. 6. Grid resilience index with the standard deviation (σ) and the CV
(a) when both line and towers failures are considered and (b) when only lines
failures are included.

Fig. 7. Comparison of the proposed resilience index under different critical
loads.

Figs. 6(a) and (b). As shown in the figures, these values are very
small and this shows that all data are close to the mean value of
RI. In spite of this, the calculated resilience indices have been
verified by the adequate hypothesis test.

To illustrate the effect of loads priority in grid resilience,
weighing factor of one of the loads (critical load) is assumed
to be higher than the other loads and the proposed resilience
index is calculated. This is done for each of the load and the
results are shown in Fig. 7. As it can be seen, when the loads
importance is taken into account, the overall system resilience
index may change due to factors such as wind speed profile in
various regions and different lines and towers failure rates and
repair times. The figure shows that when the load #2 is a critical
load, the grid is in its least resilience value. This is because the
load #2 is the largest load and this load is supplied from the
lines that are all located in region 3. This region has the longest
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Fig. 8. Effect of the redundancy enhancement strategy on power grid
resilience.

line repair time. Also, these lines have a significant number of
towers. As a result, value of resilience is considerably reduced.

On the other hand, if the loads located in MV network are
chosen as the critical load, since it can be supplied by several
DOSs (which includes lines with a low number of towers), the
proposed resilience index goes higher.

In order to show the effect of wind speed profile on the power
grid resilience, the hourly wind profiles in Fig. 5 are scaled up
by 1.4 and then the proposed resilience index is calculated. The
new resilience value is 7.8706. It is evident that the higher the
wind speed, the smaller the grid resilience.

Remedial actions have positive impact on grid resilience
enhancement. In order to show the impact of remedial actions on
the grid resilience, the following actions are considered: adding
one transmission line in parallel with the most critical line and
decreasing repair time using the same multiplication factor for
all lines and towers.

As the line 5–6 connects the HV and MV networks by only one
transformer, its failure has the greatest impact on the network
behavior. Therefore, a transformer with the same ratings is added
between the buses #5 and #6. Fig. 8 shows the proposed re-
silience index with different critical loads when a redundant path
is added between the buses #5 and #6. As shown, by applying this
remedial action, the overall grid resilience increases. It should
be noted that the resilience after adding the redundant path
resulted in resilience reduction for some loads, such as third,
seventh, and eleventh. The system resilience index depends on
some factors such as wind speed profile in various regions and
different lines and towers failure rates and repair times. All
the three mentioned loads have the longest repair time. Also,
since the main path for supplying these loads is the line 2–4 and
adding a parallel line with line 5–6 has no effect on this path, the
reduction in resilience for these loads is reasonable. The overall
grid resilience was calculated based on average of all loads. The
overall grid resilience in Fig. 8 is equivalent to 28.165 and in
Fig. 7 is equivalent to 27.791.

The effect of repair time on grid resilience is also demon-
strated in Table II. The table reveals that the grid resilience
significantly decreases as the repair time is increased.

As mentioned in the introduction, limited studies where re-
ported deal with comprehensive resilience Index. However, in
[23], a resilience assessment approach was introduced for power
system through three independent periods; before, during, and
after disaster unfold. For comparison of the index of [23] with

TABLE II
EFFECT OF REPAIR TIME ON GRID RESILIENCE

the index of this article, some simplifying assumptions must be
made which are as follows.

1) There is only one weather region in the studied area.
2) Hourly regional wind profiles were not considered in [23].

So, the wind speed is assumed constant over time and equal
to 38 m/s (the value which was chosen in [23]).

3) All the towers are assumed to be resilient in exposure
to wind event and only transmission lines failures are
considered. Furthermore, it is assumed that only three lines
may be failed, including lines 1–5, 2–4, and 5–6.

4) The simulation does not consider loads and generators
priorities during assessment of the grid resilience (as in
[23]).

5) Equation (14) in [23] (CLLP) is used for comparison with
our index (RI)

CLLP =

∑Nb

b=1 (Lnl,b − Ldl,b)
∑Nb

b=1 Lnl,b

= 0.1528. (24)

Our resilience index can be calculated as in (23): RI= 0.8472,
and we have RI = 1–CLLP = 1–0.1528 = 0.8472 as expected.

IV. CONCLUSION

In order to evaluate and quantify the resilience of power
grids, a novel matrix-based approach is introduced. For this
purpose, first, the disaster modeling is illustrated. Then, the
approach is followed by the impact modeling of severe weather
conditions on the transmission grids. The impact is modeled
with the fragility curves based on reliability data and using the
Monte Carlo simulations method. Finally, a novel systematic
resilience matrix-based index was suggested that considers the
loads and generator priorities and transmission lines congestion.
The proposed approach is tested on the IEEE 14-bus system and
the resilience index is calculated under different conditions. The
index presented in this article has also described and demon-
strated the effect of various remedial actions.

Although the proposed method may have similarities with
traditional graph theory, such as shortest path length, but there
are some major differences. For example, this approach con-
siders the explicit description of multiple transmission nodes
and assets with multiple conversion processes. The presented
approach would help the power grid operators and asset in-
vestment manager to prepare against natural disasters. The
identified resilience measure would take the lead in planning,
robustness, and hardening of the power system. Future works can
be on the development of new formulations considering type of
transmission process, storage resources, and various types of ac
and dc loads that are compatible with the proposed approach.
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