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Abstract—Boosting the resilience of power systems is one of the
core requirements of smart grid. In this paper, an integrated re-
silience response framework is proposed, which not only links the
situational awareness with resilience enhancement, but also pro-
vides effective and efficient responses in both preventive and emer-
gency states. The core of the proposed framework is a two-stage
robust mixed-integer optimization model, whose mathematical for-
mulation is presented in this paper as well. To solve the above
model, an algorithm based on the nested column-and-constraint
generation decomposition is provided, and computational effi-
ciency improvement techniques are proposed. Preventive response
in this paper considers generator re-dispatch and topology switch-
ing, while emergency response includes generator re-dispatch,
topology switching and load shedding. Several numerical simu-
lations validate the effectiveness of the proposed framework and
the efficiency of the solution methodology. Key findings include
the following: 1) in terms of enhancing power grid resilience, the
integrated resilience response is preferable to both independent
preventive response and independent emergency response; 2) the
power grid resilience could be further enhanced by utilizing topol-
ogy switching in the integrated resilience response.

Index Terms—Blackouts, emergency response, generator re-
dispatch, integrated resilience response, load shedding, natural
disasters, optimization, preventive response, resilience, resilience
definition, resilience enhancement, resiliency, robust optimization,
situational awareness, topology switching.

I. INTRODUCTION

A S a direct impact of climate change, the frequency and
intensity of natural disasters have largely increased over

the past decades and are expected to continuously increase in
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the future [1]. Natural disasters can cause power outages; in fact,
they are the leading cause of blackouts (e.g., 80% of all major
power outages between 2003-2012 were caused by natural dis-
asters [2]), which affect millions of people and cost the U.S.
economy alone billions of dollars each year [3]. With other in-
frastructures and our society as a whole increasingly depending
on electricity [4], it is vitally important to provide continuous
electric power, especially against natural disasters.

To make the power grid stronger and smarter against natu-
ral disasters, the concept of resilience was recently introduced
[3]–[7]. It is different from the concept of reliability; the focus
of reliability is on high-probability events, while the focus of
resilience is on high-impact events. However, although there is
wide agreement in both academia and industry that power grid
resilience enhancement is of key importance [3], [5]–[7], there
is no agreement yet on the resilience definition. In the litera-
ture, over 70 definitions for resilience can be found in different
disciplines [8], and some of them are completely different from
others. But, as [8] pointed out, these definitions vary between
two features: adaptation and recovery. Here, by “adaptation”
we mean the process of changing in oder to make the system
suitable for a new situation, and “recovery” means the process
of returning to a normal condition after a period of disturbance.
In the context of power systems, these two features could also
be found among all the different definitions [4]–[7]. Thus, in
this paper, we propose defining the power grid resilience as the
ability of power grids to adapt to disaster scenarios and recover
to pre-disaster states.

Based on the above definition of resilience, resilience en-
hancement strategies could be categorized into two groups: en-
hancing the adaptation ability and enhancing the recovery abil-
ity. On the other hand, following the traditional classification of
power system practices, these strategies can also be categorized
from the perspective of planning and from the perspective of
operation, while the operation strategies can be further divided
by the three operating states—preventive state, emergency state,
and restorative state [9]—that power grids will go through. As
a result, we have in total four types of power grid resilience
enhancement strategies (i.e., resilience planning, preventive re-
sponse, emergency response, and resilience restoration), as de-
picted in Fig. 1.

Generally, resilience planning includes hardening [3], veg-
etation management [10], distributed generation resource al-
location [11], and so forth. These are important to enhance
power grid resilience, but this paper will focus on the operation
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Fig. 1. The milestones of resilience enhancement strategies. Here, the scope
of this paper is outlined in the red arrow shape, and the blue storm image
indicates natural disasters.

strategies, because they as the “smarter” measures could pro-
vide more specific and therefore more cost-effective strategies
than resilience planning [6]. Resilience restoration will also not
be discussed here, as the focus of this paper is on the adaptation
ability of power grids. There are many interesting works on the
resilience restoration, and readers interested in it are referred to
[7], [12], [13]. To conclude, this paper aims to enhance the re-
silience adaptation ability of power grids from the perspective of
operation. Therefore only preventive response and emergency
response, which can be collectively called resilience response,
will be included. The red arrow shape in Fig. 1 shows the scope
of this paper.

In general, preventive response is comprised of the actions
available before disaster scenarios unfold, and emergency re-
sponse comprises the actions taken in the aftermath of a disas-
ter. For simplicity, only the indispensable components of power
grids (i.e., generators, transmission lines, and loads) will be
taken into account in this paper, and other facilities, for ex-
ample, the emerging energy storage [14], are not considered.
Accordingly, the specific strategies we will consider include
generator re-dispatch, topology switching, and load shedding.
As power grids in the preventive state are being operated to sat-
isfy all the demands without violating any operating constraints
[9], load shedding is considered only in the emergency state.
Generator re-dispatch and topology switching can be utilized in
both preventive and emergency states, but evidently the emer-
gency state will have fewer resources than the preventive state.
Nevertheless, although preventive response and emergency re-
sponse both have resources to enhance power grid resilience,
they are traditionally deployed independently.

To further enhance the power grid resilience, this paper pro-
poses integrating the preventive response and emergency re-
sponse. Other models that boost the power grid resilience from
the perspective of operation can also be found in the litera-
ture [15]–[20], but they mainly utilize only independent emer-
gency response. Independent preventive response is often not
adequate to keep the generation-demand balance after natural
disasters unfold, and this will be verified in Section V. On the
other hand, the topology switching we will investigate is also
distinguished from that in the literature. The widely discussed
topology switching in the literature is in fact the in-service lines
(ISLs) switch off [21]–[26], but with the development of new fa-
cilities against natural disasters, the out-of-service lines (OSLs)
switch on (e.g., the backup transmission lines [27]) has emerged,

and this will be considered along with the ISLs switch off in
this paper. Other possible implementations of OSLs switch on in
the preventive state include: 1) restoring the outage-scheduled
transmission lines [28], 2) rescheduling or canceling the outage
schedules [29].

The main contributions of this paper are as follows:
1) An integrated resilience response (IRR) framework is pro-

posed to integrate the preventive response and emergency
response. With the proposed IRR framework, situational
awareness and resilience enhancement are directly linked.

2) The mathematical formulation of the core of the proposed
IRR framework, which is a two-stage robust mixed-integer
optimization (RoMIO) model, is proposed to support the
decision-making process. With the RoMIO model, both
the preventive response strategy and the emergency re-
sponse strategy can be derived.

3) To solve the RoMIO model, a solution methodology based
on the nested column-and-constraint generation decompo-
sition is presented, and computational efficiency improve-
ment techniques are also provided.

Through the research conducted in this paper, two key find-
ings can be made:

1) In terms of enhancing power grid resilience, the integrated
resilience response is preferable to both independent pre-
ventive response and independent emergency response.

2) The power grid resilience could be further enhanced by
utilizing topology switching in the integrated resilience
response.

The remainder of this paper is organized as follows. Section II
describes the IRR framework. Section III presents the mathe-
matical formulation of the RoMIO model. Section IV gives the
solution methodology for the RoMIO model. Section V provides
case studies along with analysis. Section VI contains a brief dis-
cussion of practical implications. The conclusion is drawn in
Section VII.

II. CONCEPTUAL FRAMEWORK

The IRR framework is based on the situational awareness,
which will be discussed in Section II-A. Then, conceptual frame-
work of the IRR will be given in Section II-B.

A. Situational Awareness

Situational awareness provides critical information about
power grids and natural disasters, which is the foundation for
resilience response decision making. In the situational aware-
ness, power outage prediction is of vital importance because it
connects power grids to natural disasters.

Power outage prediction is a multidisciplinary research field.
It is often accomplished through the development of power out-
age prediction models based on parameters of natural disasters.
For example, to predict storm-related power outages, storm data
including wind, rainfall, and storm surge are used as inputs to a
regression model in [30]. Since this paper aims to investigate the
resilience response strategies based on the results of power out-
age prediction, we here do not specify the particular prediction
model or disaster data that are used to predict power outages;
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Fig. 2. The integrated resilience response framework.

instead, we focus on the damage from natural disasters in this
paper. The storm will be used as an example, as it is one of the
most severe natural disasters [7].

While there is an underlying assumption in this paper that
the situational awareness is sufficient, insufficient situational
awareness could also impact the power grid resilience. Gener-
ally, delayed, incorrect or deficient resilience response may be
derived with insufficient situational awareness. This is another
interesting topic for research, and readers that are interested in
it are referred to [31]–[33].

B. The Integrated Resilience Response Framework

Based on the situational awareness, here we propose the IRR
framework to enhance power grid resilience. The flow chart of
the framework is depicted in Fig. 2, and the response process is
summarized as follows:

1) Situational awareness: Activate the IRR framework when
the disaster is brewing. Update the disaster forecast in-
formation from national meteorological services or local
weather forecast offices, and obtain the power outage pre-
diction based on it. Gather the obtained power outage pre-
diction results and the latest information of power grids
(including the network topology and system parameters),
and they will serve as inputs to the next stage.

2) Preventive response: Run the RoMIO model, whose math-
ematical formulation will be presented in Section III,
to derive effective preventive and emergency response
strategies. Speedily perform the derived preventive re-
sponse when it is available, and retain the emergency
response strategies in accord with possible worst disaster
scenario(s) for the next stage.

3) Emergency response: Check whether the realized disas-
ter scenario is retained during the preventive response
stage. If retained, the corresponding emergency response
strategy previously derived from the RoMIO model will
be immediately performed; otherwise, run the RoMIO-
E model, which is the emergency response module of the
RoMIO model and will be presented in Section III as well,

then perform the derived emergency response. When the
emergency response has been performed, deactivate the
framework for future use.

Considering the provided data from SCADA and WAMS, in
this paper we will take into account the following system pa-
rameters: loads at each bus, initial generator outputs, generator
capacities, generator ramp-up limits, transmission line capac-
ities, and transmission line parameters. The network topology
data that we will take into account include the bus locations and
the transmission line status.

Some natural disasters can sweep across a large area for a rel-
atively long period of time. To capture this spatial and temporal
dynamics of natural disasters, time horizon should be consid-
ered in the IRR framework, and the above response process
could then work in a rolling manner. But here we will focus
on the integration of preventive and emergency responses with-
out introducing the rolling mode, thus no time horizon will be
considered in this paper.

III. MATHEMATICAL FORMULATION

The mathematical formulation of the RoMIO model is pre-
sented in this section. Sections III-A–III-C pertain to the model-
ing of preventive response, damage from natural disasters, and
emergency response, respectively. The entire RoMIO model and
its abstract mathematical formulation are given in Section III-D.

A. Preventive Response

As previously mentioned, power grids in the preventive state
are being operated to satisfy all the demands without violating
any operating constraints. From an economic point of view, the
minimum-cost operating point of the system is optimal. But
to enhance the power grid resilience, the load shedding cost
in the emergency state should also be considered during the
preventive state. Hence the objective of the preventive response
in the RoMIO model is:

min
∑

g∈G
cgp

a
g +

∑

d∈D
cdp

c
d,s , (1)

where cg is the offer price of generator g, cd is the shedding
price of load d, pa

g is the power output of generator g in the
preventive state, and pc

d,s is the power shed of load d in the
emergency state.

Based on the traditional DC power flow model, the power
balance within power grids is described as follows:
∑

g∈Gi

pa
g −

∑

(i,j )∈Li

pa
ij =

∑

d∈Di

Pd , i ∈ B (2)

(sa
ij − 1)Mij ≤ pa

ij + Bij θ
a
ij ≤ (1 − sa

ij )Mij , (i, j) ∈ L, (3)

where (2) represents power balance constraints for each bus, and
(3) represents power balance constraints for each transmission
line. Note that the modeling of topology switching has already
been included in (3). Here, generator output pa

g and transmis-
sion line status sa

ij are independent variables, line flow pa
ij and

voltage angle θa
i are dependent variables. Pd is the power de-

mand of load d, Bij = −1/Xij , where Xij is the reactance of
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transmission line (i, j), and Mij is a big M constant for trans-
mission line (i, j), which can be easily chosen, for example, by
Mij = Pmax

ij − Bij (Θmax
i − Θmin

j ).
Following the convention in [23], [24], [34], each generator

capacity is limited as follows:

pa
g ≤ Pmax

g , g ∈ G. (4)

In addition, the generators are subject to ramp-up constraints:

pa
g − p0

g ≤ Pa,max
g , g ∈ G. (5)

Here, Pmax
g is the generator capacity, p0

g is the initial generator
output, and Pa,max

g is the generator ramp-up capacity in the
preventive state. The ramp-down constraints are ignored, as the
focus of this paper is on power grid damage induced by natural
disasters, which cause capacity deficiencies, not surpluses [34].

Each transmission line is limited as follows:

− Pmax
ij sa

ij ≤ pa
ij ≤ Pmax

ij sa
ij , (i, j) ∈ L, (6)

and each bus should meet the voltage angle limits:

Θmin
i ≤ θa

i ≤ Θmax
i , i ∈ B. (7)

Furthermore, although the resources are usually less limited
in the preventive state than that in the emergency state, the
number of ISLs that we can switch off and the number of OSLs
that we can switch on are still limited against natural disasters.
As a result, we have:

∑

(i,j )∈L
s0

ij (1 − sa
ij ) ≤ Ka

I (8)

∑

(i,j )∈L
(1 − s0

ij )s
a
ij ≤ Ka

O , (9)

where s0
ij represents the initial state of transmission line (i, j),

Ka
I and Ka

O are the quantity limits for the ISLs switch off and
OSLs switch on respectively. After the employment of preven-
tive response, transmission line (i, j) is in service if sa

ij = 1 and
out of service if sa

ij = 0.

B. Damage From Natural Disasters

Damage from natural disasters can cause load shedding, and
the worst disaster scenario satisfies the following function:

max
∑

d∈D
pc

d,s . (10)

Based on the natural disaster information, statistical models
and simulation models can be utilized to predict power outages.
This process corresponds to the situational awareness, which
we previously discussed in Section II. As the focus of this paper
is on investigating the resilience response strategies based on
the results of power outage prediction, we do not specify the
particular prediction model or disaster data that are used to
predict power outages. Instead, we focus on the damage from
natural disasters in this paper. For brevity, the damage from
storms will be modeled here.

As the strength of storms could be reflected by the number
of damaged transmission lines [11], and many existing works
(e.g., [30]) that aim to assess the impact of storms on power grids

using statistical methods also estimate the aggregated number
of damage within a given area, we here assume the strength of
storms is predictable and the estimated maximum number of
damaged transmission lines is known. Accordingly, the damage
from storms can be modeled by an uncertainty set based on the
estimated maximum number of damaged transmission lines as
follows:

∑

(i,j )∈L
(1 − sb

ij ) ≤ Kb, (11)

where Kb is the estimated maximum number of damaged trans-
mission lines, sb

ij = 0 indicates that line (i, j) will be damaged
and sb

ij = 1 indicates it will not be damaged.
The uncertainty set based on Kb is used because it is a

tractable method given that the statistical information of dam-
aged transmission lines is difficult to obtain. We here model the
transmission lines because they are the most commonly dam-
aged electricity infrastructures against storms [35]. The damage
from other natural disasters could be similarly modeled. Specif-
ically, for those natural disasters that have similar effects of
storms and will damage transmission lines (e.g., icing), a simi-
lar uncertainty set based on the estimated maximum number of
damaged transmission lines could be formulated to model the
damage; for other natural disasters that will affect other compo-
nents (e.g., flooding mainly affects the generators rather than the
transmission lines), an uncertainty set based on the estimated
maximum number of other damaged components could then be
utilized to model the damage. In the latter case, we mention
that the status of other components may be introduced, and the
RoMIO model should be relevantly modified to adapt to this
change.

This paper assumes the situational awareness is sufficient and
the estimated maximum number of damaged transmission lines
is known. Considering Kb with uncertainty and modeling the
damage from natural disasters in a different way are other issues
that will be interesting to research.

C. Emergency Response

After natural disasters unfold, power grids enter the emer-
gency state and should be operated to satisfy as many demands
as possible. Thus, the objective becomes:

min
∑

d∈D
pc

d,s . (12)

The power balance constraints of the system are similar to
that in the preventive state:
∑

g∈Gi

pc
g −

∑

(i,j )∈Li

pc
ij +

∑

d∈Di

pc
d,s =

∑

d∈Di

Pd , i ∈ B (13)

(sc
ij − 1)Mij ≤ pc

ij + Bij θ
c
ij ≤ (1 − sc

ij )Mij , (i, j) ∈ L (14)

where generator output pc
g , transmission line status sc

ij , and
power shed pc

d,s are independent variables, line flow pc
ij and

voltage angle θc
i are dependent variables; the rest of the symbols

are consistent with that in the preventive state.
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Similar to the preventive state, each generator capacity is
limited as follows:

pc
g ≤ Pmax

g , g ∈ G, (15)

and the generators are subject to emergency state ramp-up con-
straints:

pc
g − pa

g ≤ Pc,max
g , g ∈ G. (16)

Note that the ramp-up constraints for emergency state are not
the same as that for preventive state, because generators in the
emergency state will usually have shorter time to ramp up. Gen-
erally, we have Pc,max

g ≤ Pa,max
g .

Each transmission line and each bus are limited similarly to
that in the preventive state:

− Pmax
ij sc

ij ≤ pc
ij ≤ Pmax

ij sc
ij , (i, j) ∈ L (17)

Θmin
i ≤ θc

i ≤ Θmax
i , i ∈ B. (18)

In addition, the following constraints are involved when the
load shedding is performed:

0 ≤ pc
d,s ≤ Pd, d ∈ D. (19)

The constraints for ISLs switch off and OSLs switch on in
the emergency state are given as follows:

∑

(i,j )∈L
sa

ij s
b
ij (1 − sc

ij ) ≤ Kc
I (20)

∑

(i,j )∈L
(1 − sa

ij )s
b
ij s

c
ij ≤ Kc

O (21)

sc
ij ≤ sb

ij , (i, j) ∈ L, (22)

where Kc
I and Kc

O are the quantity limits for ISLs switch off and
OSLs switch on in the emergency state. After the employment
of emergency response, transmission line (i, j) is in service if
sc

ij = 1 and out of service if sc
ij = 0.

Furthermore, as the emergency state has fewer resilience
resources than the preventive state, the emergency state may
have not only tighter ramp-up capacities for generators (i.e.,
Pc,max

g ≤ Pa,max
g ), but also tighter switching limits for trans-

mission lines. To reflect this difference in topology switching
limits, we assume that the OSLs in the preventive state are un-
available to the emergency state, and emergency response could
only switch on the lines that are previously switched off by the
preventive response. Another reason behind this assumption is
that some sources of OSLs in the preventive state, for example,
restoring the outage-scheduled transmission lines [28], need a
relatively long time that the emergency state cannot afford. Thus,
we have:

sc
ij ≤ s0

ij + sa
ij , (i, j) ∈ L. (23)

D. Integration of Preventive and Emergency Responses

Based on Sections III-A–III-C, the entire RoMIO model can
be given as follows:

min (1)

s.t. (2) − (9)

max (10)

s.t. (11)

min (12)

s.t. (13) − (23).

(24)

However, it is difficult to directly solve the above model, be-
cause there are quadratic terms and cubic terms in (20)–(21). To
deal with this issue, we introduce binary variables sij,1 = sa

ij s
b
ij ,

sij,2 = sb
ij s

c
ij , and sij,3 = sa

ij s
b
ij s

c
ij , then (20)–(21) become:

∑

(i,j )∈L
(sij,1 − sij,3) ≤ Kc

I (25)

∑

(i,j )∈L
(sij,2 − sij,3) ≤ Kc

O , (26)

where sij,1 , sij,2 , and sij,3 are all products of multiple binary
variables, and they can be linearized by:

s =
∏

k∈N
sk ⇐⇒

{
s ≤ sk , k ∈ N
s ≥ ∑

k∈N sk − card(N ) + 1,
(27)

where card(·) is the number of elements in a set, and sk (k ∈ N )
and s are binary variables.

Due to the above relaxation, the objective functions and con-
straint functions of the RoMIO model become either linear or
mixed-integer linear now. Its abstract mathematical formulation
can be given as follows:

min
s1 ,x1

cT
1 x1 + cT

3 x3

s.t. A1
[
sT

1 xT
1

]T ≤ b1

max
s2

cT
3 x3

s.t. A2s2 ≤ b2

min
s3 ,x3

cT
3 x3

s.t. A3
[
sT

1 xT
1 sT

2 sT
3 xT

3
]T ≤ b3 ,

(28)

where s1 , x1 , s2 , s3 , and x3 are made up of sa
ij , {pa

g , pa
ij , θ

a
i },

sb
ij , {sc

ij , sij,1 , sij,2 , sij,3}, and {pc
g , p

c
d,s , p

c
ij , θ

c
i }, respectively.

When natural disasters unfold, the first two levels of the tri-
level problem (28) are determined, and only s3 and x3 remain
undecided. This corresponds to the emergency response module
of the RoMIO model, and we refer to it as the RoMIO-E model.
Note that the RoMIO-E model is a single-level mixed-integer
linear optimization model, which can be efficiently solved us-
ing the state-of-the-art MIP (i.e., mixed-integer linear program-
ming) solvers. But the entire RoMIO model is much harder

Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on November 09,2024 at 17:20:58 UTC from IEEE Xplore.  Restrictions apply. 



4456 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 32, NO. 6, NOVEMBER 2017

to solve because it is a tri-level problem with binary decision
variables in each level. In the next section, we will propose a
solution methodology to solve it efficiently.

IV. SOLUTION METHODOLOGY

The RoMIO model is a tri-level mixed-integer linear opti-
mization problem, and the nested column-and-constraint gen-
eration (NC&CG) decomposition framework proposed in [36]
is able to solve this kind of problem. However, a general algo-
rithm based on the NC&CG decomposition can be very time-
consuming, and this will impose practical limitations on the
application of the IRR framework against natural disasters. In
this section, we will present our solution methodology and the
techniques we use to efficiently solve the RoMIO model.

A. NC&CG Decomposition-Based Algorithm

The tri-level problem (28) can be decomposed into a single-
level min problem as the master problem and a bi-level max-min
problem as the subproblem:

min
s1 ,x1 ,si

3 ,xi
3 ,η

cT
1 x1 + η

s.t. cT
3 xi

3 ≤ η

A1
[
sT

1 xT
1

]T ≤ b1 (MP-I)

A3
[
sT

1 xT
1 s∗iT

2 siT
3 xiT

3
]T ≤ b3

∀i ∈ {1, . . . , k}
max

s2
min
s3 ,x3

cT
1 x∗

1 + cT
3 x3

s.t. A2s2 ≤ b2 (SP-I)

A3
[
s∗T

1 x∗T
1 sT

2 sT
3 xT

3
]T ≤ b3 ,

where (MP-I) and (SP-I) will be iteratively solved to provide
the lower bound and upper bound for (28), respectively. Here,
η is a newly introduced variable, k is the iteration number, and
variables denoted by an asterisk (∗) in (MP-I) or (SP-I) represent
the optimal values derived from each other. After each iteration,
k is updated by adding 1, and new variables and constraints will
be generated and added to (MP-I).

It has been proved that the above iteration will terminate in
finite steps and the optimal value can be achieved [36]. Here,
(MP-I) is a classical mixed-integer linear programming problem
and can be directly solved with the state-of-the-art MIP solvers,
but (SP-I) is a bi-level problem with integers in either level and
cannot be straightforwardly solved. Thus, we rewrite (SP-I) in
a tri-level form as follows:

max
s2

min
s3

min
x3

cT
1 x∗

1 + cT
3 x3

s.t. A2s2 ≤ b2

A3
[
s∗T

1 x∗T
1 sT

2 sT
3 xT

3
]T ≤ b3 .

(29)

Then it can be decomposed into the following master problem
and subproblem, which will also be iteratively solved to provide

upper bound and lower bound for (SP-I), respectively:

max
s2 ,xj

3 ,λj ,τ
cT

1 x∗
1 + τ

s.t. τ ≤ cT
3 xj

3

A2s2 ≤ b2

A3
[
s∗T

1 x∗T
1 sT

2 s∗jT
3 xjT

3

]T ≤ b3

AT
3,5λ

j = −c3 (MP-II)

cT
3 xj

3 = (A3,1−4
[
s∗T

1 x∗T
1 sT

2 s∗jT
3

]T − b3)Tλj

λj ≥ 0

∀j ∈ {1, · · · , k′}

min
s3 ,x3

cT
1 x∗

1 + cT
3 x3 (SP-II)

s.t. A3
[
s∗T

1 x∗T
1 s∗T

2 sT
3 xT

3
]T ≤ b3 ,

where λj represents the dual variables of the constraint

A3
[
s∗T

1 x∗T
1 sT

2 s∗jT
3 xjT

3

]T ≤ b3 in the (SP-II) problem, τ
is a newly introduced variable, k′ is the iteration number, and
new variables and constraints will be generated and added to
(MP-II) after each iteration. Note that

[
A3,1−4 A3,5

]
= A3 .

B. Computational Efficiency Improvement Techniques

Theoretically, both Karush-Kuhn-Tucker conditions (KKT)
and strong duality theory (SDT) can be used in the NC&CG
decomposition. But they will both introduce bilinear terms, and
it is fundamentally more difficult to deal with bilinear terms than
with linear ones. As a result, the algorithm can be effective, but
not efficient, especially when a large number of bilinear terms
are introduced.

When applying the KKT, bilinear terms are introduced due
to the following constraint:

(
b3 − A3

[
s∗T

1 x∗T
1 sT

2 s∗jT
3 xjT

3

]T
)
◦ λj = 0, (30)

where “◦” denotes the component-wise multiplication.
When the SDT is applied, the constraint that introduces bi-

linear terms becomes:

cT
3 xj

3 =
(
A3,1−4

[
s∗T

1 x∗T
1 sT

2 s∗jT
3

]T − b3

)T
λj . (31)

We already have A3 =
[
A3,1−4 A3,5

]
, and A3,1−4 can be

further referred to as
[
A3,1 A3,2 A3,3 A3,4

]
. Note that A3,1 ,

A3,2 , A3,3 , A3,4 , and A3,5 here represent the block matrices
of A3 , corresponding to s1 , x1 , s2 , s3 , and x3 , respectively. In
(30) and (31), s2 , xj

3 , and λj are the variables. Thus, the number
of bilinear terms in (30) will be determined by the amount of
nonzero terms in A3,3 and A3,5 , while the number of bilinear
terms in (31) will be determined by the amount of nonzero terms
in A3,3 only.

A3,3 is a relatively sparse matrix, and according to (13)–(19),
(22)–(23), and (25)–(27), the number of nonzero terms in A3,3
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and A3,5 can be derived as follows:

NA3 , 3 = 4card(L) (32)

NA3 , 5 = 12card(L) + 5card(G) + 6card(B), (33)

where card(L), card(G), and card(B) represent the number of
transmission lines, generators, and buses, respectively.

The number of bilinear terms in (30) is NA3 , 3 + NA3 , 5 , while
the number in (31) is NA3 , 3 , which means that much fewer bilin-
ear terms will be introduced if the SDT is applied to the RoMIO
model. Furthermore, the above difference is only for one calcu-
lation of (MP-II), and this calculation will be repeated several
times for one calculation of (SP-I), while several calculations of
(SP-I) will be required to solve the whole problem. Due to this
cumulative effect, the difference in the number of bilinear terms
will be greatly enlarged.

Thus, from an efficiency point of view, we propose using
the SDT in our solution methodology because it could provide
better computational efficiency for the RoMIO model, and this
will be validated in Section V.

A linearization technique to deal with the bilinear terms in-
duced by the SDT is provided as follows:

⎧
⎪⎨

⎪⎩

y = λs

λ ∈ R≥0

s ∈ {0, 1}
⇐⇒

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

y ≥ 0

y ≤ λ

y ≤ Ms

y ≥ λ − M(1 − s)

λ ∈ R≥0

s ∈ {0, 1}

(34)

where y is a newly introduced variable, M is a large number, λ ∈
R≥0 and s ∈ {0, 1} represent the elements of decision variables
λj and s2 respectively.

V. ILLUSTRATED CASES

We apply case studies on three different systems here, includ-
ing a modified version of the PJM five-bus system, the IEEE one-
area RTS-96 system, and the IEEE three-area RTS-96 system.
The effectiveness of the proposed integrated resilience response
will be verified, and the efficiency of the proposed SDT-based
solution methodology will be investigated. We note that the
emergency state decision making (i.e., the RoMIO-E model),
as we previously stated in Section III-D, is a classical mixed-
integer linear programming problem, and it can be directly and
efficiently solved using the state-of-the-art MIP solvers. Thus
we will focus on verifying the efficiency of the proposed so-
lution methodology to solve the entire RoMIO model for the
preventive state decision making. All the tests here are carried
out on a 2.90-GHz Intel(R) Core(TM) i7-4600M based laptop,
and Gurobi 6.5 [37] is used as the MIP solver with optimal-
ity tolerance set to be 1 × 10−3 . The maximum time limit for
preventive state decision making is set as 1 hour, and “NA” in-
dicates the methodology fails to solve the problem within the
maximum time limit.

Fig. 3. The PJM five-bus system. Note that the dashed line in the figure
represent the OSL in the preventive state.

TABLE I
LOAD SHED OF THE PJM FIVE-BUS SYSTEM UNDER DIFFERENT Kb

K b Load shed (MW)

PR ER IRR IRR-TS

1 × 189 39 0
2 × 429 300 300
3 × 639 489 300
4 × 639 489 489
5 × 688 638 489
6 × 688 638 638
7 × 688 638 638

A. PJM Five-Bus System

The PJM five-bus system [38], depicted in Fig. 3, has four
generators, three loads, and seven transmission lines (including
one OSL in the preventive state). The system data we use are
given in Appendix A. The ramp-up capacity in the emergency
state is set to be 25% of that in the preventive state. The quantity
limits for both ISLs switch off and OSLs switch on in preventive
and emergency states are set to be the number of OSLs in the
preventive state.

As previously stated, independent preventive respovvnse (re-
ferred to as “PR”) includes generator re-dispatch in the preven-
tive state, and independent emergency response (referred to as
“ER”) includes generator re-dispatch and load shedding in the
emergency state; we will use them as benchmarks for our case
studies. Based on the PR and ER, we will investigate the bene-
fits of the integrated resilience response (referred to as “IRR”),
which includes generator re-dispatch in the preventive state,
and generator re-dispatch and load shedding in the emergency
state. Furthermore, we will also investigate the benefits of the
IRR with topology switching in both preventive and emergency
states (referred to as “IRR-TS”).

Table I gives the load shed with the PR, ER, IRR, and IRR-TS
when the estimated maximum number of damaged transmission
lines (i.e., Kb ) varies. Here, “×” indicates that the response strat-
egy cannot keep the generation-demand balance after disasters
unfold.

From Table I, it can be seen that the PR fails to keep the power
balance in all of the seven cases. This is because independent
preventive response aims to withstand contingencies with only
pre-disturbance strategies, and this will not work under severe

Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on November 09,2024 at 17:20:58 UTC from IEEE Xplore.  Restrictions apply. 



4458 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 32, NO. 6, NOVEMBER 2017

TABLE II
TOTAL COST AND OPERATING COST OF THE PJM FIVE-BUS SYSTEM

UNDER DIFFERENT Kb

K b Total cost ($) Operating cost ($)

ER IRR IRR-TS ER IRR IRR-TS

1 206 520 59 945 16 463 17 520 20 945 16 463
2 446 520 320 315 316 163 17 520 20 315 16 163
3 656 520 509 077 320 315 17 520 20 077 20 315
4 656 520 509 637 508 970 17 520 20 637 19 970
5 705 520 655 675 509 637 17 520 17 675 20 637
6 705 520 655 675 655 375 17 520 17 675 17 375
7 705 520 655 675 655 375 17 520 17 675 17 375

disturbances like natural disasters. This confirms the necessity
of emergency response to keep the power balance against natural
disasters.

It can also been observed that while the ER could keep the
power balance against natural disasters, much more load will
have to be shed, compared to the IRR or IRR-TS. For example,
when Kb = 1, the ER has to shed 189 MW to keep the power
balance, but the IRR has to shed only 39 MW, and the IRR-
TS does not have to shed any load. This shows that integrated
resilience response is preferable to both independent preven-
tive response and independent emergency response in terms of
enhancing power grid resilience, and the power grid resilience
could be further enhanced by utilizing topology switching in the
integrated resilience response.

The total cost of the ER, IRR, and IRR-TS under different Kb

and the corresponding operating cost in the preventive state are
given in Table II. We can see that the total cost could be greatly
reduced if we utilize the IRR or IRR-TS rather than the ER. For
example, the total cost of the ER is $206,520 when Kb = 1, but
the total cost of the IRR is $59,945 while the total cost of the
IRR-TS is $16,463. On the other hand, the operating cost of the
IRR or IRR-TS does not increase a lot compared to the ER. In
fact, we can see that the operating cost could even decrease if the
IRR-TS is applied. For example, when Kb = 2, the operating
cost is reduced from $17,520 to $16,163 by utilizing the IRR-
TS rather than the ER. This confirms the cost-effectiveness of
the integrated resilience response. We note that while the IRR
and IRR-TS in some cases have the same load shed (please see
Table I), the IRR-TS could have lower operating cost because
the topology switching provides more flexibility to the system
and the system could therefore be operated with lower cost. The
operating cost of the ER keeps the same because the generator re-
dispatch in the emergency state will not influence the operating
cost in the preventive state.

We also investigate the influence of generator ramp-up capac-
ity on power grid resilience here. The emergency state ramp-up
capacity (i.e., Pc,max

g ) is investigated because it will depend
on the disaster severity. The base values of the capacities are
kept the same as that in Appendix A, and Table III gives the
simulation results of the system with the ER, IRR, and IRR-TS
when the emergency state ramp-up capacity varies from 20% to
180%. Here, Kb is assumed to be 3.

TABLE III
LOAD SHED OF THE PJM FIVE-BUS SYSTEM UNDER DIFFERENT P c,m ax

g

P c , m a x
g Load shed (MW)

ER IRR IRR-TS

20% 669 519 309
40% 662 512 302
60% 654 504 300
80% 647 497 300
100% 639 489 300
120% 632 482 300
140% 624 474 300
160% 617 467 300
180% 609 459 300

TABLE IV
COMPUTATIONAL TIME FOR IRR AND IRR-TS OF THE PJM FIVE-BUS

SYSTEM UNDER DIFFERENT Kb

K b Solving IRR (s) Solving IRR-TS (s)

KKT SDT KKT SDT

1 0.576 0.514 2.470 1.119
2 1.281 1.016 1.837 1.405
3 0.691 0.516 1.936 1.340
4 1.172 1.034 0.936 0.721
5 0.892 0.827 1.588 1.362
6 0.451 0.421 0.957 0.546
7 0.452 0.420 0.482 0.407

From Table III, it can be seen that larger ramp-up capacities
can cause less load to be shed in order to keep the power balance.
Note that when the IRR-TS is applied, load shed is no longer
reduced when the Pc,max

g is larger than 60% of the base value.
This is because the load at Bus-2 is 300 MW, and when Kb = 3,
this load cannot be served as long as Line 1-2 and Line 2-3 are
damaged. In other words, the IRR-TS is not able to alleviate this
situation with larger Pc,max

g here because the load shed is not
caused by the output limit of generators.

Table IV gives the computational time to solve the IRR prob-
lem and IRR-TS problem with the KKT-based solution method-
ology and the SDT-based solution methodology. We can see that
the proposed SDT-based methodology is always faster to solve
either problem. But a big difference cannot be observed here
because the PJM five-bus system is small. To further compare
these two methodologies, we will conduct research on larger
systems in the next subsections.

B. IEEE One-Area RTS-96 System

The IEEE one-area RTS-96 system is the first version of the
IEEE Reliability Test System, which was developed to be a ref-
erence system to test and compare results from different power
grid operation strategies. An updated version of the system can
be found in [39], and we apply a slight modification to the
transmission line data, which could be found in Appendix B.
The modified system has 12 generators, 36 transmission lines
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TABLE V
LOAD SHED OF THE IEEE ONE-AREA RTS-96 SYSTEM UNDER DIFFERENT Kb

K b Load shed (MW)

PR ER IRR IRR-TS

1 × 739 64 0
2 × 1139 356 289
3 × 1242 590 356
4 × 1522 766 590
5 × 1772 1016 766
6 × 1772 1250 1016
7 × 1834 1303 1250
8 × 1834 1312 1303
9 × 1834 1366 1303
10 × 1850 1366 1312

TABLE VI
COMPUTATIONAL TIME FOR IRR AND IRR-TS OF THE IEEE ONE-AREA

RTS-96 SYSTEM UNDER DIFFERENT Kb

K b Solving IRR (s) Solving IRR-TS (s)

KKT SDT KKT SDT

1 NA 1.12 NA 3.07
2 NA 1.78 NA 2.95
3 NA 4.30 NA 8.51
4 NA 9.34 NA 29.65
5 NA 8.82 NA 35.97
6 NA 8.18 NA 30.94
7 NA 19.87 NA 32.72
8 NA 19.12 NA 44.59
9 NA 22.88 NA 62.47
10 NA 40.56 NA 56.01

(including 34 ISLs and 2 OSLs in the preventive state), and 17
loads.

When Kb varies from 1 to 10, Table V gives the corresponding
load shed of the system with the PR, ER, IRR, and IRR-TS.

From Table V, we can again see that independent preven-
tive response is not able to keep the power balance even when
Kb = 1. This emphasizes the necessity of applying emergency
response against natural disasters. On the other hand, although
independent emergency response could always keep the power
balance with load shedding, a large portion of the load shed by
the emergency response could be saved if we apply integrated
resilience response, and the load shed could be further reduced
if topology switching is utilized in the integrated resilience
response. For example, when Kb = 2, the ER has to shed
1,139 MW to keep the power balance, but the IRR and IRR-
TS have to shed only 356 MW and 289 MW respectively.

The total cost and operating cost of the ER, IRR, and IRR-TS
here follow the same trend as that in Table II, thus they are
not presented for simplicity. For the same reason, the load shed
under different Pc,max

g is also not presented here.
The computational time to solve the IRR and IRR-TS under

different Kb is provided in Table VI. From this table, it can be
seen that the KKT-based solution methodology fails to solve any
of the problems within the maximum time limit, but the proposed
SDT-based methodology could efficiently solve all the cases

TABLE VII
LOAD SHED OF THE IEEE THREE-AREA RTS-96 SYSTEM UNDER

DIFFERENT Kb

K b Load shed (MW)

PR ER IRR IRR-TS

1 × 1648 0 0
2 × 1941 289 289
3 × 2006 308 289
4 × 2275 603 NA
5 × 2376 866 NA
6 × 2437 1042 NA
7 × 2470 1303 NA
8 × 2499 1303 1303
9 × 2532 1366 1303
10 × 2532 1366 1303

for the IRR problem and IRR-TS problem. This confirms the
efficiency of the proposed solution methodology. In addition, we
can see that the computational time will approximately increase
with the growth of Kb , and although the topology switching in
the integrated resilience response further enhances the power
grid resilience, it also increases the computational time. But,
for the IEEE one-area RTS-96 system, both the IRR problem
and IRR-TS problem can be efficiently solved by the proposed
methodology, as the maximum time needed is 62.47 seconds.

C. IEEE Three-Area RTS-96 System

The IEEE three-area RTS-96 system is the latest version and
largest one of the IEEE Reliability Test System. To investigate
the computational efficiency of the proposed solution method-
ology on larger systems, here we perform a third case study on
the IEEE three-area RTS-96 system. Each area of the system
shares the same parameters as that in Section V-B, where we
assume there are two OSLs in the preventive state in Area-A.
The data for the interconnections between areas could be found
in [40]. The modified system has in total 36 generators, 110
transmission lines, and 51 loads.

Table VII gives the load shed of the system with the PR, ER,
IRR, and IRR-TS when Kb varies from 1 to 10. Note that “NA”
in the table indicates that we fail to get the optimal solution
within the maximum time limit.

The observations we made in previous case studies could also
be seen in this system:

1) The independent preventive response cannot keep the
power balance in any of the ten cases.

2) The independent emergency response could keep the
power balance with load shedding.

3) Compared with the independent preventive response and
independent emergency response, the integrated resilience
response could greatly enhance the power grid resilience.
And with topology switching in the integrated resilience
response, the load shed could be further reduced. For ex-
ample, when Kb = 3, we need to shed 2006 MW load to
keep the power balance with the ER, but we only need to
shed 308 MW if the IRR is applied and 289 MW if the
IRR-TS is applied.
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TABLE VIII
COMPUTATIONAL TIME FOR IRR AND IRR-TS OF THE IEEE THREE-AREA

RTS-96 SYSTEM UNDER DIFFERENT Kb

K b Solving IRR (s) Solving IRR-TS (s)

KKT SDT KKT SDT

1 NA 3.87 NA 32.01
2 NA 5.70 NA 44.30
3 NA 20.51 NA 2657.27
4 NA 22.93 NA NA
5 NA 27.44 NA NA
6 NA 25.32 NA NA
7 NA 17.14 NA NA
8 NA 33.10 NA 131.66
9 NA 41.53 NA 466.17
10 NA 55.77 NA 1849.56

But we note that the resilience benefit of topology switching is
smaller than that in the IEEE one-area RTS-96 system, because
we have the same number of OSLs in the preventive state but the
system is bigger now. This indicates that the benefits of topology
switching could be limited when applying to large systems, as
the number of OSLs in the preventive state will not increase
with the growth of system scale in reality due to considerations
such as financial constraints.

We also note that while we could get all the optimal solutions
for the IRR problem, we fail to derive optimal solutions for the
IRR-TS problem in four of the ten cases. This indicates that
topology switching introduces too much computational burden
to the RoMIO model. To better analyze this problem, we pro-
vide the computational time to solve the IRR and IRR-TS in
Table VIII.

From Table VIII, the computational efficiency of the pro-
posed SDT-based methodology over the KKT-based methodol-
ogy could again be proved. In addition, it is seen that although
the proposed solution methodology could quite efficiently solve
the IRR problem (with no more than 1 minute), it needs much
longer time to solve the IRR-TS problem. In fact, the proposed
solution methodology cannot always derive the optimal solution
for the IRR-TS problem within the maximum time limit. This
indicates that with topology switching considered, the integrated
resilience response problem will be much harder to solve.

VI. PRACTICAL IMPLICATIONS

Before implementing the integrated resilience response, a
variety of practical implications should be taken into account.

The first issue is on the feasibility of the proposed resilience
response in practice. While current practice in many areas in-
dicates that preventive response and emergency response are
not only possible but also being done, some may argue that
employing emergency response, especially topology switching,
after the damage of natural disasters is impractical because of
potential threats to the power grid. This concern mainly lies on
the dynamic process of power grids, as the focus of this paper is
in fact on the system adequacy against natural disasters, and the
analysis in this paper is from the steady state point of view. In
other words, to reach a solid conclusion in practice, the presented

Fig. 4. Generator relative rotor angles of the representative case. Note that
rotor angles here are relative to the slack generator (i.e., Unit 4 in [39]).

Fig. 5. Bus frequencies of the representative case.

model would need to be modified to include constraints ensur-
ing dynamic feasibility, or the derived results need to be further
validated via dynamic simulation.

Although detailed procedures for ensuring the dynamic feasi-
bility is beyond the scope of this paper, we in this section provide
the dynamic simulation using PSS/E as an example of checking
whether the system can settle down after the employment of
emergency response. The IEEE one-area RTS-96 system in this
paper is chosen to be checked due to the availability of dynamic
parameters. The data required to run the time-domain simula-
tion could be found in [41], and the worst disaster scenario of
the system with Kb = 1 is chosen as the representative case be-
cause other disaster scenarios require no topology switching in
the emergency response. Following the convention in [42], we
assume the damage occurs at t = 2s, then we perform topology
switching 10 seconds later and generator re-dispatch after an-
other 10 seconds (10 seconds is chosen in [42] to allow enough
time for the breaker to operate and transients to damp down).
Figs. 4 and 5 show the generator relative rotor angles and bus
frequencies, respectively. It can be confirmed from Fig. 4 that
the system could keep the transient stability during the dynamic
process of emergency response, and Fig. 5 confirms that the

Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on November 09,2024 at 17:20:58 UTC from IEEE Xplore.  Restrictions apply. 



HUANG et al.: INTEGRATION OF PREVENTIVE AND EMERGENCY RESPONSES FOR POWER GRID RESILIENCE ENHANCEMENT 4461

system frequency could be recovered in time. In summary, the
emergency response is not necessarily antithetical to maintain-
ing dynamic security.

In addition, although voltage problems can be associated with
the process of rotor angles going out of step, voltage instability
can occur where angle stability is not an issue [43]. Thus, the
AC feasibility should also be studied and ensured before the
results can be implemented.

Another issue is the solution time. This paper has proven
that the integrated resilience response could greatly enhance
the power grid resilience, but it should be noted that computa-
tional burden is therefore introduced. Though the problem of
integrated resilience response without topology switching can
be efficiently solved by the proposed solution methodology,
when topology switching is included, how to solve the model
efficiently in large systems is still an open question.

We also want to mention that several technologies are required
to implement the integrated resilience response. For example,
the transmission lines should be opened and closed quickly
with sufficient situational awareness, and this requires further
investment in communication and switching technology. Other
technologies that could enhance the performances of genera-
tors or loads during either preventive state or emergency state
[44]–[55] will also be beneficial to power grids, but we note
that a full cost-benefit analysis should be conducted to sup-
port the decision making. With the development of these “smart
grid” technologies, the power grids would be much smarter and
stronger against natural disasters.

VII. CONCLUSION

This paper proposes an integrated resilience response (IRR)
framework to enhance the power grid resilience against nat-
ural disasters. The core of the proposed IRR framework is a
two-stage robust mixed-integer optimization (RoMIO) model,
whose mathematical formulation and solution methodology are
both provided. Through the research undertaken in this paper,
we validate that the integrated resilience response is preferable
to both independent preventive response and independent emer-
gency response. In addition, we also prove that power grid re-
silience could be further enhanced by utilizing topology switch-
ing in the integrated resilience response.

The proposed IRR framework could incorporate other re-
sponse strategies that are not investigated in this paper, as long as
they can be modeled in the similar way to generator re-dispatch,
load shedding, or topology switching. The IRR framework in
this paper is proposed to enhance the power grid resilience
against natural disasters, but they can also be easily modified to
deal with other uncertainties that power grids face, for exam-
ple, the cyber security and the massive integration of renewable
energy resources.

APPENDIX A

The data of the PJM five-bus system are listed in
Tables IX–XI. Among the transmission lines, Line 4-5B is the
OSL in the preventive state.

TABLE IX
GENERATOR DATA OF THE PJM FIVE-BUS SYSTEM

Bus P 0
g (MW) P m a x

g (MW) P a , m a x
g (MW) cg ($/MW)

1 210 210 60 15
3 323.49 520 100 30
4 0 200 50 40
5 466.51 600 150 10

TABLE X
LOAD DATA OF THE PJM FIVE-BUS SYSTEM

Bus Pd (MW) cd ($/MW)

2 300 1000
3 300 1000
4 400 1000

TABLE XI
TRANSMISSION LINE DATA OF THE PJM FIVE-BUS SYSTEM

Line Xi j P m a x
i j Line Xi j P m a x

i j

(p.u.) (MW) (p.u.) (MW)

1-2 0.0281 400 3-4 0.0297 300
1-4 0.0304 300 4-5A 0.0297 240
1-5 0.0064 300 4-5B 0.0297 240
2-3 0.0108 300

APPENDIX B

The transmission line data of the IEEE one-area RTS-96 sys-
tem are given in Table XII. Here, Line 14-16B and Line 15-21B
are the OSLs in the preventive state.

TABLE XII
TRANSMISSION LINE DATA OF THE IEEE ONE-AREA RTS-96 SYSTEM

Line Xi j P m a x
i j Line Xi j P m a x

i j

(p.u.) (MW) (p.u.) (MW)

1-2 0.0146 175 11-14 0.0426 500
1-3 0.2253 175 12-13 0.0488 500
1-5 0.0907 350 12-23 0.0985 500
2-4 0.1356 175 13-23 0.0884 250
2-6 0.205 175 14-16A 0.0594 250
3-9 0.1271 175 14-16B 0.0594 500
3-24 0.084 400 15-16 0.0172 500
4-9 0.111 175 15-21A 0.0249 400
5-10 0.094 350 15-21B 0.0249 600
6-10 0.0642 175 15-24 0.0529 500
7-8 0.0652 350 16-17 0.0263 500
8-9 0.1762 175 16-19 0.0234 500
8-10 0.1762 175 17-18 0.0143 500
9-11 0.084 400 17-22 0.1069 500
9-12 0.084 400 18-21 0.0132 1000
10-11 0.084 400 19-20 0.0203 1000
10-12 0.084 400 20-23 0.0112 1000
11-13 0.0488 500 21-22 0.0692 500

REFERENCES

[1] F. Estrada, W. Botzen, and R. Tol, “Economic losses from US hurricanes
consistent with an influence from climate change,” Nature Geosci., vol. 8,
pp. 880–884, Nov. 2015.

Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on November 09,2024 at 17:20:58 UTC from IEEE Xplore.  Restrictions apply. 



4462 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 32, NO. 6, NOVEMBER 2017

[2] A. Kenward and U. Raja, “Blackout: Extreme weather, climate change and
power outages,” Tech. Rep., Apr. 2014. [Online]. Available: http://www.
ourenergypolicy.org/wp-content/uploads/2014/04/climate-central.pdf

[3] Executive Office of the President, “Economic Benefits of Increasing
Electric Grid Resilience to Weather Outages,” Tech. Rep., Aug. 2013.
[Online]. Available: http://energy.gov/sites/prod/files/2013/08/f2/Grid%
20Resiliency%20Report FINAL.pdf

[4] National Research Council, The Resilience of the Electric Power Deliv-
ery System in Response to Terrorism and Natural Disasters: Summary
of a Workshop. Washington, DC, USA: The National Academies Press,
2013.

[5] M. Panteli and P. Mancarella, “Influence of extreme weather and climate
change on the resilience of power systems: Impacts and possible miti-
gation strategies,” Electr. Power Syst. Res., vol. 127, pp. 259–270, Jun.
2015.

[6] M. Panteli and P. Mancarella, “The grid: stronger, bigger, smarter?: Pre-
senting a conceptual framework of power system resilience,” IEEE Power
Energy Mag., vol. 13, no. 3, pp. 58–66, Apr. 2015.

[7] Y. Wang, C. Chen, J. Wang, and R. Baldick, “Research on resilience of
power systems under natural disasters—A review,” IEEE Trans. Power
Syst., vol. 31, no. 2, pp. 1604–1613, Mar. 2016.

[8] L. Fisher, “Disaster responses: More than 70 ways to show resilience,”
Nature, vol. 518, no. 7537, pp. 35–35, Feb. 2015.

[9] T. Liacco, “The adaptive reliability control system,” IEEE Trans. Power
App. Syst., vol. 5, no. PAS-86, pp. 517–531, May 1967.

[10] NERC, “FAC-003-3—Transmission Vegetation Management,” May 2012.
[Online]. Available: http://www.nerc.com/files/FAC-003-3.pdf

[11] W. Yuan, J. Wang, F. Qiu, C. Chen, C. Kang, and B. Zeng, “Robust
optimization-based resilient distribution network planning against natu-
ral disasters,” IEEE Trans. Smart Grid, vol. 7, no. 6, pp. 2817–2826,
Nov. 2016.

[12] PJM State & Member Training Dept., “Elements of a System Restora-
tion,” Tech. Rep., Jul. 2012. [Online]. Available: https://www.pjm.com/
∼/media/training/nerc-certifications/sr-systemrestoration.ashx

[13] C. Chen, J. Wang, F. Qiu, and D. Zhao, “Resilient distribution system
by microgrids formation after natural disasters,” IEEE Trans. Smart Grid,
vol. 7, no. 2, pp. 958–966, Mar. 2016.

[14] Y. Wen, W. Li, G. Huang, and X. Liu, “Frequency dynamics constrained
unit commitment with battery energy storage,” IEEE Trans. Power Syst.,
vol. 31, no. 6, pp. 5115–5125, Nov. 2016.

[15] N. Fan, D. Izraelevitz, F. Pan, P. Pardalos, and J. Wang, “A mixed inte-
ger programming approach for optimal power grid intentional islanding,”
Energy Syst., vol. 3, no. 1, pp. 77–93, Jan. 2012.

[16] M. Golari, N. Fan, and J. Wang, “Two-stage stochastic optimal islanding
operations under severe multiple contingencies in power grids,” Electr.
Power Syst. Res., vol. 114, pp. 68–77, Apr. 2014.

[17] M. Golari, N. Fan, and J. Wang, “Large-scale stochastic power grid island-
ing operations by line switching and controlled load shedding,” Energy
Syst., pp. 1–21, Jul. 2016.

[18] P. Trodden, W. Bukhsh, A. Grothey, and K. McKinnon, “MILP formu-
lation for controlled islanding of power networks,” Int. J. Elect. Power
Energy Syst., vol. 45, no. 1, pp. 501–508, Feb. 2013.

[19] P. Trodden, W. Bukhsh, A. Grothey, and K. McKinnon, “Optimization-
based islanding of power networks using piecewise linear ac power flow,”
IEEE Trans. Power Syst., vol. 29, no. 3, pp. 1212–1220, May 2014.

[20] M. Panteli, D. Trakas, P. Mancarella, and N. Hatziargyriou, “Boosting the
power grid resilience to extreme weather events using defensive islanding,”
IEEE Trans. Smart Grid, vol. 7, no. 6, pp. 2913–2922, Nov. 2016.

[21] E. Fisher, R. O’Neill, and M. Ferris, “Optimal transmission switching,”
IEEE Trans. Power Syst., vol. 23, no. 3, pp. 1346–1355, Aug. 2008.

[22] K. Hedman, R. O’Neill, E. Fisher, and S. Oren, “Optimal transmission
switching with contingency analysis,” IEEE Trans. Power Syst., vol. 24,
no. 3, pp. 1577–1586, Aug. 2009.

[23] A. Delgadillo, J. Arroyo, and N. Alguacil, “Analysis of electric grid in-
terdiction with line switching,” IEEE Trans. Power Syst., vol. 25, no. 2,
pp. 633–641, May 2010.

[24] L. Zhao and B. Zeng, “Vulnerability analysis of power grids with line
switching,” IEEE Trans. Power Syst., vol. 28, no. 3, pp. 2727–2736,
Aug. 2013.

[25] F. Qiu and J. Wang, “Chance-constrained transmission switching with
guaranteed wind power utilization,” IEEE Trans. Power Syst., vol. 30,
no. 3, pp. 1270–1278, May 2015.

[26] M. Jabarnejad, J. Wang, and J. Valenzuela, “A decomposition approach
for solving seasonal transmission switching,” IEEE Trans. Power Syst.,
vol. 30, no. 3, pp. 1203–1211, May 2015.

[27] A. Wagaman, “PPL Nearing Completion of Backup Transmission
Line in Emmaus, Upper Milford,” Jan. 2016. [Online]. Avail-
able: http://www.mcall.com/news/local/eastpenn/mc-emmaus-new-ppl-
transmission-line-20160119-story.html

[28] NYISO Energy Market Operations, “Outage Scheduling Manual,”
Tech. Rep., Jul. 2015. [Online]. Available: http://www.nyiso.com/public/
webdocs/markets_operations/documents/Manuals_and_Guides/Manuals/
Operations/outage_sched_mnl.pdf

[29] PJM System Operations Division, “PJM Manual 13: Emergency Opera-
tions,” Tech. Rep., Jan. 2016. [Online]. Available: http://www.pjm.com/
∼/media/documents/manuals/m13.ashx

[30] G. Tonn, S. Guikema, C. Ferreira, and S. Quiring, “Hurricane Isaac: A
longitudinal analysis of storm characteristics and power outage risk,” Risk
Anal., vol. 36, no. 10, pp. 1936–1947, Jan. 2016.

[31] M. Panteli, “Impact of ICT reliability and situation awareness on power
system blackouts,” Ph.D. dissertation, Univ. Manchester, Manchester,
U.K., 2013.

[32] M. Panteli, P. Crossley, D. Kirschen, and D. Sobajic, “Assessing the
impact of insufficient situation awareness on power system operation,”
IEEE Trans. Power Syst., vol. 28, no. 3, pp. 2967–2977, Aug. 2013.

[33] M. Panteli and D. Kirschen, “Situation awareness in power systems:
Theory, challenges and applications,” Electr. Power Syst. Res., vol. 122,
pp. 140–151, Jan. 2015.

[34] P. Ruiz, “Reserve valuation in electric power systems,” Ph.D. dissertation,
Univ. Illinois Urbana-Champaign, Ann Arbor, MI, USA, 2008.

[35] J. Simonoff, C. Restrepo, and R. Zimmerman, “Risk-management and
risk-analysis-based decision tools for attacks on electric power,” Risk
Anal., vol. 27, no. 3, pp. 547–570, Jun. 2007.

[36] L. Zhao and B. Zeng, “An exact algorithm for two-stage ro-
bust optimization with mixed integer recourse problems, ”Tech.
Rep., Jan. 2012. [Online]. Available: http://http://www.optimization-
online.org/DB_FILE/2012/01/3310.pdf

[37] Gurobi Optimization, Inc., “Gurobi optimizer reference manual,” 2016.
[Online]. Available: http://www.gurobi.com, 2016.

[38] F. Li and R. Bo, “Small test systems for power system economic studies,”
in Proc. 2010 IEEE PES General Meeting, Jul. 2010, pp. 1–4.

[39] C. Ordoudisa, P. Pinsona, J. Moralesb, and M. Zugnob, “An updated
version of the IEEE RTS 24-bus system for electricity market and
power system operation studies,” Tech. Rep., 2016. [Online]. Available:
http://orbit.dtu.dk/files/120568114/An_Updated_Version_of_the_IEEE_
RTS_24Bus_System_for_Electricty_Market_an....pdf

[40] C. Grigg et al., “The IEEE reliability test system-1996. A report prepared
by the Reliability Test System Task Force of the Application of Proba-
bility Methods Subcommittee,” IEEE Trans. Power Syst., vol. 14, no. 3,
pp. 1010–1020, Aug. 1999.

[41] J. Conto, “Dynamics networks 4 PSSE,” 2016. [Online]. Available: https://
drive.google.com/open?id=0B7uS9L2Woq_7YzYzcGhXT2VQYXc&
authuser=0

[42] G. Huang, W. Wang, and J. An, “Stability issues of smart grid transmission
line switching,” in Proc. 19th IFAC World Congr., Aug. 2014, pp. 7305–
7310.

[43] K. Prabha, Power System Stability and Control. New York, NY, USA:
McGraw-Hill, 1994.

[44] H. Ye and Z. Li, “Robust security-constrained unit commitment and dis-
patch with recourse cost requirement,” IEEE Trans. Power Syst., vol. 31,
no. 5, pp. 3527–3536, Sep. 2016.

[45] G. Karady and J. Gu, “A hybrid method for generator tripping,” IEEE
Trans. Power Syst., vol. 17, no. 4, pp. 1102–1107, Nov. 2002.

[46] Z. Wang, X. Song, H. Xin, D. Gan, and K. Wong, “Risk-based coordina-
tion of generation rescheduling and load shedding for transient stability
enhancement,” IEEE Trans. Power Syst., vol. 28, no. 4, pp. 4674–4682,
Nov. 2013.

[47] S. Padron, M. Hernandez, and A. Falcón, “Reducing under-frequency
load shedding in isolated power systems using neural networks. Gran
Canaria: A case study,” IEEE Trans. Power Syst., vol. 31, no. 1, pp. 63–
71, Jan. 2016.

[48] Z. Wang and J. Wang, “Self-healing resilient distribution systems based
on sectionalization into microgrids,” IEEE Trans. Power Syst., vol. 30,
no. 6, pp. 3139–3149, Nov. 2015.

[49] M. Mansour, L. Alberto, and R. Ramos, “Preventive control design for
voltage stability considering multiple critical contingencies,” IEEE Trans.
Power Syst., vol. 31, no. 2, pp. 1517–1525, Mar. 2016.

[50] B. Hoseinzadeh, F. Silva, and C. Bak, “Adaptive tuning of frequency
thresholds using voltage drop data in decentralized load shedding,” IEEE
Trans. Power Syst., vol. 30, no. 4, pp. 2055–2062, Jul. 2015.

Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on November 09,2024 at 17:20:58 UTC from IEEE Xplore.  Restrictions apply. 



HUANG et al.: INTEGRATION OF PREVENTIVE AND EMERGENCY RESPONSES FOR POWER GRID RESILIENCE ENHANCEMENT 4463

[51] J. Qi, S. Mei, and F. Liu, “Blackout model considering slow process,”
IEEE Trans. Power Syst., vol. 28, no. 3, pp. 3274–3282, Aug. 2013.

[52] J. Qi, I. Dobson, and S. Mei, “Towards estimating the statistics of simulated
cascades of outages with branching processes,” IEEE Trans. Power Syst.,
vol. 28, no. 3, pp. 3410–3419, Aug. 2013.

[53] J. Qi, K. Sun, and S. Mei, “An interaction model for simulation and
mitigation of cascading failures,” IEEE Trans. Power Syst., vol. 30, no. 2,
pp. 804–819, Mar. 2015.

[54] J. Qi, W. Ju, and K. Sun, “Estimating the propagation of interdependent
cascading outages with multi-type branching processes,” IEEE Trans.
Power Syst., vol. 32, no. 2, pp. 1212–1223, Mar. 2017.

[55] G. Andersson et al., “Causes of the 2003 major grid blackouts in north
america and europe, and recommended means to improve system dynamic
performance,” IEEE Trans. Power Syst., vol. 20, no. 4, pp. 1922–1928,
Nov. 2005.

Gang Huang (S’15) is currently working toward
the Ph.D. degree in electrical engineering at Zhe-
jiang University, Hangzhou, Zhejiang, China. During
2015–2016, he was a visiting Ph.D. student with the
Energy Systems Division, Argonne National Labora-
tory, Argonne, IL, USA.

His primary research interests are centered around
system resilience and mathematical optimization cur-
rently with applications in energy systems and smart
grid. He received a Chinese Government Scholarship
in 2015.

Jianhui Wang (M’07–SM’12) received the Ph.D. de-
gree in electrical engineering from Illinois Institute
of Technology, Chicago, IL, USA, in 2007.

Dr. Wang is currently an Associate Professor
in the Department of Electrical Engineering, South-
ern Methodist University, Dallas, TX, USA. He also
holds a joint appointment as the Section Lead for Ad-
vanced Power Grid Modeling in the Energy Systems
Division, Argonne National Laboratory, Argonne, IL,
USA.

Dr. Wang is the secretary of the IEEE Power &
Energy Society (PES) Power System Operations, Planning & Economics Com-
mittee. He is an Associate Editor of the Journal of Energy Engineering and
an editorial board member of Applied Energy. He has held visiting positions
in Europe, Australia and Hong Kong including a VELUX Visiting Professor-
ship at the Technical University of Denmark (DTU). He is the Editor-in-Chief
of the IEEE TRANSACTIONS ON SMART GRID and an IEEE PES Distinguished
Lecturer. He received the IEEE PES Power System Operation Committee Prize
Paper Award in 2015.

Chen Chen (M’13) received the Ph.D. degree in elec-
trical engineering from Lehigh University, Bethle-
hem, PA, USA, in 2013.

During 2013–2015, he worked as a Postdoctoral
Researcher at the Energy Systems Division, Argonne
National Laboratory, Argonne, IL, USA. He is cur-
rently a Computational Engineer in the Energy Sys-
tems Division, Argonne National Laboratory. His pri-
mary research interests include optimization, com-
munications and signal processing for smart electric
power systems, cyber-physical system modeling for

smart grids, and power system resilience. He is an Editor of the IEEE TRANS-
ACTIONS ON SMART GRID and the IEEE POWER ENGINEERING LETTERS.

Junjian Qi (S’12–M’13) received the Ph.D. degree
in electrical engineering from Tsinghua University,
Beijing, China, in 2013.

He is currently a Postdoctoral Appointee at the
Energy Systems Division, Argonne National Lab-
oratory, Argonne, IL, USA, and a joint appointed
Argonne Staff at the Computation Institute, Uni-
versity of Chicago, Chicago, IL, USA. He was a
Visiting Scholar at the Iowa State University, Ames,
IA, USA, in February–August 2012, and a Research
Associate in the Department of Electrical Engineer-

ing and Computer Science, University of Tennessee, Knoxville, TN, USA,
during September 2013–January 2015. His research interests include cascading
blackouts, power system dynamics, state estimation, synchrophasors, voltage
control, and cybersecurity. Dr. Qi is the Secretary of the IEEE Task Force on
“Voltage Control for Smart Grids.”

Chuangxin Guo (M’10–SM’14) received the Ph.D.
degree in electrical engineering from Huazhong Uni-
versity of Science and Technology, Wuhan, Hubei,
China, in 1997.

He is currently a Professor and the Vice Dean
with the College of Electrical Engineering, Zhejiang
University, Hangzhou, Zhejiang, China. Prior to join-
ing Zhejiang University, he worked as the Director of
Beijing Dongfang Electronics Research Institute and
the Deputy Chief Engineer of Dongfang Electronics
Co., Ltd. During August–October 2012, he was a Se-

nior Visiting Scholar at the University of Washington, Seattle, WA, USA.

Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on November 09,2024 at 17:20:58 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


