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Enhanced Security-Constrained OPF
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Abstract—This paper discusses how fast-response distributed
battery energy storage could be used to implement post-contin-
gency corrective control actions. Immediately after a contingency,
the injections of distributed batteries could be adjusted to alleviate
overloads and reduce flows below their short-term emergency
rating. This ensures that the post-contingency system remains
stable until the operator has redispatched the generation. Imple-
menting this form of corrective control would allow operators
to take advantage of the difference between the short- and
long-term ratings of the lines and would therefore increase the
available transmission capacity. This problem is formulated as a
two-stage, enhanced security-constrained OPF problem, in which
the first-stage optimizes the pre-contingency generation dispatch,
while the second-stage minimizes the corrective actions for each
contingency. Case studies based on a six-bus test system and on the
RTS 96 demonstrate that the proposed method provides effective
corrective actions and can guarantee operational reliability and
economy.

Index Terms—Benders decomposition, energy storage, optimal
power flow, security-constrained optimal power flow.

NOMENCLATURE

Indices and Sets:

Index to the set of generators.

Index to the set of cost curve segments.

Index of contingencies in the long-term period.

Index of contingencies in the short-term period.

Index to the set of transmission lines.

Index to the set of batteries.
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Index to the set of load buses.

Set of contingencies.

Set of load buses.

Set of generators.

Set of transmission lines.

Set of batteries.

Set of segments of the piecewise linear generator
cost function.

Parameters:

Energy capacity of battery [MWh].

Vector of long-term flow limits [MW].

Fixed cost of generator [$].

Maximum charging power limits of battery
[MW].

Maximum discharging power limits of battery
[MW].

Maximum active power output of generator
[MW].

Minimum active power output of generator
[MW].

Vector of load injections [MW].

Load at bus [MW].

, Shift factor matrices for the base case and th
contingency conditions.

Marginal cost of generator on segment
[$/MW].

Response time of the generators [min].

Ramping time of the generators [min].

Vector of factors relating the short- and long-term
ratings of the branches.

Maximum possible redispatch of generator
during the ramping period ( ) [MW].

Length of segment of the output curve of
generator [MW].

Vector of maximum allowed adjustments of
control variables.
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Variables:

, Vector of control variables for the base case and
long-term period following contingency .

Vector of state variables for the base case.

, Vector of state variables for the post-contingency
short- and long-term period.

Energy stored in battery [MWh].

Maximum energy that battery must be able to
charge to cope with all contingencies [MWh].

Maximum energy that battery must be able to
discharge to cope with all contingencies [MWh].

Vector of battery charging power [MW].

Power that battery must charge to deal with
contingency [MW].

Vector of battery discharging power [MW].

Power that battery must discharge to deal with
contingency [MW].

Vector of power output of generators for the base
case [MW].

Vector of power output of generators
immediately following an outage [MW].

Vector of generator injections following
redispatch [MW].

Power produced by generator on segment of
its cost curve [MW].

Long-term increase in the output of generator
following contingency [MW].

Long-term decrease in the output of generator
following contingency [MW].

I. INTRODUCTION

P OWER systems are usually operated according to the pre-
ventive security paradigm which requires that, following

any credible contingency, all flows and voltages should remain
within prescribed limits [1]. These limits are set in such a way
that: 1) the post-contingency system will remain stable until op-
erators take any actions; 2) no protection actions would occur
prior to operators take these actions. However, this preventive
security paradigm is costly because it often involves scheduling
or dispatching generating units in a less than economically op-
timal manner for long periods of time to guard against con-
tingencies that occur rarely. For some difficult operating con-
ditions and severe contingencies, preventive security may not
even be possible. Interest in corrective security has thus been
growing in recent years [2]–[4]. Under the corrective security
paradigm, post-contingency corrective actions may be neces-
sary to remove overloads and correct unacceptable voltages that

could trigger cascading outages. Since these actions are taken
only in the event of a contingency, corrective security is cheaper
than preventive security because the system can be operated
closer to its economic optimum most of the time. However,
the post-contingency relief of overloads usually depends on the
availability of generating units that can be redispatched quickly.
If there are not enough of these units or if their ramp rates are
relatively slow, the scope for post-contingency corrective con-
trol is limited.
The availability of battery energy storage systems would con-

siderably increase this scope because these devices have much
faster ramp rates and could be distributed across the transmis-
sion network. They would therefore be able to relieve more and
larger overloads faster and could therefore support the imple-
mentation of corrective control on amore ambitious scale. How-
ever, the effectiveness of batteries for corrective control is con-
strained not only by their ramp rate and power rating but also by
the amount of energy that they are able to inject or store before
other control actions take effect.
This paper describes how the operation of distributed battery

energy storage for corrective control can be optimized as part of
an enhanced security constrained optimal power flow (SCOPF).

II. LITERATURE REVIEW

Batteries can be used for a variety of applications in power
systems. Several battery energy storage systems have been in-
stalled to provide load following and peak shaving [5], [6]. A
method for the dimensioning of a battery energy storage system
to provide a primary frequency reserve was presented in [7]. In
[8], a PV/battery combination is introduced into a security con-
strained unit commitment that manages the economics and secu-
rity of the grid. Arabi and Kundur [9] discuss the modeling and
data requirements for batteries used in power system stability
studies. Batteries are also an attractive means of providing the
flexibility needed to support the integration of stochastic and in-
termittent renewable energy sources [10], [11].
This paper considers only the additional benefits that fast re-

sponse of batteries [12], [13] could provide in terms of correc-
tive power system security. Except under special circumstances,
the financial benefits that might be derived from the use of bat-
teries for corrective control are unlikely to justify the cost of
buying and installing these batteries. However, using these bat-
teries for corrective control is not incompatible with other appli-
cations, such as arbitrage, frequency control and providing re-
serve for generator contingencies. Adding the benefits of these
various applications (while taking into account the constraints
that they place on each other) might be sufficient to justify in-
vestments in distributed batteries.
The operation of batteries for post-contingency corrective

control must be part of the solution of an SCOPF. Alsac and
Stott were the first to formulate the SCOPF problem [14]. A
comprehensive review of recent developments in this area can
be found in [15].
Utilities define several thermal limits, such as normal (contin-

uous) rating, short-term emergency rating and long-term emer-
gency rating, in order to avoid damaging power equipment by
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causing excessively high temperatures in components [16]. This
feature can be modeled in the SCOPF as follows:

(1a)

(1b)

(1c)

(1d)

(1e)

(1f)

(1g)

(1h)

where variables with the superscript 0 denote state and control
variables in the base case, variables with apostrophes denote
post-contingency short-term state and control variables (i.e., im-
mediately after the contingency and thus before the start of the
generation redispatch), variables without an apostrophe denote
post-contingency long-term state and control variables. Note
that in SCOPF, the long-term emergency ratings are usually set
to be the same as normal ratings.
When no post-contingency corrective actions are allowed

( ), the SCOPF operates in preventive mode and
is then often called PSCOPF. On the other hand, when such
corrective actions are possible ( ), the SCOPF
operates in corrective mode and is called CSCOPF.
The standard CSCOPF formulation [considering the pre-con-

tingency and post-contingency long-term constraints (1b)–(1c),
(1f)–(1h)] [2]–[4], [17], [18], implicitly assumes that the imme-
diate post-contingency state of the system is sufficiently stable
to endure until the operator redispatches generation or im-
plements other corrective control actions. In this formulation,
which is denoted CSCOPF-I hereafter, the short-term emer-
gency rating ( ) of the lines and transformers is assumed to be
sufficiently large that the post-contingency short-term security
constraints (1d), (1e) can be ignored during this emergency
period (typically 15 min [19]).
A drawback of the CSCOPF-I formulation is that under

stressed conditions, post-contingency flows may exceed their
short-term emergency ratings. This could result in cascading
lines outage before corrective actions have taken effect. To
mitigate this problem, some authors have proposed a combined
preventive/corrective CSCOPF formulation (CSCOPF-II) that
imposes existence and viability constraints (1d), (1e) on the
short-term state. In [20], constraints enforce both the post-con-
tingency short-term (emergency) limits and the long-term
(normal) operating limits. The authors of [21] propose an ad-
justable relaxation of the post-contingency limits, which allows
them to explore the tradeoff between the cost and the level
of security provided by the CSCOPF solution. CSCOPF-II
is therefore more likely than CSCOPF-I to appeal to system
operators because it does not ignore the short-term emergency
ratings. However, in the absence of fast control resources, it
relies on preventive measures to ensure security during the
short-term emergency period, and these preventive measures
increase the cost of the solution.

The following section describes an enhanced SCOPF (ES-
COPF) that takes into account the fast-response corrective capa-
bility of distributed batteries. The ESCOPF is a two-stage opti-
mization problem: the first-stage optimizes the pre-contingency
generation dispatch, while the second-stage minimizes the cor-
rective actions for each contingency state. These corrective ac-
tions include both short-term injections from batteries and the
long-term redispatch of generators. For the sake of simplicity,
contingencies due to a generator outage are not considered, and
it is assumed that the contingencies do not cause transient or
voltage instabilities.

III. CORRECTIVE CONTROL STRATEGY

The operation strategy of batteries for corrective security pur-
pose is proposed as follows:
Step 1) Following the occurrence of contingency at time

, one or more fast-response distributed batteries
inject power ( ) starting at time to bring the
branch flows back down within their emergency
rating.

Step 2) The power injections from the batteries remain con-
stant until time when the generators start ramping.

Step 3) During the ramping period from time to , the bat-
teries continuously reduce their injections until they
reach zero, while the generators ramp their output
up or down.

Step 4) The flows in the overloaded lines decrease linearly
until they reach their continuous rating at time .

The response time of the batteries (from to ) is very small
compared to the other time periods and can be ignored. The
amount of energy that a battery must be able to discharge or
charge to help deal with the th contingency is thus

(2)

where and .
Figs. 1–4 illustrate this model using a two-bus system. Imme-

diately after the outage of line at time , the post-contin-
gency flow on line exceeds its short-term emergency
rating ( ). At time battery S2 starts discharging and injects
PS to bring the flow in line back to its short-term emer-
gency rating. To keep the system in balance, battery S1 starts
charging and thus extracts the same amount of power PS from
the system. These coordinated injections maintain the stability
of the system for a period , which gives generators time to
start ramping. From time onwards, the flow on the over-
loaded line decreases as generator G2 ramps up and generator
G1 ramps down while the two batteries reduce their injection
or extraction. At time the flow in line reaches its contin-
uous rating . Battery S2 must therefore be able to deliver an
amount of energy proportional to the area ABDFA, while bat-
tery S1 must be able to store an amount of energy proportional
to the area ACEFA.

IV. ESCOPF FORMULATION

Fig. 5 shows the two-stage structure of the ESCOPF. The
first-stage problem determines the optimal state and control
variables for the pre-contingency state ( ), and ensures the
feasibility of the corrective post-contingency states. Based on
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Fig. 1. Two-bus system.

Fig. 2. Flow in line .

Fig. 3. Power injections by the two batteries.

Fig. 4. Power output of the two generators.

the pre-contingency dispatch ( ) obtained in the first-stage
problem, for each contingency, two types of second-stage prob-
lems seek the optimal corrective actions at operating points
(immediately following the occurrence of a contingency) and
(when the generators and batteries have stopped ramping).

Given the corrective actions at these two key operating points,
the post-contingency short- and long-term violations on all
branches can be alleviated within their respective timeframes.
It is assumed that the energy that the batteries must be able

to inject or extract to cope with the contingencies in the short-
term is small compared to their overall energy rating because the
deployment of batteries will usually be justified based on their
use for arbitrage, which requires considerably more energy than
the type of corrective actions that we are considering, therefore
the state of charge of batteries along the operational timeframe
is not included in the ESCOPF.
In addition, since the post-contingency flows on all the

branches would be kept below their short-term emergency
rating during the ramping period ( to , see Fig. 2), as in
the traditional CSCOPF problems, the security constraints

Fig. 5. Structure of the ESCOPF problem.

associated with the ramping process are not considered in the
ESCOPF model.

A. Stage 1: Minimization of the Generation Cost

The first-stage problem determines a most cost-effective op-
erating point ( ) for the pre-contingency state. If the op-
erating cost of the generators is represented using a piecewise
linear cost curve, the objective function of this problem is

(3a)
The feasibility space of is not only constrained by the

pre-contingency operational limits but also by the post-contin-
gency limits required to ensure the feasibility of the second-
stage problems:
1) Base Case Constraints: The total power output of gener-

ator must be equal to the sum of the power generated in each
segment of the cost curve plus its minimum power output:

(3b)

where the power generated in each segment of the cost curve
should be within its limits:

(3c)

The total power output should meet the load demand:

(3d)

The pre-contingency power flows on all lines should be
within their continuous rating:

(3e)

2) Post-Contingency Short-Term Constraints: Immediately
following a contingency, in order to relieve short-term overloads
at operating point , some batteries located downstream from
the overloaded lines will inject power in the network. However,
to maintain the power balance in the system, other batteries lo-
cated upstream from these lines must extract power from the
network:

(3f)



102 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 30, NO. 1, JANUARY 2015

The generator injections ( ) do not change immediately
after a line outage:

(3g)

The power injections and extractions of the batteries must
keep the flows in all branches within their short-term emergency
rating:

(3h)
The battery energy storage is assumed to be capable of tran-

sitioning continuously from zero to full output [22]–[24]. The
discharging and charging power are bounded by

(3i)

(3j)

3) Post-Contingency Long-Term Constraints: At operating
point , generators have been completely redispatched. The
real power output of the generators can be represented as the
sum of the base case power and the increased power:

(3k)

To maintain the system power balance, the total output
change of all the generators must be balanced:

(3l)

After generation redispatching, the power flow on each line
should be within its long-term limits:

(3m)

The redispatching amount of a generator should be within its
ramping limits:

(3n)

(3o)

The power output of a generator should be within its capacity:

(3p)

B. Stage 2: Minimization of the Corrective Actions

Since the first-stage problem aims atminimizing the base case
generation cost, the feasible corrective control solutions ( ,

, , ) obtained tend to be large and close
to their maximum limits. Therefore, it is necessary to resolve
the two-types of second-stage problems to seek the minimum
amount of adjustments of the batteries and generators to comply
with each corrective post-contingency state. The formulations
of the two types of post-contingency optimization problems are
given as follows:

1) Short-Term Corrective Actions Optimization: The first
type is the short-term corrective actions optimization problem,
which handles the immediate aftermath of the contingency. At
this operating point ( ), the overloads must be limited to the
short-term emergency rating by controlling the batteries. For
each contingency, the objective of the problem is to minimize
the power that must be injected or extracted instantly by the bat-
teries to alleviate the short-term emergency overloads:

(4)

This optimization is subject to the constraints (3f)–(3j).
2) Long-Term Corrective Actions Optimization: The second

type is the long-term corrective actions optimization problem.
For each contingency, the problem determines how generation
should be redispatched to bring the branch flows back within
their continuous rating at operating point . The objective of
the problem is to minimize the amount of redispatching needed:

(5)

The constraints (3k)–(3p) must be considered.

C. Remarks on the ESCOPF

After solving the proposed two-stage ESCOPF, the global op-
timal solution of the pre-contingency state is achieved. How-
ever, the post-contingency solutions (corrective actions) are not
globally optimal, because we do not include the weighted sum
of the expected operating costs of corrective control for the two
types of second-stage problems in the objective function (3a).
The reasons why we do not consider these costs are as follows:
1) The actual implementation of corrective actions occurs in
real time, thus the proposed ESCOPF problem is concerned
about minimizing the base case generation cost while en-
suring security.

2) The probability that an outage will occur over the time
frame covered by a particular OPF solution is very small.
Therefore the value of the expected recourse function
would be very small compared to the base case generation
cost [25].

3) Battery energy storage has a high investment cost but a rel-
atively low operating cost [22], leading other researchers to
ignore this operating cost in their optimizationmodels [24],
[26]. Since contingencies that would violate the short-term
emergency ratings are relatively rare events, the amount
of energy involved is likely to be a small fraction of the
amount of energy that would be cycled through the battery
for other purposes (e.g., arbitrage). We therefore believe
that neglecting the cost of operating the batteries for cor-
rective purpose is a reasonable assumption. If we assume
that the system operator owns the batteries, the cost of this
energy could be tallied as part of the cost of maintaining
security. If the battery is owned by a merchant operator, it
would make more sense to compensate this merchant op-
erator for providing a reliability service. The energy con-
sumed following a contingency could then be invoiced to
the system operator ex-post.
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D. Calculation of the Energy Required for Corrective Control

Once the ESCOPF problem has been solved, the minimum
amount of energy that each battery must be able to store or de-
liver to cope with all the contingencies is given by

(6a)

(6b)

The energy stored in battery during the operating period
under consideration is therefore bounded by

(6c)

These constraints are not used in the ESCOPF but should
be passed to the tool used to schedule the charging and dis-
charging of the batteries (e.g., day-ahead unit commitment with
distributed battery energy storage). This will ensure that the use
of the batteries for post-contingency corrective control is com-
patible with other applications of the batteries, such as arbitrage.

V. SOLUTION METHOD

The two-stage ESCOPF problem is solved serially: solve the
first-stage problem first, then take the solution of the first-stage
problem as parameters and resolve the second-stage problems.
Note that both the two-stage problems are convex because their
objective functions and all the constraints are linear. Since both
the two-types of second-stage problems are DCOPF, and can be
solved easily using linear programming techniques, this section
only explains the solution method of the first-stage problem.
The proposed first-stage problem cannot be solved directly,

as a large number of contingencies must be considered.
Instead, the first-stage problem can be solved using Benders de-
composition [27], [28]. The primal first-stage problem is de-
composed into a master problem for minimizing the base case
generation cost, and two sets of sub-problems for checking, if
under the pre-contingency dispatch, corrective control resources
(batteries, generators) are sufficient to alleviate the post-con-
tingency short- and long-term violations. Both the two sets of
post-contingency transmission security check sub-problems are
run for all the contingencies. Feasibility Benders cuts are gener-
ated during each iteration, and the optimal solution is obtained
when all the sub-problems are feasible.
The formulation of the master and sub-problems are given as

follows:

A. Master Problem: Pre-Contingency Optimization

Themaster problem corresponds to equations (3a)–(3e) of the
first-stage problem. It is a DC OPF augmented by the Benders
cuts generated by the sub-problems. It can thus be solved using
linear programming.

B. Sub-Problem 1: Short-Term Transmission Security Check

Sub-problems of type 1 check whether under the current dis-
patch solution of the master problem, distributed batteries can
be operated to alleviate all the short-term emergency violations.

For contingency , non-negative slack variables , are
introduced to ensure that the optimization problem is feasible.
The objective of this sub-problem is to minimize the sum of the
slack variables

(7)

This optimization is subject to constraints (3f)–(3j). Slack
variables and are used to relax constraints (3h):

(8)

(9)

If, after solving a sub-problem 1, the sum of slack variables is
equal to 0, the short-term violations after the occurrence of con-
tingency can be removed using distributed batteries. Else, the
corrective control of batteries cannot bring the post-contingency
flows back to their short-term emergency rating, which means
the preventive dispatch of the generators has to be adjusted, a
Benders cut is generated and added to the master problem for
the next iteration. The linear form of the Benders cut is

(10)

where and are the base case trial operating point
obtained from solving the master problem, is the multiplier
associated with the constraints (8), (9), and can be determined
as follows:

(11)

C. Sub-Problem 2: Long-Term Transmission Security Check

Sub-problems of type 2 check whether under the current dis-
patch solution of the master problem, generators can be redis-
patched to deal with all the contingencies. Non-negative slack
variables , are introduced to ensure feasibility for contin-
gency . The objective of this sub-problem is

(12)

This optimization is subject to constraints (3k)–(3p). Slack
variables are added to relax constraints (3m):

(13)

(14)

If, after solving a sub-problem 2, the sum of slack variables is
equal to 0, the long-term violations after the occurrence of con-
tingency can be cleared through generation redispatch. Else,
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the corrective control of generators cannot bring the post-con-
tingency flows back to their long-term rating, a Benders cut is
generated and added to the master problem for the next itera-
tion. The linear form of the Benders cut is

(15)

where is the multiplier associated with the constraints (13),
(14), and is determined by

(16)

D. Solution Procedure

Fig. 6 shows the flowchart of the Benders decomposition
based algorithm for the first-stage problem.
Step 1) Solve the master problem to determine an initial op-

erating point; set the contingency index .
Step 2) For contingency , calculate the post-contingency

power flows.
Step 3) Check if the post-contingency flows are within

their short-term emergency limits, if not, solve
sub-problem 1 and generate a Benders cut for each
sub-problem that is not feasible.

Step 4) Check if all the post-contingency flows are within
their long-term limits; for those that are not, solve
a sub-problem of type 2 and generate a Benders cut
when the problem is not feasible.

Step 5) Let , and repeat steps 2 to 4.
Step 6) When and all sub-problems are feasible,

stop and record the base case dispatch; else, add
the Benders cuts generated for each infeasible sub-
problem to the master problem and repeat steps 1 to
5.

VI. CASE STUDIES

The proposed ESCOPFmodel and algorithm have been tested
using a 6-bus system and a modified RTS 96 system. The re-
sponse time ( ) of the generators is assumed to be 5 min, their
ramping time ( ) 10 min, and the short-term emergency rating
of all lines is assumed to be 1.2 times larger than the continuous
ratings. All line outage contingencies are considered. The
CSCOPF-I, CSCOPF-II and ESCOPF are solved using Matlab
and CPLEX. All the experiments were performed on a personal
computer with 4 Intel (R) Core (TM) i7-4700 MQ CPU (2.4
GHz) and 8 Gb of memory.

A. Six-Bus System

Fig. 7 shows the six-bus system used to illustrate the pro-
posed method. This system consists of 3 generators, 6 buses,
and 11 transmission lines. The total load is 199.5 MW, equally
distributed between the three load buses. Batteries are installed
at buses 1, 5, and 6.
1) Comparison Between ESCOPF and Conventional

CSCOPF: Table I compares the solutions produced using the
two variants of CSCOPF and the ESCOPF. NSC and NLC are

Fig. 6. Flowchart of the proposed algorithm.

Fig. 7. Six-bus system.

the numbers of contingencies that result in a violation of the
short-term and long-term limits, respectively.
CSCOPF-I is relatively cheap because it ignores the two con-

tingencies (outages of lines 1, 2) that would violate the short-
term emergency ratings. Four contingencies (outages of lines 1,
2, 3, 5) require post-contingency generation redispatch to avoid
a violation of the continuous line rating. Since the CSCOPF-II
formulation enforces the short-term emergency limits, no short-
term violations would occur. However this solution costs more
than the one obtained with the CSCOPF-I formulation. These
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TABLE I
OPTIMAL SOLUTIONS PRODUCED BY THE CSCOPF AND ESCOPF

TABLE II
CORRECTIVE CONTROL ACTIONS OBTAINED BY THE FIRST-STAGE PROBLEM

TABLE III
CORRECTIVE CONTROL ACTIONS OBTAINED BY THE SECOND-STAGE PROBLEM

CSCOPF formulations assume that batteries are not used for
corrective actions.
The performance of the ESCOPF is tested in two cases: 1) the

power and energy capacity of each battery is set to be 10MW/10
MWh; 2) the power and energy capacity of each battery is set to
be 20 MW/20MWh. In the 10 MW/10MWh case, the ESCOPF
achieves a solution that is more expensive than CSCOPF-I but
cheaper than CSCOPF-II. In the 20 MW/20 MWh case, the ES-
COPF achieves the same cost as the CSCOPF-I because the total
power capacity of the batteries is sufficient to deal with all two
contingencies resulting in short-term constraint violations using
corrective actions only. On the other hand, when the three bat-
teries have only a 10 MW capacity each, one of the two contin-
gencies that result in short-term constraint violations requires
preventive actions, i.e., generation redispatch in the base case
solution. In all cases, generation redispatch is required to cor-
rect the long-term constraint violations. The CSCOPF-II for-
mulation requires less post-contingency redispatch because it
implements a more secure preventive dispatch.
Tables II and III show the evolution of the corrective actions,

which are obtained by solving the first-stage and second-stage
problems, respectively. These corrective actions are provided
by the 20 MW/20 MWh batteries immediately after each con-
tingency and the long-term generation redispatch for the same
contingencies. This demonstrates that, after solving the second-
stage problems of the ESCOPF, smaller corrective actions of the
batteries and generators are required to relieve overloads.

TABLE IV
PRE-CONTINGENCY LINE FLOWS IN THE SIX-BUS SYSTEM

Fig. 8. Flow on line 1 before and after an outage of line 2.

As can be seen from Table III, if line 1 were to be discon-
nected, battery S1 at Bus 1 would charge at a rate of 0.3 MW
while the battery S3 at Bus 6 would discharge at the same rate.
Similarly, if line 2 were disconnected, the batteries at buses 1
and 6, would respectively charge and discharge at a rate of 15
MW. The outage of line 2 is thus the worst case and would re-
quire that MWh of energy be
kept in reserve in battery S3 and that the same amount of spare
energy capacity be available in battery S1.
2) Pre- and Post-Contingency Power Flow Analysis:

Table IV shows the pre-contingency loading level in each
line for the CSCOPF-I, CSCOPF-II and ESCOPF (10 MW)
solutions. The ESCOPF's ability to dispatch distributed bat-
teries for short-term corrective action makes possible higher
power flows in most lines under pre-contingency conditions
than the CSCOPF-II. Using batteries for corrective actions
thus increases the utilization factor of the existing transmission
infrastructure and reduces the need for investments in new
facilities.
Fig. 8 shows how the ESCOPF adjusts the line flows for an

outage of line 2. F0 corresponds to the pre-contingency line
flows, F1 to the flow immediately after the outage and before
any action by the batteries, F2 to the flowwhen batteries provide
short-term corrective actions, and F3 to the flows after genera-
tion redispatch has been fully implemented. After the outage of
line 2, the flow on line 1 would violate the short-term emergency
rating. However, this flow is first reduced below this emergency
rating using the batteries and then below the continuous rating
through generation redispatch.

B. RTS 96 System

The proposed algorithm was also tested on a modified RTS
96, which consists of three interconnected RTS 79 networks,
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TABLE V
LOCATION OF THE BATTERIES IN THE RTS96

Fig. 9. Minimum cost achieved by the ESCOPF as a function of the number of
batteries and their individual power capacity.

Fig. 10. Number of short-term line flow limit violations as a function of the
number of batteries and their individual power capacity. These violations are
handled using post-contingency corrective actions involving these batteries.

with 96 generators, 73 buses, and 120 lines. The contingency
set includes 120 lines outage.
1) Effect of the Number and Power Capacity of the Batteries:

Three cases with 6, 9 and 12 batteries were considered. These
batteries were located as indicated in Table V. In each case, the
power rating of each battery was varied from 0 to 45 MW.
Fig. 9 shows how the generation cost, as calculated using

the ESCOPF, decreases as the power rating of the batteries in-
creases. The same lowest cost is achievable in all three cases,
albeit with different battery power ratings. As one would ex-
pect, a smaller total battery power capacity is required when the
batteries are more widely distributed. The optimal trade-off be-
tween additional investment costs in batteries and higher gener-
ating costs would depend on the per MW cost of the batteries.
Fig. 10 shows how the number of post-contingency

short-term line flow limit violations varies with the number of
batteries and their power capacity. As the number of batteries
increases and they are spread more widely, the ESCOPF has
to take less preventive security measures and can allow more
short-term violations to be handled using corrective actions.
Table VI shows the detailed results and running time obtained

with the ESCOPF when the power rating of each the batteries
installed in case 3 is varied from 5 to 20 MW. As the maximum

TABLE VI
DETAILED RESULTS OF ESCOPF

TABLE VII
COMPARISON OF CSCOPF AND ESCOPF

power capacity increases, the ESCOPF allows more short-term
and long-term violations to be removed by corrective actions
using the batteries and the generators. Note that this requires
more computing time.
Table VII compares the results obtained with the ESCOPF

and the two variants of CSCOPF when twelve 20 MW/20MWh
batteries have been installed as described in case 3. Under these
conditions, the ESCOPF has enough resources to achieve the
same cost as the CSCOPF-I attains by neglecting the short-
term limit violations. All 13 post-contingency short-term limit
violations and all 78 long-term limit violations are removed
using corrective actions at a lower cost than can be achieved
by CSCOPF-II. The total energy (ED) that should be stored for
all batteries is 34.5 MWh, and the total energy storage margin
(EC) that should be maintained is 30 MWh, which are smaller
than the values (40 MWh for both ED and EC) calculated if
only the first-stage problem of the ESCOPF was solved. The
last columns of Tables VI and VII show that the computing time
for the ESCOPF varies with the power rating of the batteries.
When this power rating is small, the ESCOPF is faster than the
CSCOPF-I because it is able to deal with fewer long-term limit
violations. However, when ESCOPF has enough resources, the
computing time is larger but very close to the computing of
the CSCOPF-I. Note that CSCOPF-II is the fastest as it has the
fewest NLC.
Fig. 11 shows how much energy should be stored and how

much energy capacity margin should be reserved in each battery
to cope with all the contingencies. The configuration of the RTS
is such that batteries 4 and 7 only need to provide corrective
actions in the form of discharges while battery 12 only needs
to charge following outages. The other batteries must charge or
discharge depending on the outage.
2) Effect of the Short-Term Emergency Rating: The value

of the ESCOPF depends on the difference between the short-
term and long-term ratings of the lines. Table VIII shows the
results obtained with the ESCOPF when 12 batteries with an
individual capacity of 10 MW/10 MWh have been installed as
described in case 3. As the ratio between the short-term and
long-term ratings increases, fewer contingencies lead to short-
term violations. This means that the generation cost calculated



WEN et al.: ENHANCED SECURITY-CONSTRAINED OPF WITH DISTRIBUTED BATTERY ENERGY STORAGE 107

Fig. 11. Energy and energy margin required in each battery for corrective ac-
tions.

TABLE VIII
EFFECT OF THE RATIO BETWEEN THE SHORT- AND LONG-TERM EMERGENCY

RATINGS

by the ESCOPF as well as the total energy and energy margin
that the batteries must keep in reserve decrease. Table VIII also
shows how the number of iterations and the running time of the
ESCOPF change with the increasing of the ratio between the
short-term and long-term ratings.

VII. CONCLUSION

Contingencies can cause some branch flows to exceed not
only their continuous rating but also their short-term emer-
gency rating. Ignoring such short-term violations of operating
constraints could cause cascading outages. On the other hand,
preventively dispatching the generating units to avoid such
short-term overloads can be costly. Alternatively, distributed
batteries could provide very fast corrective actions aimed at
quickly eliminating these violations of the emergency limits.
Generating units can then be redispatched to bring these flows
back under their long-term or continuous rating.
This paper has described an enhanced, two-stage security

constrained OPF (ESCOPF) problem that incorporates the
fast response capability that distributed battery energy storage
systems provide. The two-stage ESCOPF can be solved seri-
ally: First, solve the first-stage problem (minimization of the
generation cost) using Benders decomposition; Then, solve the
second-stage problems (minimization of the corrective actions)
using linear programming.
Implementing this form of corrective security would allow

operators to take advantage of the difference between the short-
and long-term ratings of the branches and would therefore in-
crease the available transmission capacity. In the long run, this
would reduce the need for investments in additional transmis-
sion facilities.
Test results demonstrate the effectiveness of this problem for-

mulation and illustrate the effects of the number of batteries,

their power rating and the difference between the short- and
long-term line ratings.
While the proposed two-stage ESCOPF problem has been il-

lustrated assuming that the batteries are connected directly to the
transmission network, it is also applicable to batteries connected
to the distribution network. The proposed technique could also
be used for other distributed resources that are able to respond
quickly after a contingency, such as some types of demand re-
sponse.
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