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ABSTRACT Ensuring the security and quality of supply in a power system after a contingency event is one
of the most challenging tasks for an electricity system operator. This work is initiated by this challenge and
proposes a solution based on the use of provided reserves by fast generators, storage devices, and wind farms.
A coordinated model is proposed in a joint energy and reserves market considering their corresponding cost
to ensure the adequacy in the simultaneous deployment of reserves for the different sources of uncertainties.
The Benders decomposition approach is used in the modeling of the stochastic security-constrained unit
commitment, and considering the large-scale and complex nature of the model, acceleration techniques are
suggested to reduce the execution time. The proposed model is tested on the 6-bus and the IEEE 118-bus
test systems. Numerical results show that the optimal values of reserves successfully address contingencies
in both of the critical and normal periods after the contingencies and the optimal solution is calculated in a
reasonable computing time.

INDEX TERMS Critical period, post-contingency actions, stochastic security-constrained unit commitment,
reserve services, benders decomposition, energy storage, wind power fluctuations.

INDICES & SETS
b Index of segments of piece-wise function.
B Index of the base case (base scenario).
s Index of buses.
l Index of transmission lines.
ch/dis Indices of charging/discharging of storage.
c Index of contingencies.
t Index of time.
δ Index of scenarios of uncertainty.
i Index of generators.
m Index of storage devices.
n Index of wind farms.
U/D Indices of upward/downward re-dispatches.
1, 2, 3 Indices of reserves in different types.
τ1, τ2 Indices of critical period and post-contingency.

The associate editor coordinating the review of this manuscript and

approving it for publication was Fabio Massaro .

3 Set of generators connected to bus s.
φ Set of storage devices connected to bus s.
ψ Set of wind farms connected to bus s.

PARAMETERS
FORl Forced outage rate of transmission lines.
Pl ts Active power of demands [MW].
ILOI tl Index of line outage impact factor.
γ Emergency rating of transmission lines.
ERui Emergency ramp up of generators [MW/h].
ERui Emergency ramp down of generators

[MW/h].
Qci Type-1 FRS rating of generators [%].
Qri Type-2 FRS rating of generators [%].
Rui,Rdi Ramp up/down limits of generator [MW/h].
RSui Shut-down ramp rate of generator [MW/h].
RSdi Start-up ramp rate of generator [MW/h].
SCi,DCi Start-up, shut-down costs of generators [$].
NCi Fixed costs of generators [$/h].
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T l,Bs Shift of lines’ power flow due to change of
injection at bus s in the base case.

T l,cs Shift of lines’ power flow due to change of
injection at bus s in contingencies.

ζ1t , ζ2t Normalized cost multipliers of time-steps.
�δ Probability of scenarios [%].
ηchm Efficiency of storage charging [%].
ηdism Efficiency of storage discharging [%].
λbi Production cost of generators [$/MWh].
λdism Cost of storage discharge [$/MWh].
λ
ch,(U/D)
m Reserve upward/downward cost in storage

charging mode [$/MW].
λ
dis,(U/D)
m Reserve upward/downward cost in storage

discharging mode [$/MW].
λDn Reserves cost of wind farms [$/MW].
λ
1,(U/D)
i Cost of Type-1 reserve of generators [$/MW].
λ
2,(U/D)
i Cost of Type-2 reserve of generators [$/MW].
λ
3,(U/D)
i Cost of Type-3 reserve of generators [$/MW].
α Acceptable wind curtailment percent [%].
β1n , β

2
n Wind farm participation rate in reserve

deployment of Type-1 and Type-2 [%].
1t1,1t2 Time steps of operation/critical period [h].

VARIABLES
EBm,t Energy of storage in base case [MWh].
Ecm,t Energy of storage in contingencies [MWh].
FGt Total energy cost of generators [$].
FSt Total energy cost of storage devices [$].
FRGt Total reserve cost of generators [$].
FRSt Total reserve cost of storage devices [$].
FRWt Total reserve cost of wind farms [$].
Fl tl Power flow of transmission lines [MW].
Ii,t Generator on/off binary variable.
Jm,t Storage discharging status in base case.
J cm,t Storage discharging status in contingencies.
Pi,t Base dispatches of generators [MW].
Pδi,t Dispatch of generators in scenarios [MW].
Pchm,t Dispatch of storage in charge mode [MW].
Pdism,t Dispatch of storage in discharge mode

[MW].
Pδn,t Dispatch of wind farms in scenarios [MW].
r (U/D),δi,t Reserve realization in wind scenarios

[MW].
Rch,(U/D)m,t Reserves of storage in charging mode

[MW].
Rdis,(U/D)m,t Reserves of storage in discharge mode

[MW].
R1,(U/D)i,t Type-1 FRSs provided by generators [MW].

R2,(U/D)i,t Type-2 FRSs provided by generators [MW].

R3,(U/D)i,t Type-3 regular reserves of generators [MW].
R1,Dn,t Type-1 FRSs provided by wind farms

[MW].

R2,Dn,t Type-2 FRSs provided by wind farms [MW].
S tB Slack variable of load curtailment in base

case sub-problem [MW].
S t,τ1c Slack variable of load curtailment in

sub-problem 2 [MW].
S t,τ2c Slack variable of load curtailment in

sub-problem 3 [MW].
S1tc, S2

t
c, S3

t
c Slack variables of load curtailment in

sub-problems 2 and 3 [MW].
sti,t , sdi,t Binary variables for start-up and shut-down

statuses.
Toni,t ,T

off
i,t On/off duration time of generators [h].

µ Dual variables of different sub-problems.

I. INTRODUCTION
Maintaining the balance between demand and generation is
one of the highest priorities of power system operators [1],
[2]. This balance can be disturbed with increasing penetration
of renewable sources, which has intermittent outputs, and the
occurrence of contingency events [3], [4] which the Friday
9 August 2019 power outage of the UK is the recent exam-
ple of this issue [5]. To restore the balance between supply
and demand and to prevent cascading failures in the power
system, reserves must be dispatched very fast.

A. AIM AND MOTIVATION
There are various types of balancing services, including the
frequency and reserve services that are available for reg-
ulation and contingency management purposes [6]. In [7]
a complete list of services procured by the UK National
Grid Energy Systems Operator (ESO) for balancing demand
and supply across Britain’s transmission system is provided.
In normal operation condition, the regulation reserves adjust
the imbalance of demand and generation, caused by the
variation of load and renewable generation [8], [9]. The
contingency reserves are provided through both of the fast
and slow-responding reserve units. The ability of these units
to secure the power system is usually checked using the N-1
or N-K Contingency Analysis (CA).

B. LITERATURE SURVEY
The unit commitment problem considers the day-ahead
scheduling of power system [10], [11]. Recently, scheduling
contingency reserves have attracted considerable attention
from researchers. The optimal load shedding in [12] and
the demand response in [13] are included by the Security-
Constrained Unit Commitment (SCUC) problem; however,
the response time of reserves is not considered in [13]. A two-
stage robust model is presented in [14] to consider the N-K
outages of lines and generators. A mixed day-ahead and
intraday min-max model is presented in [15], where control
actions are planned to prevent a cascading failure. In [16],
a contingency-constrained unit commitment is presented to
schedule the reserve units in case of line/unit outages.
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Scheduling generators that provide Fast Reserve Services
(FRSs) in the day-ahead market is presented in [17] and [18]
to secure the system directly after the occurrence of a con-
tingency event. In [18], the re-dispatch of units formulated as
a SCUC problem, and the units are planned to intervene in
two different periods after the occurrence of a contingency
event. The reserves of the first period (critical duration) are
used to secure the system immediately after the occurrence of
the contingency event, and the reserves of the second period
aim to secure the system, 10 minutes after the occurrence of a
contingency event. The reserves of both intervals cannot work
cooperatively during the same period.

On the other hand, the joint scheduling of contingency
and regulation reserves are also considered in the literature.
The uncertainty associated with the use of renewable energy
sources is considered either within a robust model or a
stochastic model with a limited number of scenarios [6], [19].
In [20], a robust-stochastic model is presented. That model
aims to find a feasible solution for at least one scenario, but
not for the base operation point, which is not suitable for
real-world cases. This is one of the issues that is considered
in our model in this paper by adding a sub-problem corre-
sponding to the base case. Here, the ‘‘base case’’ indicates
the operational decision variable in the stochastic problem,
which is usually scheduled based on the expected values of
uncertainty variables. In [21], the regulation and contingency
reserves are scheduled jointly for a distribution network,
using a decomposed robust SCUC model. That model con-
siders the critical lines to be protected against outages to
increase the reliability of the system. The model developed
in this paper also considers the high impact outages for
rankingN-1 to prevent dangerous contingencies. Bothmodels
presented in [20] and [21] do not consider the response time
of units or contingencies, which is considered in this paper.
A multi-resolution robust SCUC is also presented in [22],
which copes with the uncertainties of demand and the inter-
mittency of renewable energy sources. That model can deal
efficiently with the small networks but not with the large ones,
and this is due to the huge computation cost. Reference [23]
suggests a two-stage stochastic SCUC for planning the wind
energy and conventional units in the day-ahead market with
N-1 contingencies. This model considers all the scenarios in
N-1 contingency, which burdens the solutions and leads to
a large computation cost. In [24], the presented stochastic
model considers the uncertainties of generators and load, and
also branch contingencies. The generated scenarios are based
on the Forced Outage Rate (FOR) of the components. The
model is also not decomposed, and hence, it is not suitable
for large scale networks. In addition, the response time and
critical duration are not considered in the model.

C. RESEARCH GAP
According to the aforementioned literature review, it can
be seen that there is no comprehensive model that able
to schedule the regulation and slow/fast-responding con-
tingency reserves considering the stochastic behavior of

renewable energy sources, the response time of different facil-
ities and contingencies, and provide the solution for the base
case and all the important scenarios. This paper addresses this
research gap by developing a comprehensivemodel. Different
types of reserve providers are considered in this model to
meet the dynamic response required in each case.

Moreover, this work advances the state-of-the-art by pro-
viding an exhaustive model that is able to concurrently
coordinate the regulation and contingency reserves and
also dispatch the appropriate reserves among the conven-
tional generators, generators providing FRSs, and the storage
facilities. As these units provide different response times,
the model is able to select the necessary reserves according
to the dynamic response required to restore the demand and
generation balance.

D. CONTRIBUTIONS
This paper presents a stochastic SCUC model considering
the reserves provided by conventional generators, generators
with FRSs, and storage facilities. Two types of generators
can deploy the FRSs: the first type deploys very fast services
that can be used for immediate re-dispatches, and the second
type provides fast enough reactions which can be used as
regulation reserves. The response time of these services can
deal with the dynamics of different phenomena considered in
the model. The model optimizes jointly the operational cost
and the cost of reserves considered explicitly in the model.
In this paper, the model coordinates the operation of genera-
tors with FRSs such that: (i) The first type of generators with
FRSs is used to provide balancing service with immediate
response and during a short period after the contingency event
occurrence. Also, both types of generators with FRSs are
used for regulation reserves; (ii) The conventional generators,
as well as generators with FRSs, are used to provide reserves
for stable re-dispatch after the contingency occurrence.

Solving an exhaustive model can be complex and requires
a long computational time. For that, a decomposition method
based on the Benders algorithm and the Aggregation of Sub-
Problems (ASP) is proposed. The purpose of this method is
to reduce the solution time of the exhaustive model. This
ASP method solves one aggregated problem instead of solv-
ing sub-problems for each time/scenario, usually used in
the literature. The consideration of all possible cases in N-1
contingency requires a long computation time; consequently,
it will burden the model. On the other hand, generating pre-
defined scenarios for outages, such as presented in [23],
[24] might ignore some important outage scenarios. For this
reason, the Online Contingency Ranking (OCR) of overhead
lines is used to evaluate the contingency events in this paper.
Also, Emergency Line Rating (ELR) is considered to reduce
the total cost.

In brief, the main contributions of this paper are summa-
rized as follows:
• Develop a model to schedule the regulation and contin-
gency reserves while considering the stochastic nature
of wind energy, the response time of different facilities
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and contingencies, and provide the solution for the base
case and all the important scenarios;

• Coordinate different performances of generators includ-
ing the performance as contingency reserve provider and
the performance as regulation reserves;

• Develop a solving technique to accelerate the calculation
time. This technique is based on the online contin-
gency ranking method and the aggregation of sub-
problems resulting from the application of Benders
decomposition.

The remainder of this paper is arranged as follows.
Sections II and III illustrate the problem formulation and the
solving technique. The results of two different case studies
are discussed in Section IV. In Section V, the conclusion is
outlined.

II. STOCHASTIC PROCUREMENT OF FAST
RESERVE SERVICES
A. METHOD OF SCENARIO GENERATION
In this paper, wind farms are considered in the model and sce-
nario generation; however, other types of renewable energy
sources can be considered in the same way. The scenar-
ios of wind speed are calculated based on the Weibull dis-
tribution. A large number of random samples are firstly
generated around the mean value of predicted wind speed,
which, in turn, is based on meteorological data [25]. Then,
a reduction method based on Kantorovich distance (so-called
probability distance method) is used to measure the similarity
and reduce the number of scenarios [26]. The output energy of
wind farms is calculated based on the power curve of turbines.

B. MODEL OF THE STOCHASTIC SCUC
The objective function of the stochastic SCUCmodel consists
of the weighted sum of the operational cost and the lost oppor-
tunity cost for the different scenarios. In this paper, the lost
opportunity cost is the penalty of downward re-dispatches of
generators ‘‘rD,δi,t ’’. Adding the reserve deployment cost to the
conventional stochastic objective function of SCUC (2) leads
to the objective function given by (1).

min
I ,P(i/m/n)
,R1,R2,R3

∑
t

FGt + FSt + FRGt + FRSt + FRWt (1)

FGt = 1t1
∑
i

(
SCisti,t + DCisdi,t + NCiIi,t

+

∑
δ

�δζ1t
(
rcDi r

D,δ
i,t +

∑
b

λbiP
b,δ
i,t )
)

(2)

sti,t − sdi,t = Ii,t − Ii,(t−1) (3)

sti,t ≤ Ii,t ′ ∀t ≤ t ′ ≤ t + Ton,min
i − 1 (4)

sdi,t ≤ 1− Ii,t ′ ∀t ≤ t
′
≤ t + Toff,min

i − 1 (5)

Pi,t − Pi,(t−1) ≤ RuiIi,t + RSuisti,t (6)

Pi,(t−1) − Pi,t ≤ RdiIi,t + RSdisdi,t (7)

Pmin
i Ii,t ≤

(
Pδi,t =

∑
b

Pb,δi,t
)

(8)

Pb,δi,t ≤ P
b,max
i Ii,t (9)∑

i

Pi,t +
∑
m

Pm,t +
∑
δ

�δ
∑
n

Pδn,t =
∑
s

Pl ts (10)∑
i

Pδi,t +
∑
m

Pm,t +
∑
n

Pδn,t =
∑
s

Pl ts . (11)

The terms FSt , FRGt , FRSt , and FRWt in (1) are given
respectively in (12), (19), (37), and (44), and are explained
later in this section. In addition, different periods are consid-
ered in the cost functions. The1t1, which is 1h (60 minutes),
is the operation time-step, and1t2, which is 1

6h (10 minutes),
is the required time for stable re-dispatches after contingen-
cies. Constraint (3) shows the relationship between binary
variables of start-up, shut-down, and the variable of on/off
status. The minimum on/off periods of generators are consid-
ered by (4) and (5). The ramp rate limits are controlled by
(6) and (7). The equations of generator piece-wise steps and
the production limits are presented by (8) and (9). The load
balance constraints are given by (10) and (11).

C. MODEL OF STORAGE DEVICES
In this paper, the cost of energy purchasing is the cost paid to
the generators to charge the storage devices; consequently,
it is included implicitly in the cost function given by (2),
while the profit of energy storage devices is represented
by (12). The operation of the energy storage devices and
their constraints are given by (13)–(19). Em,t0 is the initial
value of the stored energy of storage devices. Constraint (13)
is the relation between charging/discharging and the stored
energy of the storage devices. The energy limits of storage
devices are constrained by (14). Constraint (15) ensures that
the storage devices have enough energy to be involved in the
energy market in the next day. Also, the limits of charging/
discharging and the dispatched energy of them are given by
(16)–(18).

FSt = 1t1ζ2t
∑
m

λdism Pdism,t (12)

EBm,t = EBm,(t−1) +1t1
(
Pchm,tη

ch
m − P

dis
m,t/η

dis
m

)
(13)

Emin
m,t ≤ EBm,t ≤ E

max
m,t (14)

EBm,t0 = EBm,t24 (15)

Pdism,t ≤ Jm,tPdis,max
m (16)

Pchm,t ≤ (1− Jm,t )Pch,max
m (17)

Pm,t = Pdism,t − P
ch
m,t . (18)

D. MODEL OF RESERVE DEPLOYMENT
The model presented in this paper classifies the reserve units
into three types. Type-1 includes the reserve units to be used
immediately after the occurrence of a contingency event. The
reserve units to be used to stabilize the system at a new
operation point after the first minutes are indicated by Type-2.
This period is called the critical period. The period after Type-
2 units intervention is called the post-contingency period. The
reserve units, which are used to regulate the system and to
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address the variations of wind generation, are classified as
Type-3. In the following, the deployment model of the reserve
units of types 1, 2, and 3 are presented.

1) DEPLOYMENT MODEL OF GENERATORS
As stated, the conventional generators and generators with
FRSs are providing upward/downward reserves and repre-
sent the main resource of system flexibility. The cost of
reserves provided by these generators is given by (19).
In this equation, the reserves deployed from the units Type-1,
Type-2, and Type-3 are indicated respectively by R1, R2,
and R3. The first type of generators with FRSs (immediate
response) provides up to Qci% of emergency ramp rate,
and the corresponding limits in upward and downward are
presented by (20)–(23). The conventional generators show
a slow response for dispatching the required energy. The
limits of their contribution in providing reserves are given
by (24)–(27). The second type of generators with FRSs pro-
vides up to Qri% of emergency ramp rate, and they will be
used to restore the imbalance resulting from the fluctuation
of wind energy by regulation reserves. The corresponding
constraints are given by (28)–(32).

FRGt= ζ1t
∑
i

((
λ
1,U
i R1,Ui,t +λ

1,D
i R1,Di,t

)
+
(
λ
2,U
i R2,Ui,t

+ λ
2,D
i R2,Di,t )+(λ3,Ui R3,Ui,t +λ

3,D
i R3,Di,t

))
(19)

R1,Ui,t ≤ QciERuiIi,t (20)

R1,Di,t ≤ QciERdiIi,t (21)

Pi,t + R
1,U
i,t ≤ P

max
i Ii,t (22)

Pi,t − R
1,D
i,t ≥ P

min
i Ii,t (23)

R2,Ui,t ≤ ERuiIi,t (24)

R2,Di,t ≤ ERdiIi,t (25)

Pi,t + R
2,U
i,t ≤ P

max
i Ii,t (26)

Pi,t − R
2,D
i,t ≥ P

min
i Ii,t (27)

Pδi,t = Pi,t + r
U ,δ
i,t − r

D,δ
i,t (28)

rU ,δi,t ≤ QriERuiIi,t (29)

rD,δi,t ≤ QriERdiIi,t (30)

R3,Ui,t ≥ r
U ,δ
i,t (31)

R3,Di,t ≥ r
D,δ
i,t . (32)

The first type of generators with FRSs can be used during
the critical and post-contingency periods, and they can also
be used to provide regulation reserves. Also, the second type
of generators with FRSs can be used in post-contingency and
as regulation reserves. Hence, it is important to coordinate the
participation of these generators, as shown by (33)–(36).

R1,Ui,t + R
3,U
i,t ≤ ERuiIi,t (33)

R2,Ui,t + R
3,U
i,t ≤ ERuiIi,t (34)

R1,Di,t + R
3,D
i,t ≤ ERdiIi,t (35)

R2,Di,t + R
3,D
i,t ≤ ERdiIi,t . (36)

2) DEPLOYMENT MODEL OF STORAGE DEVICES
The energy supplied by the storage devices depends on
their available stored energy. In normal operation conditions,
the storage devices exchange the energy with the grid accord-
ing to a fixed schedule. However, providing energy from
the storage devices during the post-contingency period may
deplete all of their stored energy; consequently, the storage
devices will not be able to provide energy during the critical
period. On the other hand, the operator of storage devices can
recover their stored energy with real-time decisions. The cost
of energy deployment from storage devices consists of the
upward and downward reserves in two modes: charging and
discharging, as shown by (37). Equations (40)–(43) show that
the stored energy of storage devices and the power exchanged
with the grid during the charging and discharging should
remain within limits.

FRSt = ζ2t
∑
m

(
λdis,Um Rdis,Um,t + λ

dis,D
m Rdis,Dm,t

+ λch,Um Rch,Um,t + λ
ch,D
m Rch,Dm,t

)
(37)

Ecm,t = EBm,t +1t2
(
Rch,Um,t η

ch
m − R

dis,U
m,t /ηdism

)
(38)

Emin
m,t ≤ E

c
m,t ≤ E

max
m,t (39)

Pdism,t + R
dis,U
m,t ≤ Jm,tP

dis,max
m (40)

Pchm,t + R
ch,U
m,t ≤ (1− Jm,t )Pch,max

m (41)

Rdis,Dm,t ≤ P
dis
m,t (42)

Rch,Dm,t ≤ P
ch
m,t . (43)

3) CONTROL OF WIND FARMS DURING
POST-CONTINGENCY PERIOD
The cost of reserve energy deployment from the wind farms
is given by (44). The wind farms do not provide upward
reserves, but their power can be curtailed during the critical
and post-contingency periods. The maximum reserve pro-
vided by wind farms during the post-contingency and critical
periods is limited by (46) and (47). Equation (48) defines the
limit for the curtailment of wind energy and shows that over
α% of wind power will be used.

FRWt = ζ1t
∑
n

λDn (R1
D
n,t + R2

D
n,t ) (44)

Pδn,t ≤ P
δ,max
n,t (45)

R1,Dn,t ≤ β
1
n

∑
δ

�δPδn,t (46)

R2,Dn,t ≤ β
2
n

∑
δ

�δPδn,t (47)∑
δ

�δ(Pmax
n,t − P

δ
n,t ) ≤ αP

max
n,t . (48)

III. MODEL DECOMPOSITION
A decomposition method is adopted to reduce the complexity
of the proposed model. The decomposed model consists of a
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FIGURE 1. The flowchart of the proposed decompostion-based solving approach.

master problem and four sub-problems. The previous stud-
ies solve separately the sub-problems corresponding to each
index: t , c, and δ [17], [18], [23]. These sub-problems are not
solved until the base case is solved and no cut is generated.
In this paper, an acceleration technique is developed, in which
each sub-problem aggregates the sub-problems of all the
indices: t , c, and δ. After that, the solving algorithm solves
the master problem and all the sub-problems in the initial
loop and for each iteration and generates the corresponding
cuts. After that, the algorithm solves the master with new
cuts, and this loop continues until no new cuts are generated.
The flowchart of the proposed model is presented in Figure 1.
Also, the strong cuts suggested in [27] have been used in the
proposed algorithm.

A. MASTER PROBLEM
The master problem considers the total cost of stochastic
SCUC given by (1), and the corresponding constraints are
given by (2)–(48). The solution consists of decision variables,
the schedule of power dispatching of each unit, and the
reserve capacity of units that are used to solve sub-problems.

B. SUB-PROBLEM 1-BASE CASE
The objective function of this sub-problem and the corre-
sponding constraints are given by (49)–(51). The base case
checks the DC power flow for the base schedule of units,
using the expected value of wind energy at normal condition.

The dual variables of (50) and (51) are µ1Bl,t and µ2Bl,t ,
respectively. The T l,Bs is the shift factor of lines at normal
conditions based on the injected power at bus s. For each t ,
if the slack variable S tB is greater than zero, then a Benders
cut will be formed according to (80).

min
∑
t

S tB (49)

T l,Bs

(∑
i∈3

P̂i,t +
∑
m∈φ

P̂m,t +
∑
n∈ψ

∑
δ

(�δP̂δn,t )

− Pl ts − S
t
B

)
≤ Flmax

l (50)

T l,Bs

(∑
i∈3

P̂i,t +
∑
m∈φ

P̂m,t +
∑
n∈ψ

∑
δ

(�δP̂δn,t )

− Pl ts + S
t
B

)
≥ Flmax

l . (51)

C. SUB-PROBLEM 2-SCHEDULING DURING
CRITICAL PERIOD
This sub-problem evaluates the network’s constraints for the
master solution during the critical period. The shift factor of
lines after the outages is T l,cs . The objective function is the
sum of slack variables of curtailments as defined by (52),
and the constraints defined by (53)–(66). This sub-problem
contains binary variables; hence, based on the method used
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in [17], the mixed-integer sub-problem is solved. After that,
fixed values will be substituted, and the sub-problem will be
resolved to calculate variables and dual variables. A Benders
cut will be generated as defined by (81), if the S t,τ1c is not zero
for each t and c.

min
∑
t

∑
c

(S t,τ1c = S1tc + S2
t
c + S3

t
c) (52)

Pcm,t = Pdis,cm,t − P
ch,c
m,t (53)

Pdism,t ≤ J
c
m,tP

dis,max
m (54)

Pchm,t ≤ (1− J cm,t )P
ch,max
m (55)

Pci,t − P̂i,t ≤ R̂
1,U
i,t (56)

P̂i,t − Pci,t ≤ R̂
1,D
i,t (57)

Pch,cm,t − P̂
ch
m,t ≤ R̂

ch,U
m,t (58)

P̂chm,t − P
ch,c
m,t ≤ R̂

ch,D
m,t (59)

Pdis,cm,t − P̂
dis
m,t ≤ R̂

dis,U
m,t (60)

P̂dism,t − P
dis,c
m,t ≤ R̂

dis,D
m,t (61)

Pcn,t ≤
∑
δ

(�δP̂δn,t ) (62)∑
δ

(�δP̂δn,t )− P
c
n,t ≤ R̂

1,D
n,t (63)

T l,cs

(∑
i∈3

Pci,t +
∑
m∈φ

Pcm,t +
∑
n∈ψ

Pcn,t

− Pl ts − S1
t
c

)
≤ γFlmax

l (64)

T l,cs

(∑
i∈3

Pci,t +
∑
m∈φ

Pcm,t +
∑
n∈ψ

Pcn,t

− Pl ts + S1
t
c

)
≥ γFlmax

l (65)∑
i

Pci,t+
∑
m

Pcm,t+
∑
n

Pcn,t+S2
t
c − S3

t
c =

∑
s

Pl ts .

(66)

The dual variables of (56) to (63) are µ1c,τ1i,t , µ2c,τ1i,t ,
µ3c,τ1m,t –µ6

c,τ1
m,t , µ7

c,τ1
n,t , and µ8

c,τ1
n,t , respectively. The possible

rescheduling of generators, based on the reserves and base
schedules in upward/downward are controlled by (56) and
(57). The reschedule limits of storage devices in charging/
discharging modes and in upward/downward are consid-
ered by (58)–(61). Also, the participation of wind farms
in the critical period is considered by (62) and (63). Con-
straints (64) and (65) control the power flow in lines, and
γ is the multiplier of ELR that considers 110% of normal
conditions based on [17]. Equation (66) checks the equal-
ity of the total generation and consumption in the critical
period.

D. SUB-PROBLEM 3-POST-CONTINGENCY PERIOD
This sub-problem evaluates the master solution for the
stable reschedule of units during the post-contingency

period. The objective function of this problem is given
by (67). This sub-problem is subject to a set of con-
straints defined by (68)–(74). The generators can partic-
ipate in providing reserve as defined by (68) and (69),
and the energy of wind farms can only be curtailed as
defined by (71). The power flow limits in the lines and
the balance of total generation/consumption are presented
by (72)–(74).

min
∑
t

∑
c

(S t,τ2c = S1tc + S2
t
c + S3

t
c) (67)

Pci,t − P̂i,t ≤ R̂
2,U
i,t (68)

P̂i,t − Pci,t ≤ R̂
2,D
i,t (69)

Pcn,t ≤
∑
δ

(�δP̂δn,t ) (70)∑
δ

(�δP̂δn,t )− P
c
n,t ≤ R̂

2,D
n,t (71)

T l,cs

(∑
i∈3

Pci,t +
∑
m∈φ

P̂m,t +
∑
n∈ψ

Pcn,t

− Pls,t − S1tc

)
≤ Flmax

l (72)

T l,cs

(∑
i∈3

Pci,t +
∑
m∈φ

P̂m,t +
∑
n∈ψ

Pcn,t

− Pls,t+S1tc

)
≥ Flmax

l (73)∑
i

Pci,t+
∑
m

P̂m,t+
∑
n

Pcn,t+S2
t
c−S3

t
c =

∑
s

Pl ts . (74)

Here, µ1c,τ2i,t , µ2c,τ2i,t , µ3c,τ2n,t , µ4
c,τ2
n,t , µ5

c,τ2
l,t , µ6c,τ2l,t , and

µ7c,τ2t are the dual variables of (68) to (74), respectively. If the
load curtailment of S t,τ2c is greater than zero in each t and
c, a Benders cut as defined by (82) is added to the master
problem for the next iteration.

E. SUB-PROBLEM 4-SCHEDULING THE
REGULATION RESERVE
The objective function and constraints of this problem are
presented by (75)–(77). This sub-problem evaluates the
power flow in the different wind scenarios with considering
the solution of the master problem. The flow limits of lines in
different scenarios are presented by (76) and (77), and their
corresponding dual variables areµ1δl,t andµ2

δ
l,t . The Benders

cut of (83) will be generated for positive values of S tδ for each
t and δ.

min
∑
t

∑
δ

S tδ (75)

T l,Bs

(∑
i∈γ

P̂δi,t +
∑
m∈φ

P̂m,t +
∑
n∈ψ

P̂δn,t

− Pl ts − S
t
δ

)
≤ Flmax

l (76)
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FIGURE 2. Reserves for critical period in different cases.

TABLE 1. Specifications of test cases.

T l,Bs

(∑
i∈γ

P̂δi,t +
∑
m∈φ

P̂m,t +
∑
n∈ψ

P̂δn,t

− Pl ts + S
t
δ

)
≥ Flmax

l . (77)

IV. CASE STUDY-RESULTS AND ANALYSIS
The numerical results of the implementation of the proposed
mixed-integer linear problem (MILP) on two test systems are
evaluated in this section. The 6-bus and the IEEE 118-bus
test systems are analyzed for six defined cases to show
the model performance. The six cases, given in Table 1,
are defined based on different conditions in the critical and
post-contingency periods with and without considering the
contingency reserve cost. This is to show their impact on
the proposed stochastic SCUC model. The basic model of
Case-0 is defined as a stochastic model with wind uncer-
tainties, and the number of scenarios after reduction is five.
Cases 1-4 represent the different variation of the stochastic
model in Case-0. Case-5 is the comprehensive model which
considers all the features presented in this paper. These tests
are performed using CPLEX, on a laptop with Intel 7core
2.4 GHz and 8 GB of RAM. The detailed information of the
test systems is available online at [28].

A. 6-BUS TEST SYSTEM
The 6-bus test system contains three generators, and one wind
farm and two storage units are added to evaluate the proposed
model. In this test system, all generators are from the first

FIGURE 3. Detailed values of reserves for critical period in Case-5.

type with FRSs, and hence, they are capable of providing
immediate and stable re-dispatches at contingency events and
regulation reserves. The FRSs for stabilizing the frequency
through the critical period are deployed for N-1 CA of all
outages in lines of this test system. Figure 2 shows the total
values of FRSs for cases 3-5. It can be seen that, without con-
sidering the cost of reserves in Case-3, larger values of FRSs
are deployed. The reason is that the model only looks for the
minimum values for base dispatches, and does not change
them further to reduce the values of contingency reserves,
which has no cost. As can be seen in Figure 2, this point is
considered in our model; consequently, the dispatched energy
is less than the values in cases 3 and 4.

Figure 3 shows the values of FRSs provided by storage
devices, generators with FRSs, and wind farms in Case-5.
It can be seen that different types of units participate in pro-
viding reserves. Table 2 shows the immediate re-dispatches
of the units to evaluate the performance of the FRSs in case
of occurrence of contingency events in the different lines
in the test network. It can be seen that the storage devices
are participating in both charging/discharging modes and in
up/down directions.

As mentioned before, the storage devices cannot provide
reserve during the post-contingency period as this will affect
their state of charge; consequently, this may lead to an infea-
sible solution. Figure 4 shows the hourly reserves for stable
re-dispatches. The larger values of downward reserves are
deployed in Case-1 and Case-3 as the cost of contingency
reserve has not been considered in these cases. Figure 5
gives the value of reserves provided by different units in
Case-5.
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FIGURE 4. Reserves during the post-contingency period in different cases.

TABLE 2. Re-dispatches during critical period and post-contingency (MW).

FIGURE 5. Reserves dispatching during the post-contingency in Case-5.

Table 2 also presents the re-dispatches of units for the
contingencies in the different network’s lines at hour 13 and
hour 21. It can be seen that the sum of up/down re-dispatches
is zero for each event. This means that the supply is shifted in
the post-contingency period to prevent the network overload-
ing or load curtailment.

In this case study, the share of wind energy in the hourly
load supply is up to 20%, and the achieved peak-shaving is
around 8.41% by using the storage devices and the wind farm.

Figure 6 shows the hourly regulation reserves for Case-5.
It can be seen that the highest dispatched values in upward
and downward mode happen between hours 12 to 15.

B. IEEE 118-BUS TEST SYSTEM
This test system includes 54 generators. Here, 10 generators
of the first type with FRSs are used to provide contingency
reserve, and 35 generators of the second type with FRSs
are considered as regulation reserve providers. Furthermore,
3 wind farms and 10 storage units are added to this test
system. This is to assess the impact of wind and storage
units in the suggested model. The IEEE 118-bus test system
has 186 lines, and considering the outages of all these lines
increases the computing time significantly. Hence, an OCR
method is performed to consider only the high impact out-
ages. Themethod allows consideration of approximately 10%
of top-ranked lines. This method is based on the ‘‘ILOI tl ’’
index given by (79). The proposed index uses the power flow
of the base case sub-problem and the master solution, in the
corresponding iteration, as shown by (78).

Fl tl = T ls

(∑
i∈3

P̂i,t +
∑
m∈φ

P̂m,t

+

∑
n∈ψ

∑
δ

(�δP̂δn,t )− Pl
t
s

)
(78)

ILOI tl = (Fl tl /Fl
max
l )

1
FORl

. (79)

To evaluate the deployment of reserves, Figure 7 represents
the values of dispatched reserves during the critical period
and for different cases 3-5. It can be seen, in Case-3, large
values of redundant reserves are deployed in upward and
downward modes. Figure 8 shows the values of hourly
reserves of different units for Case-5, where generators
with FRSs, storage devices, and wind farms participate in
the deployment of contingency reserves during the critical
period.

Table 3 presents the re-dispatches during the critical period
of contingencies at hour 21. It can be seen that down-
ward reserves are supplied by different units in different
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FIGURE 6. Hourly regulation reserve for wind variations in Case-5.

FIGURE 7. Reserves for critical period in different cases.

FIGURE 8. Detailed values of critical period reserves in Case-5.

FIGURE 9. Deployed reserves during the post-contingency in different cases.

contingencies, and contingencies are sorted based on the
defined ranking index. Besides, the sum of re-dispatches in
each contingency is zero. The storage devices mostly deploy
upward reserves during the critical period of contingencies.

The deployed values of reserves during the post-
contingency period are presented in Figure 9. It can be seen
that the reserve deployment in the post-contingency period
is significantly affected by considering the cost of reserves.
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FIGURE 10. Deployed reserves during the post-contingency period for Case-5.

TABLE 3. Re-dispatches during critical period (MW).

As mentioned before, the storage devices cannot deploy
reserves for a long period, and Figure 10 shows the reserves
provided by generators and wind farms in Case-5.

Table 4 shows the stable re-dispatches during the post
contingency period at hour 21, and it can be seen the wind
farms participate alongside other units in re-dispatches.

Figure 11 presents the hourly regulation reserves for cover-
ing the wind power variations. It can be seen the reserves are
mostly deployed between hours 16 and 24, where the highest
level of wind energy penetration takes place.

A comparison between the operational cost, including the
cost of generation and reserves, in different cases, is pre-
sented in Table 5. As expected, in Case-2 and Case-5 the
total cost is increased, when the cost of contingency reserves
is considered. Moreover, considering the ELR in Case-5
decreased the cost in comparison to Case-4. The total costs
for Case-5 (the target model of this paper) are $156679 and
$1740671 for the 6-bus and IEEE 118-bus test systems,
respectively.

Table 6 compares the solution time of the proposed model
in different cases. It can be obtained that without consid-
ering the reserve costs for contingencies, the deployment
of redundant reserves makes the convergence slow because

TABLE 4. Re-dispatches during the post-contingency period (MW).

TABLE 5. Cost evaluation ($).

of oscillation in the iterative process. Also, the comput-
ing time of Case-5, corresponding to the developed model
in this paper, without considering the ASP and OCR is
93 seconds and 3742 seconds for the 6-bus and IEEE 118-bus
test systems. However, after considering these acceleration
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FIGURE 11. Hourly regulation reserve for wind variations in Case-5.

TABLE 6. Solution time evaluation (MIP duality gap = 0).

techniques, the computing time becomes 6 seconds and
1208 seconds, respectively.

V. CONCLUSION
This paper presented a stochastic SCUC to schedule the
regulation and contingency reserves while considering the
fluctuation of wind power, the response time of different
facilities as well as contingencies. The model coordinated the
performance of generators used as contingency reserves and
also used as a regulation reserve to cope with wind variation.
The Benders decomposition with two acceleration techniques
(based on OCR and ASP) is developed and successfully
applied to the model. The following conclusions are obtained
based on the evaluation of numerical results:
• The generators with FRSs, storage devices, and wind
farms secure the critical period after contingencies and
considering the ELR improves the operational cost;

• The FRSs are deployed by storage devices without any
violation regarding the base schedule, while it fulfills the
re-dispatch schedules in contingencies;

• The re-dispatch schedules of generators and wind farms
during the post-contingency period are validated using
the N-1 contingency analysis;

• If the reserve costs are neglected, the model will deploy
redundant reserves from different units in all contin-
gency cases. The redundant reserves will impose a
significant charge on operators in the market clearing
process;

• The reported execution times show the effectiveness of
the applied acceleration techniques.

Future research directions include the provision of ancil-
lary services from various types of storage devices (with
different response-time) and swappable storage systems that
can be used for covering uncertainties of variable energy
resources and contingencies.

APPENDIX

S tB +
∑
l

(µ1Bl,t − µ2
B
l,t )T

l,B
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i∈3
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∑
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∑
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∑
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]
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∑
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∑
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∑
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