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Transmission switching (TS) would play a vital role in the security and economics of electric power sys-
tems. The application of TS to the AC model of security-constrained unit commitment (SCUC) for the day-
ahead scheduling is presented in this paper. The proposed AC model of SCUC with TS would include real
and reactive power flow constraints which increase the controllability of base case and contingency solu-
tions with voltage constraints. A general FACTS model is introduced for the reactive power management
in SCUC which is based on the power injection model (PIM). A modified Newton–Raphson power flow
model is introduced in the proposed SCUC with TS in which line flows are considered as variables. The
proposed AC network model is compared with the DC network model for enhancing the power network
controllability and minimizing the operation cost. The case studies exhibit the effectiveness of the TS
application to SCUC with AC network constraints.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Recent market design proposals consider a more active role for
transmission owners. Incentives are provided for transmission
owners to increase investments in transmission and to utilize
transmission lines more efficiently. Considering that building
new transmission lines to meet the growing demand is a difficult
and time-consuming task, the more efficient use of the existing
transmission network would be a valuable alternative. Transmis-
sion switching (TS) is an efficient approach to utilize the power
grid more comprehensively. TS will take specific transmission lines
temporarily out of service in order to benefit from the modified
network topology. This capability will be considered primarily for
the newly installed transmission lines in the electricity market.
TS has gained further attention since the FERC order 890 has called
for an economic utilization of transmission capacity and hence
made TS more favorable for economic purposes. The independent
system operator (ISO) may apply TS as a corrective action for mit-
igating transmission flow violations [1–4], as a congestion man-
agement tool [5], for enhancing the power system security [6–9],
and improving the system economics while maintain the security
constraints [10]. TS would manage topology changes which could
affect nodal prices, load payments, generation revenues, conges-
tion costs, and flowgate prices. It can also improve the solution
of the capacity expansion planning problem while providing eco-
nomic benefits [11,12].

Much of the previous studies considered the TS for real power
flow adjustments. In this paper, the optimal TS is considered for
ll rights reserved.
mitigating both transmission flow and bus voltage violations in
the security-constrained unit commitment (SCUC) problem. To
consider voltage constraints, a modified Newton–Raphson model
is utilized which will satisfy the base case and contingency con-
straints. The proposed SCUC solution uses the Benders decomposi-
tion to decompose the model into a master problem and two
subproblems [13–17]. A general model of FACTS devices is incorpo-
rated in the proposed SCUC formulations, which is capable of mod-
eling all types of series, shunt or shunt-series FACTS devices. These
features will add a comprehensive perspective to the SCUC formu-
lation for TS applications.

Fig. 1 depicts the flowchart of the proposed SCUC model with
AC network constraints. Benders decomposition is utilized to
decompose the SCUC problem into smaller and easier to solve sub-
problems. The master problem uses the available market informa-
tion to find the optimal hourly schedule of units (UC) by
considering the prevailing UC constraints [18–20]. The hourly solu-
tion of UC is used in the subproblems to examine the AC network
constraints. The TS ability of lines is considered and FACTS devices
are incorporated in the subproblems if violations are detected. TS
binary variables are determined via UC and consequently, they
are considered as constant values in the subproblems. Given the
unit and line schedule by the UC solution, the Subproblem 1 will
check the base case network feasibility. In this subproblem, slack
variables for real and reactive power mismatches are minimized
based on line flow and FACTS device adjustments. The proposed
Benders cut incorporates slack variables for the real and reactive
power mismatch that is mitigated by recalculating the unit and
line schedules. A converged base case power flow will be achieved
based on the UC results. The Contingencies Network Check sub-
problem, i.e., Subproblem 2, uses the UC solution for the base case



Nomenclature

Indices
b, m, n indices for bus
c index for contingency
i index for generator
l index for line
ns index for non-switchable line
s index for switchable line
Sh superscript for shunt power injections
Se superscript for series power injections
t index for time

Sets
Bb set of FACTS devices connected to bus b
Lb set of lines connected to bus b
Ub set of units connected to bus b

Parameters
M large positive constant
NB number of buses
NG number of units
NNS number of non-switchable lines
NS number of switchable lines
NT number of time periods
PLmax

l real power flow limit of line l
Qmin

i ;Qmax
i reactive power generation limits of unit i

UXit contingency state of unit i at time t
UYlt contingency state of line l at time t
Vmin

b ;Vmax
b voltage magnitude limits of bus b

ab power injection coefficient of FACTS device
dmax

i standing phase angle difference limit of line l
Ki permissible real power adjustment of unit i

Variables
Iit commitment state of unit i at time t
MPbt,1, MPbt,2 slack variables for real power mismatch in bus b at

time t
MQbt,1, MQbt,2 slack variables for reactive power mismatch in bus

b at time
Pit real power generation of unit i at time t

PFbt real power injection in bus b at time t due to FACTS de-
vice

PLlt real power flow of line l at time t
Qit reactive power generation of unit i at time t
QFbt reactive power injection in bus b at time t due to FACTS

device
QLlt reactive power flow of line l at time t
Vbt voltage magnitude of bus b at time t
wt total mismatch at time t
zlt switching state of line l at time t
hbt voltage angle of bus b at time t
wit, llt, pit dual variables

Symbols
^ given variables

Matrices and vectors
1 vector of ones
A, B, C, D Jacobian matrices
dP0 real power mismatch vector
dQ0 reactive power mismatch vector
MP1, MP2 vector of slack variables for real power mismatch
MQ1, MQ2 vector of slack variables for reactive power mismatch
X bus-line incidence matrix
Y bus-unit incidence matrix
DP real power generation increment vector
DPL real power flow increment vector
DPLmin, DPLmax real power flow lower and upper increment

vectors
DQ reactive power generation increment vector
DQmin, DQmax reactive power generation lower and upper

increment vectors
DQL reactive power flow increment vector
DV bus voltage increment vector
DVmin, DVmax bus voltage lower and upper increment vectors
Dh bus phase angle increment vector
DKmin, DKmax real power generation adjustment lower and

upper increment vectors
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to check the system security in case of contingencies. Using AC
power flow equations, both real and reactive power mismatches
are minimized in this subproblem. It is required to limit the standing
phase angle difference to safeguard the rotor shaft. Different
approaches are proposed to obtain the minimum generation redis-
patch in a reasonable time for desired standing phase angles [21–
26]. This problem which is inevitable in restoration practices may
also occur in the normal operation of power systems when attempt-
ing to reclose a single line that is a part of a transmission loop [23]. To
present a practical TS model, the standing phase angle difference
limit of switchable lines is formulated in our proposed model.

FACTS devices are incorporated here in the SCUC model. FACTS
devices are traditionally modeled by a voltage (current) source
model (VSM). VSM formulates the device according to the operat-
ing conditions, thus representing the device intuitively. However,
it destroys the symmetric characteristics of the admittance matrix
and may cause oscillations in the power flow solution in successive
iterations. A more common approach, as used in this paper, is to
utilize power injection model (PIM). The PIM is derived from
VSM, in which real and reactive power injections are considered
as independent control variables, as shown in Fig. 2. Using PIM,
the symmetric characteristics of admittance matrix is kept and
the oscillations in the power flow solution are mitigated. Due to
advantages of the PIM, this model were extended to almost all
FACTS devices and used in most of the researches on operation
and control of power systems with FACTS devices. Table 1 repre-
sents the required PIM components for modeling different FACTS
devices. The power injections are only interim results, where they
would be converted to the corresponding VSM parameters once
the solution is obtained. The control parameters and the required
conversion to obtain control parameters from PIM components
are not listed in the table since it can be found in the literature.

The rest of the paper is organized as follows. Section 2 presents
the formulation of the problem. Section 3 conducts the numerical
simulations and in detail discusses results obtained for the IEEE
118-bus system. Finally, concluding remarks are drawn in Section 4.

2. Security-constrained reactive power formulation

The step by step procedure for the solution of the proposed
SCUC model is given as follows.

2.1. UC (optimal hourly schedule of units)

The UC solution provides the hourly generation dispatch and
the state of switchable lines in both base case and contingencies.
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Fig. 1. Flowchart of SCUC with TS for reactive power management.
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Fig. 2. Power injection model of FACTS devices.
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At the first iteration of the problem, there is no constraint on
switchable lines states. So, random initial values might be assigned
to these variables. However, in our approach we consider that all
lines are in service at the first iteration. In subsequent iterations,
the Benders cuts from the subproblems establish more constraints
on switchable lines states. Although the switchable lines states are
determined in the master problem, they are actually governed by
Benders cuts stemmed out of the subproblems. Mixed-integer pro-
gramming (MIP) is used to formulate the UC problem.
2.2. Network check (general formulation)

In the Base Case and Contingencies Network Check subprob-
lems, a linearized AC power flow based on Newton–Raphson meth-
od is performed to check the existence of a converged solution. The
general formulation of this linearized power flow in matrix form is
expressed by (1)–(8).

MinwðbI; bPÞ ¼ 1TðMP1 þMP2Þ þ 1TðMQ 1 þMQ 2Þ ð1Þ

Y � DP

Y � DQ

" #
�

X � DPL

X � DQL

" #
þ

MP1

MQ 1

" #
�

MP2

MQ 2

" #
¼

dP0

dQ 0

" #
ð2Þ

DPL

DQL

" #
¼

A B

C D

" #
Dh

DV

" #
ð3Þ

DQ min
6 DQ 6 DQ max ð4Þ

DPLmin
6 DPL 6 DPLmax ð5Þ

DVmin
6 DV 6 DVmax ð6Þ

DP ¼ 0 ð7Þ

DKmin
6 DP 6 DKmax ð8Þ

The AC power flow will converge when real and reactive power
mismatches at each bus are zero. The objective function (1) min-
imizes the slack variables for real and reactive power mismatches
in the system (2). In this formulation, instead of using the com-
mon form of Jacobian matrix [27], the line real and reactive power
flows are incorporated in the power balance equation. The line
flows are linked to power injections/withdrawals at the associated
buses. The line flows are calculated based on bus voltage magni-
tudes and angles as presented by (3). This modification does not
change the basic power flow formulation while it enables the
modeling of network topology adjustments. Parallel lines are mod-
eled efficiently since the real and reactive power flows of each line
are considered as problem variables. Limits on reactive power gen-
eration, line real power flow and bus voltage magnitudes are pre-
sented by (4)–(6), respectively. In the Base Case Network Check,
the limit on real power generation (7) is applied to all units except
that of slack bus to compensate for power loss mismatch. In the
Contingencies Network Check, (8) is applied to consider the unit
real power generation adjustments in contingencies. Using the
proposed AC power flow equations, the network topology adjust-
ments, i.e., transmission line switching and contingency, can sim-
ply be applied by modifying (3). Using the proposed formulation,
the power injections due to FACTS devices are added to (2) and
unit contingencies are considered by modifying (4) and (8).
Further details on the proposed formulation are provided in the
following subsection.

2.3. Network check (detailed formulation)

Once the initial unit and line schedule is determined by the UC
problem, the Base Case Network Check subproblem is solved for
24 h. In this subproblem, slack variables for real and reactive
power mismatches at various buses are considered for minimiza-
tion to check whether a converged AC power flow solution can
be obtained based on UC results.

Minwc
t ¼

XNB

b¼1

MPc
bt;1 þMPc

bt;2

� �
þ
XNB

b¼1

MQc
bt;1 þMQc

bt;2

� �
ð9Þ



Table 1
Power injection model components of FACTS devices.

Controller type FACTS device Steady state function Control variable

Series TCPS Real power flow control PFse

TCSC
SSSC

Shunt SVC Voltage regulation QFsh

STATCOM

Shunt-series UPFC Real and reactive power flow control PFSe, QFSe, QFsh

Voltage regulation
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The constraints are given as follows:

zc
lt ¼ ẑc

lt $ lc
lt ðl ¼ 1; . . . ;NSÞ ð10ÞX

i2Ub

DPc
it �

X
l2Ls

b

DPLsc
lt �

X
l2Lns

b

DPLnsc
lt þMPc

bt;1 �MPc
bt;2

¼ dPc
0bt ðb ¼ 1; . . . ;NBÞ ð11ÞX

i2Ub

DQc
it �

X
l2Ls

b

DQLsc
lt �

X
l2Lns

b

DQLnsc
lt þMQc

bt;1 �MQc
bt;2

¼ dQc
0bt ðb ¼ 1; . . . ;NBÞ ð12Þ

DQ cmin
it
bIit 6 DQc

it 6 DQ cmax
it

bIit $ wc
it;

�wc
it ði ¼ 1; . . . ;NGÞ ð13Þ

DVcmin
bt 6 DVc

bt 6 DVcmax
bt ðb ¼ 1; . . . ;NBÞ ð14Þ

DPLnsc
lt �

XNB

b¼1

@PLnsc
lt

@hc
bt

Dhc
bt �

XNB

b¼1

@PLnsc
lt

@Vc
bt

DVc
bt 6 Mð1� UYc

ltÞ

ðl ¼ 1; . . . ;NNSÞ ð15Þ

DPLnsc
lt �

XNB

b¼1

@PLnsc
lt

@hc
bt

Dhc
bt �

XNB

b¼1

@PLnsc
lt

@Vc
bt

DVc
bt

P �M 1� UYc
lt

� �
ðl ¼ 1; . . . ;NNSÞ ð16Þ

�DPLc max
lt UYc

lt 6 DPLnsc
lt 6 DPLc max

lt UYc
lt ðl ¼ 1; . . . ;NNSÞ ð17Þ

DQLnsc
lt �

XNB

b¼1

@QLnsc
lt

@hc
bt

Dhc
bt �

XNB

b¼1

@QLnsc
lt

@Vc
bt

DVc
bt 6 Mð1� UYc

ltÞ

ðl ¼ 1; . . . ;NNSÞ ð18Þ

DQLnsc
lt �

XNB

b¼1

@QLnsc
lt

@hc
bt

Dhc
bt �

XNB

b¼1

@QLnsc
lt

@Vc
bt

DVc
bt

P �Mð1� UYc
ltÞ ðl ¼ 1; . . . ;NNSÞ ð19Þ

DPLsc
lt �

XNB

b¼1

@PLsc
lt

@hc
bt

Dhc
bt �

XNB

b¼1

@PLsc
lt

@Vc
bt

DVc
bt

6 M 2� zc
lt � UYc

lt

� �
ðl ¼ 1; . . . ;NSÞ ð20Þ

DPLsc
lt �

XNB

b¼1

@PLsc
lt

@hc
bt

Dhc
bt �

XNB

b¼1

@PLsc
lt

@Vc
bt

DVc
bt

P �M 2� zc
lt � UYc

lt

� �
ðl ¼ 1; . . . ;NSÞ ð21Þ

�DPLc max
lt zc

ltUYc
lt 6 DPLsc

lt 6 DPLc max
lt zc

ltUYc
lt ðl ¼ 1; . . . ;NSÞ ð22Þ

DQLsc
lt �

XNB

b¼1

@QLsc
lt

@hc
bt

Dhc
bt �

XNB

b¼1

@QLsc
lt

@Vc
bt

DVc
bt

6 M 2� zc
lt � UYc

lt

� �
ðl ¼ 1; . . . ;NSÞ ð23Þ
DQLsc
lt �

XNB

b¼1

@QLsc
lt

@hc
bt

Dhc
bt �

XNB

b¼1

@QLsc
lt

@Vc
bt

DVc
bt

P �M 2� zc
lt � UYc

lt

� �
ðl ¼ 1; . . . ;NSÞ ð24Þ

�Mzc
ltUYc

lt 6 DQLsc
lt 6 Mzc

ltUYc
lt ðl ¼ 1; . . . ;NSÞ ð25Þ

Ddc min
lt 6 Dhc

mt � Dhc
nt 6 Ddc max

lt ð26Þ

In (10), ẑc
lt is the fixed value calculated by UC for Benders cuts. In

power mismatch Eqs. (11) and (12), slack variables would model
system violations. Slack variables can be considered as virtual gen-
erators/loads that are added to each bus to mitigate mismatches.
The right hand-side of (11) and (12) are the present value of power
mismatch. Limits on reactive power generations and bus voltage
magnitudes are presented by (13) and (14), respectively. The
change in real and reactive power flows of non-switchable lines
are obtained by (15)–(19). Considering the state of each switchable
line, the change in switchable line flows are obtained by (20)–(25).
These changes are used to update flows of switchable and non-
switchable lines. The standing phase angle difference constraint
is considered by (26). Note that c = 0 denotes the base case. In
(10) and (13), the double arrow refers to the duality of the equality
constraint, where lc

lt and wc
it represent the dual variable (simplex

multiplier) of these constraints. Mathematically, a dual variable
represents the marginal increment/decrement of the objective va-
lue when the variable is changed. When the state of the switchable
line is zero the real power flow equation of that line will be relaxed
by (20) and (21). Similarly, the reactive power flow equation will
be relaxed by (23) and (24). In addition, the change in real and
reactive power flows of that line will be set to zero by (22) and
(25), respectively. So, the switched line will be completely re-
moved from the system. M is a large positive constant and is calcu-
lated as proposed in [12].

For the base case, (27) is added to consider limits on real
power generation. This constraint applies to all units except
that of the slack bus, which is relaxed to compensate power
loss calculations.

DP0
it ¼ 0$ p0

it ði ¼ 2; . . . ;NGÞ ð27Þ

In the case of contingencies, the adjustment range for unit gen-
eration at contingency with respect to the base case generation is
considered. This constraint is presented by (28).

DKmin
it 6 DPc

it 6 DKmax
it $ pc

it ; �pc
itði ¼ 2; . . . ;NGÞ ð28Þ

In (28), only contingencies are considered, i.e., c P 1. For the
limits on allowable post-contingency power generation redispatch
we would have

DKmax
it ¼ Ki � Pc

it � P0
it

� �
ð29Þ

DKmin
it ¼ �Ki � Pc

it � P0
it

� �
ð30Þ
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These limits define the maximum allowable adjustments of
power generation output in case of contingencies. In the proposed
formulation, small changes in state and control variables are sub-
ject to variable limits (31)–(36).

DQ c min
it ¼ Q min

i � Qc
it ð31Þ

DQ c max
it ¼ Q max

i � Q c
it ð32Þ

DVc min
bt ¼ Vmin

b � Vc
bt ð33Þ

DVc max
bt ¼ Vmax

b � Vc
bt ð34Þ

DPLc min
lt ¼ �PLmax

l � PLc
lt ð35Þ

DPLc max
lt ¼ PLmax

l � PLc
lt ð36Þ

The limits on standing phase angle difference are given as (37)–
(40).

Dd0 min
lt ¼ �dmax

l � h0
mt � h0

nt

� �
�Mz0

lðt�1Þ �M 1� z0
lt

� �
ð37Þ

Dd0 max
lt ¼ dmax

l � h0
mt � h0

nt

� �
þMz0

lðt�1Þ þM 1� z0
lt

� �
ð38Þ

Ddc max
lt ¼ Min

dmax
l � hc

mt � hc
nt

� �
þMzc

lðt�1Þ þM 1� zc
lt

� �
;

dmax
l � hc

mt � hc
nt

� �
þMz0

lt þM 1� zc
lt

� �( )
ð39Þ

Ddc min
lt ¼ �Max

dmax
l þ hc

mt � hc
nt

� �
þMzc

lðt�1Þ þMð1� zc
ltÞ;

dmax
l þ hc

mt � hc
nt

� �
þMz0

lt þM 1� zc
lt

� �( )
ð40Þ

In (39) and (40), where c P 1, the minimum and the maximum
allowable changes in the standing phase angle difference would
depend on the state of a switchable line in successive hours. In
the case of contingencies, minimum and maximum allowable
changes in the standing phase angle difference are determined
based on two different modes of operation. The first mode repre-
sents the switchable line state at successive hours in that contin-
gency, where excessive standing phase angle difference may
exist when closing the line. The second mode represents the tran-
sition from the base case to a contingency. When a line is off at the
base case and is switched back on in a contingency case, the stand-
ing phase angle difference of the line is checked. We calculate the
proper limits on changes of standing phase angle difference by
comparing the values in these two modes.

To consider FACTS devices, (11) and (12) are modified since the
proposed injections only appear in power mismatch equations at
each bus. So, (11) is replaced by (41) and (12) is replaced by (42).X
i2Ib

DPc
it �

X
l2Ls

b

DPLsc
lt �

X
l2Lns

b

DPLnsc
lt þ

X
b2Bb

ab;1DPFSe;c
bt þMPc

bt;1 �MPc
bt;2

¼ dPc
0bt ðb ¼ 1; . . . ;NBÞ ð41Þ

X
i2Ib

DQ c
it �

X
l2Ls

b

DQLsc
lt �

X
l2Lns

b

DQLnsc
lt þ

X
b2Bb

ab;2DQFSe;c
bt þ

X
b2Bb

ab;3DQFSh;c
bt

þMQc
bt;1 �MQc

bt;2 ¼ dQc
0bt ðb ¼ 1; . . . ;NBÞ ð42Þ

In the above formulations, coefficients are set to represent cer-
tain types of FACTS devices as follows [28,29]:

Shunt controller: a1 = 0, a2 = 0, a3 = 1.
Series controller: a1 = 1, a2 = 0, a3 = 0.
Shunt-series controller: a1 = 1, a2 = 1, a3 = 1.

In every iteration, the FACTS control parameter limits are con-
verted into associated PIM values for satisfying the operating
constraints.
In the Base Case Network Check, if the total mismatch is greater
than zero, the Benders cut (43) is formed and added to the master
problem for the next iteration. The violation indicates that the
existing UC solution cannot provide a feasible AC power flow solu-
tion. The required dual values that would generate cuts are ob-
tained from (27) for power generation, from (13) for
commitment state, and from (10) for switchable lines states.

ŵ0
t þ

XNG

i¼1

p0
it P0

it Iit � bP0
it
bIit

� �
þ
XNG

i¼1

�w0
itQ

max
i � w0

itQ
min
i

� �
ðIit �bIitÞ

þ
XNL

l¼1

l0
lt z0

lt � ẑ0
lt

� �
6 0 ð43Þ

where ŵ0
t is the current value of (9) in the base case. The number of

Benders cuts is equal to the number of hours with power flow vio-
lations. These cuts provide proper signals for the convergence of AC
power flow by recalculating the hourly UC, dispatch, and the state
of switchable lines in the next UC iteration. This iterative process
stops when the base case violations are mitigated. In this case,
the problem proceeds to the next step to consider different contin-
gencies. In the Contingencies Network Check, if the total mismatch
is greater than zero, the Benders cut (44) will be formed for the
associated contingency in that hour and added to the UC for the
next iteration.

ŵc
t þ

XNG

i¼1

�pc
it � pc

it

� �
P0

it � bP0
it

� �
þ
XNG

i¼1

�wc
itQ

max
i � wc

itQ
min
i

� �
ðIit �bIitÞ

þ
XNL

l¼1

lc
lt zc

lt � ẑc
lt

� �
6 0 ð44Þ

where ŵc
t is the current value of (9) in the case of contingencies. The

following iterative procedure would provide the solution to the
subproblems:

(1) Calculate initial bus mismatches based on the UC solution
and initial system states and settings.

(2) Use linear programming (LP) to minimize (9) and calculate
changes in system state and control variables (i.e., DQ, Dh,
DV).

(3) Update state and control variables, and calculate bus
mismatches.

(4) Again use LP to minimize (9) and calculate changes in the sys-
tem state and control variables. If the difference between cur-
rent and previous iterative changes is less than a specified
threshold, stop the process. Otherwise, go back to Step 3.

3. Numerical simulations

A modified IEEE 118-bus system, shown in Fig. 3, is analyzed to
illustrate the performance of the proposed model. The proposed
model was implemented on a 2.4-GHz personal computer using
CPLEX 11.0 [30]. This system has 118 buses, 54 units and 186
branches. The data for this system is found in motor.ece.iit.edu/
data/SCUC_118test.xls. Twenty lines are considered switchable as
shown in Table 2. Outages of unit 28, line 127, and line 136 are
considered as credible contingencies. Standing phase angle differ-
ence limit of 20� is considered for switchable lines. Three cases
are considered as follows:

Case 1: Base case UC without network constraints.
Case 2: Consider real network constraints in the SCUC solution
with TS (DC solution).
Case 3: Consider real and reactive network constraints in the
SCUC solution with TS (AC solution).

Case 1: In this case, UC will determine the base case schedule of
units, when disregarding the network constraints. Seventeen units



Fig. 3. IEEE 118-bus system.

Table 2
Switchable line data.

Line no. From bus To bus R (pu) X (pu) Charging (pu) Flow limit (MW)

3 4 5 0.002 0.008 0.002 500
12 11 12 0.006 0.020 0.005 100
16 11 13 0.022 0.073 0.019 100
23 17 18 0.012 0.051 0.013 100
30 23 24 0.014 0.049 0.050 100
40 29 31 0.011 0.033 0.008 100
43 27 32 0.023 0.076 0.019 100
59 43 44 0.061 0.245 0.061 100
67 42 49 0.072 0.323 0.086 100
75 49 54 0.073 0.289 0.074 100
78 54 56 0.003 0.010 0.007 100
90 60 61 0.003 0.014 0.015 500

100 62 66 0.048 0.218 0.058 100
115 70 75 0.043 0.141 0.036 100
151 80 97 0.018 0.093 0.025 100
153 80 99 0.045 0.206 0.055 100
159 99 100 0.018 0.081 0.022 100
164 100 104 0.045 0.204 0.054 100
167 100 106 0.061 0.229 0.062 100
181 27 115 0.016 0.074 0.020 100

A. Khodaei, M. Shahidehpour / Electrical Power and Energy Systems 35 (2012) 74–82 79
are committed at various hours to satisfy the forecasted load. Thir-
teen economical units are considered as base units, which are com-
mitted at the entire scheduling horizon. The other more expensive
units are committed whenever necessary to meet the changes in
the system load. The UC solution is obtained in 20s with a total
operating cost of $792,509.

Case 2: In this case, the hourly SCUC solution is considered with
the DC model of the network. The unit schedule is shown in Table 3.
In DC network model, voltage magnitudes at system buses are set
to 1 and lines resistances are assumed to be zero. Consequently,
the reactive load, reactive power generation capability of units
and reactive power flow in the system are disregarded. The hourly
schedule is quite different from that of Case 1, where the schedule
for eleven units is changed. Most changes have occurred at the
peak hour, i.e., hour 16, and its adjacent hours. At these hours,
units 14, 19, 30, 34, 35 and 37 are turned on and unit 40 is turned
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off. Here, the generating unit 40 is turned off for economic reasons.
The switchable line states are changed during scheduling hours to
mitigate the system congestion and consequently increase the dis-
patch of economical units. The base case schedule for switchable
lines is shown in Table 4, where seventeen switchable lines have
changed their hourly states. Lines 90, 115 and 153 are in service
at every hour, so their switching capability is not used in the prob-
lem solution. At the peak hour, only lines 75 and 164 are switched
off to decrease the flow on lines 7, 9, 129, when all other lines are
utilized to supply loads. The system contingencies are handled
with corrective actions (generation redispatch and TS). The stand-
ing phase angle difference of switched lines is checked whenever a
line is switched back on, e.g., hour 7 for line 3, hours 7 and 11 for
line 12, and so on. Here, none of the lines would exceed their
standing phase angle difference limits, so it would be possible to
switch the lines back as scheduled. The total operating cost is
$802,170, which shows a 1.22% increase in cost in comparison to
that in Case 1. This increase is due to consideration of DC model
of the network. This DC solution is obtained in 60 s.

Case 3: In this case, the hourly SCUC solution is considered with
the AC model of the network. The AC network model would include
real and reactive power constraints. The constraints on bus voltage
magnitudes are considered in this case. Table 3 highlights the re-
vised hourly state of twenty units as compared to those in Case
2. In this case, most solution changes have occurred close to peak
hours, except for units 43 and 44. Unit 43 is on at every hour to
Table 3
UC schedule of IEEE 118-bus system in case 2.
prevent voltage drops at buses 93, 94 and 102, and unit 44 is off
for economic reasons. The switchable line schedule is shown in Ta-
ble 5. Fifteen lines are switched hourly to satisfy the system con-
straints. The other five lines are switched at some hours. TS
would increase the power transfer capability that could lead to
hourly UC changes. TS would also adjust bus voltages and the reac-
tive power dispatch of generating units by changing the network
topology. The additional reactive power generated at the peak hour
would lead to an overall increase in bus voltage magnitudes. At the
peak hour, the smallest voltage magnitude is 0.97 at buses 44, 45,
109 and 118. On the other hand, 17 buses have already reached
their upper limits which are adjusted subsequently by TS. TS would
also influence voltages at other hours; however these changes do
not have a significant effect on the system voltage profile as volt-
age magnitudes remain within their permissible limits. Fig. 4 de-
picts the voltage profile at bus 88 with and without TS. The bus
is connected to generating units 38 and 40 at buses 85 and 89.
Therefore, the two generating units would have the highest impact
on the adjustment of voltage at bus 88. However, unit 38 is off and
will not have an impact on the voltage at bus 88. We consider two
alternatives as follows.
� Without TS: Unit 40 is committed at hours 9–18. In this case, the

voltage magnitude at bus 88 is at its lower limit at hours 3–6
and close to its upper limit at hours 10 and 13–18. At hour 9,
the voltage magnitude at bus 88 increases when unit 40 is com-
mitted. At hour 11, the voltage at bus 88 is affected by the



Table 4
Switchable line schedule of IEEE 118-bus system in case 2.

Line Hours (1–24)

3 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
12 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0
16 1 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
23 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
30 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 1 1
40 0 1 1 1 1 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 1 1
43 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
59 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1
67 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
75 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
78 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
90 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

100 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 1 0 0 0 0 1 1 1
115 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
151 0 1 0 1 0 1 0 0 0 0 0 1 1 1 1 1 0 1 1 1 1 0 0 0
153 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
159 1 0 0 0 0 0 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 0
164 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0
167 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 1 1 0 0 1
181 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Table 5
Switchable line schedule of IEEE 118-bus system in case 3.

Line Hours (1–24)

3 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0
12 1 1 1 1 1 1 1 1 0 1 0 1 0 0 0 0 0 0 1 0 1 1 1 0
16 1 1 1 1 1 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0
23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
43 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
59 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
67 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
75 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
78 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
90 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
115 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
151 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
153 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
159 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
164 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0
167 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0
181 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Fig. 4. Voltage profile at bus 88.
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change in the UC schedule. At hours 13–18, the voltage magni-
tude at bus 88 is close to its upper limit. At hours 19–24, the
voltage at bus 88 drops because unit 40 which is the local
source of voltage adjustment, is not committed.
� With TS: Unit 40 is committed at hours 10–22. In this case, the

voltage at bus 88 is increased slightly at hours 3–7. The voltage
magnitude at bus 88 increases at hour 10 when unit 40 is
turned on. The UC adjustments at hour 11 would lead to a volt-
age magnitude drop at bus 88. At hours 13–14, the reactive
power generation of unit 40 would increase the voltage magni-
tude at bus 88, while the TS application at hours 15–18 would
decrease the voltage. The lower real and reactive power gener-
ation of unit 40 would decrease the reactive power flow on line
137 and voltage magnitude at bus 88. The commitment of Unit
40 at hours 20–22 would supply the real and reactive power
generation which would lead to an increase in the voltage mag-
nitude at bus 88.

TS in Case 3 would provide a better chance for voltage adjust-
ments especially at peak hour. At the peak hours, the additional
real and reactive power generation supply the higher load. Using
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TS, voltage magnitudes could be lowered at peak hours which
would increase the dispatch of less expensive units for supplying
the load.

In Case 3, nine FACTS devices are considered with tap-changing
and phase-shifting capabilities. The FACTS devices are modeled
using the proposed PIM. In Case 2, where the DC network con-
straints are considered, the phase-shifting capability of FACTS de-
vices will adjust the real power flow in the associated lines. In
Case 3, the FACTS devices would also modify reactive power flows
and accordingly adjust bus voltage levels. The FACTS devices gen-
erate a counterflow to decrease the power flow on the associated
line and therefore increase the transfer capability of the line. The
installed FACTS device at line 107 is between buses 68 and 69.
The voltage at bus 69 is adjusted by the generating unit located
at 29. Without the FACTS device at line 107, the voltage drop might
occur at bus 68 mostly at peak hours. However, the reactive power
injection to bus 68 increases the bus 68 voltage and prevents volt-
age violations. Fig. 5 shows the voltage profile of bus 68 with and
without FACTS at line 107. Without the FACTS device, voltages are
adjusted by the neighboring units 27, 29 and 54. Here, unit 54 is
not committed while units 27 and 29 are always committed. The
reactive power generation of units 27 and 29 is increased for
adjusting the voltage level at bus 68, which would also increase
the reactive power flow at connecting lines 104 and 107. The solid
line in Fig. 5 shows the adjusted hourly voltage at bus 68. Compar-
ing the two voltage profiles, the voltage deviation is smaller when
FACTS devices are in place. So, the FACTS device could reduce the
real and reactive power dispatch of units, decrease line flows,
and enhance the use of TS. Similar to Case 2, TS would prevent
the violation of standing phase angle difference limits. Hence, line
flows and bus voltage magnitudes are within their limits when
supplying the reactive loads. The total operating cost is $824,342,
which is calculated in 162 s.

4. Conclusions

TS was incorporated into the SCUC problem with AC network
constraints. To enhance the proposed AC solution of SCUC, FACTS
devices were considered. A PIM was used to model the effect of
FACTS devices in the AC power flow, using real and reactive power
injections to system buses. We concluded that the TS applications
would enhance the hourly SCUC solution when considering reac-
tive and voltage constraints. In addition, the incorporation of
FACTS devices would further enhance the proposed AC solution
of SCUC. The incorporation of AC network constraints would
increase the total operating cost and the execution time, which is
regarded as a trade-off between more accurate and faster SCUC
solutions.
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