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Abstract—In restructured power systems, independent system
operators (ISOs) or regional transmission organizations (RTOs)
execute the security-constrained unit commitment (SCUC) pro-
gram to plan a secure and economical hourly generation schedule
for the daily/weekly-ahead market. As the size of ISO/RTO
increases, the current SCUC algorithms could face critical chal-
lenges ranging from modeling accuracy to calculation complexity.
This paper introduces an efficient fast SCUC (F-SCUC) for
large-scale power systems. Main components used in the proposed
approach include single-hour unit commitment with network
security, single-hour unit commitment adjustment, unit commit-
ment, economic dispatch, and hourly network security check.
A reasonable and operational strategy for fixing and unlocking
the generating units is explored. The iterative SCUC solution
is controlled efficiently to accelerate the execution. Finally, the
quality of F-SCUC solution is improved by executing a quick
MIP-based SCUC solution according to the F-SCUC results. A
1168-bus system with 169 thermal units, a 4672-bus system with
676 thermal units, and two large systems with 1352 and 2704
thermal units are analyzed to exhibit the effectiveness of the
proposed approach.

Index Terms—Benders decomposition, mixed-integer program-
ming, network security constraints, restructured power systems,
security-constrained unit commitment.
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Denoting known variables.

Bus-unit incidence matrix.
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, Unit real power generation vector.

Real power nodal load vector.

Bus phase angle vector.

Phase shifter angle vector.

, Lower and upper limit vector of phase shifter
angle.
Simplex multiplier vector.

I. INTRODUCTION

I N restructured power systems, security-constrained unit
commitment (SCUC) is utilized by an independent system

operator/regional transmission organization (ISO/RTO) to clear
the daily/weekly-ahead market. The objective of SCUC is to
minimize the system operating cost while meeting the pre-
vailing constraints, such as power balance, system spinning and
operating reserve requirements, minimum on/off time limits,
ramping up/down limits, limits on state and control variables
including real and reactive power generation, controlled volt-
ages, settings of tap-changing and phase-shifting transformers,
and so on [1]. Such SCUC problem is a nonconvex, nonlinear,
large-scale, mixed-integer optimization problem with a large
number of 0–1 variables, continuous and discrete control
variables, and a series of prevailing equality and inequality
constraints. Various optimization techniques [1]–[5] were
applied to solve this problem. However, Lagrangian relaxation
(LR) and mixed-integer programming (MIP) methods are the
most widely applied methods to solve SCUC.

The principal advantage of applying LR is its computational
efficiency. According to the theoretical analysis, the execution
time of LR will increase linearly with the size of the problem.
The LR method allows the utilization of parallel computing
techniques for single UC subproblems with a small CPU time.
However, in order to obtain a near-optimal commitment, La-
grange multiplier adjustments are to be managed skillfully. In
addition, the LR method could encounter difficulties as more
complicated constraints are considered. The inclusion of a large
number of multipliers could result in an optimization problem
that is more difficult and even impossible to solve as the number
of constraints grows and various heuristics are embedded in
the LR method. With increased market complexity and SCUC
problem dimensionality, there is a growing concern as to
whether the LR method is competent to optimize the supply for
future demands [6]–[8].

The MIP’s tremendous computation burden and even in-
feasible convergence due to a large number of 0–1 variables
are the main obstacles for applying the MIP approach to
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the SCUC problem. However, with the availability of more
advanced MIP techniques, such as branch-and-cut which com-
bines branch-and-bound and cutting plane methods, there is
a growing interest in the application of MIP to solve SCUC
[9]–[11]. Once constraints are formulated and represented in the
MIP format, the solution is sought by engaging a standard MIP
package such as CPLEX, Xpress, OSL, LINDO, and so on. The
MIP method could obtain a better solution than the LR method
which would result in wider applications of MIP method in
power markets. In addition, it is easier to add constraints to the
MIP model and obtain an optimal solution without involving
heuristics, which will speed up the development of a program
and facilitate its applications to large-scale power systems.

The following issues, which may impact the calculation
speed, are to be considered in the development and implemen-
tation of a production grade MIP-based SCUC:

• Improvement of MIP model. It is possible to decrease the
number of nodes of the search tree via cutting down the
number of integer variables. It is also possible to add a
proper number of redundant constraints for driving the LP
solution toward integer solution, and user-defined cutting
planes for shrinking the feasible region [12].

• Adjustment of MIP parameters. Commercial MIP package
provides interfaces to override default settings and algo-
rithms. Users can select a set of parameters for speeding
up the convergence [13].

• Transmission network security. When the transmission
network is robust, it is relatively easier to obtain the
SCUC solution. A weak network will result in additional
calculation time due to an excessive number of binding
transmission constraints.

• Characteristics of generating units. A large number of iden-
tical generating units in power systems could affect the
MIP-based SCUC solution performance.

• Hourly load level. The difference between peak and base
loads determines the number of cycling units which usually
do not stay at a certain on/off state over the entire study
period. Accordingly, the SCUC calculation time depends
on the loading level and could be a timely process when
considering the cycling units.

However, the main disadvantage of MIP-based SCUC is
still its computational complexity when applied to large-scale
power systems with hundreds or even thousands of generating
units. The SCUC calculation time will increase exponentially
with the optimization problem size which could be a critical
issue for large ISOs/RTOs. Thus, it is necessary for large-scale
MIP-based SCUC problems to execute reasonable and effec-
tive strategies for a fast, feasible, and near-optimal solution
calculated within a short computation time.

In this paper, a fast SCUC (F-SCUC) approach is proposed
for large-scale power systems. The basic idea for F-SCUC is to
reduce the number of integer variables by fixing unit states and
changing fixed unit states gradually into “committable” when
the F-SCUC solution is infeasible, and control the iterative so-
lution procedure efficiently. In this case, the previously obtained
UC results and Benders cuts are retained and applied to accel-
erate F-SCUC. At the end, the F-SCUC results may be improved
by executing a quick MIP-based SCUC with the F-SCUC results
as its initial solution. The F-SCUC solution is developed based
on the following general knowledge acquired for large-scale
systems:

Fig. 1. Decomposition approach used to solve the SCUC.

• hard coupling constraints of SCUC which include hourly
load, system reserve requirements, network constraints,
unit min on/off time limits, and other system constraints,
such as energy constraints and forbidden zones;

• soft coupling constraints of SCUC which include unit
ramp up/down and other unit constraints, such as max-
imum number of startups, startup and shutdown profiles;

• major factors affecting the cost of optimal operation in-
clude the production cost as a function of generating units,
hourly load demand, system reserve requirements, network
constraints, and other system constraints;

• minor factors affecting the cost of optimal operation
include startup/shutdown costs of units, min on/off
constraints, ramp up/down constraints, and other unit
constraints.

The rest of this paper is organized as follows. Section II
provides the mathematical model of SCUC with the prevailing
constraints and discusses the solution methodology. Section III
presents and in detail discusses fast SCUC solution procedure.
The 1168-bus system with 169 thermal units, the 4672-bus
system with 676 thermal units, and the two power systems with
1352 and 2704 thermal units are analyzed in Section IV. The
conclusions drawn from the study are provided in Section V.

II. SCUC PROBLEM METHODOLOGY AND FORMULATION

A. SCUC Solution Framework

The objective of SCUC is to determine the hourly UC for
minimizing the system operating cost while satisfying unit and
system constraints. Benders decomposition is a popular opti-
mization technique [14], [15] for solving the SCUC problem as
shown in Fig. 1.

At first, the approach applies Benders decomposition for sep-
arating UC in the master problem from the dc/ac network se-
curity check in subproblems. Then, the master problem uses the
MIP method to solve UC for calculating unit states and dispatch
variables. The subproblem checks dc/ac network security con-
straints (e.g., reactive power generation, angle and magnitude
of controlled voltages, tap-changing and phase-shifting trans-
formers) for the given UC solution to calculate system states and
control variables. If any network violations cannot be mitigated,
the corresponding Benders cuts will be formed and fed back to
the master problem for the recalculation of UC. The iterative
process will continue until network violations are eliminated.

B. General UC Modeling

In order to form a general MIP model for UC, a multiple-state
model is discussed for various unit types. For instance, a five-
state model represents a typical combined cycle unit with two
combustion turbines (CTs) and one steam turbine (ST). Note
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Fig. 2. Five-state model of a typical combined cycle unit.

Fig. 3. Transition model of multiple-state unit i.

that the “first CT, then ST” rule is applied for selecting these
five states shown in Fig. 2.

In the UC problem, time intervals are denoted by ,
. A unit transfers through the feasible unit state tran-

sition from the current state to other state as shown in
Fig. 3. A binary variable is used which is equal to 1 if the
feasible transition of unit takes place at period , and is 0,
otherwise. Feasible transition variables must meet the fol-
lowing constraint so that only one feasible transition is valid at
period :

(1)

A binary variable represents the state of unit at pe-
riod . Similarly, must meet

(2)

In addition, binary variable represents changes in the
state of unit at period in which and are related
by constraint (3). In the following, the transition includes all
transitions which connect with state except for the horizontal
transition from state to state :

(3)

The following constraints (4) and (5) represent the relations
among , , and . If ,
then ; else, . Note in the following that
the transition is from state to state :

(4)

(5)

Minimum up/down time limits of units at state are consid-
ered as follows:

(6)

where is the minimum time of unit at state .
When traversing from a time period to the next, a unit at state
cannot increase its output power above the ramping up limit

. Similarly, a unit at state cannot decrease its output
power below the ramping down limit . These two ramping
constraints are demonstrated as follows:

(7)

However, when the state of unit is changed at period , the
unit output cannot be adjusted more than its maximum power
increment , or maximum power decrement

(8)

where M is a large constant such as the maximum capacity of
unit . is the output power of unit at state during period
. In addition, satisfies

(9)
The production cost may be a quadratic function of unit

output power which is linearized as follows:

(10)

where is the transition cost between states and of unit
, is the cost at minimum output of unit at state , and

is the incremental cost of unit at state at segment
. is the power generation at segment of unit at state

and period which satisfies the following constraint:

(11)

At every period, the power demand is satisfied as

(12)

where is real power generation of unit at period and
is system demand at period .
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System spinning reserve requirements:

(13)

Note that is the maximum sustained ramp rate (MW/
min) of unit at state . is the system spinning reserve
requirement at period and is the spinning reserve of
unit at state at period .

System operating reserve requirements:

(14)

where is the system operating reserve requirement and
is the operating reserve of unit at state and period

. is the non-spinning reserve of unit at state , which is
the unsynchronized generating capacity that can ramp up in ten
minutes.

The general formulations discussed above are used for the
modeling of multiple-state units. However, for thermal units
with “ON/OFF” states, a single set of binary variables (one per
unit and per period) is used [16].

C. DC Network Security Check Modeling

In this section, we apply a method for mitigating transmis-
sion overflows based on dc power flow equations. The hourly
network security check subproblem with dc constraints is for-
mulated as

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

Slack variables are interpreted as the amount of transmission
constraint violations associated with the UC state and the re-
lated dispatch at hour . Transmission flow violations are
minimized by adjusting phase shifter angles (control variable

). When , Benders cuts (23) are generated and
added to the master problem. Benders cuts indicate that current
transmission flow violations will be mitigated by recalcu-
lating the generating unit state and the corresponding generation

at hour

(23)

The SCUC solution can be extended to ac network con-
straints. A full Newton–Raphson method will then be applied
for minimizing transmission security violations and obtaining
corresponding Benders cuts [17], [18].

III. FAST SCUC SOLUTION PROCEDURE

Main components in the proposed F-SCUC approach are
single-hour unit commitment with network security (H-SCUC),
single-unit commitment adjustment (A-UC), unit commitment
(UC), economic dispatch, and hourly network security check.
Fig. 4 shows the proposed F-SCUC solution steps for
intervals which are discussed below.

Step 1 (H-SCUC): Startup and shutdown costs of generating
units in the objective and coupling constraints of units (min
on/off, ramping up/down, etc.) are ignored between two suc-
cessive hours, and the single-hour unit commitment is executed
with transmission security constraints. Benders cuts obtained at
this stage are retained and considered at the following F-SCUC
stage.

Step 2 (A-UC): Single unit commitment adjustment is ap-
plied for improving the previous commitment. Accordingly,
production and startup/shutdown costs, min on/off time and
ramp up/down limits, approximated penalty costs for relaxing
the hourly system coupling constraints (12)–(14), and Benders
cuts (23) obtained in H-SCUC are included in A-UC. The
objective and constraints of A-UC for unit are presented as
follows:

(24)

subject to constraints (1)–(9), (11), and (13), (14) for unit .
Slack variable with the penalty cost in the objective
(24) and constraint (25) are introduced for retaining much of the
H-SCUC solution

(25)

Values of multipliers , , and representing penalty costs for
the hourly system coupling constraints (12)–(14), and Benders
cuts (23) were obtained from H-SCUC while binary variables
were fixed.

Step 3: Committable/uncommittable unit states are defined
based on A-UC results. Accordingly, certain unit states will be
fixed and the remaining will be committable in the following
UC stage. In order to define committable/uncommittable unit
states, ON units are sorted in the descending order of average
production cost and OFF units in the ascending order at each
period. Then, a certain number of top ON/OFF units are selected
as committable and the remaining unit states as uncommittable
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Fig. 4. F-SCUC solution procedure.

at that period. Any further adjustments in committable states
will be for maintaining the economical and secure operation of
the system. Table I shows the committable/uncommittable unit
states of 11 thermal units in the descending order of average
production cost. The highlighted states may change status in

TABLE I
COMMITTABLE (HIGHLIGHTED) AND UNCOMMITTABLE UNIT STATES

the next step. In general, the UC solution has a better chance
of becoming optimal as a user defines a more extensive set of
committable units.

Step 4: The UC problem is executed. If the UC solution is
infeasible, the width of “committable” zone (e.g., highlighted
area in Table I) is increased gradually until a feasible UC solu-
tion is calculated.

Step 5: Hourly network security is checked. Proceed to Step 7
if no violations are detected. Otherwise, calculate Benders cuts
before executing Step 6.

Step 6: Newly calculated Benders cuts and those obtained
in H-SCUC are added to the UC problem in which unit states
are fixed based on previous solutions. In other words, Step 6
provides the economic dispatch solution by considering cumu-
lative Benders cuts including those obtained in Step 1. Step 5
will again be executed if the economic dispatch problem is fea-
sible. Otherwise, the following two strategies will be considered
for unlocking certain generating units until a new feasible UC
solution is obtained.

a) Unlocking strategy based on Benders cuts: Generating
units may be classified as Always ON/OFF and cycling. In
essence, peak loads will identify Always OFF units and base
loads determine Always ON units. The difference between peak
and base loads identify cycling units. Unlocking a generating
unit means the corresponding unit states may be ON or cycling
over the study period. When calculating a new UC solution
based on unlocked units, Benders cuts, which are calculated
according to the previous infeasible solution, will be relaxed
via slack variables into the objective of UC. Using Benders
cuts, previous commitment solutions will be used as initial
solutions to accelerate the current UC calculation. The positive
values for slack variables indicates an infeasible UC solution.

After moving constant terms to the right-hand side, the cu-
mulative Benders cuts (23) are rewritten as follows:

(26)

where RHS represent the sum of constant terms. Then, an equiv-
alent cut coefficient for each unit is obtained by applying the
following:

(27)
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TABLE II
DEFINITION OF POTENTIALLY UNLOCKED UNITS

According to the sign of , potentially unlocked generating
units will be classified as zero, positive, and negative units as
shown in Table II and explained as follows:

• Zero unit will be kept at its previous state as it contributes
nothing to mitigate violations.

• Positive unit will be kept OFF since it cannot mitigate any
violations, if it is at Always OFF state. The positive unit
can be potentially unlocked if it is at Always ON or cycling
unit state.

• Negative unit will be unlocked for mitigating violations, if
it is at Always OFF or cycling unit state. The negative units
will be kept at Always ON state if it is currently an Always
ON unit.

Then, an Economic Security Index (ESI) is calculated as the
product of average operation cost of unit and the reciprocal of
its equivalent cut coefficient . The index considers both eco-
nomic and security positions of a generating unit. All potentially
unlocked positive or negative units are sorted in the descending
order of ESI and a certain number of top positive or negative
units are gradually unlocked until a new feasible UC solution is
calculated.

b) Unlocking strategy based on overloads: The unlocking
strategy is based on the following assumption: generating units
which are located closer to overloaded transmission lines could
play an important role in mitigating violations. Therefore, de-
termine a subset of units around overloaded lines and unlock
them accordingly. If the UC is still infeasible, gradually expand
the subset and unlock more units until a feasible UC solution
is calculated. Depth-first search and breadth-first search algo-
rithms are applied for expanding the subset. However, when the
number of violated lines is too large, such a strategy could result
in unlocking an excessive number of units, and possibly slowing
the UC calculation, even if the selected subset is small.

Step 7 (Optional): The feasible and near-optimal F-SCUC
solution is used as an initial solution to execute SCUC in order
to further improve the solution. The execution of this step will
depend on the UC problem size and the available calculation
time.

IV. CASE STUDIES

This paper presents several case studies consisting of a
1168-bus system with 169 thermal units, a 4672-bus system
with 676 thermal units, and two power systems with 1352 and
2704 thermal units to illustrate the performance of the proposed
fast algorithm. We consider transmission network constraints.
However, the same approach will be used for considering
transmission outages when analyzing the security. There are no
must ON/OFF units and quadratic production costs of units are

TABLE III
COMPARISON OF UC AND FAST-UC

TABLE IV
TYPICAL COMMITMENT CHANGES AFTER A-UC

represented by five piecewise linear segments. All cases utilize
CPLEX 10.0 on a 3.0-GHz personal computer.

A. 1168-Bus System

The system has 169 thermal units, 1474 branches, 10 phase-
shifting transformers, and 568 demand sides. In order to discuss
the efficiency of the proposed approach in detail, this paper con-
siders the following three cases:

• Case 1: Comparison of UC and Fast-UC.
• Case 2: Comparison of SCUC and F-SCUC.
• Case 3: Execution of Fast-UC and F-SCUC for a longer

study period
Case 1: This problem has 4056 binary variables and 81 120

constraints. Table III summarizes the comparison of UC and
Fast-UC. The UC takes 484 s to obtain a near-optimal solu-
tion with an operating cost of $5 316 316 and optimality gap of
0.14%. The optimality gap of the solution is within the pre-spec-
ified optimality gap of 0.5%. The proposed Fast-UC is imple-
mented in order to get a near-optimal solution in a shorter time.
At first, H-UC is executed to obtain a commitment which sat-
isfies hourly power balance and system reserve requirements.
Then, A-UC adjusts the commitment result to satisfy min on/off
time limits as securely and economically as possible. Table IV
presents typical hourly commitment changes at the A-UC level.
Here, the OFF state for unit 29 at hours 3–6 is changed to ON
as H-UC did not have to satisfy the min off time of nine hours.
Similarly, unit 140 is committed at hours 11–13 and 19 at the
A-UC level in order to satisfy its min on time of nine hours.
Unit 150 with a min on time of nine hours was committed for
only 3 h at H-UC level. Thus, its status at A-UC level is changed
to Always OFF. The committable/uncommittable unit states are
then considered based on A-UC results with a min operating
cost of $5 323 853, optimality gap of 0.28% which satisfies the
pre-specified gap limit, and small calculation time of 27 s. It is
quite difficult for UC to get a near-optimal solution, even a fea-
sible solution, in such a short time.
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TABLE V
COMPARISON OF SCUC AND FAST SCUC

Fig. 5. Calculation time versus study period.

Case 2: Table V summarizes SCUC and F-SCUC solutions.
SCUC spends 950 s and two Benders iterations on a near-op-
timal solution with an operating cost of $5 321 826 and 0.2% op-
timality gap. In comparison, the proposed F-SCUC takes 82 s to
obtain a solution with an operating cost of $5 324 485 and 0.25%
optimality gap. Although F-SCUC faced a slight increase in op-
erating cost, the saving in its execution time is significant.

Case 3: Fast-UC and F-SCUC are executed from one day to
seven days. This case exhibits the computational performance
of the proposed algorithm when increasing the problem size.
Fig. 5 shows that the calculation time is between 15 and 108 s
for Fast-UC, and 65 and 470 s for F-SCUC. The seven-day so-
lution satisfies the optimality gap of 0.5%. Fig. 5 exhibits that
the calculation time increases modestly in particular in the F-UC
case. In addition, the calculation time of the proposed algorithm
increases linearly rather than exponentially.

B. 4672-Bus System

A 4672-bus system is studied with 676 thermal units, 5917
branches, 40 phase-shifting transformers, and 2230 demand
sides. The following two cases are presented:

• Case 1: Comparison of UC and SCUC with Fast-UC and
F-SCUC.

• Case 2: Week-ahead Fast-UC and F-SCUC solutions.
Case 1: Table VI presents the comparative results. For the

UC problem, the number of binary variables increases to 16 224
and constraints to higher than 220 000. The UC calculation takes
about 20 min with a 0.41% gap. Fast-UC is solved in 2 min with
a 0.43% gap. The solution of SCUC will require seven Benders
iterations and 150 min of calculation. However, F-SCUC gets a
feasible and near-optimal solution within 8 min.

Case 2: In this weekly case, the number of binary variables
increases to 113 568 which is equivalent to that of a day-ahead
problem with 4732 thermal units. It could be problematic for the
regular MIP-based algorithm to solve the weekly UC and SCUC
problem successfully for such a large-scale system. However,
Fast-UC provides a near-optimal solution in 15 minutes with
a cost of $132 883 530 and 0.7% gap. The production cost of

TABLE VI
COMPARISON OF UC (SCUC) AND FAST-UC (SCUC)

TABLE VII
WEEKLY FAST-UC SOLUTION FOR TWO LARGE SYSTEMS

F-SCUC is $133 224 227 and the gap is 0.85% after thirteen
Benders iterations at the H-SCUC stage and five Benders iter-
ations at the SCUC stage. The gap less than 1% is still accept-
able for such a large-scale optimization problem. The calcula-
tion time of F-SCUC for such a relatively large weekly load and
overloaded transmission lines is 90 min in which 60% of the
time is spent on mitigating network violations.

C. Power Systems With 1352 and 2704 Thermal Units

In order to discuss the performance of the proposed algorithm
for solving larger scale systems, we study the following two
systems. System I has 1352 generating units and System II has
2704 units. These two systems are tested for the F-UC algorithm
without considering their respective transmission network struc-
tures. It could be nearly impossible to get a near-optimal weekly
UC solution for these two systems by applying the traditional
MIP-based UC algorithm. However, the proposed Fast-UC al-
gorithm provides a solution for the 1352-unit system in 46 min
with an operating cost of $245 044 821. Likewise, the operating
cost of System II with 2704 thermal units is $512 306 122 which
is calculated in 140 min. Table VII presents the Fast-UC infor-
mation for the two large systems. For such large-scale cases, it is
rather impossible to execute Step 7 in Section III for calculating
the MIP gap. Fig. 6 shows that the number of hourly committed
units for Systems I and II for a week which follow the hourly
load profile and reflect the soundness of the Fast-UC solution.

V. CONCLUSIONS

The MIP-based algorithm has proven to be a reliable ap-
proach for the solution of SCUC problem. When the MIP-based
algorithm is unable to solve large UC problems within a lim-
ited time, the algorithm resorts to breakthrough strategies for
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Fig. 6. Number of hourly committed units for a week (168 h).

near-optimal and fast SCUC solutions. In this paper, reasonable
heuristics were developed in order to speed up the SCUC
calculation. Additional heuristics were traditionally included
in the LR method which had to be designed specifically for a
given SCUC problem. However, compared to LR heuristics,
F-SCUC heuristics are more general, less dependent on an
SCUC problem structure, and applied only to very large-scale
SCUC problems. The tests on daily/weekly SCUC showed the
effectiveness of the proposed F-SCUC for production-grade
applications. The proposed algorithm is computationally sound
and economically reasonable while it is viewed as a trade-off
between economics and speed. It also makes the parallel
calculation feasible for H-SCUC, A-UC, and hourly network
security check, which could further improve the performance
of F-SCUC. In addition, the proposed F-SCUC could provide
promising solutions to the long-term security-constrained
operational planning of large power systems.
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