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Abstract—The proposed model solves the coordinated genera-
tion and transmission maintenance scheduling with security-con-
strained unit commitment (SCUC) over the scheduling horizon of
weeks to months. The model applies the Lagrangian relaxation
technique to decompose the optimization problem into subprob-
lems for generation maintenance scheduling, transmission mainte-
nance scheduling, and short-term SCUC. The decomposition and
cooperation strategy is applied to the first two subproblems for
the scheduling of generation and transmission maintenance. The
SCUC solution is based on the mixed integer programming (MIP)
technique. The optimal hourly results for maintenance scheduling,
generation unit commitment, and transmission flows are obtained
using a chronological load curve. Effective strategies are applied
for accelerating the convergence of the hourly solution. The numer-
ical examples demonstrate the effectiveness of the proposed model.

Index Terms—Generation and transmission maintenance sched-
uling, Lagrangian relaxation, mixed integer programming, secu-
rity-constrained unit commitment.

NOMENCLATURE

Index of bus.

Maintenance cost of unit at time at interval .

Starting time and ending time of equipment
maintenance window.
Maintenance cost of line at time at interval .

Preference weight factors of unit at time at
interval .
Preference weight factors of line at time at
interval .
Index for unit.

Commitment state of unit at time at interval .

Index for line (from bus to bus ).

Index of Benders iteration.

Maintenance duration.

Given big value for line .
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Maximum number of times that line could be on
partial maintenance.
Minimum time interval between two consecutive
partial maintenance of line .
Minimum duration for each partial maintenance of
line .
Index of Lagrangian iteration.

Number of units.

Number of lines.

Number of intervals under study.

Number of times at each interval.

Index of interval (e.g., weeks).

Power flow on line at time at interval .

Capacity of line

1 if the maintenance schedule of transmission line
is started at time and is 0 otherwise.
1 if the maintenance schedule of transmission line
is ended at time and is 0 otherwise.
Index for time period (e.g., hours).

1 if the maintenance schedule of generating unit is
started at time and is 0 otherwise.
1 if the maintenance of generating unit is ended at
time and is 0 otherwise.
Optimal value of Lagrangian relaxation function.

Optimal value of LP master problem.

Objective value of feasible original problem.

Maintenance schedule of unit at time at interval
, 0 if unit is offline for maintenance, otherwise, 1.

Reactance of line .

Maintenance schedule of line at time at interval
, 0 if it on maintenance, otherwise, 1.

Bus angle.

Bus-unit incidence matrix.

Bus-load incidence matrix.

, ,
, ,

Constant vectors and matrices in general MIP
formulation for SCUC.
Unit commitment schedule vector.

Transmission line state vector.

Bus-branch incidence matrix.

Real power output vector.

Load vector.

Vector of real generation at time at interval .

Vector of real power flow.
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Generator maintenance schedule vector.

Transmission maintenance schedule vector.

, Continuous variables and discrete decision
variables, respectively.
Lower limit vector of phase shifter angle.

Upper limit vector of phase shifter angle.

Vector of phase shifter angle at time at interval .

Time at interval .

Indicating given variables.

Lagrangian multipliers.

Dual variables.

I. INTRODUCTION

T HE coordination of midterm maintenance scheduling of
generation and transmission assets with short-term secu-

rity-constrained unit commitment (SCUC) is one of the major
tasks for maintaining the adequacy in midterm planning and se-
curity in the short-term operation planning. Such coordinations
are becoming increasingly important due to the aging of elec-
tricity infrastructure, unbundling of generation and transmis-
sion, and recent blackouts in the United States and around the
world. Regulators/ISOs within their jurisdiction are responsible
for approval, denial, or repositioning of maintenance schedules
submitted by market participants [1], [2].

In practice, ISOs often perform maintenance scheduling
tasks based on heuristic schemes using simple rules and
inherent experiences with participating companies [3]–[8].
GENCOs and TRANSCOs submit to ISOs projected schedules
for planned outages of their facilities. Each ISO considers the
outage scheduling proposals by studying participants’ projected
outage schedule, consultation with local control centers, and
possibly negotiations with other GENCOs or TRANSCOs.
The current practices for midterm generation and transmission
maintenance scheduling and implementation, which require
timely and efficient solutions, could potentially face bottle-
necks at the ISO’s level as restructuring develops further and
additional participants are introduced. Some of the potential
issues are summarized as follows.

• Outage scheduling modeling: The maintenance scheduling
has traditionally been based on load duration curves rather
than more realistic models which utilize hourly loads. In
addition, the midterm maintenance schedule could be sub-
optimal or even infeasible when it is not coordinated with
the short-term security of power systems. For instance,
short-term operational constraints, such as generation
ramping, may not be satisfied when other units are on
scheduled outages. Such compromises in the complexity
of outage scheduling could potentially jeopardize the
short-term security of power systems.

• Outage scheduling coordination: Traditionally, genera-
tion outage scheduling practice maintained the regional
generation capacity at a certain level while the transmis-
sion outage scheduling conducted system wide reliability
analyses considering the generation outage schedule as
input. However, when generation and transmission main-
tenance outages are considered on a first-come-first-served

basis, the resulting schedule may not be optimal. Since
transmission and generation outages both affect the system
reliability and market operation, ISOs are required increas-
ingly to devise a maintenance coordination procedure in
a volatile electricity market.

• Outage repositioning: Generation or transmission outage
schedules can be repositioned by ISOs based on reliability
and market requirements. However, the repositioning has
traditionally been based on trial-and-error, power flow
tools, and negotiations with GENCOs and TRANSCOs.
Such processes could increase outage scheduling duration
for certain participants when it requires the reconsidera-
tion of the ISO’s decisions for other participants.

Therefore, ISOs may potentially lack a systematic, fair, and ef-
ficient tool to execute the coordinated maintenance scheduling.

There are limited publications available on generation
and transmission maintenance scheduling practices. Existing
methods are classified into three categories. The first category
is based on heuristic methods which provide the most primitive
solution using trial-and-error principles. These approaches
have an objective criterion for equalizing generation reserves
throughout the planning interval while scheduling outages
subject to constraints [9]. Other objectives could include mini-
mizing expected total production costs [10] or leveling the risk
of failure to meet demand [11]. An example of a heuristic ap-
proach would be to schedule one unit at a time beginning with
the largest and ending with the smallest. However, heuristic
methods could not guarantee a feasible solution. The second
category is based on artificial intelligence (AI) methods [12],
which include expert system [13], simulated annealing [14],
fuzzy theory [15], [16], Tabu search [17], genetic algorithms
[18], [19], and various combinations of AI methods [20]. Most
AI techniques have the capability of dealing with multi-ob-
jective requirements. However, the expert system approach is
difficult to generalize since an inference engine must be de-
signed according to the particular characteristics of a designated
problem. Fuzzy sets are generally only used as an auxiliary tool
in maintenance optimization methods because the membership
functions in fuzzy sets are to be configured according to the
specific requirements of designated power systems. The third
category is mathematical programming methods which in-
clude integer programming, mixed-integer linear programming
[21]–[23], decomposition [24]–[26], branch-and-bound [24],
[27], dynamic programming [28], and various combinations
of mathematical programming methods. Although there is a
general agreement that mathematical programming methods
provide more reliable and versatile solutions to maintenance
scheduling, there is no consensus on which method is most
appropriate for large-scale applications.

Few publications have addressed the issue of integrated
generation and transmission outage management due partly to
the industry practice and partly to the complexity of modeling.
In [29], authors considered the outage coordination of gener-
ators and transmission lines. The proposed model was based
on traditional load flow and deterministic operating criteria.
Reference [30] proposed a tradeoff between the objectives of
ISO and individual GENCOs. The ISO maximized the system
reliability while considering a set of maintenance and system
constraints, including net reserve, maintenance window, and
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so on. Individual GENCOs, meanwhile, maximized their own
payoffs. The coordinating procedure considered maintenance
outage decisions for GENCOs that were close to the ISO’s
solution while satisfying both objectives. In [31], the coordi-
nation between preferred outage schedules of GENCOs and
TRANSCOs that maximized profits and those of the ISO that
ensured adequate levels of reliability. The coordination was
realized through incentives in the form of penalty factors with
positive penalty factor representing revenues for GENCOs or
TRANSCOs and a negative penalty factor representing costs.
The coordination between generation and transmission outages
was realized in an iterative process by fixing generation out-
ages, solving transmission outages, and repeating the process
for transmission lines. Reference [32] decomposed the gen-
erator/transmission outage scheduling problem into a master
problem and subproblems using a Benders decomposition. At
the first stage, a master problem was solved to determine a so-
lution for maintenance outage decision variables. At the second
stage, subproblems were solved to minimize operating costs
while satisfying network constraints. Benders cuts based on the
subproblem solution were introduced to the master problem
for improving the existing solutions. The iterative procedure
continued until an optimal or near optimal solution was found.

For extending the boundaries of existing computational
models, [33] presented an optimization model for coordinating
the midterm maintenance scheduling with the short-term gen-
eration scheduling, which was applied to large-scale, nonlinear,
non-convex, and mixed-integer optimization problems. In
comparison with [33], the contributions of proposed model are
summarized as follows:

1) We offer a new decomposition and cooperation strategy
which is applied to both generation and transmission main-
tenance subproblems by utilizing the unit commitment
(UC) status and introducing intermediate variables for
line states within the transmission maintenance window.
Accordingly, the Lagrangian relaxation technique is ap-
plied to decompose the original optimization problem into
subproblems for midterm generation and transmission
maintenance scheduling and short-term SCUC.

2) The Benders loop in [33] is shifted to the short-term SCUC
subproblems which could be executed on parallel CPUs.
The proposed solution strategy will effectively save addi-
tional computation time.

3) The proposed strategy averts the application of Lagrangian
relaxation to coupling constraints, i.e., Benders cuts, which
could require heuristic techniques for dealing with the
maintenance scheduling of identical lines on the same
transmission corridor.

4) A strategy based on preventive security is proposed in this
paper for enhancing the maintenance scheduling.

5) The bundle method is used for updating Lagrangian mul-
tipliers which would improve the updating process and the
convergence speed. The Benders decomposition method is
applied to the short-term SCUC subproblem which guar-
antees a secure scheduling operation.

6) Mixed-integer programming (MIP) is applied to solve the
generation and transmission maintenance scheduling and
UC subproblems.

7) Effective acceleration strategies are developed in this paper
for getting a faster solution to our large-scale optimization
problem.

The rest of the paper is organized as follows. Section II de-
scribes the proposed model. Section III provides detailed formu-
lations of subproblems and coordination strategies. Section IV
presents and discusses three cases. The conclusion drawn from
the study is provided in Section V.

II. FORMULATION OF THE PROBLEM

In restructured power systems, the objective of the proposed
approach to the coordinated generation and transmission main-
tenance scheduling with SCUC is to minimize operation costs
over the entire study period while satisfying maintenance and
operation constraints. Fig. 1 shows the decomposition of the co-
ordinated maintenance problem. The constraints of the proposed
coordinated outage scheduling problem based on the decompo-
sition are given as follows:

1) Constraints in the generation maintenance subproblem
1.1 Generation maintenance windows (including
starting and ending periods for maintenance, and the
duration of maintenance for each generator)
1.2 Generation maintenance resource and crew avail-
ability (including maximum number of units and total
generating capacity that may be on maintenance simul-
taneously)

2) Constraints in the transmission maintenance subproblem
2.1 Transmission maintenance windows (including
starting and ending periods for maintenance, duration
of maintenance, maximum number of times that a line
may be on partial maintenance, minimum duration
for each partial maintenance, and minimum interval
between any two partial maintenances of a line)
2.2 Transmission maintenance resources and crew
availability (including maximum number of lines
and total transmission line capacity that may be on
maintenance simultaneously)

3) Constraints in the SCUC subproblem
• Power balance
• Generation unit capacity
• Must-on and area protection constraints
• System spinning and operating reserve requirements
• Minimum ON/OFF time limits
• Ramp rate limits
• Startup and shutdown characteristics of units
• Fuel and multiple emission constraints
• Transmission flow and bus voltage limits
• Load shedding and bilateral contracts
In addition, the following coupling constraints are intro-
duced in order to link the outage scheduling subproblems.

4) Coupling constraints
4.1 Generation coupling: Constraints for the coupling
of generation maintenance and unit commitment :

(1)

Constraints (1) points out that a unit could not be com-
mitted if the unit is on maintenance.
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Fig. 1. First-level decomposition and coordination procedure for outage scheduling.

4.2 Transmission Coupling: DC transmission con-
straints for the coupling of transmission maintenance

and economic dispatch at base case and contin-
gencies are stated as:

a) Kirchoff’s first law for bus power balance:

(2)

b) Kirchoff’s second law for line flows:

(3)
c) Transmission flow limits:

(4)

d) Generation redispatch limits for contingencies
e) Limits on phase-shifting transformers

Intermediate variables are used for representing trans-
mission line states within transmission maintenance
windows to replace the maintenance schedule variables
in constraints (3) and (4). So, constraints (3) and (4) are
rewritten as (5) and (6), respectively, which represent that
DC transmission coupling constraints between transmis-
sion line state and economic dispatch at base case:

(5)

(6)

In addition, the coupling constraints between transmission
maintenance schedule and transmission line state are
stated as follows:

(7)

Constraints (5)–(7) point out that a line should not carry
any flows if the line is on maintenance.

III. COORDINATION OF SUBPROBLEMS

The coordination of subproblems according to Fig. 1 is de-
scribed as follows:

Step 1) Apply the Lagrangian relaxation method which re-
laxes the coupling constraints (1) and (7) via Lagrangian mul-
tipliers and . The relaxed problem is further divided into
three subproblems including the GENCO’s generation main-
tenance subproblem (GM), TRASNCO’s transmission mainte-
nance subproblem (TM), and SCUC for each interval (SCUC).

Step 2) Solve GM, TM, and SCUC subproblem to deter-
mine generation maintenance schedules , transmission main-
tenance schedules , unit commitment , and transmission line
states within transmission maintenance windows.

Step 3) Check the coupling constraints (1) and (7), use the
bundle method discussed in Section IV-D to update Lagrangian
multipliers and in Fig. 1, and feed the corresponding penalty
signals back to subproblems for recalculating , , , and .

Step 4) Use proper convergence criteria to determine whether
the solutions are near optimal. Otherwise, update and and
continue the iterative calculation.

Fig. 2 shows the secondary-level decomposition and coordi-
nation for solving the SCUC subproblem [34], [35]. Major so-
lution steps in Fig. 2 are outlined as follows:

Step 1) Execute the UC for each interval and determine eco-
nomic dispatch and transmission line state .

Step 2) Calculate the hourly DC network security check sub-
problem for base case and contingencies. It is a continuous op-
timization problem once and are fixed. So check the fea-
sibility of the current optimal solution by minimizing nodal
power balance violations. Once a violation is detected in the
subproblem, produce the Benders cut as a linear
relationship between and . The Benders cut will link the
UC master problem and the hourly network security check sub-
problems. Benders cuts are accumulated iteratively and applied
in each iteration.
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Fig. 2. Second-level decomposition and coordination procedure.

IV. SOLUTION OF SUBPROBLEMS

In this section, we discuss the entire set of constraints, decom-
position of the proposed large-scale and complex problem, and
the coordination of subproblems. The equipment maintenance
variable is zero if it is off for maintenance. In addition, we use

to represent intervals (e.g., weeks) and to represent time pe-
riod (e.g., hours) in each interval .

A. Initial Formulation of Midterm Equipment Maintenance

The generation and transmission maintenance subproblems
are solved individually as discussed below:

1) Initial Formulation of Midterm Generation Maintenance
Scheduling Subproblem: If the proposed model is used in a
vertically integrated utility, the objective of the initial genera-
tion maintenance scheduling subproblem will be to minimize
the total maintenance cost of generators which is formulated as
follows:

(8a)

In (8a), we could consider a variable hourly maintenance cost
for each generating unit. Thus, an optimal maintenance schedule
would result in the minimization of total generation mainte-
nance cost.

In restructured power systems, GENCOs are independently
responsible for generation maintenance. So cost minimization
would not appear in the objective of this subproblem and the
GENCO’s proposed generation maintenance schedule sub-
mitted to the ISO would only be considered. However, ISO
can use the objective (8b) to schedule generation maintenance
outages based on a GENCO’s preference. Weight factors
are in (8b) which replace the maintenance cost in (8a).
Accordingly, weight factors for the GENCO’s most preferred
maintenance schedules may be set to smaller to increase their
chances:

(8b)

The generation maintenance constraints are listed as follows:

(9)

or when

otherwise (10)

(11)

(12)

Constraints (9) present the relationship among , , and
. The maintenance of generating unit must be scheduled

within maintenance windows (10) between the starting time
and the ending time , and must be completed within the

maintenance duration (11)–(12).
Note that seasonal limitations, desirable schedule, mainte-

nance resources availability, and crew availability could be in-
cluded as generation maintenance constraints. Seasonal limita-
tions are incorporated in and of constraints (10). For ex-
ample, if generating units 1, 2, and 3 are to be scheduled for
maintenance simultaneously, the constraint would be

. However, if only one generating unit can be on
maintenance at a time, the constraint would be

. If we consider that there are lim-
ited resources and crew available at each location, the set of con-
straints will be stated as , where

would be the amount of resource available in location
at each time and would be a percentage of this resource

required for maintaining unit . For the crew constraint,
would be the number of maintenance crew in area at each
time and would be a percentage of this number required
for the maintenance of unit .

2) Initial Formulation of Midterm Transmission Maintenance
Scheduling Subproblem: The objective of the initial transmis-
sion maintenance scheduling subproblem in a vertically inte-
grated utility is to minimize the total maintenance cost of trans-
mission lines which is formulated as follows:

(13a)

In this subproblem, a variable maintenance cost for each trans-
mission line can be considered and an optimal maintenance
schedule would result in the minimization of total transmission
maintenance cost. Similar to the generation outage scheduling
case, if this subproblem is applied to restructured power sys-
tems, there is no objective for this subproblem because the
ISO has no responsibility for minimizing the transmission
maintenance cost. However, ISO can use the objective (13b)
to schedule transmission maintenance outages based on the
TRANSCO’s preference. Weight factors in (13b) are to
replace the maintenance cost in (13a). Accordingly, weight
factors for the TRANSCO’s most preferred maintenance sched-
ules may be set to smaller to increase their chances:

(13b)
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The transmission maintenance constraints are listed as follows:

(14)

or when

(15)

(16)

(17)

(18)

(19a)

(19b)

Constraints (14) present the relationship among , , and
. Transmission maintenance must be scheduled within

maintenance windows (15) between the starting time and
the ending time and must be completed within the main-
tenance duration (16), (17). In addition, partial maintenance
is permitted for transmission lines. The maximum number
of times that a line can be on maintenance is given in (17).
Each partial maintenance should last at least in (18)
and the minimum time interval between two adjacent partial
maintenance is in (19).

Note that seasonal limitations, desirable schedule, mainte-
nance resources availability, and crew availability are also in-
cluded as transmission maintenance constraints. The modeling
of corresponding constraints is similar to that for generation
maintenance subproblem.

We assume that the ISO will allocate weight factors based
on certain market rules when evaluating proposed maintenance
outages. When GENCOs and TRANSCOs submit the proposed
maintenance options to the ISO, the ISO will assign smaller
weight factors to preferred schedules. In addition, mainte-
nance outage schedules submitted prior to the deadline will
be assigned smaller weight factors. The participants’ proposed
schedules with higher weight factors could lose the chance of
being selected.

B. Initial Formulation of SCUC Subproblem

The objective of the initial short-term SCUC subproblem is
to maximize the social welfare in a restructured power system
(or minimize the operating cost in a vertically integrated utility)

while satisfying the operating constraints. The MIP formulation
of UC is described as follows:

(20)

(21)

where economic dispatch and the transmission line states
within the transmission maintenance window are only a part
of continuous variables and discrete decision variables ,
respectively. , , , , and are constant vectors or
matrices. Once we formulate and represent the subproblem in
the MIP format, the SCUC solution is sought by engaging a
standard package such as CPLEX, which uses branch-and-cut
method to solve the MIP-based problem.

C. Hourly Network Security Check Subproblem

After economic dispatch and the transmission line states
within the transmission maintenance window are obtained from
the UC solution, we check the feasibility of remaining network
constraints at the base case and post-contingent states based on
the Benders decomposition. When fixing and , we add slack
variables and to (2) to convert equality hard constraints
to soft constraints. Then, the hourly network security check sub-
problem for the base case and each post-contingent state at time

at period at the Benders iteration is formulated as follows:

(22)

(23)

(24)

(25)

(26)

(27)

Constraints (26) and (27) represent generation redispatch limits
for contingencies and phase-shifting transformer limits, respec-
tively. In (26), represents the MW generation at base case
which is obtained from the UC problem. When the constraints
(26) are applied to the base case, the acceptable redispatch limits

are zero; otherwise, it represents the 10-min spinning re-
serve. The objective is to minimize the real power mismatch
at each bus. In this subproblem, mismatch violations are min-
imized by adjusting generation within a predefined distance
and changing phase shifter angles . When ,
Benders cuts (28) are generated and added to the UC problem.
Benders cuts indicate that recalculating the transmission main-
tenance J and generation P at time at interval could mitigate
mismatch violation :

(28)
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After combining corresponding coefficients for each variable
and transferring the constant term to the right-hand side of (28),
a simple form for Benders cuts is given as follows:

(29)

where is interpreted as the increment/decrement of the
objective (22) with respect to transmission maintenance .
Similarly, is interpreted as the marginal increment/decre-
ment of the objective (22) with respect to generation at base
case.

D. Coupling Constraints (1) and (7)

Lagrangian relaxation is employed to consider the coupling
constraints (1) and (7). After calculating generation mainte-
nance schedule , unit commitment , transmission mainte-
nance schedule , and transmission line state , we update
the corresponding multipliers and . Note that the standard
cutting plane method uses the bundle of the subgradients which
were already generated from previous iterations, and constructs
a piecewise linear approximation of the Lagrangian function
which provides an upper bound of the optimal solution. In order
to improve the speed and stability in the updating process, we
use the bundle method to update and , which maintains the
solution of next iteration within a trust region ( and )
that is close to the latest values of and while considering
the information provided in previous iterations. The current LP
master problem is formulated as follows:

(30)

(31a)

(31b)

(32)

(33)

The objective is to maximize the LP in the master problem. The
cut planes (31a) are for vertically integrated utilities and (31b)
represent restructured power systems. Weight factors and
in (31b) are set to zero when GENCOs and TRANSCOs have
no preferred maintenance schedules. Constraints (32) and (33)
indicate that the next iterative solution should be close to the
“stability center”. The trust region could be a predefined con-
stant A which is independent of the iteration index , or one
that would change to be smaller as the number of iterations in-
creases (e.g., or where A and B are constant).
Therefore, the limits are relative rather than absolute. When the
problem has converged, the optimal value of multipliers will not
depend on the selection of limits. Note that the lower limits of
Lagrangian multipliers and will be set to zero if or

is negative. In fact, trust regions and are set up
according to the practical implications of proposed algorithm.

After the constraints are relaxed and introduced to the objec-
tive of GM, TM, and SCUC via the Lagrangian multipliers
and , the modified objectives are presented in (34)–(36), re-
spectively. The objectives (34a) and (35a) are for vertically in-
tegrated utilities, and (34b) and (35b) are for restructured power
systems. Similarly, weight factors and in (34b) and
(35b) are set to zero when maintenance preferences of GENCOs
and TRANSCOs are not considered. In addition, in the modi-
fied SCUC (36), transmission line state variables which are not
within the transmission maintenance windows are equal to one:

(34a)

(34b)

(35a)

(35b)

(36)

The sum of (34)–(36) is the optimal value of Lagrangian relax-
ation function at the current iteration, . We define VP as the
objective value of feasible original problem. Lagrangian itera-
tions will continue until the relative difference (duality gap) be-
tween (upper bound of optimal solution) and (lower
bound of optimal solution) is within a predefined tolerance in
(37):

(37)

The Appendix provides a proof for the primal optimization stop-
ping criterion. The duality gap may be intrinsic to the non-
convex problem and could not be arbitrarily reduced. So, the
maximum number of iterations has to be set for optimization.
The oscillatory problem within a close range of optimal solution
is a drawback of LR method. One option is to use Lagrangian
heuristics for stopping the iterative process when the solution is
deemed appropriate.

E. Strategies for Enhancing the Proposed Model

In order to accelerate the solution of our proposed large-scale
optimization problem, the following strategies are developed:

1) A property of Lagrangian relaxation method is that only
the objective function is changed at each iteration and the
optimal solution obtained at the previous iteration is still
a feasible solution for the current iteration. Thus, the pre-
vious optimal solutions of GM, TM, and SCUC can be used
as the initial solution for the current iteration. At the same
time, previously obtained Benders cuts can also be used at
the current SCUC calculation. Such strategies save much
time for computation.
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Fig. 3. Six-bus system.

TABLE I
GENERATOR COST DATA

TABLE II
GENERATOR OPERATING DATA

2) The number of iterations and the execution time will be
finite and controllable. When the proposed number of
Lagrangian iterations or the maximum execution time
is reached, additional heuristics strategies are applied to
find a feasible and near-optimal solution. For example,
according to their value in the current Lagrangian solution,
generation and transmission maintenance schedules could
be fixed. Then, we solve the SCUC problem.

V. CASE STUDIES

We analyze three case studies with a six-bus system, the IEEE
118-bus system, and the 1859-bus system to illustrate the per-
formance of the proposed model. No maintenance cost is con-
sidered under market environment.

A. Six-Bus System

A six-bus test system, depicted in Fig. 3, consists of three
units, seven branches, and three load sides presented in
Tables I–III. Fig. 4 shows the weekly load profile in which the
daily peak load occurs at hour 18.

The weekend load is lower than that of weekdays. The main-
tenance data are given in Table IV. The maintenance of a gen-
erating unit can be scheduled at any day during the week. The
maintenance of all three units cannot be scheduled simultane-
ously due to crew constraints. The maintenance of transmission
line 1–2 can be between Tuesday and Saturday. In this system,
the partial maintenance is not permitted for transmission main-

TABLE III
BRANCH DATA

Fig. 4. Load profile over the study 168 hours for six-bus system.

TABLE IV
EQUIPMENT MAINTENANCE LIMITS FOR SIX-BUS SYSTEM

tenance. The initial values of Lagrangian multipliers are zero
(flat start). For the first 20 iterations, we set a predefined con-
stant for relaxed constraints (1) and for
relaxed constraints (7) as the trust region of Lagrangian multi-
pliers. For following iterations, we use to determine
the trust region. The value of in (37) is 0.0001.

In order to show the effectiveness of the proposed solution,
we study the following five cases for a one-week period:

Case 0: without any equipment maintenance
Case 1: with generator maintenance
Case 2: with transmission maintenance
Case 3: with generator and transmission maintenance
Case 4: provide a preventive maintenance schedule when
considering the outage of unit 2 on Sunday

The summary of operation costs incurred in all cases is pre-
sented in Table XI.

Case 0: First we run Case 0 as base case. Table V shows
the committed hours in gray. The economical unit 1 is com-
mitted over the entire 168 h to support the base load. The
most expensive unit 2 is always OFF during the designated
week and unit 3 is partially committed in order to minimize
the operation cost. The given commitment with a total cost
of $520 732 is optimal and satisfies line flow constraints.
Case 1: In this case, we schedule the maintenance of three
generating units. After 26 iterations, a converged and op-
timal solution is reached which satisfies hourly UC, hourly
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TABLE V
CASE 0 SCHEDULE

TABLE VI
CASE 1 SCHEDULE

TABLE VII
CASE 2 SCHEDULE

generation maintenance outages, and hourly transmission
network flow constraints. Table VI shows the generation
maintenance (in black) and hourly UC schedule (in gray).
When the economical unit 1 is on maintenance outage on
Sunday, more expensive units 2 and 3 will be committed to
deliver hourly loads. In addition, the maintenance of unit
3 is scheduled on Saturday when unit 1 alone will supply
the load. According to the UC solution in Case 0, there are
multiple solutions to the maintenance scheduling of unit 2.
So, Friday is a choice for scheduling the unit 2. The op-
timal operation cost is $566 538.
Case 2: In this case, we schedule the maintenance of trans-
mission line 1-2. In the transmission maintenance window,
a low-load period on Saturday is selected for the main-
tenance of line 1-2. Table VII shows the weekly (168 h)
UC when line 1-2 is on maintenance. In order to guar-
antee a feasible solution when the transmission line is on
maintenance, unit 3 has to be committed between hours
138–140 (peak hours on Saturday). The total operation cost
is $522 273 after 33 iterations.
Case 3: We schedule simultaneously the maintenance of
generators and transmission line that were considered in
Cases 1 and 2.

Case 3A: We combine generator and transmission
maintenance schedules given in Cases 1 and 2 to see if
the combined schedule satisfies our constraints. In this
case, the combined schedule will result in a feasible
solution for network flows. The total operation cost is
$570 781. Table VIII shows that the expensive units
2 and 3 are committed on Sunday when unit 1 is on
maintenance and that unit 2 is committed during hours
138–140 when unit 3 and line 1-2 are on maintenance
outage. However, as we shall see in Case 3B, the
combined maintenance schedule which is feasible
does not result in an optimal maintenance solution.
Case 3B: We apply our proposed model to obtain an
optimal maintenance and commitment schedule as
shown in Tables VIII. The operation cost in this case
is $567 607 after 35 iterations. The maintenance of
line 1-2 is shifted from Saturday (Case 3A) to Friday

TABLE VIII
CASE 3A SCHEDULE

TABLE IX
CASE 3B SCHEDULE

TABLE X
CASE 4 SCHEDULE

TABLE XI
SUMMARY OF COSTS FOR ALL CASES

(Case 3B). As a result, it will be necessary to commit
the expensive unit 2 between hours 138–140. So the
operation cost is cheaper than that of 3A.

Case 4: In order to show the ability of dealing with contin-
gencies, the outage of unit 2 on Sunday is considered in this
case. Obviously, if we adopt the optimal solution shown in
Table IX (Case 3B), unit 3 cannot supply the load once
the outage of unit 2 occurs on Sunday. However, the pro-
posed model provides a new preventive maintenance solu-
tion shown in Table X. Compared to Case 3B, the mainte-
nance of unit 1 is shifted from Sunday to Saturday, and that
of unit 3 from Saturday to Sunday. As a result, the com-
mitment of expensive units 2 and 3 will replace that of unit
1 when unit 1 is on maintenance outage on Saturday and
guarantee a secure power transmission when line 1-2 in on
outage. The generation unit contingency will impact the
system operation cost based of $568 234 which is higher
than that of 3B. In order to show the stable convergence
process, Fig. 5 presents and values versus it-
erations. After 33 iterations, a feasible solution is found.
The relative difference between VLR ($568 221) and VP
($568 234) is 0.0024% which satisfies the stopping crite-
rion (37). The number of infeasible relaxed constraints (1)
and (7) at each iteration is listed in Fig. 6.

B. IEEE 118-Bus System

In the IEEE 118-bus system, we intend to calculate the
solution for the hourly maintenance outage schedule, hourly
UC, and generation dispatch over one week. Such objectives
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Fig. 5. Iterative values of VLR and VPR in Case A4.

Fig. 6. Number of infeasible relaxed constraints for Case A4.

TABLE XII
EQUIPMENT MAINTENANCE LIMITS FOR 118-BUS SYSTEM

were not realized successfully in the past by a one-step opti-
mization technique due to the enormous scale of the problem.
The 118-bus system is composed of 54 thermal units, 186
branches, and 91 loads. The test data for the 118-bus system
are given in http://motor.ece.iit.edu/data/maintscuc. The peak
load is 5470 MW and the load profile over the study horizon
is the same as that in Fig. 4. Equipment maintenance data are
listed in Table XII. The initial values of Lagrangian multipliers
are zero (flat start). We use to determine the trust region
of Lagrangian multipliers where for relaxed
constraints (1) and for relaxed constraints (7). The
value of in (37) is 0.002.

The equipment maintenance can be scheduled at any day
during the one week. Due to crew constraints, generating units
(or transmission lines) cannot be simultaneously scheduled for
maintenance. In this case, a preventive maintenance schedule is
studied when considering outages of unit 27 and line 26-25 over
the entire week period. Without maintenance, the base-load
units 10, 28, and 39 are committed for the entire week. How-
ever, when we consider the equipment maintenances, the
maintenance of units 10, 28, and 39 are scheduled on Monday,
Sunday, and Saturday, respectively, when the 24-h demand

TABLE XIII
COMPONENT STATES AND MAINTENANCE SCHEDULES

Fig. 7. Iterative VLR and VPR values for Case B.

Fig. 8. Number of infeasible relaxed constraints for Case B.

TABLE XIV
TOTAL WEEKLY LOAD AND RESERVE IN THE FOUR WEEKS

is lower in the whole week. Similarly, the maintenances of
lines 30, 44, 45, and 54 are scheduled on Friday, Saturday,
Monday, and Sunday, respectively. Table XIII presents the final
equipment maintenance schedules and states over the entire
week, which will not affect the transmission network security.

After 51 iterations in Fig. 7, a feasible integer solution is
found. The relative difference between VLR ($10 214 732) and
VP ($10 229 261) is 0.14% which satisfies the stopping criterion
(37). So, the optimal operation cost is $10 229 261. The number
of infeasible relaxed constraints (1) and (7) at each iteration is
shown in Fig. 8.

C. 1859-Bus System

In this case study, we schedule maintenance outages of 34
generating unit and 24 transmission lines over a four-week
(672-h) period for a practical system with 1859 buses, 2588
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branches, and 284 units. We present a detailed discussion and
comparison of the following four cases of maintenance outage
schedules. We use a predefined constant for relaxed
constraints (1) and for relaxed constraints (7) as the
trust region of Lagrangian multipliers. The value of in (37) is
0.005.
Case 1) Feasibility of the initial generation and transmis-

sion maintenance outage schedules proposed by
GENCOs and TRANSCOs

Case 2) Coordinated optimization of generation and trans-
mission maintenance outage schedules

Case 3) Optimization of generation maintenance outage
schedule based on the initial transmission mainte-
nance outage schedules

Case 4) Optimization of transmission maintenance outage
schedules based on the initial generation mainte-
nance outage schedules

The above cases are tested on a 3.66-GHz server and the exe-
cution time is estimated based on parallel calculation with 24
CPUs. Case 1, as the base case of this study, does not opti-
mize maintenance outage schedules but performs a feasibility
study based on the initial maintenance outage schedules pro-
posed by GENCOs and TRANSCOs. Case 1 requires 18 min
of CPU time. Case 2 studies the coordinated generation and
transmission maintenance outage schedules based on the pro-
posed method and shows how the optimized and coordinated
maintenance outage schedules will affect the system produc-
tion costs. After the predefined 40 iterations, no feasible solu-
tion is found. So we fixed the maintenance schedule at iteration
40 and run SCUC to obtain a feasible and near-optimal solu-
tion of $235 268 956. At iteration 40, the relative difference be-
tween the VLR of $234 342 213 and the VP of $235 268 956 is
0.4% which satisfies the precision requirement. The CPU time
for Case 2 is about an hour. Cases 3 and 4 are studied based
on the initial generation or transmission schedules and used for
comparison with Cases 1 and 2. The total load and reserve re-
quirements for each week are presented in Table XIV which
shows that the total loads on weeks 1 and 2 are lower than those
of weeks 3 and 4.

In this example, the production cost of Case 3 is close to
that of Case 2, i.e., $235 346 501 versus $235 268 956. Like-
wise, the production cost of Case 4 is close to that of Case 1,
i.e., $235 714 302 versus $235 723 866. We offer the following
explanations based on the results.

1) The objective of the proposed maintenance outage sched-
uling method is to minimize the system production cost
which results in the optimal scheduling of generation and
transmission maintenance outages and optimal generation
dispatch. The production cost of Case 3 is less than that of
Case 4 and close to that of Case 2. Thus, the generating unit
maintenance outages have a direct impact on the system
production cost.

2) The maintenance outages of transmission lines have an in-
direct impact on the system production cost while they
have a direct impact on the system security. In this ex-
ample, the production cost of Case 4 is higher than that
of Case 2 and close to that of Case 1. Thus, transmission
maintenance outages have a smaller impact on the optimal

production cost, and hence the optimal schedule of trans-
mission maintenance outages (in Case 4) will not differ
from the initial production cost (in Case 1) significantly.

3) In this study, the generation maintenance outage sched-
uling (Case 3) plays a role that is more important than the
transmission maintenance outage scheduling (Case 4) in
reducing the production cost as compared to Case 1. We
expect a more considerable production cost saving when
weekly load variations are higher in a longer maintenance
scheduling horizon and a larger number of generating units
and transmission lines is considered for the maintenance
outage scheduling.

VI. CONCLUSIONS

Most of the equipment maintenance scheduling methods
in the literature consider the weekly or monthly maintenance
schedules without applying the hourly UC for satisfying the
short-term security of power systems. However, from the
system operation viewpoint, a proper midterm equipment
maintenance outage management will provide a wider range of
options for managing the short-term security in power systems.
Likewise, short-term power system strategies (i.e., hourly
UC) will yield more efficient and suitable midterm strategies
for the scheduling and the coordination of generating units
and transmission lines maintenance outages. In essence, the
proposed model enhances the economics and security of power
system operations in vertically integrated utilities as well as the
restructured power systems.

The transmission maintenance subproblem is treated the
same way as the generation maintenance subproblem by in-
troducing a new variable for transmission line states in
the short-term SCUC subproblem. The Lagrangian iteration
is considered at the first-level of decomposition and coordi-
nation process while the Benders decomposition is applied
to the second-level process. The proposed model effectively
reduces the maintenance problem to that of the GENCO and
TRANSCO level while the SCUC solution seeks to enhance
the power system security. In this case, the equipment main-
tenance is solved within a reasonable calculation time by
applying CPLEX. In addition, the proposed decomposition
strategy makes it possible to apply parallel processing to very
large-scale power systems.

APPENDIX

Proof for Stopping Criterion: The original optimization
problem is defined as

(A1)

The Lagrangian dual of the primal problem (A1) is written as

(A2)

Authorized licensed use limited to: Mississippi State University. Downloaded on January 19, 2010 at 13:13 from IEEE Xplore.  Restrictions apply. 



FU et al.: COORDINATION OF MIDTERM OUTAGE SCHEDULING 1829

The lower bound of the Lagrangian dual problem (A2) at the
current iteration is

...
...

(A3)

The upper bound of the Lagrangian dual problem (A2) at the
current iteration is

...
...

(A4)

We minimize the following Lagrangian function (A5) at the cur-
rent iteration , which is lower than the objective value of (A3)

(A5)

Considering the “trust region” for the adjustment of Lagrangian
multipliers, we form the following LP master problem (A6) at
the current iteration by adding constraints

to (A4). Therefore, the objective value of (A6) is
always larger than the objective value of (A5) with a proper
for practical implementations:

...
...

(A6)

Based on the above equations, we get

(A7)

(A8)

(A9)

(A10)

Therefore, the primal optimization stopping criterion (A11) is
used to terminate the iterative process since the optimal solution
is between VLR and VP:

(A11)
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