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Outage Scheduling
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Abstract—The proposed approach to the optimal coordination
of midterm planning can be used by vertically integrated utilities
as well as the ISOs in electricity markets. The approach coor-
dinates the optimal maintenance scheduling of generating units
and transmission lines, within the outage scheduling horizon of
weeks to months, with the security-constrained unit commitment
of available components. The proposed model provides hourly
schedules for maintenance outages, generation unit commitment,
and transmission flows based on hourly load curves. In addition,
the approach calculates the optimal allocation of fuel and emission
allowance for thermal units in a vertically integrated utility, and
energy allocation in electricity markets. This paper discusses that
a seamless coordination of midterm and short-term optimization
schemes will effectively improve the security of electricity services
and reduce the chance of blackouts in aging power systems. The
proposed approach highlights a trade-off between calculation
speed and accuracy for large-scale implementations. A six-bus
system is used for detailed analyses, and further results presented
for the IEEE-118 system exhibit the effectiveness of the proposed
midterm planning approach.

Index Terms—Lagrangian relaxation, maintenance outage
scheduling for generators and transmission lines, mixed integer
programming, resource allocation and utilization, transmission
network security, unit commitment.

NOMENCLATURE

Index of bus.

Maintenance cost of unit at time at
interval . For instance, could be an hour
and could be a week long.
Starting time and ending time of equipment
maintenance.
Maintenance cost 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.
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Big value for line .

Maximum number of times that line could
be on partial maintenance.
Minimum time interval between two
consecutive partial maintenances of line .
Minimum duration for partial maintenance
of line .
Number of Benders iterations.

Number of units.

Number of lines.

Number of intervals under study.

Number of times at each interval.

Index of interval.

Power flow on line at time at interval .

Capacity of line .

System demand at time at interval .

Real power generation of unit at time at
interval .
Index for time.

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

Maintenance status of line at time at
interval , 0 if line is offline for maintenance,
otherwise, 1.
Bus angle.

Bus-unit incidence matrix.

Bus-load incidence matrix.

Unit commitment schedule vector.

Bus-branch incidence matrix.

Real power output vector.

Real power flow vector.

Load vector.

Vector of real generation at time of interval
.

Generator maintenance schedule vector.

Transmission maintenance schedule vector.

Lower limit vector of phase shifter angle.
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Upper limit vector of phase shifter angle.

Vector of phase shifter angle at time of
interval .
Given variables.

Lagrangian multipliers and dual variables.

I. INTRODUCTION

AGING of electricity infrastructure, recent blackouts in the
United States and throughout the world, and unbundling

of generation and transmission resources in restructured elec-
tric power systems have necessitated a forum for a wider and
more comprehensive communication and coordination among
power system entities. Market participants such as GENCOs
and TRANSCOs are independent entities that are responsible
individually for generator and transmission maintenance in re-
structured power systems. A coordination of optimal mainte-
nance outage scheduling of generation and transmission devised
by the ISO and in concert with market participants can effec-
tively improve the security of electricity services and reduce the
chance of blackouts [1], [2].

A proper maintenance outage scheduling provides a wider
range of options for managing the short-term security and eco-
nomics. Furthermore, short-term operation strategies may yield
useful economic and security signals for maintenance outage
scheduling over a longer time span. Accordingly, we propose
an optimally coordinated midterm planning approach that pro-
vides coordination among the following optimization strategies.

1) Coordination Between Generation and Transmission
Maintenance Outages: In its policy for system coordination
(Policy 4, Subsection C, Maintenance Coordination: Generator
and Transmission Outages [3]), NERC states that “sched-
uled generator and transmission outages that may affect the
reliability of interconnected operations shall be planned and co-
ordinated among affected systems and control areas.” Thus, the
ISO reviews generator and transmission maintenance proposals
submitted by market participants and works out a least-cost co-
ordinated maintenance schedule that satisfies operating security
and reliability criteria in a restructured power environment.

2) Coordination Between Midterm Maintenance Outage and
Hourly Security-Constrained Generation Scheduling: The pur-
pose of this module is to coordinate the midterm maintenance
outage scheduling with the short-term generation scheduling.
Mathematically, maintenance outage scheduling is a discrete
stochastic optimization problem, and its coordination with
the short-term scheduling could be a formidable task [4], [5].
Midterm generation scheduling in most of the coordination
schemes has traditionally simulated loads by considering load
duration curve (LDC). However, in electricity markets, a de-
tailed chronological load model should be considered. It will
be shown in this paper that an optimal coordination between
midterm maintenance outage and hourly security-constrained
generation scheduling can bring about enhanced security and
economic savings to restructured power systems.

3) Coordination Between Midterm Allocation and
Short-Term Utilization of Resources: In vertically integrated
utilities, resource allocation and utilization, including that of

fuel and emission allowance, requires a coordination between
midterm allocation and short-term utilization of resources [6].
However, short-term resource utilization has generally been
considered as a constraint in hourly generation scheduling,
while major security and economics benefits that stem from
the coordination between midterm resource allocation and
short-term optimal generation scheduling (utilization) have not
been taken into account. In general, primal (via resource tar-
gets) and dual (via pseudo resource dispatch prices) approaches
are considered as suitable strategies to solve such coordination
problems [7]–[9]. The ISO’s allocation of resources is based
on GENCO’s energy constraints in electricity markets.

4) Coordination Between Short-Term Transmission Security
and Optimal Maintenance Outage Scheduling: Considering
maintenance outage scheduling and short-term transmission
security as two independent events could create operational
problems. In such cases, additional generation commitment
and dispatch may be required to relieve transmission violations
[10], [11]. Similar issues may be encountered when generating
units are taken out for maintenance without regards to trans-
mission security. Reference [12] discussed the coordination
between generation maintenance and transmission security.

The proposed optimal coordination of midterm and short-
term planning intends to satisfy the following requirements:

• extend the life span of generations and transmission assets;
• delay investments on new power system facilities;
• enhance transmission security through efficient utilization

of generation and transmission assets;
• optimize the allocation and utilization of resources in a

constrained utility;
• reduce the cost of supplying loads in competitive power

systems.
Mathematically, the proposed problem is a large-scale,

mixed-integer, non-convex optimization problem. Without
proper strategies, the entire outage scheduling problem is very
large, which cannot be solved in a reasonable computation time.
The technical barriers to the proposed approach are represented
by the complexity of coordination of midterm and short-term
planning that involves maintenance outage scheduling, genera-
tion unit commitment (UC), economic dispatch (ED), resource
allocation and utilization, and transmission security. The pro-
posed approach can successfully overcome technical barriers
by introducing effective decomposition and coordination strate-
gies. Both Lagrangian relaxation and Benders decomposition
techniques are applied to decompose such a large-scale opti-
mization problem into many tractable small-scale subproblems
[13]–[16]. The adjusted Lagrangian multipliers and Benders
cuts are effective linking constraints for the coordination of
subproblems. The hourly results for maintenance outages and
generation scheduling are obtained from our detailed model,
which is based on an hourly load curve.

The rest of this paper is organized as follows. Section II
describes the proposed model and its solution methodology.
Section III provides detailed formulations of subproblems and
coordination strategies. Section IV presents and discusses a
six-bus system and the modified IEEE 118-bus system with
54 units. The conclusion drawn from the study is provided in
Section V.
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II. MODEL DESCRIPTIONS

In restructured power systems, GENCOs and TRANSCOs
submit to the ISO their preferred schedules for maintenance out-
ages. The ISO uses the proposed model to examine and adjust
the preferred schedules for maintaining the minimum operation
cost and transmission security. The same set of tools would be
utilized by vertically integrated utilities for improving security
and minimizing operation and maintenance costs over the en-
tire study period, while satisfying the prevailing maintenance,
operation, and resource constraints. These constraints are sum-
marized as follows:

1) Generation maintenance constraints
1.1 Generation maintenance windows (including
starting and ending periods for maintenance, and
duration of maintenance)
1.2 Generation maintenance resource and crew avail-
ability (including the maximum number of units and
the total generating capacity that is to be on mainte-
nance simultaneously)

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

3) Generation constraints
• Load balance
• System spinning and operating reserve requirements
• Minimum up and minimum down times
• Ramp rate limits
• Startup and shutdown characteristics of units
• Generating capacity of generating units

4) Fuel consumption and emission allowance constraints for
vertically integrated utilities. In electricity markets, a ver-
sion of these constraints will be submitted by participants
to the ISO as energy constraints.

5) Coupling constraints between generation maintenance
and unit commitment

6) dc transmission coupling constraints between transmission
maintenance and economic dispatch

6.1 First Kirchoff’s law for bus power balance:

6.2 Second Kirchoff’s law for lines:

6.3 Transmission flow limits:

6.4 Limits on phase-shifting transformers.
Note that three major coupling constraints (4–6) are included

in the proposed model. If the proposed model is used by verti-

cally integrated utilities, then constraints (4) for individual and
group units relate the short-term optimal utilization of resources
to the long-term allocation of resources including constraints
on fuel consumption and emission allowance. If the proposed
model is used by the ISO in electricity markets, then constraints
(4) represent the energy constraint submitted by GENCOs. Con-
straints (5) indicate that a generating unit cannot be committed
if it is on maintenance outage. Also, constraints (6) shows that a
line flow would be zero if the line is on maintenance outage and
that the generating power of units will be impacted by the alter-
ation of network topology. The three coupling constraints (4–6)
dramatically complicate the optimal coordination of midterm
and short-term planning discussed in this paper.

The innovative features of the proposed model lie in the way
coupling constraints are handled by the ISO, or system operators
in vertically integrated utilities. In this section, we discuss the
decomposition of large-scale and complex problems and the co-
ordination of subproblem solutions. Fig. 1 shows the decompo-
sition and coordination process, which is described as follows.
Step 1) Deal with the coupling constraints (6). The orig-

inal problem is divided into a master problem and
subproblems using the Benders decomposition.
In the master problem, generation maintenance
schedule and transmission maintenance schedule

, hourly unit commitment , and economic dis-
patch are determined. The subproblems check
the feasibility of hourly network security according
to the solution of master problem.

Step 2) Solve the master problem that is divided into two
subproblems, i.e., long-term equipment mainte-
nance subproblem (LTEM) and long-term unit
commitment with resource (fuel and emission)
constraints subproblem (LTUC FE). The subprob-
lems are solved independently. Get generation
maintenance outage schedule and transmission
maintenance outage schedule by solving LTEM.
Determine hourly unit commitment and economic
dispatch by solving LTUC FE.

Step 3) Check the coupling constraints (5). If is not
satisfied, update Lagrangian multipliers related
to constraints (5) by the subgradient method and
feed the corresponding pseudo price signals back
to subproblems LTEM and LTUC FE for recalcu-
lating decision variables and . It is envisioned
that when ignoring network constraints, the current
solutions of generator maintenance and genera-
tion scheduling and are feasible. Apply con-
vergence criteria (e.g., relative duality gap of dual
and primal objectives) for determining the near-op-
timal solution. When the maximum number of La-
grangian iterations is reached, certain strategies are
applied to find a feasible and near-optimal solution.
For example, generation and transmission mainte-
nance outage schedules could be fixed for certain
components according to the current Lagrangian so-
lution as other components continue to participate in
unit commitment and economic dispatch.

Step 4) If both coupling constraints (5) and convergence
criteria are satisfied, use the current values of and

to check hourly dc network security constraints.
The hourly dc network security check subproblem,
which considers both the steady state and the con-
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Fig. 1. Decomposition and coordination of optimal midterm planning.

tingency constraints, is a continuous optimization
problem when variables and are fixed [17].
Check the feasibility of the current optimal solution
by minimizing nodal power balance violations. Stop
the iterative process when hourly nodal mismatch
violations are mitigated. Once a violation is detected
in the subproblem, the corresponding Benders cuts

Fig. 2. Long-term UC with fuel and emission constraints subproblem
(LTUC FE).

is generated as a linear relationship
between and . Note that Benders cuts are re-
garded as additional constraints for linking LTEM
with LTUC FE. Thus, the Lagrangian relaxation
technique is called again by introducing Lagrangian
multipliers and additional Lagrangian multipliers

to relax coupling constraints (5) and Benders cuts
into the objectives of LTEM and LTUC FE. Then,
these two subproblems are solved independently
and the process is iterated again.

Fig. 1 illustrated the process of handling coupling constraints
(5) and (6) related to hourly maintenance outages, generation
unit commitment, and transmission security. However, the
solution process for LTUC FE was not presented in Fig. 1.
Fig. 2 highlights the solution process for the long-term unit
commitment with coupling resource constraints (4). Major
solution steps in Fig. 2 are outlined as follows.
Step 1) Lagrangian relaxation is applied to relax the hourly

coupling resource (fuel and emission) constraints
into the objective function of LTUC FE. The key
here is the introduction of resource penalty prices
related to Lagrangian multipliers [18].

Step 2) Based on the relaxation in step 1, LTUC FE is de-
composed into many tractable subproblems, which
represent the individual short-term unit commitment
without fuel and emission constraints (STUC). The
STUCs are solved by parallel processing that will
speed up the solution process. Accordingly, ramping
and minimum up/down time constraints at linking
intervals are ignored in Fig. 2.

Step 3) In order to manage Lagrangian multipliers , a hy-
brid subgradient and Dantzig–Wolfe decomposition
approach is used [18]. The hybrid approach is a
trade-off between calculation speed and accuracy of
the LTUC FE solution.

III. FORMULATION OF SUBPROBLEMS AND

COORDINATION STRATEGIES

In this section, we discuss the formulation of the proposed
model in the order of appearance.
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A. Initial Long-Term Equipment Maintenance Subproblem

When considering electricity markets, there is no objective
for this subproblem because GENCOs and TRANSCOs are
individually responsible for scheduling respective generation
and transmission maintenance outages. However, generation
and transmission maintenance constraints submitted to ISO
by GENCOs and TRANSCOs would need to be satisfied. If
the proposed model is used in a vertically integrated utility,
the objective of this initial subproblem is to minimize the total
cost of maintenance outage scheduling of generating units and
transmission lines, which is formulated as follows:

(7)

Since we can consider different hourly maintenance costs, an
optimal maintenance schedule will result in the minimization
of maintenance cost.

In order to apply a mixed-integer programming (MIP) to
solve the subproblem, additional binary variables, ,
and , are introduced in maintenance constraints. The index

represents the time at interval . or is equal to 1 if
the maintenance of generating unit or transmission line is
started at time and is 0 otherwise. or is equal to 1 if the
maintenance of generating unit or transmission line is ended
at time and is 0 otherwise. The generator and transmission
maintenances constraints are listed as follows:

Generator maintenance constraints:

(8)

or when

otherwise (9)

(10)

(11)

Transmission maintenance constraints

(12)

or when

otherwise (13)

(14)

(15)

(16a)

(16b)

(17a)

(17b)

Constraints (8) and (12) present the relationship between
, and . Generator maintenance must be

scheduled within maintenance windows (9) from the starting
time to the ending time and must be completed within the
maintenance duration (10)–(11). However, in addition to main-
tenance windows (13) and maintenance duration (14), partial
maintenance is permitted for transmission lines. The maximum
allowable time for partial maintenance outage is given in (15).
Each partial maintenance outage should last at least in
(16), and the minimum time interval between two consecutive
partial maintenances is in (17).

Note that seasonal limitations, desirable schedules, mainte-
nance resources availability, and crew availability may be in-
cluded as equipment maintenance constraints. Seasonal limita-
tions are incorporated in , and of constraints (9) and
(13). For example, if equipment 1, 2, 3 are to be maintained si-
multaneously, the constraint would be

or

However, if only one equipment can be on maintenance outage
at a time, the constraint would be

or

If we consider that there are limited maintenance resources and
crew available at each maintenance outage location, the set of
constraints will be stated as follows:

or

For representing a resource constraint, or will be the
amount of resource available in location at time , and

or will be a percentage of this resource required for
maintaining unit or line . For crew constraint, or
will be the number of maintenance crew in area at time , and

or will be a percentage of this number required for the
maintenance of unit or line .
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B. Initial Short-Term Unit Commitment Subproblem (STUC)

Since the unit commitment is not the focus of this paper, we
only point out that MIP formulation of STUC is generally de-
scribed as

(18)

(19)

where and are continuous and discrete decision variables,
respectively. , and are proper constant vectors
or matrices. The objective (18) of the initial short-term unit
commitment subproblem is for minimizing the operation cost
while satisfying prevailing constraints (19) such as the power
balance, spinning and operating reserve requirements, gener-
ating capacity limits, unit minimum ON/OFF time limits, and
ramping up and down limits [19], [20].

C. Solution to Long-Term Resource Constraints

In vertically integrated utilities, resource constraints for fuel
consumption and emission allowance are generally formulated
as (20). In electricity markets, the energy constraint will be sub-
mitted by participants to the ISO as a special case of (20). In
addition, resource constraints for a single unit will be a special
case of

(20)

where and are constant matrices. Long-term resource
constraints will couple STUCs that represent interactions
among electricity market, fuel market, and environment. The
Lagrangian relaxation algorithm is applied to the entire period
for relaxing the complicated and linking constraints into the
objective function of LTUC FE via Lagrangian multipliers

. Consequently, the original LTUC FE is decomposed into
several STUCs as discussed in the previous section. Then, the
modified objective of STUC at each Lagrangian iteration is
formulated as follows:

(21)

where

(22)

Generation constraints (19) are also used in the modified STUC.
Considering the advantages and disadvantages of subgradient
and Dantzig–Wolfe decomposition methods, a hybrid method is
proposed to update Lagrangian multipliers . The effectiveness
of the hybrid method was discussed in [18].

D. Solution to Coupling Constraints (5)

As described in Section II, Lagrangian relaxation is employed
to consider coupling constraints (5). After obtaining trial solu-
tions to generator maintenance and unit commitment , the
constraints are checked and corresponding multipliers are up-
dated by applying the following subgradient method:

If

Otherwise

(23)

where and are step sizes for updating multipliers of
constraints (5). We use a fixed step size that is independent of
any iteration.

After the constraints are relaxed and introduced into LTEM
and STUCs via the Lagrangian multiplier , the modified ob-
jectives of LTEM and STUC are presented in (24) and (25),
respectively. Such Lagrangian iterations will continue until a
converged optimal solution for the master problem is obtained
as follows:

(24)

(25)

E. Hourly Network Security Check Subproblem

The objective is to minimize the real power mismatch at each
bus. In this subproblem, mismatch violations are minimized by
adjusting phase shifter angles (control variable ). Here, the
feasibility of remaining constraints (6) is checked based on the
Benders decomposition once a converged optimal solution that
satisfies constraints (5) is obtained. When and are fixed,
slack variables and are added to (6.1) and equality hard
constraints are converted to soft constraints. Then, the hourly
network security check subproblem at time at period at the
Benders iteration is formulated as follows:

(26)

(27)

(28)

(29)

(30)

(31)

When , Benders cuts (32) are generated and
added to the master problem, which is composed of LTEM and
LTUC FE. Benders cuts indicate that recalculating the transmis-
sion maintenance and generation at time at interval
could mitigate mismatch violation as follows:

(32)

where .
After combining corresponding coefficients for each variable
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and transferring the constant term to the right-hand side of (32),
a simple form of Benders cuts is given as

(33)

Here is interpreted as the increment/decrement of the ob-
jective with respect to transmission maintenance . Similarly,

is interpreted as the marginal increment/decrement of the
objective with respect to generation .

F. Solution Based on Benders Cuts (33)

Using the Benders decomposition, the large set of coupling
constraints (6) is replaced by several simple Benders cuts (33).
However, they still link LTEM and LTUC FE. Thus, the subgra-
dient method is applied again to deal with Benders cuts. After
obtaining trial solutions to transmission maintenance and
generation , we check Benders cuts and update corresponding
multipliers by applying the following formulations:

Then

Otherwise

(34)

where and are step sizes for updating multipliers
of Benders cuts. The objectives of LTEM and STUC are fur-
ther modified as shown by (35) and (36) once the Benders cuts
are relaxed via the Lagrangian multiplier and introduced into
LTEM and all STUCs.

The sum of two objectives shown by (35) and (36) represents
the dual optimal value of relaxed original problem, which is
defined as the value of Lagrangian relaxation (VLR) as follows:

(35)

Fig. 3. Six-bus system.

(36)

IV. CASE STUDIES

We analyze two case studies including a six-bus system and
the modified IEEE 118-bus system to illustrate the performance
of the proposed optimally coordinated midterm planning. These
two cases represent vertically integrated utilities. However, the
proposed method will equally apply to the ISO for coordinating
maintenance outage schedules in electricity markets. It is as-
sumed in these two case studies that the hourly maintenance
cost is the same for all equipment. ILOG CPLEX 10.0 is used
for the solution of MIP problems in which the duality gap is set
to 0.01%.

A. Six-Bus System

A six-bus test system, depicted in Fig. 3, consists of three gen-
erating units, four transmission lines, two tap-changing trans-
formers, one phase shifter, and three load sides presented in
Tables I–IV. Fig. 4 shows the hourly load profile in which the
daily peak load occurs at hour 18. We notice that the weekend
load is lower than that of weekdays. The maintenance outage
data are given in Table V. The generator maintenance outage is
scheduled within the seven-day window when one unit can be on
maintenance outage at any hour according to the available crew
and maintenance resource constraints. The maintenance outage
of transmission line 1–2 will be scheduled between Tuesday and
Saturday. In this system, no partial maintenance outage is per-
mitted. The hourly maintenance outage cost is listed in Table V.

In order to show the effectiveness of the proposed approach,
we study the following four midterm planning cases for a 168-h
period:

Case 0) without any equipment maintenance;
Case 1) with generator maintenance;
Case 2) with transmission maintenance;
Case 3) with generator and transmission maintenance.
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TABLE I
GENERATOR COST DATA

TABLE II
GENERATOR OPERATION DATA

TABLE III
TRANSMISSION LINE DATA

TABLE IV
TAP CHANGING AND PHASE SHIFTING TRANSFORMER DATA

Case 0) We run Case 0 as the base case in which equipment
maintenance is not considered. We notice that the economical
unit 1 is committed over the entire 168 hours to support the
base load. The most expensive unit 2 is always OFF during
this week, and unit 3 is partially committed in order to min-
imize the operation cost. The hourly commitment of units is
shown in Table VIII. Then, we check transmission network vi-
olations for the given generation commitment. According to the
hourly dc network check, the given commitment with a total
cost of $522 237.32 is optimal. The solution satisfies line flow
constraints as there are no hourly mismatch violations. We can
include similarly component outages for analyzing the transmis-
sion security. However, such analyses are not included in this
example.
Case 1) We schedule the maintenance outage of three generating
units. We first calculate the generation maintenance schedule
without scheduling the unit commitment as shown in Table VI.

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

TABLE V
EQUIPMENT MAINTENANCE LIMITS FOR SIX-BUS SYSTEM

TABLE VI
INITIAL UNIT MAINTENANCE SCHEDULE

TABLE VII
HOURLY EQUIPMENT MAINTENANCE SCHEDULE IN CASES 1–3

However, the proposed outage schedule will not satisfy the com-
mitment in Case 0. For instance, units 1 and 3 cannot be com-
mitted during hours 117–140 and hours 2–21 when they are also
scheduled for maintenance outage.

Now we calculate the generator maintenance outage schedule
based on our proposed method. Penalty cost signals are added
to the objective functions of LTEM and LTUC FE modules
according to the proposed maintenance outage schedule. After
76 iterations, a converged and optimal solution is reached
for Case 1 that satisfies the hourly unit commitment, unit
maintenance outages, and transmission network constraints.
Tables VII and IX show the generator maintenance and unit
commitment schedules, respectively, for Case 1. When the eco-
nomical unit 1 is on maintenance outage during hours 145–168,
more expensive units 2 and 3 will have to be committed for
supplying hourly loads. In addition, the maintenance outage
of units 2 and 3 is scheduled during hours 91–114 and hours
119–142, respectively, when unit 1 is supplying the load. The
primal cost of $578 300.61 includes the generation maintenance
cost of $9024.00 and the operation cost of $569 276.61.
Case 2): In this case, we schedule the maintenance outage
of transmission line 1–2. We first calculate the transmission
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TABLE VIII
HOURLY COMMITMENT OF UNITS IN CASE 0

TABLE IX
HOURLY COMMITMENT OF UNITS IN CASE 1

TABLE X
HOURLY COMMITMENT OF UNITS IN CASE 2

TABLE XI
HOURLY COMMITMENT OF UNITS IN CASE 3

maintenance outage without scheduling the unit commitment.
As a result, the line can be on maintenance outage during hours
75–98. However, the commitment schedule given in Case 0
will not satisfy the transmission network constraints during
hours 80–93 when line 1–2 is on maintenance outage. Then, 14
Benders cuts are generated and added to the master problem
(unit commitment), and Lagrangian relaxation is applied to the
new master problem. Benders cuts are regarded as coupling
constraints between LTEM and LTUC FE modules. At each
Lagrangian iteration, Lagrangian multipliers are updated by
applying the subgradient method, and a converged solution is
achieved after three Lagrangian iterations. The maintenance
outage of line 1–2 is now shifted to hours 97–120. However,
transmission network constraints during hours 104–109 and
110–118 are not yet satisfied. As a result, 15 more Bender cuts
are added to the revised master problem. The procedure will
continue until the optimal commitment solution can satisfy
hourly transmission network constraints. In the transmission
maintenance outage window, a low-load period is selected for
the maintenance outage of line 1–2 during hours 119–142.
Table XII shows hourly transmission maintenance outages and
violations at each Benders iteration.

Table X show the final 168-h generating unit commitment in
Case 2 when line 1–2 is on maintenance outage. In this case, unit
3 is committed between hours 137–140 to satisfy its ramping
constraint. The total primal cost is $573 719.84, which consists
of the transmission maintenance outage cost of $49 920.00 and
the operation cost of $523 799.84.
Case 3) In this case, we schedule simultaneously the mainte-
nance outages of generators and transmission line. At first, we

TABLE XII
MAINTENANCE OF LINE 1–2 AND HOURLY VIOLATIONS

TABLE XIII
SUMMARY OF COSTS ($) FOR ALL CASES

combine generator and transmission maintenance outage sched-
ules given in Cases 1 and 2 to see if the combined schedule sat-
isfies the hourly network constraints. Accordingly, we utilize
the unit commitment schedule in Case 1 for checking the trans-
mission constraints when line 1–2 is on maintenance outage.
In this case, the proposed maintenance outage schedules sat-
isfy transmission network constraints. The total primal cost is
$632 417.53 with a maintenance outage cost of $58 944.00 and
the operation cost of $573 473.53. In this case, expensive units 2
and 3 are committed on Sunday when unit 1 is on maintenance
outage, and unit 3 is also committed during hours 137–140 when
line 1–2 is on maintenance outage.
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TABLE XIV
EQUIPMENT MAINTENANCE LIMITS FOR 118-BUS SYSTEM

In order to find out whether the combined maintenance outage
schedules provide an optimal commitment solution (see the Fea-
sible Case 3 in Table XIII), we apply our proposed coordinated
maintenance approach. The results are shown in Tables VII
and XI, respectively, with a primal cost of $629 987.94 (see
the Optimal Case 3 in Table XIII). Note that the maintenance
outage cost is not reduced, but the operation cost is dropped to
$571 043.94. In this case, the commitment of expensive units 2
and 3 will replace that of unit 1 when unit 1 is on maintenance
outage on Saturday, which guarantees a secure power transmis-
sion when line 1–2 in on maintenance outage. The maintenance
outage of unit 1 is shifted from Sunday to Saturday and that of
unit 3 from hours 119–142 to hours 145–168. The summary of
costs incurred in all cases is presented in Table XIII.

B. IEEE 118-Bus System

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 motor.ece.iit.edu/data/coop. The annual peak load
is 6000 MW and the hourly load over the study horizon is the
same as that in Fig. 4. Equipment maintenance outage data are
listed in Table XIV. In this system, only one generating unit
could be on maintenance outage at any hour, and partial main-
tenance outage of transmission lines is acceptable for line 51.
The maximum number of partial maintenance outages for this
line is two. Each partial maintenance outage should last at least
8 h, and at least 8-h rest should be required between two contin-
uous partial maintenance outages.

We schedule the hourly maintenance outage, unit commit-
ment, and generation dispatch over 168 hours. Such objectives
may not be realized successfully in a single step optimization
due to the enormity of the problem.

At first, we schedule maintenance outages and unit commit-
ment, separately. The base-load units 10 and 20 are committed
for the entire week. The peaking unit 34 is scheduled during
hours 9–21, 33–45, 57–69, 81–93, and 105–117. However,
maintenance outages of units 10, 20, and 34 are scheduled
during hours 75–98, 133–156, and 37–60. Such solutions will
not satisfy constraints (5). According to Fig. 1, Lagrangian
multipliers are updated and fed back to LTEM and LTUC FE.
After 108 Lagrangian iterations, a converged unit commitment
solution is reached that will be used for checking the transmis-
sion network constraints.

We analyze the hourly transmission network constraints given
the maintenance outage schedule of line 51 during hours 78–95
and the hourly unit commitment schedule. Accordingly, 11 Ben-
ders cuts are generated for representing network flow viola-
tions that are relaxed by introducing Lagrangian multipliers .

TABLE XV
TRANSMISSION VIOLATIONS AND CUTS AT BENDERS ITERATIONS

After nine Benders iterations shown in Table XV, a converged
and optimal hourly commitment solution is obtained for satis-
fying transmission network constraints once the equipment is
scheduled for maintenance. The optimal primal objective cost
of $10 290 060.83 includes the generator maintenance outage
cost of $62 400, line maintenance cost of $90000, and operating
cost of $10 137 660.83.

Table XVI presents the final equipment maintenance outage
(shaded) and unit commitment (numbered) schedules over the
entire 168 hours. The maintenance of units 10, 20, and 34 are
scheduled on Saturday, Sunday, and Monday, respectively,
when the 24-h demand is lower in the whole week. Coordinated
with generator maintenance outage and generation schedules,
the maintenance of line 51 is scheduled during hours 5–12
and 21–30, which will not affect the transmission network
constraints.

The same system is studied for a one-month load horizon
shown in Fig. 5. In this case, the equipment maintenance outage
window is set for one month. Based on the proposed method,
the maintenance outage of unit 10 is scheduled during hours
633–656, unit 20 during hours 128–151, unit 34 during hours
457–480, and line 51 during hours 146–163. The total cost is
$40 044 300. The case is tested on a 3.0-GHz personal com-
puter. The CPU time for the equipment maintenance outage with
SCUC is about four hours. However, the CPU time that depends
on power system characteristics, load level, number of relaxed
constraints, robustness of the system, and the required calcu-
lation accuracy can be reduced by utilizing a faster CPU and
parallel processing.

V. SUMMARY AND CONCLUSIONS

Due to the limitations on computational capabilities and
optimization techniques, simplified approaches were proposed
in the past for equipment maintenance outages. For instance,
based on load duration curves, maintenance outage was sched-
uled at weekly or monthly level in which generating units were
simply dispatched from zero to maximum capacity. Many com-
panies scheduled maintenance outages according to heuristic
rules such as first-come-first-served basis. The resulting outage
schedules could be less than optimal or even infeasible when
they would not satisfy short-term operational constraints such
as generation ramping. The operators could accordingly resort
to additional heuristic schemes for managing the shortfalls.
Such problems could be much more critical in restructured
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TABLE XVI
FINAL EQUIPMENT MAINTENANCE AND UNIT COMMITMENT SCHEDULES

Fig. 5. Load profile over 672 hours for 118-bus system.

power systems when participants are in competition for opti-
mizing their assets while the ISO considers the coordination
among participants in a volatile market.

Thus, there has been a strong need for a theoretically sound
approach to coordinate equipment maintenance outage, optimal
hourly unit commitment, and resource allocation and utilization.
The proposed approach to the optimal coordination of midterm
and short-term planning can be utilized by system operators
in vertically integrated utilities or the ISO in electricity mar-
kets. Both dual and Benders decomposition techniques are ap-
plied to decompose such a large-scale optimization problem
into tractable small-scale subproblems. The adjusted dual multi-
pliers and Benders cuts are effective linking means for the coor-
dination of subproblems. The proposed approach uses a chrono-
logical hourly load curve. The tests on a six-bus system and
the IEEE 118-bus system show the effectiveness of the pro-
posed approach, which can successfully coordinate and opti-
mize midterm and short-term planning in restructured power
markets. Major technical characteristics of the proposed method
include the following.

1) It solves equipment maintenance outage scheduling, gener-
ation unit commitment, resource allocation and utilization,
and transmission security in a coordinated framework.

2) The rigorous mathematical decomposition and coordina-
tion strategies are applied to solve the large-scale, mixed-
integer problem.

3) The optimization components are relatively independent,
which can be effectively solved through parallel pro-
cessing. The decomposition strategy is flexible enough to
be tailored for different market and user requirements.

The proposed midterm planning could be influenced by sto-
chastic factors such as load demand fluctuations, random forced
outages of generators and transmission lines, etc. The Monte
Carlo simulation is an effective method to embed stochastic fac-
tors of power systems into the proposed generators and trans-
mission maintenance outage model. One of the advantages of
the Monte Carlo method is that the required number of samples

for a given accuracy level is independent of the system size and
therefore is suitable for larger scale systems. A two-state contin-
uous-time Markov model will be used to represent random out-
ages of generators and transmission lines. The stochastic model
will simulate the frequency and the duration of generators and
transmission lines outages based on forced outage rates and
rates to repair. Low-discrepancy Monte Carlo methods, such as
lattice, will be adopted with the possibility of accelerating the
convergence rate. A series of scenarios will be generated based
on the Monte Carlo simulation, and scenario-based techniques
will be adopted to calculate generation and transmission mainte-
nance outage scheduling. Numerical analyses of such stochastic
models will be discussed in our future publications.
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