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Short-Term Transmission Line Maintenance
Scheduling in a Deregulated System

M. K. C. Marwali and S. M. Shahidehpour

Abstract—In this paper we present a decomposition approach
based on duality theory for line maintenance scheduling with
transmission and voltage constraints. The given formulation con-
sists of a master program and sub-problems with two independent
programming. In the master problem, maintenance problem is
solved and in the subproblems, transmission and voltage problems
are solved independently. Since canceling a transaction or pur-
chasing reactive power relates to the loss of revenue, the trade-off
between maintenance cost and revenue loss will be optimized
in the proposed method. The test results on the modified IEEE
118-bus system demonstrate that limits on transmission and
voltage affect the line maintenance scheduling and increase the
maintenance cost. While introducing the loss of revenue as one of
the objective functions, the proposed method is flexible enough to
accommodate various pricing objectives and methods.

Index Terms—Decomposition, short-term scheduling, trans-
mission maintenance, transmission management, transmission
network.

I. INTRODUCTION

T HE RAPIDLY changing business environment for electric
power utilities has resulted in unbundling of services pro-

vided by these utilities. Wheeling of electrical energy (trans-
mission services) is one of the more prevalent of such unbun-
dled services. The changing structure of electric power utilities
and the emergence of independent power producers, indepen-
dent customers and transmission provider are bringing transmis-
sion management into a new focus.

The United States Federal Energy Regulatory Commission
(FERC) addresses some of the complexities surrounding trans-
mission issues. The FERC paper [6] deals with political and eco-
nomic issues in details but does not cover engineering issues.
Operation, maintenance and expansion of transmission systems
that concern transmission services are addressed in [1]–[5]. Pa-
pers [2], [3], [5] address rate design for wheeling services. In
fact, evaluating transmission costs remain to be a difficult task
that requires complex analytical tools and extensive data.

An integrated planning decision that confronts transmission
providers is the line maintenance scheduling as it may entail to a
possibility of revenue loss. Suppose that a transmission provider
must consider line maintenance in a particular week and has the
option of choosing the appropriate time during that week. It may
be worth scheduling the line maintenance during low wheeling
hours of the day. However, since low wheeling period may not
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Fig. 1. Proposed flowchart.

occur during regular working hours, it may require paying over-
time to the maintenance crew. There is usually a trade-off in
choosing the best time for line maintenance during the 24-hour
period.

As the maintenance schedule of a transmission line spans over
different time periods, its impact on the reliability of the overall
system must be considered. In this connection, following func-
tions (Fig. 1) are identified:

1) Long-term Line Maintenance Scheduling (LTS): The
long-term maintenance period of one year is divided into
intervals (weeks) and the “best” maintenance scheduling
strategy is derived to satisfy weekly line maintenance
constraints, seasonal constraints, and the system energy
expressed as load duration curves in each interval. To
maintain system reliability. Details of LTS can be found
in [14].

2) Power Transaction and Line Reservation: Power trans-
actions and schedule for supplying loads are determined
in this step. The schedule may arrive after generation
providers have been able to sell power to retailers, whole-
salers or direct-access customers through bilateral con-
tracts, as well as sale to the Power Exchange. Transmis-
sion contracts are based on usage, and path services are
based on reservations [5]–[7].

3) Short-term Line Maintenance Scheduling: Given the
maintenance window from LTS, and transaction sched-
ules from Step 2), the short-term line maintenance is
then formulated to minimize the transmission provider’s
loss of revenue while satisfying hourly line maintenance
constraints, line reservations and system reliability.
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In this paper, we propose a solution to the problem of
short-term transmission maintenance to maximize transmission
provider’s revenue while satisfying system constraints. This
paper is not meant to debate advantages or disadvantages
of various pricing policies, such as embedded cost pricing,
marginal cost pricing or value-based pricing. We also stay
clear of all policy issues related to transmission access. Our
emphasis on transmission maintenance throughout this paper
is to illustrate how to take into account cost-tradeoffs and
constraints that are involve in evaluating the impact of line
maintenance schedule. Though introducing loss of revenue as
the objective function, the proposed method is flexible enough
to accommodate various pricing methods.

II. PROBLEM FORMULATION

The difference between short-term and long-term mainte-
nance scheduling is the time horizon and the time increment.
In LTS, the horizon of study is one or two years with increment
of a week , but in short-term maintenance scheduling the
horizon of study is weeks with increment of an hour .
The window for short-term line maintenance scheduling is
determined by LTS, hence short-term maintenance scheduling
only needs to determine specific maintenance hours within that
window. List of symbols is given in Appendix A.

The objective of short-term transmission maintenance sched-
uling is to minimize maintenance cost and loss of revenue due
to line maintenance while satisfying maintenance requirements,

(1)

The first term of objective (1) is the transmission line mainte-
nance cost. The set of lines that require maintenance is. The
second term is the loss of revenue due to line maintenance. The
loss of revenue is proportional to the amount of scheduled en-
ergy that cannot be delivered to receiving buses due to line main-
tenance. This implies that a few contracts that are recallable may
ought to be canceled. The set of receiving buses where there are
recallable active power contracts is.

Since the objective is to maximize transmission provider’s
revenues, the cheapest maintenance schedule may interrupt
the flow of real or reactive power on certain lines and cause
violation of line flows or bus voltages. A transmission provider
has two options to provide additional reactive power. The first
option is to interrupt its reactive power contracts. The second
option is to purchase reactive power from ancillary service
providers. The cost of these two options is represented by the
third term of objective (1). The set of buses where there are
additional reactive power or recallable reactive power contracts
available is .

We introduce variable as a decision variable. Its value is 0
if lines in the right-of-way are off-line for maintenance
otherwise its value is 1.

(2)

then (1) becomes

(3)

The sets of constraints are given as follows:
1) Maintenance Constraints:Constraints (4) represent the

maintenance window stated in terms of maintenance variable
. Lines must be available before their earliest possible pe-

riod maintenance and after their latest possible period of
maintenance (e.g., . The values of and have
been determined by LTS. Hence the study horizon of short-term
line maintenance scheduling is betweenand .

for or

for

for

(4)

Additional constraints consisting of crew and resource avail-
ability, seasonal limitations, and pre-scheduling can be incorpo-
rated into and of constraint (4). If for example we consider
that lines 1, 2 and 3 should be simultaneously on maintenance,
the set of constraints is formulated as follows:

or

If we consider that in each maintenance area we have limited
resources and crew, a new set of constraints is formulated as
follows:

In the case of resource constraints, would be the amount of
resource available in area for each hour and would
be a percentage of this resource required for the maintenance of
line . In the case of crew constraint, would be the number
of maintenance crews of type in area and would be
a percentage of maintenance crew required for maintenance of
line .

2) Network Constraints:Network constraints are decom-
posed into two smaller problems. The first is a set of constraints
on real power flow which limits the violations of transmission
security constraints based on the worst contingency case. The
second is a set of constraints on reactive power which examines
voltage constraints. The two sets of constraints are represented
as follows.

Limits on Real Power Flows:Since we are primarily
interested in screening of transmission violations, we apply a dc
load flow to expedite the screening process. In this model, active
power flows obey the two Kirchoff laws (node law and loop
law). The active power flow between busesand is calculated
as:

(5)
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The constraints corresponding to flow limits are:

(6)

The flow limits are written in terms of bus voltage angleby
substituting (5) into (6):

(7)

where is the maximum angle across branch.
Assuming generation schedule is known from power transac-

tions, network constraints are expressed in a matrix as follows.

(8)

Let , then (8) become:

(9)

Constraints (9) represent load balance and other operational
constraints such as transmission capacity limits.

Limits on Voltages:Transmission providers have to be
responsible for maintaining the quality of service that may have
declined because of line maintenance. This goal can be accom-
plished by canceling reactive power sale transactions or pur-
chasing additional reactive power, adjusting tap-changing trans-
formers. The reactive power constraints are:

— Reactive power operating reserve requirement

(10)

— Reactive power generation limits and load bus balance

(11)

— System voltage and transformer tap limits

(12)

We assume is the system voltage vector based on initial
unit commitment state. If is infeasible, additional adjust-
ments to the generation and/or distribution of reactive power
may be necessary in order to shift the system voltage from
to a desired value . We neglect the effect of reactive power
adjustment on bus voltage angles. Equation (11) is linearized in
the vicinity of the initial operating point and the effect of
tap-changing transformer on voltages is considered in the lin-
earized form [15] as follows:

(13)

where is the incremental system voltage for
. is the modified Jacobian matrix for buses connected

to generators and transformers, andis for load buses.

3) Line Reservation and Ancillary Services:The transmis-
sion provider may offer firm and nonfirm transmission reserva-
tions. In firm reservations, curtailment does not apply to situ-
ations in which transmission is discontinued for economic rea-
sons. Transmission service is to be curtailed only in cases where
system reliability is threatened or emergency conditions exist.
Firm transmission service is mostly provided to utilities native
loads and, under contract, to firm wheeling transactions. In non-
firm reservations, transmission provider has the right to interrupt
all or part of transmission services for any reasons, including
economic.

To accommodate firm and nonfirm reservations in our for-
mulation, we include them in flow constraints and the objective
function. The firm reservation on line at hour can be rep-
resented as minimum flow constraint . The operation model
corresponding to flow limits becomes:

(14)

To accommodate the possibility for canceling nonfirm reserva-
tions, we introduce a slack variable(load curtailment) into (9).
The load curtailment, , should be smaller than or equal to the
recallable load at busand hour . The active power constraints
become:

(15)

Slack variable exists only at buses where there are recallable
transactions. Additional reactive power may be required to sup-
port the voltage profile. We introduce slack variableinto (13)
as additional injected reactive power and let

.

(16)

Since canceling a transaction or purchasing reactive power re-
lates to the loss of revenue, the trade-off between maintenance
cost and revenue loss will be optimized in the proposed method.
A transmission provider has two options to provide additional
reactive power due to line maintenance. The first option is to in-
terrupt recallable loads. The second option is to purchase reac-
tive power from ancillary services. Slack variablesexist only
at buses where there are recallable loads or ancillary services.

III. SOLUTION METHODOLOGY

The proposed method is depicted in Fig. 2, which uses a Ben-
ders decomposition. The master problem solves the short-term
maintenance and the subproblem checks the operational (i.e.,
line flow and voltage) constraints for the proposed maintenance
solution. If violations are observed in the subproblem, Benders
cuts will be set up and added to the master problem to generate
a revised solution. The detailed discussion for each step is given
next.
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Fig. 2. Solution methodology.

A. Initial Master Problem

The initial maintenance master program is formulated as
follow:

Min

S.T.

for
or

for

for

(17)

Optimization (17) may be seen as a discrete optimization with
decision variable . Branch and bound, dynamic program-
ming or any other integer programming can solve this optimiza-
tion. We use the branch and bound method to solve (17).

B. Operation Sub-Problems

Network constraints are independent of time period and are
categorized as decoupling constraints; those constraints that
are dependent on the time period are categorized as coupling
constraints. Maintenance constraints (4) may be considered
as coupling constraints. The decoupling structure of network
constraints makes it possible to solve them independently in
each time period. Transmission line revenues depend on the
availability of lines for wheeling power in each time period,

hence, loss of revenues if one or more transmission lines are on
maintenance, , may be expressed as:

Min

S.T.

(18)

The formulation (18) consists of two independent sets which are
decomposed into two sub-problems as follows.

Transmission Limits Sub-Problem:Maintenance deci-
sion in the active power flow model also corresponds to line
capacities. However, a transmission line in this model is charac-
terized by two parameters: flow capacityand susceptance.
Observing (18), we notice thatis not in the righthand side of
the problem but is part of the matrix. Susceptance can be
written explicitly as a decision variable if we rewrite transmis-
sion limit sub-problem in (19). Here, we define as the loss
of revenue for hour associated with theth trial solution. Mul-
tiplier may be interpreted as the marginal loss of revenue as-
sociated with 1 MW decrease in the line capacity, given theth
trial maintenance schedule. Multiplier may be interpreted as
the marginal loss of revenue associated with 1/Ohm decrease in
the line susceptance, given theth trial maintenance schedule.

Min

S.T. (dual variable is )

dual variable is

dual variable is

(19)

The sub-problem (19) is nonlinear due to the ratio of . It is
shown in [11] that it will be not necessary to solve the nonlinear
problem as formulated in (19). We solve active power part of
the linear problem (18) instead of the nonlinear problem (19).

Min

S.T.

(20)

The multiplier associated with the sensitivity of the suscep-
tance of branch (between busesand ) is calculated as:

(21)

Voltage Limits Sub-Problem:The maintenance decision
in reactive power flow model corresponds to matrix. Ob-

serving (18), we notice that is not in the right-hand side of the
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problem. We apply a procedure similar to the active power flow
problem. First, we solve the reactive power part of the linear
problem (18).

Min

S.T.

(22)

We define multiplier as the sensitivity of in which is
the element ( ) of matrix . Then multiplier is calculated
from the multiplier of (22) as:

(23)

Given the dual multipliers in (21) and (23), the associated Ben-
ders cut of (18) is:

(24)

where is the index of iteration and , , are multipliers in
the th iteration. The cut (24) will tend to increase lower bounds
obtained from successive maintenance sub-problem solutions.

C. Revised Master Problem

Operation sub-problems yield a set of dual multipliers from
which a cut is constructed in each iteration. This cut is added
to masterproblem to revise the previous master-problem. The
master-problem at iteration is

Min

S.T.

for
or

for

for

(25)

The important feature of the Benders decomposition is the
availability of upper and lower bounds to the optimal solution
at each iteration. These bounds are used as an effective conver-
gence criterion. The convergence criterion in Fig. 2 is:

(26)

where is the value of at iteration in the loop. There is a
trade-off between and the number of iterations. The smaller
the the larger the number of iterations. For some cases, the
problem may not converge if the is too small. From our
experience, setting to 1% is good enough.

IV. TEST CASES

We use the 186-line IEEE-118 bus network to test the pro-
posed method. Transmission lines have a 300 MW capacity and
a step-size for reactive problem is used as ,

. In our example, the program is executed for
a 24-hour period to analyze the results, however, the program
can easily be applied to a week period for practical purposes.
Hourly total transactions are given in Table B1. Table B2 gives
the data for lines that require maintenance. The maintenance du-
ration of each line is one hour. The maintenance cost for the 10
lines considered in this example is given in Table B3. Trans-
mission providers may relieve a contingency in the system by
interrupting recallable contracts. The corresponding loss of rev-
enue is given in Table B4. Based on the static security analysis,
the worst transmission contingency is chosen as the outage of
line 37–38 for security assessment.

The transmission provider has two options to provide addi-
tional reactive power which may be required due to line mainte-
nance. The first option is to interrupt reactive power delivery.
The loss of revenue of this action is given in Table B4. The
second option is to purchase reactive power from ancillary ser-
vices. The cost of purchasing additional reactive power is given
in Table B5.

The minimization of maintenance costs and the loss of rev-
enue are used as the objective function. The results of the fol-
lowing test cases are included to show the effect of transmission
and voltage constraints on the line maintenance scheduling.

• Case 0: We consider only line maintenance constraints
with no network constraints

• Case 1: We consider line maintenance and transmission
constraints but no voltage constraints

• Case 2: In addition to Case 1, voltage constrains are im-
posed on line maintenance

Case 0 is a classical integer programming optimization since
there are no transmission and voltage constraints. In Case 0, no
contract has been canceled. The final maintenance cost is given
in Table I. The corresponding hourly line maintenance schedule
is shown in Table II. The numbers (1 or 0) in Table II repre-
sent on/off states of lines for maintenance at different hours: off
indicates that the line is unavailable and scheduled for mainte-
nance. It is obvious that the schedule gives the minimum main-
tenance cost since most lines are scheduled between hours 9 and
17; Table B3 indicates that during these hours the maintenance
cost is the cheapest. Now we check the operation constraints.
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TABLE I
LINE MAINTENANCE COST

TABLE II
LINE MAINTENANCE SCHEDULE WITHOUT NETWORK CONSTRAINTS(CASE 0)

TABLE III
OVERFLOW ON TRANSMISSIONLINES (CASE 0)

TABLE IV
BUS VOLTAGES WITHOUT CONSTRAINTS INLOCAL AREA (CASE 0)

The maximum transmission flow over the 24 hour study period
is shown in Table III. In this case, there are flow violations on
lines 8–30, 69–3 and 89–92. There are also voltage violations
at buses 107 and 112 as seen in Table IV; the violated voltages
are shown as bold. Most of these violations occur during heavy
transaction periods.

We now solve Case 1 in our study. The imposed transmission
constraints increase the cost of maintenance in Case 1. To satisfy
transmission constraints, 110.6 MW of recallable contracts at
bus 42 have been interrupted at hours 19 and 21. Table I shows a
change in operating cost over the study period, indicating a shift
in the maintenance schedule. The maintenance schedule which
satisfies transmission security constraints, is given in Table V.
There are no transmission lines on maintenance during hours 9–
14 due to heavy transactions in these hours. Lines 2, 3, 7, 8, 9
and 10 are forced to be on maintenance with additional costs to

TABLE V
LINE MAINTENANCE SCHEDULE WITH TRANSMISSIONCONSTRAINTS(CASE 1)

TABLE VI
BUS VOLTAGESWITHOUT VOLTAGE CONSTRAINTS INLOCAL AREA (CASE 1)

TABLE VII
LINE MAINTENANCE SCHEDULE WITH TRANSMISSION AND VOLTAGE

CONSTRAINTS(CASE 2)

avoid flow violations in the network (see Table B3). Transmis-
sion constraints reduce voltage violations but do not guarantee
that all bus voltages will be within limits. The bus voltages after
transmission constraints are imposed can be seen in Table VI.
Voltages in a local area are low, as the local area does not have
enough reactive power generation.

In Case 2, the effect of voltage constraints on the main-
tenance schedule is considered. In addition of 110.6 MW
at bus 42 which have been interrupted, 205 MVAR of
recallable contracts at bus 59 have been interrupted at
hours 14 and 15. The transmission provider has to purchase
reactive power of 138 MVAR at hour 1 and 187 MVAR
at hours 14, 15 and 16 from bus 89. System maintenance
cost when voltage limits are not considered (Case 1) is
$4655.64. As we impose voltage and transmission limits
on the scheduling problem, a solution which satisfies both
voltage and transmission limits is reached. The maintenance
cost increases to $8244.08 as compared to $4655.64 when
voltages were not considered. The reason that the cost is
increased is that the maintenance schedule of lines 4 and 6
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TABLE VIII
BUS VOLTAGES WITH VOLTAGE CONSTRAINTS INLOCAL AREA (CASE 2)

which are the two longest lines are shifted to hours 5 and 6 (see
Table B3). Table VIII shows corrected bus voltages in Case 2.

V. CONCLUSIONS

The paper presents a decomposition approach based on the
duality theory for the short-term transmission line maintenance
scheduling with transmission and voltage constraints. The for-
mulation consists of a master program and sub-problems which
consist of two independent programs. In the master problem,
maintenance problem is solved and in sub-problems, transmis-
sion and voltage problems are solved independently.

The test results on the modified IEEE 118-bus system demon-
strate that limits on transmission and voltage affect line mainte-
nance scheduling and increase the maintenance cost. The cost-
tradeoffs and constraints that are involved in evaluating the im-
pact of line maintenance schedule are solved based on the pro-
posed method. Introducing a minimum loss of revenue as one of
the objective function, the proposed method is flexible enough
to accommodate various pricing schemes.

APPENDIX A

Transmission maintenance cost per-line in the
right-away at hour .
Loss of revenue per-MW at busand hour due to
real power interruption.
Loss of revenue per-MVAR at busand hour due
to reactive power interruption or purchasing reactive
power from ancillary services.
Real power interruption at busand hour ; in vector
form is ; maximum value is .
Reactive power interruption or ancillary services at
bus and hour ; in vector form is ; maximum value
is .
Number of lines available in the right-of-way.
Number of lines with maintenance in the
right-of-way .
Line maintenance status, 0 if lines in the
right-of-way are off-line for maintenance.
Number of weeks at hour that lines in the
right-of-way have been on maintenance.
Earliest period to begin maintenance of line.

Latest period to begin maintenance of line.
Duration of maintenance for line.
Active power capacity of line; in vector form is .
Active power flow on link at hour ; in vector form
is .
Vector of power generation for each unit at hour.
Vector of hourly bus loads at hour.
Node-branch incidence matrix.
Susceptance matrix.
Susceptance of branch; in vector form is .
Voltage angle associated with node; in vector form
is .

APPENDIX B

TABLE B1
HOURLY TOTAL TRANSACTIONS

TABLE B2
PARAMETERS OFTRANSMISSIONLINES IN MAINTENANCE AREA

TABLE B3
LINE MAINTENANCE COST
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TABLE B4
RECALLABLE CONTRACTS

TABLE B5
ANCILLARY SERVICES FORREACTIVE POWER
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