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Abstract—The emergence of smart grid technologies in terms of
advanced communication infrastructure, embedded intelligence,
diagnostics and monitoring capabilities offers new opportunities
for improved transmission asset management strategies (TAMS).
Accordingly, power system operators are currently looking for an-
alytics that can make use of transmission asset condition moni-
tors and data already available to make better-informed decisions.
This two-part paper introduces a two-stage maintenance sched-
uler for power transmission assets. Part I begins with the motiva-
tion for TAMS and then continues with a two-stage maintenance
management model that incorporates joint midterm and short-
term maintenance. The first stage involves a midterm asset main-
tenance scheduler that explicitly considers the asset condition dy-
namics in terms of failure rate. The second stage introduces a short-
term maintenance scheduler with N-1 reliability that schedules the
output of the midtermmaintenance scheduler in the short run. The
midterm and short-term stages are completely decoupled schemes
to make the problem computationally tractable. For the sake of ex-
position here, we focus on the maintenance of grid transformers.
The proposed methodology is general, however, and can be ex-
tended to other network equipments as well. The characteristics
of the proposed model and its benefits are investigated in Part II
through several case studies.

Index Terms—Midterm and short-term maintenance planning,
mixed integer linear programming, power transformers, transmis-
sion asset management.

NOMENCLATURE

A list of nomenclature used in the paper is presented here.

A. Indices

Index of buses.

Index of generating units.

Index of hours.

Index of maintenance task or failure mode.
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Index of transformers in midterm planning.

Index of transmission lines or transformers in
short-term planning.

Index of segments in piecewise linear cost
functions of generating units.

Index of N-1 contingency states, with as the
normal operating state.

Index of a scenario which includes the outage of a
deteriorating transformer.

Index of midterm maintenance time blocks.

B. Constants

Cost per working hour necessary for
repairing the th failure mode of the th
transformer in midterm time block .

Cost of materials for repairing the th
failure mode of the th transformer in
midterm time block .

Cost per working hour necessary for
performing the th maintenance task
of the th transformer in midterm time
block .

Cost of materials for performing the th
maintenance task on the th transformer
in midterm time block .

Duration of midterm time blocks.

Duration of the th maintenance task for
the th transformer.

Maximum capacity of transmission line
or transformer .

Shutdown cost of unit .

Startup cost of unit .

Initial value of the th decoupled failure
rate of the th transformer.

th stair-wise step of Weibull distribution
utilized to model the th decoupled failure
rate of the th transformer.

Number of transmission lines connected
to bus .
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Number of hours necessary for
repairing the th failure mode of the th
transformer.

Number of hours necessary for
performing the th maintenance task of
the th transformer.

Number of unavailable equipments in
scenario .

Minimum production cost of unit .

Maximum number of transformers that
can be maintained in midterm time block
.

Number of in service equipments in
scenario .

NB Number of buses.

ND Number of decoupled failure modes or
maintenance tasks.

NG Number of generating units.

Number of generating units connected
to bus .

Nh Number of hours in each midterm time
block.

Number of intervals of the stair
wise failure rate function of the th
transformer.

Number of midterm maintenance time
blocks.

Number of transformers.

Number of segments of piecewise linear
cost function of generating unit .

NSC Number of outage scenarios that include
outage of the th transformer.

Lower limit of real power of unit .

Upper limit of real power of unit .

Load demand of bus at hour .

Ramp-up of unit .

Ramp-down of unit .

Minimum on-time of unit .

Minimum off-time of unit .

System lead time for unit commitment.

Reactance of line/transformer .

Slope of segment of the piecewise
linear cost function of unit at hour .

Spinning reserve market lead time.

Failure rates of available and unavailable
equipments in scenario “sc” at the
beginning of the midterm planning
horizon.

C. State Variables

Production cost function of unit at hour
.

Operating cost at hour when all
transformers are available.

Operating cost at hour in scenario .

Total cost of labor and materials
associated with the th maintenance task
of the th transformer in midterm time
block .

Expected cost associated with the th
failure mode of the th transformer in
midterm time block .

Expected cost associated with the th
maintenance task of the th transformer
in midterm time block .

Expected cost of labor and material
associated with repairing the th failure
mode of th transformer in midterm time
block .

Startup cost of unit at hour .

Shutdown cost of unit at hour .

Probability of scenario in which the
th transformer is on outage in midterm
block .

D. Decision Variables

Real power flow of transmission equipment
at hour in contingency .

Binary variable indicating the unit
commitment state of unit at hour .

Set of transformers scheduled to be
maintained in midterm time block .

Real power generation of unit at hour .

Real power generation of unit at hour in
contingency .

Real power generation of unit in segment
at hour .

Binary variable that is equal to 1 if
transformer is under the th maintenance
task in hour and 0 otherwise.

Binary variable that is equal to 1 if the th
maintenance task is performed on the th
transformer in midterm time block and 0
otherwise.

Continuous slack variable utilized to linearize
the product of a binary and continuous
variable.

On time of unit at hour .
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Off time of unit at hour .

Failure rate of the th transformer in midterm
time block .

th decoupled failure rate of the th
transformer in midterm time block .

th decoupled failure rate of the th
transformer in midterm time block when
periods elapsed since the last associated

maintenance activity.

Voltage angle of sending-end bus of line at
hour in contingency .

Voltage angle of receiving-end bus of line at
hour in contingency .

I. INTRODUCTION

A GING transmission assets and dwindling utility expertise
are creating an important challenge for the ongoing main-

tenance of the bulk electricity grid. Yet, the current deployment
of smart grid technologies [a myriad of sophisticated sensors,
intelligent electronic devices (IEDs) and condition monitors]
is offering an unprecedented opportunity to streamline and im-
prove transmission asset maintenance and repair strategies [1].
Transmission asset management strategies (TAMS) may be de-
fined as strategies maximizing asset serviceability over a prede-
fined period of time by taking into account the actual and ex-
pected asset condition dynamics, resource limitations as well as
operating constraints [2].
The successful implementation of TAMS relies on four

ingredients: 1) an asset data repository which provides means
to gather and analyze data from all available sources such as
legacy SCADA, asset condition monitors, IEDs and digital
fault recorders (DFRs); 2) an analytical tool capable of ex-
tracting quantitative information about the actual and future
performance of assets and their subsystems and components; 3)
an effective and efficient midterm maintenance scheduler that
accounts for appropriate time horizons to capture the dynamics
of equipment state changes, resource limitations, reliability and
transmission business drivers; and 4) an effective and efficient
short-term maintenance scheduler that accounts for economics
and operating constraints of the power system as well as system
security in the short-run.
High-voltage transformers are among major assets making

up the foundation of a transmission infrastructure. Their failure
can result in high financial losses due to equipment damage
and possibly environmental catastrophes, increased system
operating costs and the cost of customer interruption. The in-
creasing number of aging transformers operating close to their
rating and even above it for short periods underscore the need
for improved asset management strategies for transformers
[3]. Accordingly, the models proposed here are applied to
transformer maintenance management; however, they can be
extended to encompass other transmission equipments as well.
The current state-of-the-art in transmission asset manage-

ment offers at least three main approaches including time-based
preventive maintenance, condition-based preventive main-
tenance, and reliability-centered preventive maintenance. A

comprehensive literature review about transmission asset main-
tenance management can be found in [4]. The literature in the
area of transmission equipment maintenance outage scheduling
can be broadly classified into two general categories where
the deciding factor is the objective function. The first category
focuses on minimizing the effect of transmission equipment
maintenance outage time while satisfying operating constraints,
and the second category relies on maintaining or increasing the
transmission equipment reliability. A comprehensive literature
review regarding these approaches can be found in [5]–[10].
However, both aspects have rarely been considered simultane-
ously, as we are doing here.
The first part of this two-part paper introduces a two-stage

maintenance scheduling methodology that incorporates
midterm and short-term transformer maintenance deci-
sion-making while accounting for equipment condition dy-
namics. The main contribution of this part is the formulation of
a two-stage transformer maintenance scheduling model which
decouples the complex and combinatorial aspects of this power
system planning problem. The proposed model produces suc-
cessive midterm (several months ahead) and short-term (month
to week ahead) coordination problems; the resulting decoupled
scheduling problems are constrained to their associated time
horizons where adequate levels of reliability are ensured in
the midterm horizon while operating security is guaranteed in
the short-term horizon. The decoupling strategy also provides
the opportunity for parallel processing making the problem
computationally more tractable. Additionally, the proposed
model is formulated as a mixed-integer linear program (MILP)
problem which facilitates its solution using available commer-
cial solvers, e.g., [11] and [12].
The rest of this paper is organized as follows: Section II elab-

orates on the maintenance scheduling philosophy pursued in
this paper. In Section III, the current state of the art in intelli-
gent transformer condition monitoring and failure rate modeling
is presented. A model for midterm transformer maintenance
scheduling is introduced and elaborated in Section IV. SectionV
formulates the proposed model as an MILP. In Section VI, we
link up the proposed midterm planning approach with its short-
term transformer maintenance scheduler counterpart. Finally,
the conclusions of the paper are presented in Section VII.
The companion paper (Part II) [13] demonstrates how the

proposed framework performs on a small six-bus system and
IEEE Reliability Test System (IEEE-RTS) [14]. It shows how
the approach ensures mutual planning intervals’ consistency
in reducing operation and maintenance costs. In addition, the
essential economic and computational trade-offs between the
midterm and short-term horizons are uncovered in Part II [13].

II. MAINTENANCE PLANNING PHILOSOPHY

Fig. 1 illustrates the proposed two-stage framework for
power transformers’ maintenance management. First, it is as-
sumed that a dedicated data historian and condition-monitoring
infrastructure is available within the utility. The historian
collects available data sources such as legacy SCADA, asset
condition monitors, IEDs and DFRs and translates them into
an actual and future performance of transformers and their
key components in the form of decoupled failure rate curves.
Second, the midterm maintenance horizon is divided into
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Fig. 1. Transformer maintenance management framework.

several time blocks with the same durations such as weekly or
monthly time blocks. The duration of the short-term mainte-
nance horizon equals to the duration of the midterm horizon
time blocks. Then, a decision tree model is utilized to provide
an effective and efficient agenda for the midterm maintenance
schedules, where decisions boil down to committing to specific
transformer maintenance tasks in a given midterm time block.
It should be noted that the midterm maintenance model just
locates the midterm time block in which the maintenance task
should take place without specifying the exact outage hours of
the transformer. In the midterm horizon, the impacts of failure
or maintenance outages are quantified based on expected costs
of outages as well as labor and material costs associated with
the maintenance tasks or failure repairs. The midterm mainte-
nance scheduler accounts for the dynamics of equipment failure
rate changes, reduction in outage probabilities due to main-
tenance activities and finally resource limitations (primarily
labor). Third, a short-term transformer maintenance scheduler
is developed to determine the actual maintenance outage hours

of transformers in each midterm time block considering N-1
reliability criterion and unit commitment decisions.

III. TRANSFORMER CONDITION MONITORING
AND FAILURE RATE MODELING CONCEPTS

Development of analytical tools capable of extracting quan-
titative information about the actual and future performance of
transformers as a whole and about their subsystems and compo-
nents can be considered as the basis of dynamic transformer asset
management strategies. Development of such tools requires a
complete knowledge of transformer components, their failure
mechanisms, maintenance procedures, tests, stresses such as
internal temperatures, atmospheric conditions, operating cir-
cumstances such as loading histories and number of through
faults, along with aging mechanisms, potential failure modes
and the effect of degradation on transformer components.
Generally, aging of transformers is brought about by a

combination of electrical, thermal and mechanical stresses, ex-
acerbated by design deficiencies and insulation contamination
(water, particles and so on). Power transformers’ main com-
ponents include the core and coil assembly, cooling systems,
bushings, load tap changer, etc. The degree of transformer
components’ health is commonly determined based on routine
tests, non-routine tests and transformer intelligent diagnostic
modules based on continuous measurements [15], [16].

A. Current State-of-the-Art in Transformer Condition
Monitoring and Failure Rate Modeling

Numerous approaches have been applied to power trans-
former condition monitoring and failure rate modeling. Some
of these approaches use sophisticated modeling while others
use simplistic rules of the thumb [17], [18]. Perhaps the most
promising research results come from the Electric Power Re-
search Institute (EPRI) [19]–[22]. EPRI initiated a significant
research effort focusing on transformer sensors, condition mon-
itors, diagnostic tools and databases in the early 1990s which
matured in recent years and resulted in numerous innovations
in this area.
EPRI took a big step forward to transformer fleet manage-

ment in collaboration with its member utilities by establishing a
transformer industry-wide database (IDB) [19]. This IDB sorts
the transformers based on type, voltage class, manufacturer, and
so on, which provides the capability to track transformer failure
trends, and it helps to identify problems specific to a particular
transformer fleet. This also allows segregation and analysis of
transformers bymanufacturer, model, application and risk expo-
sure. Another stepping stone taken by EPRI is research initiated
on estimating and predicting transformer failure rates [20], [21].
This work has resulted in advances in equipment failure rate
modeling that can have broader application in transformer asset
management. EPRI has also invented several transformer diag-
nostic tools such as XVisor [22]. XVisor is a rule-based power
transformer expert diagnostic tool that incorporates many dif-
ferent tests and diagnostic activities, as well as manufacturer
and vintage-specific knowledge. It turns the raw transformer test
outputs into valuable information for maintenance.
All the aforementioned innovations coupled with the migra-

tion of utilities from paper-based asset archives toward asset
management software communicatingwith up-to-date databases
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accessible through a variety of standards and proprietary sys-
tems lay a strong foundation for the realization of TAMS.

B. Mathematical Modeling of Transformer Failure Rate

In general, the failure of assets takes place due to the failure
of one or more of its components. Thus, decoupling of failure
causes based on best maintenance practices provides a more re-
alistic overview of quantitative influence of separate factors to
reliability. Mathematically, the decoupled failure probability of
transformer components is quantifiable in terms of a reliability
measure, i.e., failure rate, as follows [23]:

(1)

Although the methodology proposed in this paper is not
dependent on the distribution used for failure rate modeling,
the Weibull distribution is introduced here for decoupled trans-
former failure rate modeling, which has proven to be the most
suitable distribution for this purpose [24]. Two-parameter
distributions, such as Weibull, are desirable because they are
inherently suited to fit any kind of data. Additionally, several
well-defined methods and powerful commercial software pack-
ages exist for finding Weibull distribution parameters which
would fit best to available data and equipment historical failure
records. Nevertheless, any other distribution can be adopted for
failure rate modeling without loss of generality as long as failure
rates are constant or increasing over time. Note that the trans-
former failure rate modeling and condition monitoring practices
are out of the scope of this paper and just briefly discussed to
provide the necessary background. In the following sections, it is
assumed that transformer failure rate is available in the form of
a Weibull distribution or any other distribution on the provision
that the expected failure rates remain constant or increase over
time. In other words, it is assumed that the transformers under
study are not in the infantmortality or burn-out stage [23], which
is characterized by decreasing failure rate. This guarantees the
convexity of the failure rate curve.

IV. MIDTERM TRANSFORMER MAINTENANCE MODEL

The aim of the transformer midterm maintenance model is
to find the optimal maintenance outage schedule based on the
perceived reliability improvement through maintenance, while
accounting for system economics and resource limitations. The
midterm sub-problem is decoupled, modeled and solved as de-
picted in Fig. 1. The midterm sub-problem inputs, outputs and
interactions are highlighted in the middle part of Fig. 1, which
are detailed next.
Fig. 2 shows a typical Weibull distribution which is adopted

to model the transformer time-varying failure rate in this paper
as discussed in Section III. In the proposed model, the midterm
horizon is first divided into several time blocks with the same
durations such as weekly or monthly time blocks as shown in
Fig. 2, e.g., . It should be noted that in the pro-
posed model the duration of the midterm horizon time blocks
is equal to the duration of the short-term maintenance horizon.
In addition, it is assumed that the maintenance tasks reduce the
corresponding failure rate to its initial value or as good as new
condition.
In the proposed model, the duration of midterm time blocks

can be selected subjectively based on the required accuracy

Fig. 2. Stair-wise failure rate using Weibull distribution.

and acceptable computational burden in midterm and short-term
horizons. The division of the maintenance horizon into several
blocks may provide significant flexibility in terms of the compu-
tation burden management and accuracy of the solutions. This
has been investigated in Part II of the paper in more detail. Also,
the discretization of the midterm period to several blocks makes
the realization of the problem as an MILP by approximating the
transformer time-varying decoupled failure rates by a stair-wise
function in each block, as depicted in Fig. 2 [25].

A. Transformer Outage Consequences

In order to make prudent decisions for transformer mainte-
nance scheduling, one should take into account the impacts of
possible outages due to transformer failure as well as the im-
pacts of maintenance outages in midterm horizon. Accordingly,
transformer outage consequences in each midterm time block
are quantified next.
1) Expected Cost Associated With Transformer Failure in

Each Midterm Time Block: A transformer may fail at any time
with a certain probability defined by its failure rate. So, the ex-
pected cost associated with transformer failure in each midterm
time block may be defined as the weighted increased operation
cost for each scenario as follows:

(2)

(3)

where denotes a scenario which includes the outage of a de-
teriorating transformer. In each scenario, available and unavail-
able equipments are pre-defined which are, respectively, de-
noted by and . and denote the failure rates of avail-
able and unavailable equipments in scenario except the se-
lected deteriorating transformer. and are assumed to be
constant and equal to the failure rates of available and unavail-
able equipments in scenario at the beginning of the midterm
planning horizon. This is while the failure rate of the selected de-
teriorating equipment is assumed to be time varying and denoted
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by which is characterized by a stair-wise Weibull dis-
tribution in each midterm time block. Accordingly,
denotes the occurrence probability of scenario considering
the deterioration of the th component of the th transformer.
The difference between and in (2) rep-

resents the increased operation cost due to the occurrence of
scenario which includes the outage of a deteriorating trans-
former. The two cost terms and
in (2) are evaluated by the network-constrained unit commit-
ment (NCUC) simulator over the midterm period blocks using
the objective function given in (4). This objective function
is subject to prevailing unit commitment and DC power flow
constraints. Note that, the network configuration is different
while calculating and ; for

, the network configuration is changed due to
the occurrence of transformer failure scenario , while for

, the network configuration is considered to be
similar to the base case:

(4)

It has to be noted that the proposed approach is general and
any preferred technique would be utilized in (4) to calculate the
operating cost, e.g., [26]–[28], on the provision that the costs are
convex functions of the generators’ power output. In addition, it
is noteworthy that since a common practice in secure operation
of power system obliges system operators to plan and operate
system such that the outage of single equipment would not result
in customer interruptions, the cost of customer interruptions is
not taken into account in the proposed model.
2) Expected Cost Associated With Transformer Preventive

Maintenance Outage in Each Midterm Time Block: The formu-
lation proposed in (2) to model the transformer failure outage
can be modified with two respects to formulate the effect of
transformer preventive maintenance outage in each midterm
time block as follows:

(5)

First, is divided by the transformer failure
rate in the corresponding midterm time block since the
transformer cannot fail during the maintenance. Second,

is subtracted from
that to nullify the term in the midterm time
blocks that preventive maintenance takes place for the duration
of maintenance task [25]. Note that (1)–(5) quantify the costs
associated with maintenance and failure outage of a deterio-
rating transformer in each midterm time block.

B. Labor and Material Costs

The explicit costs associated with the preventive mainte-
nance and repair of a failed transformer include primarily labor
and material costs. In general, the average number of hours
and the average amount of materials required for performing
preventive maintenance or repairing a failed transformer are

Fig. 3. Maintenance decision tree of one transformer for one period.

roughly known. Thus, the labor and material costs of mainte-
nance and repair in each midterm time block can be formulated
as follows:

(6)

(7)

(8)

The labor and material expenses in (7) are expected amounts
weighted by the transformer failure rate over the midterm time
block accounting for the probabilistic nature of failures.

C. Decision Tree Model

Since the midterm time horizon is divided into several time
blocks, the decision treemodel can be used to provide the link be-
tween power systemoperations,maintenance, reliability, and the
associated expected costs in different time blocks of themidterm
time horizon, as illustrated in Fig. 3 [25]. The decision treemodel
can provide a dynamic overview of how each preventivemainte-
nance task could affect the system cost in different midterm time
blocks as the states are discriminated by failure rates, and the
state transitions are based on the cost of performing or not per-
formingmaintenance in eachmidterm time block [29].
The number of preventive maintenance scenarios in the deci-

sion tree model for a transformer is equal to , where repre-
sents the number of possible maintenance tasks. The transition
rates between different states of this model are equal to the sum
of total costs of preventive maintenance tasks performed and the
expected costs that would be imposed to the system in case of
transformer failure [29].
Next, the transformer midterm maintenance problem is for-

mulated in MILP format utilizing the formulation developed in
Section IV-A and B and implementing it in the decision tree
model discussed in Section IV-C. In addition, anMILP formula-
tion is presented which relates transformers’ failure rates to the
last maintenance activity. Note that the midterm maintenance
scheduler introduced in this section just locates the midterm
time block, e.g., in which the preventive main-
tenance should take place while the exact hours of maintenance
outage will be determined closer to real time by the short-term
maintenance scheduler (Section VI).
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V. MIDTERM TRANSFORMER MAINTENANCE
SCHEDULING PROBLEM FORMULATION

The mixed integer linear formulation of the proposed trans-
former midterm maintenance scheduling sub-problem is given
in this section in (9)–(16). The objective function (9), to bemini-
mized, is the sumof the expected costs associatedwith the failure
and maintenance of transformers. The first two terms,
and , represent the costs associated with maintenance
tasks in each midterm time block which are multiplied by the
corresponding binary decision variable, i.e., .
The next two terms, and , represent the
expected costs associated with the th failure mechanism of each
transformer in each midterm time block. The decision variable
embedded in these terms is which depends on the time
of the last th maintenance of transformer .
Constraint (10) represents the labor resource limitations.

Constraint (11) enforces the impossibility of performing two
pre-specified maintenance tasks on the same transformer in the
same time block of the midterm period. Constraint (12) limits
the maximum number of transformers that can be maintained in
the same block of any midterm period. Additional constraints
on the transformer maintenance scheduling can also be added
to the optimization problem without loss of generality:

(9)

subject to

(10)

(11)

(12)

The term in the objective
function contains the product of binary variable
and the bounded continuous variable embedded in

which makes the problem nonlinear. To remove
this nonlinearity and keep the formulation as MILP, this product
is substituted by a new continuous slack variable
which is subjected to the following linear inequalities [30]:

(13)

(14)

The last part of the proposed problem is a MILP formulation
which relates transformers’ failure rates to the last maintenance

activity as given in (15) and (16). We refer readers to [29] for a
detailed presentation of this formulation:

(15)

(16)

VI. SHORT-TERM TRANSFORMER MAINTENANCE
SCHEDULING PROBLEM FORMULATION

In this section, a short-term transformer maintenance sched-
uler with N-1 reliability criterion is proposed and formulated.
The proposed formulation seeks to locate the exact maintenance
outage hours of transformers in a given midterm time block ac-
counting for system economics, operating constraints, as well as
the N-1 reliability criterion. The inclusion of N-1 contingency
constraints guarantees that the system can still tolerate the loss
of any single component (generating unit or transmission com-
ponent) while scheduling the transformers for maintenance. The
objective function of the model, which has to be minimized,
consists of energy production cost as well as startup and shut-
down costs of generating units:

(17)

The objective function (17) is subjected to prevailing gen-
erating units’ operating constraints, transmission network DC
power flow constraints in normal and N-1 contingency states,
as well as specific transformers’ maintenance constraints, for-
mulated as follows:

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)
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(32)

(33)

(34)

(35)

In the above formulation, the single outage of generating units
and transmission components in contingency is modeled, re-
spectively, by vectors of binary parameters and . The ele-
ments of these two vectors are binary numbers, with 1 denoting
the availability of components, and 0 otherwise. Once one of the
units or transmission components is on outage in contingency
, the associated variable or would, respectively, be
forced to zero by (20) or (32) [31].
The constraints (18)–(22) are the generating units’ linearized

energy production costs and startup and shutdown cost con-
straints, while (23)–(26) present the minimum on/off time and
ramping up/down constraints of generating units in the normal
operating state. Whenever a contingency occurs, the power pro-
duction of online generating units changes such that the ramping
constraints (27)–(28) and the DC power flow (29) are satisfied.
Note that in the proposed model, the decision on generating
units’ commitment is made in normal operating state, such that
only the cost of energy production in this state is entered in
the objective function. In other words, assuring system integrity
after any single contingency is the matter and not the cost of
generation re-dispatches due to a contingency [32].
Constraints (29) are the DC power flow equations of the

transmission network in the normal and contingency states.
Constraints (30) represent power flow through lines and power
transformers which are not considered to be scheduled for
maintenance. Constraint (31) represents power flow equations
for the transformers which have to be scheduled for mainte-
nance by the model. These transformers are determined by the
midterm transformer maintenance scheduler for maintenance
in the midterm time block (Sections IV and V). Constraints
(32)–(33) set the transmission lines and transformers flow
limits for all transmission equipments. The binary decision
variable in (31) determines whether transformer is
on the th maintenance task in hour or not. is equal
to 1 if transformer is scheduled for the th maintenance task
in hour , and 0 otherwise. Finally, constraints (34) and (35)
enforce the continuous maintenance of transformer for the
pre-specified duration of .
Note that the constraint (31) is nonlinear as it contains the

multiplication of continuous and binary decision variables.
Thus, to be consistent with the MILP format of the model, it is
replaced by the following linear constraints [30]:

(36)

(37)

The outputs of the proposed short-term maintenance sched-
uler are the exact maintenance outage hours of the transformers
over the scheduling horizon, the commitment status and gener-
ation level of the generating units, as well as the operating cost
and locational marginal prices (LMP) at the system buses.

VII. CONCLUSION

A novel transformer maintenance problem formulation and
solution methodology are presented in this paper in the con-
text of midterm and short-term transmission asset maintenance
scheduling. We propose a two-stage approach which maximizes
the transmission asset serviceability over a predefined period
of time by taking into account the actual and expected assets’
condition and resource limitations in midterm horizon as well
as the system economics, operating constraints and N-1 relia-
bility in short-term horizon. The main feature of the proposed
model is that it decouples the complex and combinatorial trans-
formermaintenance scheduling problem tomeaningful midterm
and short-term scheduling problems, each constrained to the as-
sociated horizon constraints. The key difference between the
proposed model and the existing approaches is the ability to
consider the transformer condition dynamics in terms of failure
rate in the midterm horizon while decoupling and solving the
midterm and short-term maintenance problems in a systematic
manner. The decoupling of midterm and short-term stages pro-
vides a great flexibility for midterm time block selection as well
as an opportunity for parallel processing, making the problem
more computationally tractable. All the formulations are devel-
oped in the mixed integer linear format which can be solved
within a reasonable time by any MILP commercial solver. The
proposed methodology can be extended to other transmission
equipments as well.
This paper’s companion [13] validates the approach on

a small six-bus system and standard IEEE test system [14].
The results are such that we can claim that our proposal is
technically sound, improves overall economics of transformer
fleet management, and is computationally tractable on standard
computing machinery.
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