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Abstract—This paper shows a practical mathematical model to
achieve an optimal generation maintenance scheduling
considering a market environment. Proposed model achieves some
of both GNECO and ISO’s objectives, calculates an optimal
scheduling plan, Units’ Assignment (UA), and a forecast of power
generations and power flows through a specified long-scale period.
This model considers system constrains and uses multiple
objective functions to minimize planning maintenance and
operational costs just as minimize a given reliability index.
Guaranteeing enough secure for each analyzed subperiod.

𝑚𝑖𝑛
𝐷𝑖,𝑗,𝑘1,𝑘2
Constant equal to min{𝐷𝑖,𝑗,𝑘1 , 𝐷𝑖,𝑗,𝑘2 }.
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𝑆𝐿𝑡,𝑠

Total system load in period 𝑡 and subperiod 𝑠.

𝐿𝐵𝑖,𝑡,𝑠

Load in bus 𝑖 for period 𝑡 and subperiod 𝑠 (percent of
total system load).

NOMENCLATURE

𝐹𝑃𝑡

Penalty factor in percent of any unit’s maintenance cost
for period 𝑡.

𝑃𝑖𝑖,𝑗,𝑘

First period where unit 𝑘 of producer 𝑗 connected to
bus 𝑖 can begin its maintenance activity.

𝑃𝑓𝑖,𝑗,𝑘

Last period where unit 𝑘 of producer 𝑗 connected to
bus 𝑖 can begin its maintenance activity.

𝑋𝐿𝑖−𝑗

Reactance in PU of line connected from bus 𝑖 to bus 𝑗.

𝐿𝑖𝑚𝑖𝑡𝑖−𝑗 Maximum power flow (MW) allowed for branch 𝑖 − 𝑗.

Variables:
𝑥𝑖,𝑗,𝑘,𝑡

Decision binary variable for the unit 𝑘 of producer 𝑗
connected to bus 𝑖 in period 𝑡 (1 if the unit 𝑘 is on
maintenance in period 𝑡 and 0 otherwise).

𝑣𝑖,𝑗,𝑘,𝑡,𝑠 Binary online status for unit 𝑘 of producer 𝑗 connected
to bus 𝑖 in period 𝑡 and subperiod 𝑠 (1 if unit 𝑘 is
online in subperiod 𝑠 of period 𝑡 and 0 otherwise).
𝑃𝑖,𝑗,𝑘,𝑡,𝑠 Power generation unit 𝑘 of producer 𝑗 connected to
bus 𝑖 in period 𝑡 and subperiod 𝑠.

𝑅𝑚𝑖𝑛𝑡,𝑠 Net minimum reserve (MW) in period 𝑡 and subperiod
𝑠.
𝑁𝑖,𝑗,𝑘1,𝑘2 Number of separations in terms of time periods for the
maintenance of units 𝑘1 and 𝑘2 of producer 𝑗
connected to bus 𝑖.
𝑂𝑖,𝑗,𝑘1,𝑘2 Number of time periods during which the maintenance
of units 𝑘1 and 𝑘2 of producer 𝑗 connected to bus 𝑖
should overlap.
Numbers:

𝐹𝑙𝑖−𝑗,𝑡,𝑠 Power flow of line 𝑖 − 𝑗 in period 𝑡 and subperiod 𝑠.
𝛿𝑖,𝑡,𝑠

Angular offset of bus 𝑖 in subperiod 𝑠 of period 𝑡.

𝐼

Number of nodes.

𝐼𝑁𝐷𝑡,𝑠

Reliability index in period 𝑡 and subperiod 𝑠.

𝑇

Number of periods.

𝐶𝑂𝑖,𝑗,𝑘,𝑡,𝑠 Operational cost of unit 𝑘 owned by producer 𝑗
connected to bus 𝑖 in period 𝑡 and subperiod 𝑠.

𝑆

Number of subperiods.

Parameters:
𝑎𝑏𝑐𝑖,𝑗,𝑘 Characteristics constants of the quadratic cost function
of unit 𝑘 of producer 𝑗 connected to bus 𝑖.
𝑚𝑖𝑛/𝑚𝑎𝑥
𝑃𝑖,𝑗,𝑘
Minimum/maximum

power output (MW) of unit 𝑘 of
producer 𝑗 connected to bus 𝑖.

𝑁𝑚𝑎𝑥𝑗,𝑡 Maximum number of units in maintenance owned by
producer 𝑗 in period 𝑡.
Sets:
𝑈𝑁𝐼𝑇𝑆 Set of indices of generation units {𝑖, 𝑗, 𝑘}.
𝑙𝑖𝑛𝑒𝑠

Set of lines connected from bus 𝑖 to bus 𝑗 {𝑖 − 𝑗}.

𝛺𝑗𝐸

Set of pair of units of producer 𝑗 that satisfy
maintenance exclusion constrains.

𝛺𝑗𝑃

Set of pair of units of producer 𝑗 that satisfy
maintenance priority exclusion constrains.

𝛺𝑗𝑆

Set of pair of units of producer 𝑗 that satisfy
maintenance separation constrains.

𝛺𝑗𝑂

Set of pair of units of producer 𝑗 that satisfy
maintenance overlap constrains.

𝐶𝑀𝑖,𝑗,𝑘 Maintenance cost for unit 𝑘 of producer 𝑗 in bus 𝑖.
𝑚𝑎𝑥/𝑚𝑖𝑛

𝐶𝑝𝑢

Maximum/minimum p.u maintenance costs allowed
for any unit.

𝐷𝑖,𝑗,𝑘

Maintenance duration in periods of unit 𝑘 of producer
𝑗 connected to bus 𝑖.

𝑚𝑎𝑥
𝐷𝑖,𝑗,𝑘1,𝑘2
Constant equal to max{𝐷𝑖,𝑗,𝑘1 , 𝐷𝑖,𝑗,𝑘2 }.
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I.
INTRODUCTION
GMS is tightly connected with power system planning and
operation, the target of an optimal maintenance scheduling is to
reduce operational and maintenance costs of each unit while
satisfying system loads within an acceptable level of security.
However, modern methodologies must consider a market
environment meeting both ISO and GENCO’s objectives, the
first problem is the difference between those objectives, the ISO
seeks to ensure a maximum security for the system while
GENCO is trying to maximize its profits. Even when the ISO is
the entity that must generate an optimal generation maintenance
plan, is obligated to receive GENCO’s petitions for their
maintenance windows that satisfies GENCO’s needs and must
try to meet those petitions on the final maintenance scheduling
plan.

and the loss of giving maintenance too early, however, this
model works only for producers optimizing its profits.
B. Aspects of the current work
The methodology presented in this paper tries to reach an
optimal level of reserve for each period which is ISO’s objective
while minimizing the maintenance costs of units (similar levels
of p.u maintenance costs for every GENCO) which is GENCO’s
objective, besides guaranteeing the minimum operational cost
through the planning period, considering system and GENCO’s
constraints.
The proposed procedure uses three different objectives but
does not take the three of them simultaneously, instead turns the
problem into three different but connected subproblems and
solves each separately until desired convergence, below is
described the basic functioning of the proposed algorithm.

There is a lot of research abording the GMS problem,
nevertheless there is not a clear consensus about the best way to
approach this problem because of its complexity. GMS is an Step 1)
integer, non-convex, stochastic problem, the extensive literature
uses methods such as MIP, Genetic Algorithms, Benders
Decomposition or even Artificial Intelligence to obtain an
optimal GMS.
A. Some important methodologies proposed on literature for
GMS.
In [1] and [2] are found the pioneer models for GMS using
integer programming and MIP seeking an optimal plan for
GMS, but those models are old and do not consider a lot of
important constraints, anyway those are models for a centralized Step 2)
system.
A combination between Genetic Algorithm and Particle
Swarm Optimization is used in [3] to approach a non-linear
multi-objective GMS problem, however this model only
guarantees local optimal solutions and ignores power
Step 3)
generations and system constraints.
In [4] the ISO and GENCO’s problems are resolved separate
using decomposition methods (such as Dantzig-Wolfe and
Benders decomposition) an then an algorithm is created in order
to reach a convergence between ISO and GENCO’s objective,
but decompositions methods results in a more complicated
procedure and higher difficulty convergence condition [5].
Reference [6] proposes a model for the ISO’s optimal GMS
and another one for the GENCO’s optimal GMS, ISO’s problem
is solved first then GENCO’s solution is compared (in terms of
reliability) the algorithm adds penalty factors until GENCO’s
solution is similar enough to ISO’s (in terms of reliability), but
this method does not consider system’s constraints.
In [7] a stochastic multi-objective model is used with a
variant of the Normalized Normal Constraint (NNC) method
called Augmented NNC or (ANNC) to obtain an optimal GMS,
the Pareto frontier is used to mix the objectives functions, but
again as [3] this model is non-linear and found solutions are only
local.
In [8] a methodology is presented to reach the optimal GMS
for the life-cycle of any unit, this model considers a market
environment and explains the risks for not giving maintenance,

The GMS problem is solved considering only
maintenance constraints and net minimum reserve,
minimizing the variance (a non-convex function for
this model) of a reliability index for each subperiod but
also minimizing the maintenance costs which depends
of GMS obtained plan, the result is a locally optimal
solution that ensures an optimal level of security in
each subperiod and guarantees lower maintenance
costs, the algorithm checks 1) similar p.u maintenance
costs to assure fairness among GENCO’s, and 2)
feasibility for all system constraints.
The net minimum reserve is meeting in each subperiod
thanks to Step 1, but it is necessary to minimize the
amount of online units satisfying the load to reduce
operational costs, so UA is solved in order to reduce
operational costs, this is a convex integer problem and
an optimal integer solution can be guaranteed.
Once optimal units online variables have been found,
the next step is to solve the economic dispatch in order
to find a forecast of generations and power flows that
reduces operational costs, this problem is completely
convex, and an optimal solution can be guaranteed.

The literature mentioned before was important for the
development of the work presented on this paper, for the
unfamiliar reader, basic literature on electricity markets can be
found in [9], [10] and [11].
II.

MATHEMATICAL FORMULATION

The model consists of the three objective functions described
below, the first one is composed by the variance of the reliability
index and the average p.u maintenance costs as follows (1):
𝐹1: min{𝑣𝑎𝑟(𝐼𝑁𝐷𝑡,𝑠 ) + 𝑎𝑣𝑒𝑟(𝐶𝑀𝑝𝑢𝑖,𝑗,𝑘,𝑡 )}

(1)

Where,
𝑇

𝐶𝑀𝑝𝑢𝑖,𝑗,𝑘,𝑡 =

∑𝑡=1 𝑥𝑖,𝑗,𝑘,𝑡 𝐶𝑀𝑖,𝑗,𝑘 𝐹𝑃𝑡
𝐷𝑖,𝑗,𝑘 𝐶𝑀𝑖,𝑗,𝑘

Represent unit maintenance cost in p.u of nominal
maintenance cost given by the product of maintenance duration

and maintenance costs for each unit ( 𝐷𝑖,𝑗,𝑘 𝐶𝑀𝑖,𝑗,𝑘 ), 𝑣𝑎𝑟(. )
represent the variance function and 𝑎𝑣𝑒𝑟(. ) represent average
function or the arithmetic mean. Note that 𝐼𝑁𝐷𝑡,𝑠 formula is
represented as follows.
𝐼𝑁𝐷𝑡,𝑠 =

∑{𝑖,𝑗,𝑘}∈𝑈𝑁𝐼𝑇𝑆(1 − 𝑥𝑖,𝑗,𝑘,𝑡 )𝑃𝑚𝑎𝑥(𝑡, 𝑠)𝑖,𝑗,𝑘 − 𝑆𝐿𝑡,𝑠
𝑚𝑎𝑥
∑{𝑖,𝑗,𝑘}∈𝑈𝑁𝐼𝑇𝑆 𝑃𝑖,𝑗,𝑘

− 𝑆𝐿𝑡,𝑠

𝑚𝑎𝑥
𝑃𝑖,𝑗,𝑘

Note that 𝑃𝑚𝑎𝑥(𝑡, 𝑠)𝑖,𝑗,𝑘 ≠
, first one is the real
maximum output power of a unit in subperiod 𝑠 of period 𝑡, and
second one is the nominal maximum output power. This
reliability index measures the degree of security throughout the
days (subperiods) of the year and its formula is defined as the
fraction between net reserve and gross reserve. Net reserve is the
difference between the total system capacity considering units’
availability and system load forecast in any subperiod and gross
reserve is defined as the difference between sum of system
nominal maximum capacity and the power forecast demand.
Since this reliability index measures security it is important
to analyze the possible values of this variable, if 𝐼𝑁𝐷𝑡𝑠 = 1 then
there are not units’ maintenance and system is in ideal conditions
in subperiod 𝑠 of period 𝑡 so total load in this subperiod is being
satisfied with all the possible reserve available, if 0 < 𝐼𝑁𝐷 < 1
then a bad condition in subperiod 𝑠 of period 𝑡 exist, which
means not all units are available (failure or maintenance) or even
some units are not able to dispatch all of its nominal power.
However, power demand is meeting within a certain amount of
reserve (higher when 𝐼𝑁𝐷 → 1 ). If
𝐼𝑁𝐷𝑡,𝑠 = 0 then
maintenance, failure or another bad condition exist, system load
is ideally being satisfied but 1) there are no available reserves
for subperiod 𝑠 of period 𝑡, and 2) there not exists guarantee at
all to satisfy system constraints since it depends completely of
system capacity. Finally, if 𝐼𝑁𝐷𝑡,𝑠 < 0 then maintenance,
failure or another bad condition exist (even a higher demand
than system capacity), and system load is not being satisfied for
subperiod 𝑠 of period 𝑡.
𝐹1 is a quadratic non-linear function due to the function
taken for 𝑣𝑎𝑟(. ), so it guarantees a local optimal GMS plan that
minimizes maintenance costs while ensuring an optimal degree
of security for each subperiod. The second objective function is
optimal Units Assignment and is described in (2).
𝑇

𝑇

∗
𝑣𝑖,𝑗,𝑘,𝑡,𝑠
𝐶𝑂𝑖,𝑗,𝑘,𝑡,𝑠

∑

(3)

𝑡=1 𝑠=1 {𝑖,𝑗,𝑘}∈𝑈𝑁𝐼𝑇𝑆

Where
2
𝐶𝑂𝑖,𝑗,𝑘,𝑡,𝑠 = 𝑎𝑖,𝑗,𝑘 𝑃𝑖,𝑗,𝑘,𝑡,𝑠
+ 𝑏𝑖,𝑗,𝑘 𝑃𝑖,𝑗,𝑘,𝑡,𝑠 + 𝑐𝑖,𝑗,𝑘

The set of constraints considered in this model are specified
below as follows, (4)−(7) are system constraints, (8) − (17) are
maintenance constraints, (18) is a logical constraint and (19) is
a fairness constraint.
A. Minimum reserve.
Optimal GMS plan must satisfy system load while
guaranteeing a minimum reserve in each subperiod, constraint
(4.1) ensures that.
𝑚𝑎𝑥
(1 − 𝑥𝑖,𝑗,𝑘,𝑡 )𝑃𝑖,𝑗,𝑘
− 𝑆𝐿𝑡,𝑠 ≥ 𝑅𝑚𝑖𝑛𝑡,𝑠 ,

∑
{𝑖,𝑗,𝑘}∈𝑈𝑁𝐼𝑇𝑆

(4.1)

∀ 𝑡, ∀𝑠.
Where,
𝑅𝑚𝑖𝑛𝑡,𝑠 = 𝛽𝑆𝐿𝑡,𝑠

𝑚𝑎𝑥
∑𝑇𝑡=1 ∑𝑆𝑠=1[∑{𝑖,𝑗,𝑘}∈𝑈𝑁𝐼𝑇𝑆 𝑃𝑖,𝑗,𝑘
− 𝑆𝐿𝑡,𝑠 ]
𝑇

∑𝑡=1 ∑𝑆𝑠=1 𝑆𝐿𝑡,𝑠

𝛽 is a per unit constant (0 < 𝛽 < 1) and the other two
factors that multiply are 1) system load for subperiod 𝑠 and
period 𝑡 and 2) a fraction made up of total gross reserve (the sum
over periods and subperiods) divided by the total energy
demanded. This minimum reserve parameter guarantees higher
reserves in subperiods with higher demands, which is an
appropriate criterion.
𝑅𝑚𝑖𝑛 can be considering as the non-spinning reserve,
however considering the spinning reserve in the UA model is
necessary to optimize operational costs. It can be defined a new
spinning reserve parameter as 𝑆𝑅𝑡,𝑠 = 𝛼𝑅𝑚𝑖𝑛𝑡,𝑠 where 𝛼 is a
per unit constant (0 < 𝛼 < 1). Constraint (4.2) considers the
spinning reserve.
∑

𝑚𝑎𝑥
(𝑣𝑖,𝑗,𝑘,𝑡,𝑠 )𝑃𝑖,𝑗,𝑘
− 𝑆𝐿𝑡,𝑠 ≥ 𝑆𝑅𝑡,𝑠 ,

{𝑖,𝑗,𝑘}∈𝑈𝑁𝐼𝑇𝑆

(4.2)

∀ 𝑡, ∀𝑠.

𝑆

𝐹2: min ∑ ∑

𝑆

𝐹3: min ∑ ∑

∑

𝐶𝐴𝑈𝑖,𝑗,𝑘,𝑡,𝑠

(2)

𝑡=1 𝑠=1 {𝑖,𝑗,𝑘}∈𝑈𝑁𝐼𝑇𝑆

Where,
2
𝐶𝐴𝑈𝑖,𝑗,𝑘,𝑡,𝑠 = 𝑎𝑖,𝑗,𝑘 𝑃𝑖,𝑗,𝑘,𝑡,𝑠
+ 𝑏𝑖,𝑗,𝑘 𝑃𝑖,𝑗,𝑘,𝑡,𝑠 + 𝑣𝑖,𝑗,𝑘,𝑡,𝑠 𝑐𝑖,𝑗,𝑘

The target of 𝐹2 is to minimize the cost for having online
units (𝑣𝑖,𝑗,𝑘,𝑡,𝑠 ) to meet total demand in each subperiod, so (2)
can find an optimal integer plan for the spinning reserve. The
subproblem is a convex quadratic integer, and an optimal integer
solution can be easily found.
The last objective function is described in (3) and minimizes
the operational cost with a maintenance plan and the unit
∗
assignment variable ( 𝑣𝑖,𝑗,𝑘,𝑡,𝑠
) fixed, so it is now a convex
quadratic problem guaranteeing an optimal global solution.

B. Load balance
Constraint (5) ensures all power generated is being
consumed, or all demand is being satisfied for each bus 𝑖 in any
period 𝑡 and subperiod 𝑠.
∑

𝑃𝑖,𝑗,𝑘,𝑡,𝑠 + 𝐹𝐿𝑖−𝑗,𝑡,𝑠 = 𝐿𝐵𝑖,𝑡,𝑠 , ∀𝑖 ∈ 𝐼, ∀𝑡, ∀𝑠

(5)

{𝑖,𝑗,𝑘}𝜖𝑈𝑁𝐼𝑇𝑆

Where,
𝐼

𝐹𝐿𝑖−𝑗,𝑡,𝑠 = ∑ 100 ∗
𝑗=1

(𝛿𝑖,𝑡,𝑠 − 𝛿𝑗,𝑡,𝑠 )
𝑋𝐿𝑖−𝑗

Note that 𝑃𝑖,𝑗,𝑘,𝑡,𝑠 = 0; ∀{𝑖, 𝑗, 𝑘} ∉ 𝑈𝑁𝐼𝑇𝑆 and 𝐹𝐿𝑖−𝑗,𝑡,𝑠 =
0; ∀{𝑖 − 𝑗} ∉ 𝑙𝑖𝑛𝑒𝑠.

C. Power generation limits
Constraint (6) ensures power generation for each unit within
its power limits for all periods and subperiods.
𝑚𝑖𝑛
𝑚𝑎𝑥
𝑣𝑖,𝑗,𝑘,𝑡,𝑠 𝑃𝑖,𝑗,𝑘
≤ 𝑃𝑖,𝑗,𝑘,𝑡,𝑠 ≤ 𝑣𝑖,𝑗,𝑘,𝑡,𝑠 𝑃𝑖,𝑗,𝑘
∀{𝑖, 𝑗, 𝑘} ∈ 𝑈𝑁𝐼𝑇𝑆, ∀𝑡, ∀𝑠

(6)

D. Line-flow limits
Constraint (7) ensures power flows over lines within its
operational limits for all periods and subperiods.
|𝐹𝐿𝑖−𝑗,𝑡,𝑠 | ≤ 𝐿𝑖𝑚𝑖𝑡𝑖−𝑗 , ∀{𝑖 − 𝑗} ∈ 𝑙𝑖𝑛𝑒𝑠, ∀𝑡, ∀𝑠

(7)

E. Maintenance period
Constraint (8) ensures that each unit meets its number of
maintenance periods.

J. Maintenance exclusion
Constraint (13) does not allow simultaneous maintenance
between two specified units owned by the same producer.
𝑥𝑖,𝑗,𝑘1,𝑡 + 𝑥𝑖,𝑗,𝑘2,𝑡 ≤ 1,
∀𝑖, ∀𝑗, ∀{𝑘1, 𝑘2} ∈ 𝛺𝑗𝐸 , ∀𝑡.
Please note that 𝑥𝑖,𝑗,𝑘,𝑡 = 0; ∀{𝑖, 𝑗, 𝑘} ∉ 𝑈𝑁𝐼𝑇𝑆.
K. Separation between maintenances
This constraint is divided into two, (14) and (15) enforce the
separation within a specified number of periods for maintenance
outage of units 𝑘1 and 𝑘2 (both owned by producer 𝑗).
𝑡

∑ 𝑥𝑖,𝑗,𝑘1,(𝜏−𝐷𝑖,𝑗,𝑘1 −𝑁𝑖,𝑗,𝑘1,𝑘2 ) − 𝑥𝑖,𝑗,𝑘2,𝑡 ≥ 0,
𝜏=1

𝑇

∑ 𝑥𝑖,𝑗,𝑘,𝑡 = 𝐷𝑖,𝑗,𝑘 , ∀{𝑖, 𝑗, 𝑘} ∈ 𝑈𝑁𝐼𝑇𝑆

(8)

F. Maintenance window
Constraint (9) ensures all maintenance activities are
allocated within its maintenance window for each unit.

𝑡

𝜏=1

∑ 𝑥𝑖,𝑗,𝑘,𝑡 = 𝐷𝑖,𝑗,𝑘 , ∀{𝑖, 𝑗, 𝑘} ∈ 𝑈𝑁𝐼𝑇𝑆

(9)

𝑡=𝑃𝑖𝑖,𝑗,𝑘

G. Continuous maintenance
Constraint (10) ensures once maintenance has started it does
not end until the periods duration has been completed.
𝑥𝑖,𝑗,𝑘,𝑡 − 𝑥𝑖,𝑗,𝑘,𝑡−1 ≤ 𝑥𝑖,𝑗,𝑘,(𝑡+𝐷𝑖,𝑗−1) ,
∀{𝑖, 𝑗, 𝑘} ∈ 𝑈𝑁𝐼𝑇𝑆, ∀𝑡.

(10)

𝜏=1

Note that 𝑥𝑖,𝑗,𝑘,𝑡 = 0; ∀𝑡 ≤ 0, ∀{𝑖, 𝑗, 𝑘} ∉ 𝑈𝑁𝐼𝑇 , besides
unit 𝑘1 is going to start its maintenance first, then 𝑘2.
L. Overlap in maintenance
Just as in the separation between maintenance, this
constraint is divided into (16) and (17), those constraints ensure
that maintenance of units 𝑘1 and 𝑘2 (both owned by producer
𝑗) overlap a specified number of periods.
𝑡

𝜏=1

H. Maximum number of units owned by a producer that can
be simultaneously in maintenance
Constraint (11) below ensures a limit of units that producer
𝑖 can have in maintenance in period 𝑡.
∀𝑗 ∈ 𝑁𝑃𝑟.

(15)

∀𝑖, ∀𝑗, ∀{𝑘1, 𝑘2} ∈ 𝛺𝑗𝐸 , ∀𝑡.

∑ 𝑥𝑖,𝑗,𝑘1,(𝜏−𝐷𝑖,𝑗,𝑘1+𝑂𝑖,𝑗,𝑘1,𝑘2) − 𝑥𝑖,𝑗,𝑘2,𝑡 ≥ 0,

Note that 𝑥𝑖,𝑗,𝑘,𝑡 = 0; ∀𝑡 ≤ 0, ∀𝑡 > 𝑇.

𝑥𝑖,𝑗,𝑘,𝑡 ≤ 𝑁𝑚𝑎𝑥𝑗,𝑡 ,

𝑡
𝑚𝑎𝑥
− ∑ 𝐷𝑖,𝑗,𝑘1,𝑘2
𝑥𝑖,𝑗,𝑘,𝜏 ≤ 0,

𝑃𝑓𝑖,𝑗,𝑘

(11)

{𝑖,𝑗,𝑘}∈𝑈𝑁𝐼𝑇𝑆

∀𝑖, ∀𝑗, ∀{𝑘1, 𝑘2} ∈

(16)

𝛺𝑗𝑂 , ∀𝑡.

𝑡
𝑚𝑖𝑛
∑ 𝐷𝑖,𝑗,𝑘1,𝑘2
𝑥𝑖,𝑗,𝑘1(𝜏−𝐷𝑖,𝑗,𝑘1 +𝑂𝑖,𝑗,𝑘1,𝑘2 )
𝜏=1

𝑡
𝑚𝑎𝑥
− ∑ 𝐷𝑖,𝑗,𝑘1,𝑘2
𝑥𝑖,𝑗,𝑘,𝜏 ≤ 0,

(17)

𝜏=1

Where 𝑁𝑃𝑟 is the set of total producers, note that 𝑥𝑖,𝑗,𝑘,𝑡 =
0; ∀{𝑖, 𝑗, 𝑘} ∉ 𝑈𝑁𝐼𝑇𝑆.
I. Maintenance priority
Constraint (12) below, enforces priority in maintenance for
units 𝑘1 and 𝑘2 both owned by producer 𝑖.
𝑡

∑ 𝑥𝑖,𝑗,𝑘1,𝜏−1 − 𝑥𝑖,𝑗,𝑘2,𝑡 ≥ 0,
𝜏=1

(14)

∀𝑖, ∀𝑗, ∀{𝑘1, 𝑘2} ∈ 𝛺𝑗𝐸 , ∀𝑡.

𝑚𝑖𝑛
∑ 𝐷𝑖,𝑗,𝑘1,𝑘2
𝑥𝑖,𝑗,𝑘1(𝜏−𝐷𝑖,𝑗,𝑘1 −𝑁𝑖,𝑗,𝑘1,𝑘2 )

𝑡=1

∑

(13)

∀𝑖, ∀𝑗, ∀{𝑘1, 𝑘2} ∈

(12)
𝛺𝑗𝑃 , ∀𝑡.

Note that 𝑥𝑖,𝑗,𝑘,𝑡 = 0; ∀𝑡 ≤ 0, ∀{𝑖, 𝑗, 𝑘} ∉ 𝑈𝑁𝐼𝑇𝑆.

∀𝑖, ∀𝑗, ∀{𝑘1, 𝑘2} ∈ 𝛺𝑗𝑂 , ∀𝑡.
Note that 𝑥𝑖,𝑗,𝑘,𝑡 = 0; ∀𝑡 ≤ 0, ∀{𝑖, 𝑗, 𝑘} ∉ 𝑈𝑁𝐼𝑇 , besides,
unit 𝑘1 is going to start its maintenance first, then 𝑘2.
M. Logical online constraint
Constraint (18) below is a logical constraint for the status of
each unit, it ensures that the unit 𝑖 of producer 𝑗 connected to
bus 𝑖 cannot be online while maintenance activity exists in any
period 𝑡.
(1 − 𝑥𝑖,𝑗,𝑘,𝑡 ) ≥ 𝑣𝑖,𝑗,𝑘,𝑡,𝑠 ,
∀{𝑖, 𝑗, 𝑘 } ∈ 𝑈𝑁𝐼𝑇𝑆, ∀𝑡, ∀𝑠.

(18)

N. Fairness among GENCOs’ maintenance costs
Constraint (19) below assures similar level of p.u
maintenance costs for all unit owners which is an important goal
for a decentralized system.
𝑚𝑖𝑛
𝑚𝑎𝑥 {
𝐶𝑝𝑢
≤ 𝐶𝑀𝑝𝑢𝑖,𝑗,𝑘,𝑡 ≤ 𝐶𝑝𝑢
, ∀ 𝑖, 𝑗, 𝑘} ∈ 𝑈𝑁𝐼𝑇𝑆, ∀𝑡.

Solve 𝐹1 with constraints
(4.1), (8)−(17), (19) to
obtain 𝐹1𝑆𝑞 (𝑥 ∗ , 𝐼𝑁𝐷∗ )
B&B

(19)

To apply this constraint, it is necessary to set the values of
𝑚𝑎𝑥
𝑚𝑖𝑛
to define the gap 𝐺 = 𝐶𝑝𝑢
− 𝐶𝑝𝑢
, if the gap tends
to zero optimal solution will be better but harder to find.
𝑚𝑎𝑥/𝑚𝑖𝑛
𝐶𝑝𝑢

𝑞 =𝑞+1

III. PROPOSED PROCEDURE
The non-linear 𝐹1 subproblem is solved first, considering
constraints (4.1), (8)−(17), and (19). The result is a local optimal
solution called 𝐹1𝑆𝑞 (iteration 𝑞 = 0 ) from now on, found
∗
∗
variables are 𝑥𝑖,𝑗,𝑘,𝑡
and 𝐼𝑁𝐷𝑡,𝑠
, the next step is to fix those
found variables and consider only constraints (5)−(7) and (18)
∗
∗
to see if 𝑥𝑖,𝑗,𝑘,𝑡
and 𝐼𝑁𝐷𝑡,𝑠
are feasible solutions for all system
constraints, if they are not feasible, then add constraint (20) to
solve the problem again and obtain 𝐹1𝑆𝑞+1 .
𝑞+1

𝑞

𝐼𝑁𝐷𝑡,𝑠 > min{𝐼𝑁𝐷𝑡,𝑠 } ,

∀𝑡, 𝑠

Unfix 𝑥 ∗ , 𝐼𝑁𝐷∗

Add constraint
(20)

NO
Feasible?
YES
Solve 𝐹2 with constraints
(4.2)−(7), (18) to obtain
an optimal 𝑣 ∗

Infeasibility means a lack of units to satisfy the system
dispatch at a certain subperiod 𝑠 of period 𝑡. It is easy to know
that period with less available units is the one with lowest 𝐼𝑁𝐷
value. Constraint (20) above ensures to find another local
optimal solution with higher 𝐼𝑁𝐷 values at the 𝑞 + 1 iteration,
this procedure repeats until the algorithm finds a feasible local
∗
∗
optimal solution at the 𝑞 iteration 𝐹1𝑆𝑞 (𝑥𝑖,𝑗,𝑘,𝑡
and 𝐼𝑁𝐷𝑡,𝑠
).

Simplex MIP
B&B
Fix 𝑣 ∗

In order to minimize total operational costs, the second step
∗
is to optimize UA, the algorithm drop 𝐹1 (with feasible 𝑥𝑖,𝑗,𝑘,𝑡
∗
and 𝐼𝑁𝐷𝑡,𝑠 fixed) and takes 𝐹2 , with maintenance variables
fixed, the algorithm only considers system constraints (4.2)−(7)
and the logical constraint (18) in order to find the optimal status
∗
𝑣𝑖,𝑗,𝑘,𝑡,𝑠
of each unit for all periods and subperiods.

This proposed procedure was developed in AMPL (A
Mathematical Programming Language), a high-level modeling
language [12] as follows (see 𝐹𝑖𝑔. 1).

Solve 𝐹1 with constraints
(5)−(7), (18) to see if 𝐹1𝑆𝑞
(𝑥 ∗ , 𝐼𝑁𝐷∗ ) are feasible
QP

(20)

∗
Once an optimal 𝑣𝑖,𝑗,𝑘,𝑡,𝑠
has been found, the last step is to
fix this variable, drop 𝐹2 and consider 𝐹3 as the objective now,
the algorithm drops logical constraint (18) and now the problem
is completely convex, 𝐹3 is a convex quadratic polynomial, and
the constrains considered (5) − (7) are lineal, so an optimal
solution can be found.

Fix 𝑥 ∗ , 𝐼𝑁𝐷∗

END

Solve 𝐹3 with constraints
(5)−(7) to obtain a
minimum operational cost
QP
Figure 1. Algorithm flow chart.

IV. CASE STUDY
IEEE-RTS 24 bus system is tested with this proposed
method. This system is made of 32 generating units, 20 demand
sides, 24 buses and 38 transmission lines. Penalty Factors
𝐹𝑃𝑖,𝑗,𝑘,𝑡 are proposed with following criteria: higher penalty
factors for higher load demand periods. The generating units
encompass 14 GENCOs and a one year study period is
considered within 52 periods (weeks of the year) and 7
subperiods (days of the week), for detailed IEEE-RTS 24 bus
system information please check [15]. 𝛼 = 1 and 𝛽 = 0.1 are
considered. Two different cases are tested to compare different
objective functions for subproblem 𝐹1.

The first subproblem 𝐹1 was computed using the solver
XPRESS with its integer quadratic non-convex option [13] a
Branch and Bound (B&B) model was approached (see Fig. 1) to
find a local optimal solution and a Quadratic Programming (QP)
model to check feasibility. Second subproblem (Units
Assignment) was computed using the CPLEX solver [14] and a Case 1:
simplex Mixed Integer Programing (MIP) model among with a
B&B model were approached, note that this problem is an
integer quadratic convex one. Finally, last subproblem 𝐹3 was Case 2:
aborded using the CPLEX solver, a QP model solves this last
subproblem since it is a convex quadratic one in continuous
variables.

𝐹1: min ∑{𝑖,𝑗𝑘}∈𝑈𝑁𝐼𝑇𝑆 ∑𝑇𝑡=1 𝑥𝑖,𝑗,𝑘,𝑡 𝐶𝑀𝑖,𝑗,𝑘 𝐹𝑃𝑡 is the
objective function for first case, this function finds the
minimum feasible maintenance cost for all units.
𝐹1: min 𝑣𝑎𝑟(𝐼𝑁𝐷𝑡,𝑠 ) + 𝑎𝑣𝑒𝑟(𝐶𝑀𝑝𝑢𝑖,𝑗,𝑘,𝑡 ), this is the
proposed model original objective function, finds a low
maintenance cost and a well maintenance distribution.

Table 1. Comparation between results of the two cases.
Number
of
iterations
𝒒

Total
Maintenance
Cost ($𝟏𝟎𝟑 )

1

4

2

1

Case

Table 3. Maintenance results, case 1

Total Operational
Cost ($𝟏𝟎𝟔 )

Index
Variance

Without
UA

With
UA

52.8578

10.6478∗

10.1078

0.06528

55.2029

10.4984∗

10.0424

0.01766

GENCO

Units

Capacity
(MW)

Weeks on
Maintenance

Maintenance
Cost (p.u)

1

1, 2

76, 76

27-29, 27-29

0.74, 0.74

2

3, 4

20, 20

26-27, 13-14

0.74, 0.80

3

5, 6

76, 76

27-29, 27-29

0.74, 0.74

4

7, 8

20, 20

26-27, 30-31

0.74, 0.80

9, 10, 11

100, 100, 100

26-28, 26-28,
26-28

0.75, 0.75,
0.75

12, 13, 14,
15

100, 100, 100,
155

27-29, 25-27,
26-28, 29-32

0.75, 0.77,
0.75, 0.79

7

16, 17, 18,
19, 20

12, 12, 12, 12,
12

27-28, 27-28,
27-28, 27-28,
27-28

0.73, 0.73,
0.73, 0.73,
0.73

8

21

155

25-28

0.77

9

22

155

29-32

0.79

10

23

400

10-15

0.80

*These results were obtained without considering 𝐹2 and 𝐹3.

Table 1 shows important comparation between the two
cases, four iterations were needed to find a feasible solution for
case 1 because in this case problem 𝐹1 allocate maintenance of
units in low penalty factor (𝐹𝑃𝑡 ) periods, this may result in many
unavailable units for certain periods the consequence is the
infeasibility of 𝐹2 and 𝐹3 problems, however when a feasible
solution is found minimum operational cost is conditioned in
periods with higher number of unavailable units. On the other
hand, case 2 reached convergence with the first iteration because
𝐹1 guarantees a well distribution level of maintenance activities,
so offline units are dispersed throughout periods and subperiods
(note that lower demand periods reach higher number of
maintenances). The advantage of Case 1 is a lower total
maintenance cost, but Case 2 shows lower operational costs,
higher levels of security, and greater computational robustness,
which makes Case 2 objective function better than Case 1.
Table 2 gives an important comparation between each unit
operational cost for both cases. Case 2 total operational cost is
lower than Case 1 because of the higher number of available
units to meet the load in periods with higher demand.

6

11

24

400

10-15

0.80

12

25, 26, 27,
28, 29, 30

197, 197, 197,
197, 197, 197

12-15, 10-13,
25-28, 12-15,
29-32, 29-32

0.80, 0.80,
0.77, 0.80,
0.78, 0.78

13

31

155

29-32

0.79

14

32

350

7-11

0.84

Average Units Maintenance Cost (p.u)

0.7668

Table 4. Maintenance results, case 2.

Table 2. Operational Cost results, both cases.
Operational Cost ($𝟏𝟎𝟒 )
GENCO

5

GENCO

Units

Capacity
(MW)

Weeks on
Maintenance

Maintenance
Cost (p.u)

1

1, 2

76, 76

26-28, 27-29

0.75, 0.74

2

3, 4

20, 20

27-28, 27-28

0.73, 0.73

3

5, 6

76, 76

27-29, 29-31

0.74, 0.78

4

7, 8

20, 20

27-28, 27-28

0.73, 0.73

9, 10, 11

100, 100, 100

30-32, 26-28,
26-28

0.80, 0.75,
0.75

12, 13, 14,
15

100, 100, 100,
155

27-29, 27-29,
27-29, 12-15

0.74, 0.74,
0.74, 0.80

Units
Case 1

Case 2

1

1, 2

31.220, 33,066

32.775, 34.2992

2

3, 4

0.0, 0.054

0.0, 0.0

3

5, 6

32.774, 32.108

34.0559, 33.4432

4

7, 8

0.0, 0.0

0.0, 0.0

5

9, 10, 11

26.083, 0.068, 9.550

27.805, 0.137, 8.424

6

12, 13, 14,
15

3.339, 1.115, 44.584,
63.413

0.8374, 0.4579,
47.9559, 63.7229

6

7

16, 17, 18,
19, 20

1.4152, 1.0444, 0.718,
0.4718, 0.1615

1.380, 1.049, 0.7426,
0.482, 0.219

7

16, 17, 18,
19, 20

12, 12, 12, 12,
12

27-28, 27-28,
27-28, 27-28,
27-28

0.73, 0.73,
0.73, 0.73,
0.73

8

21

63.4435

63.6755

8

21

155

14-17

0.83

9

22

63.4335

63.6900

10

23

116.475

116.475

11

24

116.730

116.7

12

25, 26, 27,
28, 29, 30

61.968, 26.635, 18.53,
8.729, 5.111, 47.998

64.06, 31.24, 13.58,
2.135, 0.0, 44.529

13

31

63.3164

63.849

14

32

136.1914

136.471

1010.78

1004.24

Total Operational
Cost ($𝟏𝟎𝟒 )

5

9

22

155

13-16

0.82

10

23

400

20-25

1.00

11

24

400

35-40

0.91

12

25, 26, 27,
28, 29, 30

197, 197, 197,
197, 197, 197

14-17, 10-13,
10-13, 9-12,
29-32, 18-21

0.82, 0.80,
0.80, 0.82,
0.78, 0.99

13

31

155

31-34

0.86

14

32

350

1-5

0.92

Average Units Maintenance Cost (p.u)

0.7909

Figure 3. Comparation between cases 1 and 2 reliability indexes.

Tables 3 and 4 give summary information about
maintenance results for cases 1 and 2 respectively, since case 1
seeks to minimize total maintenance cost without considering
variance, maintenance cost is generally lower than case 2 for
each unit, but Fig. 3 shows a comparation between average
reliability index in each period for both cases, where case 1 have
two periods with a low reliability index (about 0.3) because
those periods have lower maintenance cost, meanwhile case 2
maintain reliability index under an acceptable level any period
of the year. Since case 1 needed 4 iterations to reach a feasible
solution, Fig. 2 shows the evolution of reliability index for each
iteration until a feasible solution was found, low reliability index
between weeks 9-15 and weeks 25-33 must change to find
feasibility and satisfy all system constraints.

Figure 2. Evolution of reliability index, case 1.
Figure 4. Evolution of maintenance cost and reliability index
variance, case 1.

Maintenance costs and reliability index variance change in
each case 1 iteration, Fig. 4 shows the evolution of total
maintenance cost and the evolution of the variance of reliability
index for each iteration until a feasible solution was found. Total
maintenance cost was forced to rise, and variance had to reduce
its value to find a feasible solution in iteration number four.
The model is implemented for both cases under AMPL [12]
on a computer equipped with Intel CORE i5, running at
2.30GHz with 8GB of RAM. It took 108.18 seconds to solve
case 1 subproblems and 86.75 seconds to solve case 2 ones.
V. CONCLUSIONS
The model proposed in this paper finds an optimal GMS plan
within low maintenance costs, ensuring a well level of system
security for all periods and subperiods, besides this model
minimizes operational costs through Units Assignment
optimization and shows power generations and power flows
forecast throughout analyzed subperiods with a lineal economic
dispatch. This procedure is simple to implement in practice,
requires a small amount of computing time and requires basic
data management. Constraints (8) − (17) allows producer to
allocate its units maintenance on preferred periods, which is
appropriate in deregulated systems.
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