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Abstract :

Preventive maintenance scheduling of generating units is addressed as a long-term scheduling in power system studies
aiming to increase the reliability incorporating cost reduction. It consists of knowing which generating units should be
shut down for regular safety inspection. In this paper, a new formulation of preventive maintenance scheduling
associated with cost reduction index (CRI) is presented. Mainly, the purpose of the maintenance problem is minimizing
the operation as well as maintenance costs over a specified time horizon. CRI is introduced in such a way to reduce the
operation cost along the scheduling time while determining the most proper maintenance scheme. The proposed
framework is structured as a mixed integer linear programming (MILP) and solved using CPLEX solver. The suggested
model is applied to a standard IEEE reliability test system (RTS) and the promising results show the effectiveness of the
proffered model.
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1. Introduction

Preventive maintenance of generating units is addressed
as a crucial issue due to affecting on power systems’
asset management by reducing operation as well as
reliability cost while improving reliability worth. In
fact, it may affect reducing cost of damaging due to
unforeseen breakdown [1]. Basically, equipment failure,
testing, unanticipated events, refueling, operator errors
and regulatory restriction; may cause a generating unit’s
unavailability. Although refueling is compulsory, but
planned periodic outage of generating units may control
and reduce the ratio of unanticipated events that
improves reliability as well as system performance [2,
3]. Preventive maintenance schedule of generating units
is extremely important due to affecting on short-term
generation scheduling such as unit commitment [4].

However, due to large number of components and
constraints, finding the most suitable approach for
maintenance scheme is not easy achievable. In recent
years, several deterministic, heuristic and hybrid
methods have been utilized for solving the preventive
maintenance scheduling problem as a large scale, non-
convex, and mixed-integer combinatorial optimization
problem. In [1], Benders’ decomposition has been used
to overcome the complexity of maintenance problem,
while [3] proposes a multi-objective programming
model based on decision tree and mixed integer linear
programming for midterm preventive maintenance in
thermal power plants. A hybrid algorithm is presented
in [4] to solve the generator maintenance scheduling
which employs a new local search method in genetic
algorithm. In [5-8], genetic algorithm (GA) has been
employed via different models to optimize the time of
units’ outage in order to obtain the surveillance
program. In [9], simulated annealing (SA) has been
used while in [10], a combination of GA and SA has
been exercised to solve the maintenance problem.
Reference [11], expressed a method based on the Monte
Carlo simulation by integrating GA to tackle to the
preventive maintenance problem. In [12, 13], a hybrid
Fuzzy-genetic algorithm has been proposed for
maintenance problem of thermal power plants. In [14],
Tabu search (TS) has been used and [15, 16] stated an
improved formulation by using ant colony (AC)
technique to schedule the optimum power plant
maintenance scheme. In [17-19], a particle swarm
optimization is used to determine the best maintenance
schedule of power plants while in [20], a fuzzy dynamic
programming (FDP) methodology for finding the best
preventive maintenance scheduling of generating units
in a centralized power system.

In this paper, a new formulation of preventive
maintenance scheduling problem associated with the
cost reduction index (CRI) is presented. The preventive
maintenance scheduling problem aims to determine the
maintenance scheme of generating units while the
operation cost is minimized. If maintenance time of a
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unit is placed in an inappropriate period, the operation
cost might be increased due to unavailability of the
aforementioned unit. In such a case, the required
demand is supplied with more expensive units.
Therefore, a cost reduction index is introduced here to
prevent such complications. The impacts of CRI on
maintenance scheduling problem is significant where it
may change units’ status as well as maintenance
scheme to reduce the total operating cost. The
presented framework is structured as mixed integer
linear programming (MILP). One of the main features
of the MILP method includes direct measure of
optimality of a solution and more flexible and accurate
modeling capabilities. Here, CPLEX as a sophisticated
and computationally efficient MILP solver is applied
for solving the proposed model.

The rest of the paper is organized as follows: The
proposed MILP based formulation for the preventive
maintenance scheduling problem associated with the
cost reduction index is provided in section 2. Section 3
conducts the numerical simulations and finally,
concluding remarks are explained in section 4.

2. Model Description

Preventive maintenance scheduling is an optimization
problem to determine the appropriate maintenance
scheme of generating units with respect to a series of
prevailing constraints. The objective of maintenance
problem is minimizing both the operation as well as the
maintenance expenditures. Here, a mixed integer linear
programming (MILP) structure is presented to handle
the maintenance scheduling problem. A common way
of solving MILP problem is to relax some coupling
constraints and decompose it into several sub
problems, while in recent years some efficient MILP
solvers are developed. In this paper, the employed
optimization solver is General Algebraic Modeling
System (GAMS); and CPLEX as a commercial and
computationally efficient MILP solver is used for
solving the maintenance problem.

2.1. Objective Function and Constraints
The objective function of the proposed framework is
presented as (1):

Min: ) > {FC(n)P(n,t)CRI(n,1)+

MC(m)x(n,t)P(n)}h (D

where: i, T, N, FC(n), P(n,t), and MC(n) represent,
respectively, the hour, scheduling time horizon,
number of the units, the fuel cost of a unit (§/MWh),
the generated power of a unit (MW) at period ¢, and the
maintenance cost of a unit. CRI(n,¢) is an index namely
cost reduction index that is explained in details in the
next subsection. x(n,¢) is maintenance binary variable
which is equal to one if a unit is under maintenance at
period ¢ and it takes zero otherwise.
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The objective function is subjected to the
maintenance [1] and power generation [21] constraints
as follows:

e Power balance constraint: The generated power of
committed units must be equal to the demand in
each period. D(?) represents the demand (MW) at
period z.

> P(n,t)=D(1) @)
neN

e  Generated power constraint: The unit power must
be between its maximum and minimum capacity.

Moreover, P(n) and P(n) are the minimum and

the maximum generating capacity of a unit,
respectively.

P(n) < P(n,t) < P(n) (3)

e Reserve constraint: Maximum capacity of
committed units should be equal or greater than
the summation of the demand and the system
reserve. System reserve ensures the reliability
when a failure happens in a generator. Generally, it
is considered as the largest unit capacity or a
portion of the maximum demand. c¢(n,t) is an
auxiliary binary variable, to show the connection
status of a unit. The connection status is one when
the unit is committed and it takes zero otherwise.

> P(n)e(n,t) = D(f) + Res(?) 4

neN

e Maintenance duration: The wunit maintenance
duration is definite in a specified time horizon.
Required maintenance duration for a unit is
symbolized by Md(n).

D x(n,t)= Md(n) (5)

tel

e One time maintenance constraint: Each unit is
taken under maintenance just once during the
scheduling time horizon. s(n,t) is binary variable
which is equal to one if a unit’s maintenance starts
at the beginning of period ¢, and takes zero
otherwise.

D s(n,) =1

teT (6)

e Non-stop maintenance constraint: The unit
maintenance is performed in uninterrupted periods.

x(n,t)—x(n,t—1) < s(n,t) 7

e Maintenance and connection constraint: This
constraint illustrates the relation between the
maintenance status and the commitment status.
Equation (8) is utilized for thermal power plants,
while (9) is used in nuclear units. Since nuclear
units are low cost with higher startup time as well
as shutdown time; nuclear units are always
committed except their maintenance durations.
However thermal units can be connected or not,
even though they are not under inspection.

x(n,t)+c(n,t) <1  n, € Thermal units 8)

x(n,,0)+c(n,,t) =1 n, € Nuclear units 9

e Exclusive constraint: Generating units i and j
cannot be in maintenance at the same time.

x(@,0)+x(j,1) <1 (10)

e Crew constraint: Since the total available
manpower as well as the required crews for
specified unit maintenance in a period is definite,
number of the units which can be inspected
simultaneously is limited in a period. Number of
crew needed for a unit inspection at a period, and
the total available manpower in a period are
symbolized by CM(n) and CM7y,,,;, respectively.

D CM(n)x(n,t) < CM,,,, (11)

neN

2.2. Cost Reduction Index (CRI)

Preventive maintenance scheduling of generating units
is performed before generation scheduling. If
maintenance time of units is selected inappropriately,
the operation cost might be increased due to
unavailability of inexpensive units in generation
scheduling. Therefore, it is extremely crucial to
determine the best maintenance scheme in order to take
the lowest operation cost in generation scheduling
problem. A cost reduction index (CRI) is suggested
here to facilitate contributing less expensive units. The
proposed index is introduced via (12).

?(n)—mn,r)]

P(n) (12)

CRI(n, ) =1+[
In the following, the procedure of achieving CRI is
explained in details. At the first step, it is supposed that
all units are continuously available, and do not require
to be taken under maintenance in the whole time
horizon. By this assumption, the generation pattern of
units is determined such that to satisfy the load in the
time horizon which is called as pre-generation
scheduling, while the operation costs is minimized. It
can be mentioned that, the appropriate time of unit
selection for maintenance is when it is off or generate
less power in comparison with its maximum capacity
in pre-generation scheduling. In pre-generation
scheduling, each unit is categorized in one of the
following cases.

e Case A; the unit is off in pre-generation
scheduling, where it can be considered as the best
choice for maintenance time.

e (Case B; the unit generates power at its maximum
capacity where it is not suitable time for the unit
maintenance. Otherwise, an additional cost should
be sustained in generation scheduling due to unit
unavailability.

e Case C; the generated power of a unit is less than
its maximum capacity. If the unit is taken under
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maintenance at this time, an extra cost is sustained
in generation scheduling which is less than case B.
Therefore, it is also preferred that the unit be
committed in maintenance scheduling the same as
case B.

In all above cases, a penalty factor is defined in
order to prevent an undesirable status. Such penalty
factor is named cost reduction index (CRI) where it is
proportional to the generated power of a unit in pre-
generation scheduling. As shown by (1), CRI
influences the fuel cost of a unit that encourages the
unit to be selected in a desirable situation in
maintenance scheduling. In case A, maximum CRI is
enforced to prevent the commitment of the off-units,
while in case B, the minimum CRI is imposed to
decrease the trend of maintenance towards the on-units.
In case C, CRI is between its maximum and minimum
values.

In this paper, the minimum CRI is assumed equal to
one. Hence, CRI is formulated by (13). In (13) VT is a
variable term of CRI that is proportional to the output
power of a unit in pre-generation scheduling. In fact,
VT reflects the optimum status of units in the
maintenance scheduling. Therefore, it causes the units
to be placed in an appropriate situation. In case A, VT
must be maximized while in case B, it has to be equal
to zero for minimizing (13). The correlation between
VT and the output power of each unit is shown by (14).

CRI(n,t)=1+VT (13)

VT oc P(n)— P(n,1) (14)

Where: Py(n,¢) represents the generated power of a
unit in pre-generation scheduling, which can be
obtained through (15)-(18).

Min: Y > FC(n)Fy(n,t)h

teT neN (15)
2Bty =D(D) 16)
;ﬁ(n)c(n,t) > D(1) + Res(1) (17)
P(n) < Fy(n,t) < P(n) (18)

Since generating units have different capacities, VT
must be normalized via (19). Hence, the unit tends to
be taken under maintenance when the value of CRI is
maximized for decreasing the operating cost.

WE[Hm—aMﬁj

P(n) (19)

3. Case Study

In this study, the IEEE Reliability Test System has
been utilized for simulation studies with a scheduling
time horizon of 52 weeks as shown in Fig. 1.
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Fig.1. IEEE-RTS system

This system includes 32 generating units; 21 oil
with 1922 MW namely OF;-OF,;, 9 coal with 1274
MW so-called CF,-CF3, and 2 nuclear with 800 MW
as N3;-Nj;. The peak load is 2850 MW and the weekly
load profile of the IEEE-RTS is used to obtain the
annual load curve. More required data including
operating and maintenance insights of the generating
units are provided in [22]. System reserve requirement,
i.e. Res(?), is considered 400 MW which is equal to the
largest unit capacity. The total available technical staff
in each period is considered 30 and required manpower
for inspection of a specified unit is given in Table I.
Moreover, exclusive constraint is disregarded during
the scheduling period.

Table I. Required staff

Unit Required crew Unit Required crew
OF,;-OF, 15 CF;3 9

First, in order to investigate the impact of the
proposed maintenance scheduling scheme, the problem
is solved without considering CRI namely base case.
CPLEX 12.4.0 optimizer is utilized to obtain the
operation cost as well as maintenance scheme. In the
base case the demand is supplied using available low
cost generators, which is dependent on the maintenance
schedule of the units. In this case, the total expenditure
including maintenance as well as operation cost is
obtained as 254.31 million $/year.

In the final case, the maintenance problem is solved
with considering CRI in the objective function. As
mentioned in Section 2, the main purpose of
maintenance scheduling is determining the exact
generating units repair time for minimizing the
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operating cost along the time horizon. The problem
optimization results are given in Table II. As it is
indicated in Table II, implementing CRI can decrease
the total cost considerably.

Table. II. Optimization results in final and base cases

Base Case Final Case
Objective Function 2.54305002x10°  3.04777843x10
Total cost (million $/ year) 254.305002 251.570957
Saving (million $/year) - 2.734045

It is deduced from Table II that CRI decreases total
cost considerably. In final case, the total cost is
decreased 1.07% per year in comparison with the base
case. By applying CPLEX 12.4.0, in Table III, the
maintenance schedule of generating units for the final
case and the base case are presented. As depicted in
Table III, CRI affects the maintenance scheme of units.

The average system LMP in the final case and the
base case are compared along the time horizon in Fig.
2. In the final case, due to the more proper maintenance
scheme, the average system LMP is decreased in
comparison with the base case. As shown in Fig. 2, the
average system LMP becomes more flattened and
changes less in the final case in comparison with the
base case. N3; and N, are the lowest cost generating
units in this system. In the base case due to Nj;
inappropriate maintenance time, LMP is increased

between periods 29 to 34 in comparison with the final
case. Moreover, because of simultaneous maintenance
time of Nj3; and CFyg, average system LMP is
increased in the base case between periods 42 to 45.
Furthermore between periods 12 to 17, due to the
outage of N, in final case, the average system LMP is
raised. The average LMP in the entire scheduling time
horizon in the base case and the final case are 13.9 and
13.7, respectively which is decreased 1.44% in the final
case

Table. I1I. Maintenance scheme

Unit | Maintenance start week | Unit | Maintenance start week
No. Base case Final case No. Base case Final case
OF, 23 44 OF,; 23 12
OF, 32 26 OF 5 15 31
OF; 8 49 OF 9 40 31
OF, 6 2 OFy 19 6
OF; 1 46 OF,; 34 19
OF; 48 51 CF,, 35 10
OF, 4 49 CFp; 25 13
OFg 49 2 CFy4 45 35
OF, 51 51 CFs 44 35
OF), 46 43 CFy 8 8
OF; 27 22 CF,; 27 33
OF), 39 28 CFyg 42 8

OF 5 4 22 CFy 14 24

OF 4 50 4 CF;3 35 28

OF 5 13 18 Na; 39 38

OF 6 10 37 Ns, 29 12

17 -

"E Base Case
= 16 - «+---- Final Case
B

S 15

2%

£ 14 4

g

e

L e e 1

13 15 17 19 21 23 25 27 20 31 33 35 37 39 41 43 45 47 49 51
)

Fig.2. Average system LMP
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4. Conclusion

Preventive maintenance scheduling of generating units
is emphasized as one of the most important issue in
power systems aiming to increase the reliability as well
as cost reduction. The problem main purpose is
determining the most proper maintenance scheme of
the unit in order to safety inspection, while the
maintenance as well as operation expenditures are both
minimized. In this paper, a new structure is presented
based upon MILP formulation which is associated with
a cost reduction index (CRI). In the suggested model,
CRI is obtained in the pre-generation scheduling which
is performed before maintenance scheduling. Indeed,
CRI improves the maintenance scheme in order to
minimize the operating cost. The proposed model is
applied to the standard IEEE-RTS system and the

oy

simulation results justify the effectiveness of the
proposed method. It was concluded that utilizing CRI
in real system scheduling can be effective, and
improves the economy of the power system operation.
More research is needed to develop the proposed index,
i.e. CRL
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