
energies

Article

Generator Maintenance Scheduling Method Using
Transformation of Mixed Integer Polynomial
Programming in a Power System Incorporating
Demand Response

Hyung-Chul Jo 1, Rakkyung Ko 2 and Sung-Kwan Joo 2,*
1 Distributed Power System Research Center, Korea Electrotechnology Research Institute,

Gyeongsangnam-do 51543, Korea; hcjo@keri.re.kr
2 The School of Electrical Engineering, Korea University, Seoul 02841, Korea; uranium92@korea.ac.kr
* Correspondence: skjoo@korea.ac.kr; Tel.: +82-2-3290-4820

Received: 28 March 2019; Accepted: 26 April 2019; Published: 30 April 2019
����������
�������

Abstract: Periodic preventive maintenance of generators is required to maintain the reliable operation
of a power system. However, generators under maintenance cannot supply electrical energy to the
power system; therefore, it is important to determine an optimal generator maintenance schedule to
facilitate efficient supply. The schedule should consider various constraints of the reliability-based
demand response program, power system security, and restoration. Determining the optimal
generator maintenance schedule is generally formulated as a non-linear optimization problem, which
leads to difficulties in obtaining the optimal solution when the various power system constraints
are considered. This study proposes a generator maintenance scheduling (GMS) method using
transformation of mixed integer polynomial programming in a power system incorporating demand
response. The GMS method is designed to deal with various system requirements and characteristics
of demand response within a power system. A case study is conducted using data from the Korean
power system to demonstrate the effectiveness of the proposed method for determining the optimal
maintenance schedule. The results show that the proposed GMS method can be used to facilitate the
efficient and reliable operation of a power system, by considering the applicable system constraints.

Keywords: demand response; generator maintenance scheduling; electricity supply and demand;
transformation of mixed integer polynomial programming

1. Introduction

Determining an optimal generator maintenance schedule is important for increasing the
reliability [1,2] of a power system by ensuring the most appropriate amount of supply resources to
meet the forecasted demand in the future. Various methods have been studied to determine optimal
generator maintenance schedules for power system reliability. In [3], the sum of the loss of load
probability (LOLP) was minimized. In [4], expected unserved energy (EUE) was used as reliability
criteria for the generator maintenance scheduling (GMS) problem. In [5], the supply reserve margin
was levelized for the GMS problem, which can lead to minimum fuel costs during power system
operation [6]. Therefore, to satisfy the reliability requirement and reduce fuel costs, levelizing of
the reserve margin is commonly used for the GMS problem. GMS problems are complex non-linear
problems related to many factors such as resource characteristics and various system requirements [3–7].
It is particularly challenging to incorporate the demand response (DR) [8] within the GMS problem.

As such, very limited research has been conducted in the area of GMS algorithms incorporating
DR programs. In [9], market-based DR was considered in the GMS problem and the impact of
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economic-based DR on the GMS problem was investigated in [10]. However, a reliability-based DR
has not yet been considered in the GMS problem.

Reliability-based DR involves curtailing demands during the peak demand season or under
emergency circumstances when resource inadequacy occurs in the power system. Reliability-based DR
is therefore activated by a curtailment request from the independent system operator (ISO). Compared
to incentive-based DR, the performances of reliability-based DR may be partly secured through
considerable penalties. Its capacity can affect the results of the GMS problem by changing the supply
reserves for power system reliability over the scheduling period. To efficiently ensure supply reserves
in the power system, it is important to consider the characteristics of reliability-based DR, which differ
from those of conventional generators in the GMS problem.

Hybrid renewable energy resources (HRES) and microgrids can also be used as resources
for reliability-based DR. The increased penetration of renewable energy incorporating HRESs and
distributed energy resources by microgrids can affect supply reserve requirements and stability under
fault conditions [11,12] and dynamic operation [13]. This can lead to cause various problems in the
power system such as voltage imbalance [14]. In order to maintain the security of the power system
with high penetration of renewable energy and distributed energy resources, many must-run units may
be required to be continuously on-line. However, if the must-run units are not considered in the GMS
problem, several problems may arise in the power system due to a reduction of on-line must-run units.

Therefore, for reliable power system operation, a minimum number of must-run units are required
in the power system. Furthermore, a minimum number of blackstart units should always be considered.
In order to meet these requirements, it is necessary to prevent the simultaneous maintenance of
generators to be used as blackstart units or must-run units. In [15], maintenance exclusion constraints
were considered in the GMS problem to prevent the simultaneous maintenance of generators in
a specific area. However, these constraints were formulated to consider locational supply reserve
requirements in the GMS problem; thus, they do not take the characteristics of must-run and blackstart
units into account.

This study presents a GMS method using transformation of mixed integer polynomial
programming incorporating the reliability-based DR. The proposed method is based on levelizing the
reserve margin. The characteristics of reliability-based DR, must-run units, and blackstart units are also
formulated and considered as constraints for the GMS problem. The GMS problem can be formulated
as a mixed integer non-linear programming (MINLP) problem because of the non-linear objective
function, which is formulated as the sum of the squared supply reserves for levelizing the reserve
margin. The nonlinear characteristics of the GMS problem can lead to a reduction in the convergence
ratio of the GMS problem.

Various studies have been conducted on the non-linear GMS problem [3–5]. Due to the low
convergence ratio and high computation time caused by the non-linear characteristics of the GMS
problem, mathematical programming techniques such as the branch and bound algorithm and cutting
plane algorithm, are considered as not particularly effective for GMS problems. Therefore, many
heuristic-based approaches have been proposed to solve this non-linear GMS problem. In [16],
a genetic algorithm (GA) was applied to find the solution of a GMS problem based on power system
reliability. In [17,18], a simulated annealing method was applied to a GMS problem formulated with a
reliability optimality criterion subject to a number of constraints. In [4–7], particle swarm optimization
(PSO)-based approaches were presented to generate optimal schedule. Furthermore, [19] applied
differential evolution to the GMS problem.

However, these heuristic-based approaches for the GMS problem can converge to a local optimal
solution in a power system, unlike mathematical programming techniques. In this study, a mixed integer
polynomial programming transformation technique [20,21] is adopted to transform the non-linear form
of the GMS problem to a linear form and enable the use of the mathematical programming techniques.

The proposed GMS method is divided into a feasibility check stage for the constraints of the
must-run and blackstart units and a maintenance scheduling stage. The feasibility check is performed
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based on an optimization problem with few constraints; i.e., the must-run and blackstart unit constraints
and the maintenance schedule constraints. In the scheduling stage, the maintenance schedule is
determined using the results of the feasibility check stage. Thus, the GMS problem is optimized subject
to the constraints of the reliability-based DR, must-run units, and blackstart units.

The remainder of this paper is organized as follows. In Section 2, the formulation of the
GMS problem considering the reliability-based DR, must-run units, and blackstart units is presented.
In Section 3, the proposed GMS algorithm is presented. Finally, the results of a case study demonstrating
the effectiveness of the proposed GMS method are presented in Section 4.

2. GMS Problem Incorporating Reliability-Based DR, Must-Run Units, and Blackstart Units

In this section, mathematical models of the reliability-based DR, must-run units, and blackstart units
are proposed for the GMS problem. The GMS problem incorporating these factors is then formulated.

2.1. Reliability-Based DR Model for the GMS Problem

Reliability-based DR should only be used in the case of supply reserve deficiencies caused by
generator maintenance or a high peak load. In this study, the supply reserve check constraint for load
reduction of the reliability-based DR is formulated as follows:∑

i

Pi,d
(
1−Xi,d

)
− Ld ≥ R(1−Yd) −K∞Yd (1)

∑
i

Pi,d
(
1−Xi,d

)
− Ld ≤ R·Yd + K∞(1−Yd) (2)

where Pi,d is the capacity of generator i on day d; Xi,d is the binary variable for the maintenance status
of generator i on day d, which is 1 if generator i is under maintenance on day d and 0 otherwise; Ld is
the peak load on day d; R is the minimum supply reserve requirement for the power system; Yd is the
binary variable for the check of the supply reserve deficiency and load reduction event occurrence;
and K∞ is the upper bound of

∑
Pi,d(1 − Xi,d) − Ld.

If Yd is 0, constraint (1) ensures that the supply reserve on day d is larger than R with constraint
(2), which is redundant. If Yd is 1, constraint (2) ensures that the supply reserve on day d is lower than
R with constraint (1), which is redundant.

The reliability-based DR is generally available for load reduction within a limited number of
reduction events, which is predetermined in the scheduling period. In addition, even if the supply
reserve is always larger than R during the scheduling period, a load reduction event may occur for
performance testing. In this study, the constraints on the number of load reduction events for the
reliability-based DR are expressed as follows:∑

d

Yd ≤ Nmax
DR (3)

Yd + YTest
d ≤ 1 (4)

where YTest
d is the binary value for load reduction caused by the reliability-based DR performance test;

and Nmax
DR is the maximum number of load reduction events that can occur during the scheduling period.

2.2. Must-Run Unit Constraints for the Power System in the GMS Problem

In a power system, must-run units to maintain the security of power system are selected based on
the analysis results for power system security [22]. Must-run units must always be on-line according
to the required number of must-run units in the power system.

The number of generators that can be used as must-run units should always be greater than the
number of required must-run units in the local power system. In order to incorporate this requirement
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within the GMS problem, the mathematical model for the number of must-run units is expressed
as follows: ∑

n
Cg,n,d +

∑
i∈g,i<CCTg

(
1−Xi,d

)
≥ Ng (5)

where g is the set of generators in the local power system that requires the must-run units; CCTg is the
set of turbines of the combined cycle generator in g; Cg,n,d is the number of combined cycle generators
considered as must-run units on day d, which is determined by the maintenance status of the turbines
in the n-th combined cycle generator in g; and Ng is the number of required must-run units in g.

The combined cycle generator consists of several turbines whose maintenance can be performed
separately. The capacity of the combined cycle generator varies depending on the maintenance schedule
of each turbine in the generator. Therefore, the number of combined cycle generators considered as
must-run units, Cg,n,d, should be determined by considering the maintenance schedule of each turbine.
In this study, Cg,n,d is formulated based on the ratio of the capacity of the combined cycle generator to
the predetermined reference capacity, as follows:

Cg,n,d >
1

Pcri
g,n

∑
i∈CCTg,n

Pi,d
(
1−Xi,d

)
− 1 (6)

Cg,n,d ≤
1

Pcri
g,n

∑
i∈CCTg,n

Pi,d
(
1−Xi,d

)
(7)

where CCTg,n is the set of turbines of the n-th combined cycle generator in g; and Pcri
g,n is a reference

capacity used for calculating Cg,n,d.

2.3. Blackstart Unit Constraint for the Power System in the GMS Problem

In general, a power system contains both primary and backup blackstart units for use in the event
of a wide-area blackout. Thus, simultaneous maintenance of the primary and backup blackstart units
in a power system should be prevented. The maintenance exclusion constraint for blackstart units is
expressed as follows:

NSBUh Xi,d +
∑

k∈SBUh

Xk,d ≤ NSBUh (8)

where MBUh and SBUh are the sets of primary and backup blackstart units in area h, respectively; and
NSBUh is the number of backup blackstart units in h.

2.4. GMS Problem Formulation Considering Reliability-Based DR, Must-Run Units, and Blackstart Units

The objective when solving the GMS problem considered in this study is to determine maintenance
schedules for all generators in a power system that minimize the supply reserve variation [3–5]. The
reliability-based DR, must-run units, and blackstart units employed for power system reliability
can affect the result of the GMS problem. Therefore, it is necessary to formulate the GMS problem
considering the various constraints for these three factors. In this subsection, the GMS problem
is formulated based on the proposed models (1)–(8) for the reliability-based DR, must-run units,
and blackstart units and the formulation described in [3–5]. In this study, the historical aggregate
hourly output from renewable generation is analyzed on a monthly basis to estimate the aggregate
hourly output of renewable generation for the GMS problem.

The objective function [5] for the GMS problem is expressed as follows:

Minimize
∑

d

∑
i

Pi,d −
∑

i

Xi,dPi,d − Ld

2

. (9)
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The optimization problem for determining the generator maintenance schedule should be solved
subject to the following constraints:

• Supply reserve requirement constraint∑
i

Pi,d
(
1−Xi,d

)
≥ Ld + R− PDR

(
Yd + YTest

d

)
, ∀d (10)

where PDR is the effective capacity of the reliability-based DR during the scheduling period, which
represents the reliability-DR capacity adjusted by the historical performance data for the load
reduction of the reliability-based DR.

• Maintenance window constraints ∑
d<Mi, j

Xi, j,d = 0, ∀ j ∈ OPi, ∀i (11)

Xi,d =
∑

j∈OPi

Xi, j,d, ∀i, d (12)

where Mi,j is the time set in which the maintenance for the j-th schedule of generator i may be
performed, termed an adjustable period in this paper; Xi,j,d is the binary variable for the status of
the j-th maintenance schedule for generator i on day d; and OPi is the set of maintenance schedules
of generator i.

• Maintenance outage duration constraints

d+Di, j−1∑
k=d

Xi, j,k ≥ Di, jsi, j,d, ∀ j ∈ OPi, ∀i, d (13)

∑
d∈Mi, j

Xi, j,d = Di, j, ∀ j ∈ OPi, ∀i, d (14)

si, j,d − fi, j,d = Xi, j,d −Xi, j,d−1, ∀ j ∈ OPi, ∀i, d (15)

si, j,d + fi, j,d ≤ 1, ∀ j ∈ OPi, ∀i, d (16)

where Di,j is the maintenance outage duration in the j-th maintenance schedule for generator
i; and si,j,d and fi,j,d are the binary variables for the beginning and end of the j-th maintenance
schedule for generator i on day d, respectively.

• Maintenance exclusion constraint ∑
i∈gs

Xi,d ≤ 1, ∀gs, d (17)

where gs is the set of generators for which simultaneous maintenance is impossible.
• Sequence and interval constraint for maintenance schedules∑

(k,l)∈gp

sk,l,d+αk,l
= Ngpsi, j,d, ∀gp, d (18)

where gp is the set of maintenance schedules of the generators for which the sequence and interval
for maintenance must be maintained; αk,l is the interval between the l-th maintenance schedule of
generator k and the j-th maintenance schedule of generator i; and Ngp is the number of generators
in gp.



Energies 2019, 12, 1646 6 of 14

• Must-run unit constraints ∑
n

Cg,n,d +
∑

i∈g,i<CCTg

(
1−Xi,d

)
≥ Ng, ∀g, d (19)

Cg,n,d >
1

Pcri
g,n

∑
i∈CCTg,n

Pi,d
(
1−Xi,d

)
− 1, ∀g, n, d (20)

Cg,n,d ≤
1

Pcri
g,n

∑
i∈CCTg,n

Pi,d
(
1−Xi,d

)
, ∀g, n, d. (21)

• Blackstart unit constraint

NSBUhXi,d +
∑

k∈SBUh

Xk,d ≤ NSBUh , ∀i ∈MBUh, ∀h, d. (22)

Equations (1)–(4) are regarded as constraints for the GMS problem considering the reliability-based
DR, must-run units, and blackstart units.

The GMS problem is formulated as a mixed integer non-linear programming problem because of
the quadratic terms in the objective function (9). The non-linearity can reduce the convergence rate of
the GMS problem.

3. GMS Method Based on Transformation of Mixed Integer Polynomial Programming with
Constraints for Reliability-Based DR, Must-Run Units, and Blackstart Units

The formulation of the GMS problem is non-linear due to the non-linear objective function. In this
section, the GMS-problem objective function (9) is transformed into a linear form. In addition, a GMS
algorithm is proposed that incorporates the various constraints for the reliability-based DR, must-run
units, and blackstart units.

3.1. Formulation of the GMS Problem Objective Function Using the Transformation of Mixed Integer
Polynomial Programming Method

The GMS problem is formulated as a non-linear programming problem owing to the non-linear
objective function (9). However, as the non-linear formulation increases the problem complexity,
a low-convergence problem is induced in the maintenance scheduling optimization.

In order to resolve this low-convergence problem, transformation of mixed integer polynomial
programming [20,21] for linear transformation is used to convert the non-linear objective function
(9) into a linear form. Specifically, slack variables are used for this purpose. The objective function
reformulated using slack variables can be expressed as follows:

Minimize
∑

d


∑

i

Pi,d − Ld

2

− 2

∑
i

Pi,d − Ld

∑
i

Xi,dPi,d +
∑

i

Zi,d

 (23)

where Zi,d is the slack variable for linearization of the objective function.
In addition, the equivalency of Equations (9) and (23) is expressed by adding the constraints that

define Zi,d in the maintenance scheduling problem, as follows:

Pi,d

NG∑
m=1

Pm,dXm,d + Kmin
(
1−Xi,d

)
≤ Zi,d, ∀i, d (24)
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Pi,d

NG∑
m=1

Pm,dXm,d + Kmax
(
1−Xi,d

)
≥ Zi,d, ∀i, d (25)

KminXi,d ≤ Zi,d ≤ KmaxXi,d, ∀i, d (26)

where NG is the number of generators in the power system; and Kmin and Kmax are the lower and upper
bounds for Pi,d

∑
Pm,dXm,d, respectively.

If Xi,d is 1, constraints (24) and (25) ensure that Zi,d = Pi,d
∑

Pm,dXm,d with constraint (26), which
is redundant. If Xi,d is 0, constraint (26) ensures that Zi,d = 0 with constraints (24) and (25), which
are redundant.

3.2. GMS Algorithm Considering Constraints for Reliability-Based DR and Power System

The GMS algorithm considering various constraints for the reliability-based DR and the power
system is presented in this section. In the proposed algorithm, the input data include data for
the maintenance schedule of each generator (including adjustable periods and maintenance outage
duration), which are provided by the generator companies, a generator/transmission expansion plan,
the capacity of each generator, the forecasted daily peak load, and historical data for peak load reduction
due to the reliability-based DR and several power system constraints.

The generator maintenance schedule can be determined by performing optimization using the
input data, the aforementioned mathematical model (1)–(4), and (10)–(22). However, if the maintenance
scheduling problem is solved using only the aforementioned model, it can be difficult to confirm
whether the maintenance schedules meet the constraints for the must-run or blackstart units. In order
to clarify this point, feasibility checks for the must-run and blackstart unit constraints are performed
before solving the GMS problem via the proposed algorithm.

The feasibility check is based on the optimization method and performed separately for each
generator group, which consists of must-run or blackstart units. In the optimization problem for
the feasibility check, the constant value “0” is used as the objective function, because the objective
of the problem is to check the constraint feasibility, rather than that of the objective function. The
feasibility check problems for the must-run and blackstart units should be solved subject to the
following respective constraints:

• Feasibility check problem constraints for must-run units:

• Maintenance window constraints: (11), (12);
• maintenance outage duration constraints: (13)–(16);
• maintenance exclusion constraint: (17);
• sequence and interval constraint for maintenance schedules: (18);
• must-run unit constraints: (19)–(21).

• Feasibility check problem constraints for blackstart units:

• Maintenance window constraints: (11), (12);
• maintenance outage duration constraints: (13)–(16);
• maintenance exclusion constraint: (17);
• sequence and interval constraint for maintenance schedules: (18);
• blackstart unit constraints: (22).

A generator group that does not satisfy the must-run or blackstart unit constraints can be
confirmed by solving the proposed feasibility check problem, with the scheduler then being notified
of the results. The scheduler can revise the adjustable periods of the maintenance schedule for the
generators in the group that do not satisfy the constraints, and perform the proposed feasibility check
again. If the adjustable periods of the maintenance schedule are not revised, the must-run or blackstart
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unit constraints for the group of generators violating the constraints are not considered in the GMS
optimization problem. This ensures the robustness of the proposed algorithm.

In order to obtain the optimal schedule, the GMS optimization based on a branch and cut
algorithm [23] is performed by considering the results of the feasibility check for the must-run and
blackstart units. First, YTest

d is assumed to be 0. In the GMS optimization problem, Equation (23) is
used as the objective function and Equations (1)–(4), (10)–(22), and (24)–(26) are used as the constraints.
From the solutions of the GMS optimization problem, the value of YTest

d to minimize the supply reserve
variation can be derived using the following Equation (27) for the load reduction test. Then, with new
YTest

d , GMS optimization is re-performed to obtain the generator maintenance schedule.∑
d∈TDRa

YTest
d = NTest

DR,a (27)

where NTest
DR,a is the required number of load reduction events during the a-th performance test period.

The flowchart of the proposed GMS algorithm that considers the constraints for the reliability-based
DR and the power system is shown in Figure 1.
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Figure 1. Flowchart of proposed generator maintenance scheduling (GMS) algorithm.

4. Test Results

In this section, the results of a case study are presented to demonstrate the effectiveness of the
proposed GMS method. The proposed method was applied to GMS of approximately 240 generators
in the Korean power system, with the test year set to 2016. The generator scenario for the case study
was based on the long-term generator expansion plan in Korea [24]. The data for the GMS, which
included the initial schedule, the adjustable period, and the maintenance duration provided by the
generator corporation, were obtained from Korea Power Exchange (KPX). The generator capacity
data was based on historical data from 2014. The forecast daily load data for 2016 and the historical
peak load reduction data for the reliability-based DR obtained from KPX were also considered in
this case study. In addition, it was assumed that performance testing for the reliability-based DR
was performed once in February and once in July. Table 1 shows the number and total capacity of
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generators, the effective capacity of the reliability-based DR PDR, and the minimum supply reserve
requirement R in 2016. Figure 2 shows the forecasted daily system peak load data in 2016.

Table 1. Data for generators, reliability-based demand response (DR), and supply reserve requirements.

Generator Effective Capacity (PDR)
of Reliability-Based DR

Supply Reserve
RequirementNumber Total Capacity

242 98.7 GW 1.3 GW 5000 MWEnergies 2017, 10, x FOR PEER REVIEW  9 of 12 
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Figure 2. Forecasted daily peak load.

A total of six must-run units were considered in this case study in order to provide security for
the Korean power system. Their details are listed in Table 2. The must-run units were divided into two
groups, depending on their locations and characteristics. In the case study, the number of required
must-run units (Ng) for each group and the reference capacity (Pcri

g,n) for the combined cycle generator
in group 2 were 2 MW and 250 MW, respectively.

Table 2. Must-run unit information.

Group
Number

Must-Run
Unit Capacity Number of Required

Must-Run Units

Reference Capacity for
Combined Cycle

Generator

1
Coal-fired#1 250 MW

2 -Coal-fired#2 250 MW
Coal-fired#3 329 MW

2
Combined-cycle#1 526 MW

2 250 MWGas-turbine#1 286 MW
Coal-fired#3 329 MW

The blackstart units were also considered in the case study. The test system was divided into seven
areas for the blackstart service, with two primary blackstart units in each area. The number of backup
blackstart units was three in two of the seven areas and two in the remaining five areas. In the case
study, the fact that generators connected to the same bus and with similar characteristics as a blackstart
unit could provide the blackstart service instead of the local blackstart units was also considered.

The following cases were compared to demonstrate the effectiveness of the proposed method.
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(1) Case 1: The maintenance schedule results for the 2016 Korean power system reported in [25]
were used;

(2) Case 2: The optimal maintenance schedule results for the 2016 Korean power system were
determined using the generator maintenance scheduling method proposed in this study.

Tables 3 and 4 show the results of the feasibility check of the must-run units performed by the
proposed method. It is apparent that the initial adjustable maintenance periods (column 1 in both
tables) for generators in both groups could not satisfy the must-run unit constraint for the GMS problem.
Thus, in order to solve this problem, the maintenance scheduler revised the adjustable maintenance
periods by obtaining new adjustable periods from the generator companies. The revised periods
(column 2 in both tables) were used for the maintenance schedule determined by the proposed method.

Table 3. Results of feasibility check for must-run units in Group 1.

Units Adjustable Period Revised Period

Coal-fired#1
2016.03.21–2016.05.02 2016.02.25–2016.04.04
2016.09.20–2016.10.07 2016.09.10–2016.09.22

Coal-fired#2
2016.05.19–2016.06.03 2016.05.19–2016.06.03
2016.10.22–2016.12.04 2016.10.22–2016.12.04

Coal-fired#3
2016.03.25–2016.04.11 2016.04.25–2016.05.12
2016.09.30–2016.10.21 2016.09.30–2016.10.21

Feasibility
Infeasible

(Simultaneous maintenance of
Coal-fired#1 and Coal-fired#3)

Feasible

Table 4. Results of feasibility check for must-run units in Group 2.

Units Adjustable Period Revised Period

Combined-Cycle#1 2016.04.07–2016.04.16 2016.04.05–2016.04.14

2016.05.13–2016.05.15 2016.05.13–2016.05.15

Gas-Turbine#1 2016.04.18–2016.04.27 2016.04.15–2016.04.24

Coal-Fired#3 2016.03.25–2016.04.11 2016.04.25–2016.05.12

Feasibility

Infeasible
(Simultaneous maintenance of

Combined-cycle#1 and
Coal-fired#3)

Feasible

Figure 3 shows the monthly average supply reserve in 2016, which indicates that the average
supply reserve for the month with the lowest reserve is higher than that in Case 1. Moreover, the total
supply reserves differ between Case 1 and Case 2 because of a change in the generator capacity due to
temperature variations. Case 2 achieves a higher supply reserve than Case 1.

In the peak period in Korea (January, February, July, August, and December), generator
maintenance was rarely performed. During this peak period, the supply reserve obtained for
Case 1 was similar to that for Case 2. In addition, after the peak period, a number of generator outages
occurred for maintenance. In Case 1, most maintenance tended to be performed immediately after the
peak period; for example, in March, April, and September. In Case 2, however, maintenance tended to
be performed when the supply reserve was high.
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Figure 4 shows the change in the supply reserve by reliability-based DR resources. It can be
observed from the results in Figure 4 that the supply reserve increase occurs due to the reliability-based
DR resources when the supply reserve was low during January and August. In addition, as January
and August represent the peak period in Korea, only a few hydro unit maintenance schedules are
adjusted. These results show that the GMS results considering the reliability-based DR resources had
an impact on the minimization of supply reserve variation.
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Figure 4. Change in the supply reserve according to reliability-based DR resources.

Table 5 shows a comparison of the number of adjusted generator maintenance schedules in Cases
1 and 2, which indicates a greater number for Case 2. In addition, the number of adjusted maintenance
schedules for the must-run and blackstart unit constraints was equal to that obtained for Case 1. The
majority of maintenance schedules were adjusted to reduce the supply reserve variation. The number
of adjusted maintenance schedules for coal-fired units increased from 10 (Case 1) to 16 (Case 2). The
number of adjusted maintenance schedules for hydro units and combined cycle generator units also
increased from 38 (Case 1) to 52 (Case 2).
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Table 5. Comparison of number of adjusted generator maintenance schedules for Cases 1 and 2.

Case Total Number
of Schedules

Number of Adjusted Schedules
Adjustment

RateFor Must-Run
Unit Constraints

For Blackstart
Unit Constraints

For Supply Reserve
Variation Reduction

Case 1
389

9 0 48 15%
Case 2 9 0 68 20%

In order to examine how the change in the forecasted daily peak load influenced the outcome of
this study, another case study was conducted for the 5% reduced forecasted daily peak load. Figure 5
shows the monthly average supply reserve for the change in the forecasted daily peak load. For the
5% reduced forecasted daily peak load, it can be observed from the results shown in Figure 5 that the
supply reserve variation was reduced and the supply reserve was approximately 10% higher than that
of Case 2.
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In order to examine how the transformation of the mixed integer polynomial programming
method influenced the convergence of the GMS problem, the result obtained using the proposed
method was compared with that obtained using the MINLP algorithm based on the branch-and-cut
algorithm. Equation (9) was applied as an objective function of the GMS problem using the MINLP
algorithm. Table 6 shows that the solution of the MINLP algorithm was infeasible because the
maintenance exclusion constraint was violated, whereas a feasible solution satisfying all constraints
was obtained by using the proposed method. Moreover, the computation time of the proposed method
was faster than that of the MINLP algorithm.

Table 6. Comparison of results obtained using the proposed method and the mixed integer non-linear
programming (MINLP) algorithm.

Case Value of Objective
Function

Computation
Time Feasibility

Case w/proposed method
(Case 2) 1.90 × 1011 10 s Feasible

Case w/MINLP 1.88 × 1011 130 s Infeasible
(Some constraints are violated)
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From these results, it is apparent that the proposed method is effective for determining the optimal
maintenance schedule to minimize the supply reserve variation.

5. Conclusions

A GMS method that incorporates reliability-based DR, must-run units, and blackstart units is
required for the stable and efficient operation of a power system. Therefore, in this study, a GMS method
was developed using transformation of mixed integer polynomial programming that considers several
constraints related to reliability-based DR, must-run units, and blackstart units. Reliability-based DR
can be incorporated into the GMS problem using the proposed reliability-based DR model, and an
efficient maintenance schedule considering the capacity provided by the DR can be determined by the
proposed method. In addition, the proposed GMS algorithm consists of two stages: A feasibility check
stage for the must-run and blackstart unit constraints and a GMS stage employing the transformation
of mixed integer polynomial programming. Generators that do not satisfy the must-run or blackstart
unit constraints can be found by solving the proposed feasibility check problem. The proposed method
is designed to resolve the low-convergence problem caused by the non-linear formulation of the GMS
problem in a power system with a number of generators. The test results show that the proposed
scheduling method has great potential for reducing the supply reserve variation.

The supply reserve requirements can be satisfied, and both the fuel cost and market price can
be lowered by levelizing the supply reserve margin in the power system. Due to these advantages,
GMS has been implemented in the Korean power system in order to levelize the reserve. However,
the generator corporation may provide narrow adjustable periods for generator maintenance because
the market price can be reduced by maintenance scheduling. This may reduce the effect of the proposed
GMS method. Therefore, further study is required to consider this limitation on the GMS.
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