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a b s t r a c t

Maintenance of generation units is a measure to ensure the reliability of power systems. In this paper, a
novel blockchain-based truthful condition-based maintenance of generation units (T-CBMGU) platform
is proposed to innovate and upgrade state-of-the-art CBMGU. In addition, two valid inequalities are
proposed to accelerate the convergence speed of Benders decomposition in maintenance scheduling
process. The proposed valid inequalities are formulated based on technical/physical analysis and
greedy-based heuristic initialization. More specifically, for data acquisition and failure rate diagno-
sis/prognosis processes, T-CBMGU can ensure the immutability of the collected operational data.
In this way, the influence of tampered data on the diagnosis/prognosis results in state-of-the-art
CBMGU can be reduced. For maintenance scheduling and bidding to change scheduled time slot
processes, in state-of-the-art CBMGU, the decision makers, i.e., independent system operators (ISOs),
may not be trusted. However, in T-CBMGU, the scheduling and bidding processes are implemented
automatically via smart contracts rather than by the ISOs; as such, incentives to manipulate data
can be avoided. Finally, regarding performance of maintenance actions, in contrast to state-of-the-
art CBMGU, the implementation process can be truthfully recorded by the T-CBMGU platform, which
facilitates backtracking of responsibility. Then, the T-CBMGU platform and the valid inequalities are
tested for the IEEE 300-bus power system. Furthermore, cases with tampered data and distrust caused
by fairness manipulation are simulated to show the importance of using T-CBMGU. Finally, the Benders
decomposition algorithm with valid inequalities is compared with other solvers to demonstrate its fast
convergence speed.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
c

1. Introduction

Maintenance is a necessary measure for ensuring the reliabil-
ty of power systems (Fu et al., 2020; Toubeau et al., 2021). A
aintenance decision-making strategy based on the evaluation
f the condition of the components is called condition-based
aintenance. Mainly, condition-based maintenance of power sys-

ems can be categorized as short-term when determining the
aintenance schedule for the upcoming days or weeks, mid-

erm for the upcoming several weeks or months, and long-term
or the upcoming several months or years (Alvarez-Alvarado and
ayaweera, 2020). The scope of this paper is long-term condition-
ased maintenance of generation units.
In deregulated power transmission networks, the generation

ompanies, equipment manufacturers, transmission companies,
nd the independent system operators (ISOs) may be different
ntities. Sometimes these entities have to share their data for

∗ Corresponding author.
E-mail address: J.Fu-1@tudelft.nl (J. Fu).
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cooperative tasks. These tasks are essential for operating the
transmission network safely and economically, e.g., condition-
based maintenance of generation units (CBMGU). However, since
the shared data for cooperative tasks may be tampered with,
other entities may receive tampered data that may influence the
final outcomes of the cooperative tasks. Thus, to make the entities
trust the shared data in the CBMGU tasks, data security should be
ensured as the most basic requirement for the cooperative tasks.
Consequently, this paper proposes a truthful maintenance plat-
form for CBMGU to ensure data security among all the processes
of CBMGU.

Generally, long-term state-of-the-art CBMGU mainly encom-
passes five processes: acquisition of operational data, failure rate
diagnosis/prognosis, maintenance scheduling, bidding to change
the scheduled time slots,1 and performance of the maintenance
actions. All five processes of state-of-the-art CBMGU have been

1 While some authors do not consider such a rescheduling process, the
urrent paper does include a rescheduling step, just as Wang et al. (2016) and
eng and Wang (2009).
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Comparison between state-of-the-art CBMGU and the proposed T-CBMGU.
Processes State-of-the-art CBMGU Proposed T-CBMGU

1. Acquisition of
operational data
2. Failure rate
diagnosis/prognosis
3. Performance of
maintenance actions

1. Stored data can be
tampered with
2. Stored data may be
lost or deleted.
3. Sharing data with
low efficiency.
4. Responsibility cannot
be easily backtracked.

1. Stored data are
immutable and
trustworthy.
2. Loss of stored data
is unlikely.
3. Sharing data with
efficiency.
4. Responsibility can be
easily backtracked.

1. Scheduling of
maintenance actions
2. Bidding to change
scheduled
time slots

1. ISOs schedule the
maintenance actions.
2. Actions that
compromise fairness
may occur.
3. Inefficient decision
making processes due
to manual work.

1. Decisions making via
smart contract.
2. No actions that
compromise the
fairness.
3. Less manual work.

widely studied in the literature (Wang et al., 2016; Feng and
Wang, 2009; Yildirim et al., 2016; Fallahi et al., 2021; Hsu et al.,
2020; Moinian and Ameli, 2020; Rokhforoz et al., 2021; Ogieva
et al., 2015).

Among the five processes of state-of-the-art CBMGU, three
rocesses are related to data storage and sharing, i.e., the ac-
uisition of operational data, the failure rate diagnosis/prognosis,
nd the performance of maintenance actions. In these three pro-
esses, the collected operational data, the failure rate diagno-
is/prognosis results, and the maintenance action performance
ogs are recorded in the data storage center. However, using a
ata storage center may face these drawbacks. First, the data can
e tampered with by hackers or personnel of the data storage
enter. Furthermore, the stored data may be lost or physically
liminated. Tampered and lost data can influence the diagno-
is/prognosis results and the trained learning-based failure rate
rediction model. Second, the identity verification process for
ata sharing is characterized by a low efficiency, especially due to
anual verification. Third, since the data can be tampered with
nd lost, the data are hard to backtrack, as is the responsibility
f, e.g., the maintenance implementer.
The other two processes among the five relate to decision

aking, i.e., scheduling of maintenance actions and bidding to
hange scheduled time slots. The decision making processes are
anaged by the ISOs. In the power system maintenance literature
nd in industry, these ISOs are assumed to be trusted. However, it
annot be guaranteed that ISOs can schedule maintenance actions
nd hold the bidding processes totally fairly. GENCOs may ma-
ipulate the fairness of the bidding processes by e.g., bribes and
lackmails, and tamper with the bidding prices of other GENCOs
o obtain benefits. Moreover, it is time-costly for a human team
o, e.g., manually verify the identity of the GENCOs, especially
hen many GENCOs are involved.
Table 1 presents the drawbacks of state-of-the-art CBMGU.

n this paper, a blockchain-based truthful CBMGU (T-CBMGU)
latform is proposed to tackle these drawbacks. A blockchain is
chain of blocks that are linked via cryptography (Lycklama à
ijeholt et al., 2017). A block contains the data to be stored
nd hash points for encryption. Important features of blockchains
nclude immutable data, no centralized authority, and traceable
ata (Chatterjee and Chatterjee, 2017).
T-CBMGU has three main advantages over state-of-the-art CB-

MGU. First, since data are stored on the nodes (participants) of
the blockchain without referring to a data storage center, it is
difficult to tamper with the stored data (Jiang et al., 2020). If
the data on one node are tampered with, other nodes can verify
9778
the tampered data. Consequently, the stored data in the blocks of
the blockchain are immutable. Second, data sharing can be more
efficient since time-consuming processes, such as, identity veri-
fication, can be performed automatically. Furthermore, because
of the immutability of the data and asymmetric cryptography
(see Remark 1 in Section 3), data sharing is secure. Third, the
scheduling and bidding processes can be implemented by smart
contracts without involving a third party (Yu et al., 2021; Sharma
et al., 2019). The smart contract is designed by the participants of
the blockchain to automatically drive decision making processes.
Thus, actions that compromise fairness can be avoided.

Moreover, the maintenance scheduling problem is a mixed-
integer quadratic programming (MIQP) problem that is time-
costly to solve. In the literature, Benders decomposition is widely
leveraged for solving mixed-integer programming problems, es-
pecially when after fixing the integer variables, the remaining
problem is convex (Helseth et al., 2018). In the literature, to tackle
the slow convergence of Benders decomposition, acceleration
methods, e.g., valid inequalities (Rodriguez et al., 2018), approx-
imation (e.g., rounding Nowak, 2005, relaxation induction Wang
et al., 2015, and outer approximation Alizadeh et al., 2021) have
been studied. Among them, valid inequalities can efficiently ac-
celerate the convergence process of Benders decomposition. Valid
inequalities are usually designed for specified problems based
on technical/physical analysis of the given problem. Regarding
the use of valid inequalities in the maintenance scheduling of
generation units, a methodology is proposed in Rodriguez et al.
(2018) for hydrogenerators. The proposed valid inequalities are
tailored for hydrogenerators. Thus, this paper proposes two valid
inequalities tailored for accelerating Benders decomposition for
CBMGU in power systems.

The contributions of the current paper are:

• A truthful maintenance platform is proposed for generation
units in power systems. By using the proposed T-CBMGU
platform, the stored data can be immutable, the data sharing
can be efficient and secure, and the decision-making can be
fair (see Table 1 for details).

• Maintenance scheduling problems are time-costly MIQP
problems. Thus, two novel dedicated valid inequalities based
on technical/physical analysis and greedy-based heuristic
initialization are proposed for accelerating the convergence
speed of Benders decomposition.

The remainder of this paper is organized as follows. Sec-
tion 2 reviews the literature on the relevant topics of this paper.
Section 3 explains the processes of state-of-the-art CBMGU. Sec-
tion 4 describes the T-CBMGU platform. Section 5 explains the
blockchain implementation in the T-CBMGU platform. In Sec-
tion 6, a Benders decomposition algorithm with valid inequalities
is proposed. In Section 7, a case study based on the IEEE 300-
bus system is presented to show the importance of the proposed
T-CBMGU by comparing its performance with that of state-of-
the-art CBMGU that is affected by fairness manipulations and
tampered data. Finally, in Section 8, conclusions are presented
and further research is discussed.

2. Related work

In the literature, blockchain technology has been widely ap-
plied in various fields, e.g., truthful market design (Antal et al.,
2021; Yapa et al., 2021). For example, in Esmat et al. (2021),
Ethereum, a blockchain platform is leveraged in a decentralized
power market. The prosumers can trade energy peer-to-peer con-
veniently via the smart contract of Ethereum without involving
a third party. In Shaikh et al. (2022), a secure blockchain-based
platform is designed for educational credential evaluation. The
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cademic credentials are generated, verified, and validated via
his platform. In Butt et al. (2022), blockchain is applied to sharing
edical service records between different clinical jobs. In Mrissa
t al. (2022), an edge computing platform is designed for decen-
ralized household air quality monitoring devices for ensuring
ata security. In Ling et al. (2019), a blockchain-based radio
ccess network is proposed for truthful network management
nd authentication. In Strepparava et al. (2022), the resources
equire for leveraging blockchain in decentralized local energy
arkets are studied. In Xie et al. (2022), a transaction platform

or the energy storage market is proposed. By using blockchain
echnology, the platform can be secure and transparent.

However, there are only a few articles in the literature on
everaging blockchain in the maintenance industry. For example,
n Chang et al. (2021), a knowledge-sharing platform is designed
ased on blockchain for maintaining a honing machine system
ith multiple components. The degradation knowledge of the
omponents can then be shared securely. In Aleshi et al. (2019),
lockchain is applied to formulate an aircraft maintenance log-
ook that cannot be tampered with or destroyed. In Abbas et al.
2020), blockchain is applied to the maintenance of rolling stock,
nd the truthfulness of the business logic and data is enhanced.
ll these articles in the literature use blockchain in mainte-
ance for truthful data storing and sharing. However, the use
f blockchain in CBMGU has not yet been studied. Moreover,
ruthful data storage and sharing are not sufficient for CBMGU
ince CBMGU also involves decision-making processes in which
ctions that compromise fairness, e.g., fairness manipulation, may
ccur. Thus, in this paper, to address the drawbacks of state-of-
he-art CBMGU, the T-CBMGU platform is proposed and designed
or all five CBMGU processes.

Moreover, the maintenance scheduling problem is an MIQP
roblem that is time-costly to solve. In the literature, Benders
ecomposition is widely leveraged for solving mixed-integer pro-
ramming problems, especially when after fixing the integer vari-
bles, the remaining problem is convex (Helseth et al., 2018).
n the literature, to tackle the slow convergence of Benders de-
omposition, acceleration methods, e.g., valid inequalities (Ro-
riguez et al., 2018), approximation (e.g., rounding Nowak, 2005,
elaxation induction Wang et al., 2015, and outer approxima-
ion Alizadeh et al., 2021) have been studied. Among them, valid
nequalities can efficiently accelerate the convergence process of
enders decomposition. Valid inequalities are usually designed
or specified problems based on technical/physical analysis of
he given problem. Regarding the use of valid inequalities in
he maintenance scheduling of generation units, a methodol-
gy is proposed in Rodriguez et al. (2018) for hydrogenerators.
he proposed valid inequalities are tailored for hydrogenera-
ors. Thus, this paper proposes two valid inequalities tailored
or accelerating Benders decomposition for CBMGU in power
ystems.

. State-of-the-art CBMGU platform

The work processes of state-of-the-art CBMGU are shown in
ig. 1. In Fig. 1, the labels in yellow boxes identify the processes;
he labels in blue boxes indicate the categories of data that are
tored in the data banks; and the arrows represent the input or
utput directions of the data flows. Regarding the data banks used
o store the data, the data banks in red represent the stored data
hat are related to one generation unit. Maintenance of generation
nits usually involves multiple generation units. However, for
implification, data banks for other generation units in CBMGU
re not included in Fig. 1. CBMGU is implemented periodically,
nd each period of which the length is several months for long-
erm CBMGU corresponds to a time step. Regarding maintenance
9779
scheduling, this paper adopts a receding horizon mechanism.
Maintenance scheduling is performed for one prediction horizon
that always includes multiple time steps, but only the mainte-
nance actions of the scheduling results for the first time step are
performed; subsequently, one proceeds to the next time step. The
duration of maintenance actions of generation units is expressed
in time slots of the long-term CBMGU (i.e., weeks). In Fig. 1, only
the work processes for one time step are shown since in other
time steps, the work processes repeat.

In Fig. 1, five processes are shown, i.e., acquisition of opera-
tional data, failure rate diagnosis/prognosis, maintenance
scheduling, bidding to change the scheduled time slots, and
performance of the maintenance actions.

In the first two processes, operational data of the components,
e.g., generators and turbines, are collected by sensors to obtain
the failure rates and to train the failure rate prediction models
of the components (Yildirim et al., 2016; Fallahi et al., 2021;
Hsu et al., 2020). For example, operational data are collected by
sensors and sent to a central data hub (Yildirim et al., 2016).
Afterwards, the failure rate is predicted based on the data in the
central data hub and Bayesian learning. In Fallahi et al. (2021),
a sensor-driven method and a Bayesian model are applied to
predict the remaining life of generators in microgrids. In Hsu et al.
(2020), operational data and historical data are leveraged to train
predictive degradation models for wind turbines using random
forest and decision tree algorithms.

In the third process, the maintenance actions are scheduled by
a centralized organization, i.e., an independent system operators
(ISO). The ISO aims at maximizing the generation benefits and/or
minimizing the maintenance costs for all generation units it man-
ages while ensuring power system reliability (Moinian and Ameli,
2020; Rokhforoz et al., 2021).

In the fourth process, since the scheduled maintenance actions
in the third process (overall optimal schedule) may conflict with
the individual benefit of the owners of generation units, i.e., gen-
eration companies (GENCOs), a bidding process for GENCOs to
change their scheduled time slots is managed by the ISO (Wang
et al., 2016; Feng and Wang, 2009).

In the fifth process, the maintenance logs, the material con-
sumption situation, and the implementer information, among
other information, are recorded for management and to keep the
know-how in the company (Ogieva et al., 2015).

In these processes of state-of-the-art CBMGU, the data banks
may refer to data recorded on the paper lists, digital lists, or other
data formats. The data banks may be managed by some of the
entities involved in the maintenance processes, e.g., the ISO, or
data storage companies. Since the data stored in data banks may
be tampered with by cyber or physical attacks, the stored data
may not be trustworthy. In addition, since the decision-making
processes, i.e., maintenance scheduling and bidding to change the
scheduled time slots, are implemented by the ISOs, the results of
the decision-making processes may be influenced by, e.g., fairness
manipulation, etc. Thus, the decision-making results also may not
be trustworthy.

4. T-CBMGU platform

To make the stored data and the results of decision-making
processes trustworthy, we propose a blockchain-based T-CBMGU.
The work processes of the proposed T-CBMGU platform for one
time step are illustrated in Fig. 2.

In Fig. 2, at the beginning of the period corresponding to a
given time step, the operational data are collected by the sensors
on the components of generation units, e.g., exciters and turbines.
For each component of each generation unit, a block for storing
the operating data of this component is built and validated in the
blockchain.
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Fig. 1. Work processes of the state-of-the-art CBMGU platform for one time step.

Fig. 2. Work processes of the T-CBMGU platform for one time step.
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After that, the operational data in the blockchain block for
ach component of each generation unit are extracted by the
orresponding manufacturing expert groups who provide or man-
facture the component. The manufacturing expert groups may
elong to the providers and/or the manufacturers of the compo-
ents of the generation units. They use their knowledge, numer-
cal models, and/or trained data-driven models to evaluate the
ailure rates of the components. Then, the block of the diagno-
is/prognosis results for each component is built and validated.
Afterwards, the power plant technician groups estimate the

aintenance costs and the maintenance durations according to
he data extracted from the blocks of operational data and failure
ate diagnosis/prognosis results. The estimation of the main-
enance costs is based on, e.g., the replacement costs of the
omponents, the costs for performing maintenance actions, and
he outsourcing fee (if applicable). The estimation of the mainte-
ance duration is based on, e.g., the arrangement and the internal
tructure of the generation units.
The block of the power system data is built by ISOs, including

he load, the reserved energy level, the electricity prices, and the
reakdown penalty fee.
The maintenance actions will be scheduled to minimize the

verall maintenance cost and to maximize the overall benefits
or all the generation units. Additionally, the scheduling prob-
ems include data extracted from previously built blocks, such as
he failure rate diagnosis/prognosis data, the evaluation data of
aintenance costs and durations, and the power system data as
arameters. Since this paper formulates maintenance scheduling
roblem as an MIQP problem, a Benders decomposition algorithm
ith acceleration techniques is proposed for solving the problems
ore efficiently. The smart contract, rather than ISOs, implements

his process automatically. Afterwards, the determined optimal
aintenance schedule is stored in one block.
Then, the GENCOs extract the optimal maintenance plan from

he block. According to scheduled time slots for performing main-
enance actions, if the GENCOs are not satisfied with their sched-
led maintenance actions, they can join in the bidding process
o change their scheduled time slots. The GENCOs who intend to
oin the bidding process should provide their bidding information,
ncluding the time slots in which they intend to maintain their
eneration units and the bidding price the GENCOs intend to pay
or changing their scheduled time slots. Then, each GENCO builds
block to store the bidding information (in Fig. 1, the blocks of
ENCOs are integrated as one block for saving space).
By extracting the bidding information, the final schedule for

erforming maintenance actions is determined with the objective
f maximizing the total amount of money bid by the GENCOs.
hen the ISOs will use the money to improve, e.g., the reliability
f the power system (Wang et al., 2016). The formulated bid-
ing problems are mixed-integer linear programming problems
hat can be solved efficiently by using the branch-and-bound
olvers. Similar to maintenance scheduling, bidding to change
cheduled time slots is also implemented automatically via the
mart contract. Then, the final maintenance schedule is stored in
ne block.
Finally, by extracting the final schedule, the maintenance im-

lementer perform maintenance actions on their corresponding
eneration units according to the final schedule. While perform-
ng the maintenance actions, the maintenance logs are recorded,
ncluding the materials that are used, information on the imple-
enter, on-the-spot measurements such as video and photos, and

nformation on new components for replacement. Then, blocks
re built to store the maintenance logs.
9781
5. Implementation of blockchain

A blockchain can be fully public or permission-based (Jiang
et al., 2021). Since the data stored in the blocks of T-CBMGU,
e.g., failure rates of generation units, can be considered sensitive
information, a permission-based blockchain is preferred.

In the T-CBMGU platform, the participants include the GEN-
COs, the providers or manufacturers of the components, the
power plant technician groups, the ISO, and the maintenance
implementers. When a new GENCO is founded or an existing
GENCO goes bankrupt, the ISO should verify the identity of the
new GENCO for participation or eliminate the bankrupted GENCO
from the list of participants in the T-CBMGU platform.

In Fig. 1, the participants extract the data from the built blocks.
After completing their individual tasks (e.g., failure rate diag-
nosis/prognosis), they build new blocks to store their obtained
results. The steps for building a block are as follows:

Step I In one process, the participant authenticates and de-
rypts the block(s) that store the data that are required by the
articipant (see Remark 1). Then, the participant extracts the data
nd starts its tasks, e.g., diagnosis.
Step II The participant packages the data that it intends to

tore in the block, which are usually the results of tasks obtained
n Step I, via a hash function. Then, it builds a block and encrypts
he block.

Step III The built block is broadcast to all the participants.
Step IV All the participants validate the block by reaching

onsensus with, e.g., the proof-of-work.
Step V The validated block is linked to the blockchain and

tored distributively.

emark 1. Encryption/decryption and authentication can be done
y asymmetric cryptography. In asymmetric cryptography, two
inds of keys, i.e., a public key and a private key, are used
or encryption/decryption and authentication. The public key is
ublished to all the participants, while the private key is kept only
y the participant itself.

Regarding encryption/decryption, when e.g., the owner of a
eneration unit intends to store the operational data of a compo-
ent into a block, the owner encrypts the block using the public
ey of the manufacturing expert group, and the manufacturing
xpert group can decrypt the block using its private key to extract
he operating data of the component. By doing so, except for the
wner of the generation unit and the manufacturing expert group
f the component, other participants cannot decrypt the block
o extract the operational data of the component. Hence, data
rivacy is guaranteed.
To determine whether, e.g., the extracted data truly originate

rom the corresponding generation unit, authentication can also
e implemented by asymmetric cryptography. The owner of the
eneration unit signs on the block with stored operational data
y using its private key. Then, the manufacturer expert group can
uthenticate the signature by using the public key of the owner
f the generation unit.

. Maintenance scheduling problem and benders decomposi-
ion with valid inequalities

In T-CBMGU, two decision making problems are solved, i.e.,
aintenance scheduling problem and bidding problem. This section

ocuses on the formulation and solution process of the mainte-
ance scheduling problem. The formulation of the bidding prob-
em is discussed in Wang et al. (2016). Bidding problems are
ixed-integer-linear programming problems that can be solved
fficiently by commercial solvers, e.g., CPLEX.
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.1. Problem formulation for maintenance scheduling

The objective of maintenance scheduling is to minimize the
verall costs and to maximize the overall benefits of the genera-
ion units. Consequently, the objective function is:

min
g,k,∆g,k,σg,k,ςg ,PGg,k

∑
g∈G

∑
k∈K

cmg δg,k/τg +

∑
g∈G

pgcpg (1−

∑
k∈K

δg,k/τg ) +

∑
g∈G

∑
k∈K

(
σg,kcstg,k+

∆g,k

(
cg2,g (P

G
g,k)

2
+ cg1,gP

G
g,k + cg0,g − cePG

g,k

) ) (1a)

here G is the set of generation units, K is the set of time slots
n one prediction window, δg,k equals 1 if the maintenance action
n generation unit g is performed in time slot k and equals 0
therwise, cmg is the maintenance cost for generation unit g , τg is
he maintenance duration for generation unit g , pg is the failure
ate of generation unit g . In this paper, the health condition of
he generation units is described by a failure rate. In (1a), cpg is
he penalty fee of a failure on generation unit g , σg,k equals 1 if
eneration unit g starts up in time slot k and equals 0 otherwise,
g equals to 1 if generation unit g is maintained, cstg,k is the start-
p cost for generation unit g in time slot k, ∆g,k equals 1 if
eneration unit g is connected to the grid in time slot k and
quals 0 otherwise, cg2,g , c

g
1,g and cg0,g are the coefficients of the

ower generation cost of generation unit g , ce is the electricity
rice for generating power, and PG

g,k is the power generated by
eneration unit g in time slot k. The first two terms in (1a) express
hat if a maintenance action is performed on one generation
nit, the generation unit is recovered, and the failure rate of the
eneration unit becomes zero. The terms in (1a) represent the
verall maintenance costs of the generation units, the penalty
ees for failures, and the balance of the start-up costs, generation
osts, and generation benefits. The constraints are:

− δg,k ≥ ∆g,k, ∀g ∈ G, ∀k ∈ K (1b)

g,kPG−

g ≤ PG
g,k ≤ ∆g,kPG+

g , ∀g ∈ G, ∀k ∈ K (1c)

g,k ≥ ∆g,k −∆g,k−1, ∀g ∈ G, ∀k ∈ K (1d)

k∈K

δg,k = ςgτg , ∀g ∈ G (1e)

k∈K

|δg,k − δg,k−1| ≤ 2,∀g ∈ G (1f)

D
k =

∑
g∈G

∆g,kPG
g,k, ∀k ∈ K (1g)

g∈G

∆g,kPG+

g ≥ PD
k + r+, ∀k ∈ K (1h)

g,k ∈ {0, 1}, ∆g,k ∈ {0, 1}, σg,k ∈ {0, 1},

ςg ∈ {0, 1}, PG
g,k ≥ 0, ∀g ∈ G, ∀k ∈ K

(1i)

here (1b) indicates that if generation unit g is in maintenance, it
annot be connected to the grid. Constraint (1c) limits the power
enerated by the generation units, where PG−

g and PG+
g are the

pper and lower bounds of the power generated by generation
nit g . Constraint (1d) guarantees that when a previously discon-
ected generation unit is connected to the grid again, then there
s a start-up action. Constraint (1e) represents that in each gener-
tion unit g the sum of time slots used for maintenance equals 0
f the maintenance action will not be performed (binary variable

= 0); otherwise, it equals the duration of the maintenance
g c
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Fig. 3. Benders decomposition solving process.

ction of generation unit g (ςg = 1). Constraint (1f) represents
hat the maintenance actions should be performed consecutively,
here δg,0 = 0. Constraint (1g) expresses the power balance of
he power system, where PD

k is the predicted load demand in time
lot k. Constraint (1h) is the constraint for the reserved energy,
here r+ is the reserved energy level.
The maintenance scheduling problem (1) can be formulated

nto an MIQP problem by using the approach of Fu et al. (2020).2
o solve the formulated MIQP problem efficiently, in Section 4.C,
wo valid inequalities are proposed to accelerate the Benders
ecomposition solver.

.2. Solution process based on Benders decomposition

For a mixed-integer programming problem, Benders decom-
osition separates the integer variables and continuous variables
nd solve a master problem and a slave problem separately. The
olution process of Benders decomposition with the proposed
alid inequalities is shown in Fig. 3. If the slave problem is
easible, an upper bound for the whole problem is obtained, and
n extra constraint, called optimality cut is added to the master
roblem. If the slave problem is infeasible, an extra constraint,
alled feasibility cut is added to the master problem. Then, the
aster problem is solved to obtain the values of the fixed vari-
bles for the next iteration, and a lower bound is obtained. The
ermination condition involves the convergence of the upper and
ower bounds. The general form of problem (1) is expressed as:

min
∈(R+)nx ,y∈{0,1}ny

xTHx + f T1 x + f T2 y

s.t. Ax + By ≤ b
(P)

In (P), since the continuous variable PG
g,k and the continuous

uxiliary variables ψg,k are non-negative, the continuous vector
= [PG

g,k, ψg,k]
T
g∈G,k∈K is a vector of non-negative real variables,

where nx is the length of x. Besides, y = [δg,k,∆g,k, σg,k, ςg ]
T
g∈G,k∈K

is a vector of binary variables, where ny is the length y. For a fixed
y, we can define the slave problem (SP):

min
x∈(R+)nx

xTHx + f T1 x + f T2 y

s.t. Ax ≤ b − By
(SP)

where y is the fixed y that is determined by the initialization or
the solution of the master problem of the last iteration. Since (SP)
is a quadratic programming problem, the solving process can be
driven by, e.g., interior-point-convex algorithm, so as to verify
feasibility judgment and to return the Lagrangian multipliers

2 Regarding (1a), since ∆g,k(PG
g,k)

2
= (∆g,kPG

g,k)
2

= ψ2
g,k , where ψg,k is a

ontinuous auxiliary variable, the objective function is in quadratic form.
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Fig. 4. Illustration of initialization mechanism.

if (SP) is feasible). If (SP) is feasible, the obtained Lagrangian
ultiplier is defined as λm, where m is the current number of
btained optimality cuts. If (SP) is infeasible, an extreme ray µn

is generated via a Phase I algorithm, e.g., the one in Floudas et al.
(1989), where n is the current number of obtained feasibility cuts.
Then, the master problem (MP) is:

min
y∈{0,1}ny ,η

η

s.t. η ≥ λi(b − By) + f T2 y, i ∈ {1...m},

0 ≥ µj(b − By), j ∈ {1...n},
with (VI-1) and (VI-2)

(1)

where η is an intermediate continuous variable; (VI-1) and (VI-2)
are the proposed valid inequalities, which are linear constraints
and which will be further explained in Section 4.C. Problem
(MP) is a mixed-integer linear programming problem that can be
solved by, e.g., branch-and-bound algorithm.

6.3. Formulation of valid inequalities

(1) VI-1: Since this paper adopts a receding horizon mecha-
nism, the maintenance scheduling results of the previous time
step can be used to formulate (VI-1) for the problem of the
current time step. In Fig. 4, the initialization mechanism for dy-
namic scheduling problems with a receding horizon mechanism
is illustrated. Fig. 4 assumes that a prediction window includes
N time slots, where N is an integer. At the current time step, the
maintenance decisions of the previous problem whose prediction
window is from t0 + 1 to t0 + N can be used as the initial
olution from t1 to t1 + N − 1 of the current problem whose
rediction window is from t1 to t1+N . Without loss of feasibility,
o maintenance actions are performed from t1 + N − 1 to t1 + N
o formulate the initial solution.

However, this initial solution may not be feasible if the cur-
ently predicted loads from t1 to t1+N−1 differ from the previously
redicted loads from t0 + 1 to t0 + N . Thus, two scenarios are
iscussed.
First, if the currently predictive loads for the scheduling prob-

em from t1 to t1 + N − 1 are no larger than the previously
redicted loads for the problem from t0 + 1 to t0 +N , the integer

variables of the maintenance plan (δ, ∆, and σ ) can be initialized
s before. Then, the initial maintenance plan is substituted into
SP), and (SP) is solved to obtain PG, and λ0.

Second, if some of the currently predicted loads are larger than
he previously predicted loads, some of the scheduled mainte-
ance actions of the problem of the last time step cannot be per-
ormed to guarantee the reserved energy level (constraint (1 h)).
o determine which maintenance actions cannot be performed, a
reedy-based process is proposed:
Step 1 Define P as the set of time slots in which the scheduled

results of the previous time step do not satisfy the reserved
energy level. Rank the time slot p ∈ P from the largest reserved
energy gaps (i.e.,

∑
g∈G ∆g,p PG+

g − PD
p + r+) to the smallest.

Step 2 Select the first element p ∈ P , i.e., the time slot p with
the largest reserved spinning energy gaps.
9783
Table 2
Hash values of the estimated maintenance costs and durations of a subset of
the generation units.
Generation
unit

Duration
(week)

Cost
(k$)

Hash value

1 3 104 b6586492 ... 408f1b8ceaf7
2 3 98 ff60ac92 ... 8835d6b250a1
3 2 98 d02ce89a ... 08a841147f70
4 4 106 d27be11d ... 61c460ceeb5c
5 3 110 2574f5b6 ... 8f215a519fb7

Step 3 Define Mp as the set of maintenance actions for p in the
cheduled result of the previous problem. Then rank the elements
f Mp, according to pgc

p
g − cmg , where g ∈ Mp. Subsequently,

eep removing the first entry in the ranked set Mp until (1h) is
atisfied for p. Then remove p from P .
Step 4 Repeat Step 2 and Step 3 until P = ∅.
Step 5 Obtain δ according to the remaining maintenance ac-

ions. Let ∆g,k = 1− δg,k. Then, σg,k = ∆g,k −∆g,k−1. Afterwards,
substitute the obtained δ, ∆, and σ into (SP), and solve (SP) to
obtain PG and λ0. End the process.

After obtaining PG and λ0 according to the applicable two
scenarios, (VI-1) can be expressed as:

η ≥ λ0(b − By) + f T2 y (VI-1)

(2) VI-2: The second valid inequality is formulated by consid-
ering the maintenance cost and the benefits. The second valid
inequality is only applicable if the currently predicted loads from
t1 to t1 +N − 1 are no larger than the previously predicted loads
from t0+1 to t0+N . If generation unit g ′ is maintained from time
slots k′ to k′′, then δg ′,k = 1 and ∆g ′,k = 0, for k ∈ {k′, . . . , k′′

}.
Therefore, the cost from k′ to k′′ includes only the maintenance
cost cmg . In comparison, if generation unit g is not maintained
from k′ to k′′, the cost from k′ to k′′ includes pgc

p
g and the balance

containing the start-up costs, the power generation costs, and
the benefits. The balance can always be smaller than 0 since if
the balance (costs minus benefits) is larger than 0, disconnecting
generation unit g (i.e., setting ∆g ′,k = 0) will cause the balance to
equal 0. Thus, if the penalty fee is smaller than the maintenance
cost (i.e., pgc

p
g < cmg ), the generation unit must not be maintained:

δg,k(pgcpg − cmg ) ≥ 0, ∀g ∈ G, ∀k ∈ K (VI-2)

7. Case study

In this case study, the IEEE-300 bus system with 69 generation
units and 195 loads is investigated (Adibi, 2010). The simulation
of T-CBMGU is based on Go-Ethereum, which is implemented
on the GoLand platform. The hash values of the implementation
of the proposed T-CBMGU via the GoLand platform are shown
in Table 2. These hash values record the information of the
estimated maintenance costs and durations of a subset of the
generation units. As mentioned in Section 3, the information on
the estimated maintenance costs and durations of a subset of
the generation units are provided by the power plant technician
group in the second process.

Two comparative studies are performed in this section. The
first comparison is between the proposed T-CBMGU and state-of-
the-art CBMGU. The second comparison is between the proposed
Benders decomposition solver and the other three solvers.

7.1. Comparison between the proposed T-CBMGU and state-of-the-
art CBMGU

Since data banks of state-of-the-art CBMGU may not be truth-

ful, the data tampering and fairness manipulation may occur. To
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Comparison between state-of-the-art CBMGU and the proposed T-CBMGU.
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Fig. 5. Comparison between T-CBMGU and state-of-the-art CBMGU platforms
ith fairness manipulation or tampered data.

ompare the proposed T-CBMGU platform with the state-of-the-
rt CBMGU platform, data tampering and fairness manipulation
i.e., bribes in this case study) are simulated in the bidding to
hange scheduled time slots with 7 GENCOs. On the state-of-the-
rt CBMGU platform, three cases (A1, B1, C1, D1, E1) with 1 to 5
ribes are simulated. In case A1, the briber with the highest bribe
rice fixes its preferred time slots. In case B1, based on the fixed
ime slots of the first briber, the briber with second-highest bribe
rice fixes its preferred time slots. Cases C1 to E1 are similar, but
ith 3 to 5 bribes. After each bribe occurs, the bidding problem is
olved for feasibility checking (satisfaction of the reserved energy
equirement). If feasible, then the next briber fixes its preferred
ime slots. If not, the briber should select other time slots to fix.
urthermore, five cases with 1 to 5 tampered bidding prices are
imulated (A2, B2, C2, D2, E2). The hacker tampers with 1 to
bidding prices of others whose bidding prices are larger than

hose of his employer. The bidding problems (mixed-integer linear
rogramming problems) are solved by CPLEX to obtain globally
ptimal solutions.
In the simulation of T-CBMGU, Fig. 5 compares the T-CBMGU

nd the state-of-the-art CBMGU platform, where fairness
anipulation and tampering data may occur when solving bid-
ing problems. In Fig. 5, comparative method 1 refers to simula-

tions with bribes and comparative method 2 refers to simulations
with tampered data. From Fig. 5, it is observed that as the
numbers of bribes and tampered bidding prices increase, social
welfare (i.e., total amount of money bid by the GENCOs) de-
creases. In cases A1 to E1, social welfare decreases by 5%, 10.32%,
32.69%, 41.39%, and 48.6%, respectively, compared to T-CBMGU.
In cases A2 to E2, social welfare decreases by 6.16%, 11.29%,
15.87%, 27.58%, and 34.01%, respectively. Thus, T-CBMGU can
avoid fairness manipulation and data tampering to obtain higher
social welfare.

7.2. Comparison between the proposed Benders decomposition and
other solvers

Regarding the maintenance scheduling problems the perfor-
ance of the proposed Benders decomposition solver (BD+VIs)

s evaluated by comparing it with three other global optimiza-
ion solvers for MIQP problems. The three compared solvers in-
lude a branch-and-bound solver with filter sequential quadratic
rogramming (BB+SQP) (Fletcher and Leyffer, 1998), a branch-
nd-bound solver with BQPD (BB+BQPD) (Fletcher, 2000), and
custom Benders decomposition solver (Rodriguez et al., 2018).
mong them, BB+SQP and BB+BQPD are implemented by the
omlab toolbox in MATLAB, while BD and the proposed BD+VIs
re implemented by self-written coding scripts in MATLAB.
 B
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Moreover, to demonstrate the effectiveness of the proposed
olver, 30 cases with various maintenance actions (maintenance
osts and maintenance durations) and failure rates are tested. In
ach case, the valid inequalities are obtained using the scheduling
esult of the last time step according to Section 4.C. The length
f one prediction window, one time step, and one time slot are
2, 13, and 1 week, respectively. To test the effectiveness of the
alid inequalities under various initialization cases, 30 cases are
imulated in total with different situations of conflicts between
urrently and previously predicted loads. From Cases 1 to 10, the
urrently predicted loads are the same as the previously predicted
oads. In the next 10 cases, in some time slots, the currently
redicted loads are smaller than the previously predicted loads,
nd in the other time slots, the currently predicted loads and
he previously predicted loads are the same. Finally, in some of
he time slots in the last 10 cases, the currently predicted loads
re larger than the previously predicted loads, and in other time
lots, the currently predicted loads and the previously predicted
oads are the same. As presented in Table 3, in Cases 11–20, the
umber of conflicts represents the number of time slots in which
he currently predicted loads are smaller than the previously pre-
icted loads. In Cases 21–30, the number of conflicts represents
he number of time slots in which the currently predicted loads
re larger than the previously predicted loads.
In Fig. 6(a), the objective function values of 30 cases of the

aintenance scheduling problem are shown, while Fig. 6(b)
resents the maintenance scheduling results of 69 generation
nits in Case 1. In Fig. 6(a), the horizontal axis and vertical
xis represent the objective function values in (1a) and cases
espectively. In Fig. 6(b), the maintenance scheduling results of
9 generation units in Case 1 are shown. In Fig. 6(b), the boxes
olored in black represent performing maintenance actions dur-
ng this period, and the white boxes represent not performing any
aintenance. Fig. 6(b) reflects the solution of∆g,k variables of the
ptimization problem (1a)–(1i). It can be observed that the main-
enance actions of the generation units are to be performed over
he whole prediction window, and not all the generation units are
equired to be maintained. That is because the reserved energy r+

limits that the maintenance actions of all the generation units are
performed in one or a few time slots.

Furthermore, since the solvers, i.e., BB+SQP, BB+BQPD, BD,
and BD+VIs, can converge to the globally optimal solution, this
paper compares the CPU times between the solvers, as shown
in Fig. 7. The average CPU times for 30 cases for the BB+SQP,
B+BQPD, BD, and BD+VIs solvers are 54.9min, 33.9min,
8.7min, and 15.1min, respectively. Thus, the solving speed of
D is lower than those of BB+SQP and BB+BQPD, while the
olving speeds of BB+SQP and BB+BQPD are nearly the same.
he BD+VIs solver is the fastest among all the solvers that
re compared in this paper.3 More specifically, BD+VIs reduces
omputation times by nearly 50% compared with BB+SQP and
B+BQPD. Furthermore, the computing time of BD+VIs is 27.5%
hat of BD on average. Thus, our proposed VIs can efficiently re-
uce the computation time, especially compared with BD without
dding the proposed valid inequalities.

3 The BB+SQP and BB+BQPD algorithms are partially implemented in object
ode, while our self-written BD+VIs algorithm is implemented in Matlab code,
hich is in general slower than object code. Hence, in practice, i.e., when
ll algorithms are implemented in object code, the speed-up of BD+VIs w.r.t.
B+SQP and BB+BQPD will be even higher.
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Fig. 7. Comparison of the CPU times with various solvers.

Moreover, for BD+VIs, the average CPU times of the first,
econd, and third 10 sets of cases are 11.6min, 12.1min, and
1.6min, respectively. Regarding the first and second sets of 10
ases, the CPU times are nearly the same, while for the third
et of 10 cases, the CPU times increase. This phenomenon shows
hat the effectiveness of the valid inequalities is determined by
hether the currently predicted loads are larger than the previ-
usly predicted loads, i.e., the effectiveness of the proposed valid
nequalities decreases when the ‘‘larger than’’ scenario occurs.

. Conclusions and future work

This paper has proposed a truthful platform for the main-
enance of generation units. The advantages of the proposed
9785
T-CBMGU over the state-of-the-art CBMGU can be summarized
as follows. First, the maintenance data stored in the blockchain
of T-CBMGU are immutable and trustworthy, and losing stored
maintenance data is unlikely because of the distributed storage
of the blockchain. Second, sharing maintenance data can be done
in an efficient way because the verification when data sharing can
be done without manual work. Third, because the smart contract
automatically determines the maintenance decisions, actions that
comprise fairness are unlikely to happen and the manual work
can be reduced.

Furthermore, since the solving speeds of maintenance schedul-
ing problems (MIQP problems) are low, an accelerated Benders
decomposition algorithm is proposed by using two specially
designed valid inequalities. The simulation results shows that
the proposed T-CBMGU platform can obtain more social welfare
by avoiding actions that compromise fairness, e.g., fairness ma-
nipulation and data tampering, compared with state-of-the-art
CBMGU. Furthermore, the results demonstrate a faster solving
speed of the proposed BD+VIs solver compared with three other
olvers on maintenance scheduling problems. Finally, the solving
peed reduction, w.r.t., the other solvers, of the proposed BD+VIs
olver is large for the cases that the currently predicted loads are
o larger than the previously predicted loads, while the solving
peed reduction decreases when the currently predicted loads are
arger than the previously predicted loads. However, the BD+VIs
s still the fastest solver among the four compared in this paper.

Future work will focus on exploring additional potentials of
lockchains in the maintenance of infrastructure. Moreover, the
oncept of truthful maintenance will be expanded further.
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