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Abstract

This paper studies the power production optimization problem of multiple offshore wind
farms (OWFs) considering different maintenance demands and requirements under the
wind power uncertainty. A decentralized robust operation optimization model is devel-
oped, in which OWFs and a maintenance service provider (MSP) are treated as individ-
ual stakeholders with different interests but coupled by maintenance resources. Based on
the analytical target cascading (ATC) algorithm, the model is decoupled into indepen-
dent models for MSP and each OWF. The operation and objectives of individual entities
can be autonomously optimized only considering their own conditions. For each OWF,
the power production planning coupled with maintenance scheduling is formulated as a
two-stage robust optimization model and solved by a column-and-constraint generation
(C&CG) algorithm to tackle the wind power uncertainty. Numerical experiments demon-
strate the effectiveness of the proposed model and the applicability of the integrated solu-
tion method to the studied problem. Results illustrate that the developed model shows a
better guarantee for individual interests of OWFs, lower communication burden, and better
information privacy than the centralized optimization model, especially in large-scale sys-
tems. The integrated solution framework can guarantee a quick convergence and optimality.
Moreover, it reduces impacts of uncertain factors on power productions and maintenance
schemes.

1 INTRODUCTION

Offshore wind farms (OWFs) have recently drawn a great atten-
tion from the academia and wind industry due to their larger
capacity as well as higher and more stable power productions [1,
2]. As offshore wind turbines (WT) are exposed to more com-
plicated maritime environment, it poses extra challenges and
higher costs in maintenance. Unexpected failures could cause
severe production and economic losses. Besides, the operations
and maintenance (O&M) cost generally accounts for a large
percentage of the total life cycle cost of OWFs. New meth-
ods for optimizing operations while reducing the life cycle cost
of OWFs are desired and meaningful [3, 4]. Actually, in OWF
operations, power production decisions and maintenance deci-
sions of WTs are strongly coupled due to the following fac-
tors. First, performing maintenance activities requires the shut-
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down of WTs, which consequently affects their start-up/shut-
down decisions. Second, as downtime for maintenance leads to
the opportunity loss of power productions, the potential power
generations must be well considered in scheduling maintenance
activities for WTs. Thus, it is of great significance to study the
maintenance scheduling together with the power production
planning.

In practice, OWFs usually outsource maintenance tasks to
third-party maintenance service providers (MSPs) [5]. In addi-
tion, with the increase of the total number of OWFs in recent
years, a business mode that multiple OWFs share one MSP
appears. Such a one-to-many maintenance service business
mode makes the problem of optimizing wind farm O&M sched-
ules complicated and quite different from the maintenance
scheduling problem involving only a single OWF. Two unique
features need to be considered in such a new problem. First,
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OWF operators and the MSP would act as different stake-
holders having their own benefits and optimization targets.
Second, the MSP offering one-to-many maintenance services
is responsible for coordinating maintenance resources among
multiple OWFs, which makes operations of individual OWFs
strongly coupling. Thus, studying the wind farm power pro-
duction optimization considering the maintenance coordination
among multiple OWFs requires a new model formulation and
the corresponding solution method.

A number of studies have been conducted to design methods
for obtaining cost-effective offshore wind farm maintenance
schemes. In ref. [6], a preventative maintenance strategy based
optimization model was developed to minimize the mainte-
nance cost. To consider a more sophisticated planning of main-
tenance activities, vessel routing [7, 8] and fleet composition
[9] were jointly optimized with the maintenance scheduling for
OWFs. To balance the maintenance cost and power production
loss due to maintenance, the OWF reliability was integrated with
the maintenance cost in optimization objective functions [10,
11]. As the reliability cannot directly reflect impacts of mainte-
nance tasks on the power production of OWFs, performance-
based contracting (PBC) was utilized to enhance the system
operational availability [12]. In ref. [13], the PBC-based model
also integrated dynamic wind conditions to improve the rev-
enue and system availability of OWFs. Moreover, spare parts
inventory management [14] and the wake effect [15] were con-
sidered to formulate more realistic O&M optimization models
to reduce the maintenance cost and the downtime power
loss.

Previous studies [6–15] discussed task scheduling, resource
allocation, vessel routing, and fleet composition in the mainte-
nance optimization for a single OWF and a single O&M base.
Yet, resource coordination among multiple OWFs has not been
involved. In practice, one MSP might provide maintenance ser-
vices for multiple OWFs in the nearby area, which makes con-
sidering the resource sharing between clusters of neighbour-
ing OWFs in maintenance scheduling necessary. In ref. [16],
the maintenance routing and scheduling problem for multi-
ple wind farms and O&M bases was investigated to tackle the
sharing of technicians between different OWFs. In ref. [17],
the same problem was reformulated as a pickup and delivery
model, impacts of technician sharing among adjacent OWFs on
the maintenance efficiency and cost were further analysed. The
sharing of jack-up vessels among multiple MSPs was evaluated
in ref. [18], which demonstrated its effectiveness on the cost
reduction. However, the aforementioned scheduling methods
[16–18] are implemented in a centralized way, which might not
be suitable for the coordinated optimization of power produc-
tions and maintenance tasks for multiple OWFs because respec-
tive interests of OWFs and the MSP cannot be reflected. Con-
sidering OWFs and the MSP as different stakeholders, decen-
tralized optimization methods are more proper to coordinate
the optimal operation of multiple independent entities. As an
efficient decentralized method, the analytical target cascading
(ATC) algorithm has been applied to solve many hierarchical
problems involving multiple stakeholders, such as the collabo-
rative operation of electricity transmission and distribution sys-

tems [19], energy management of networked microgrids [20],
and optimal voltage control in a wind farm cluster [21]. Due
to quadratic terms in the penalty function, ATC-based meth-
ods also presented a decent performance in a series of non-
convex optimization problems containing discrete decision vari-
ables [22, 23].

Moreover, studies in refs. [16–18] mainly focused on the
optimal maintenance scheduling for multiple OWFs or O&M
bases to improve the utilization of resources and technicians.
The optimization of OWF operations and the mitigation of the
maintenance impacts on power generations have not received
sufficient discussions. In addition, to optimize the operations
of each OWF, methods effectively addressing various uncertain
factors in OWF are crucial. Stochastic optimization [24] and
the fuzzy set theory [25] were utilized to tackle uncertainties in
OWF maintenance scheduling. Due to the harsh offshore envi-
ronment and long distances among OWFs, it is challenging to
obtain accurate probabilistic distributions of uncertainties, such
as the wind power. Robust optimization (RO) considers uncer-
tainty sets to describe uncertainties and derives the optimal solu-
tion via considering the worst scenario [26]. Thus, RO could be
a more suitable option to deal with the OWF operation problem
under uncertainties. Yet, studies of RO models for scheduling
OWF power productions and maintenance together are rare in
the literature. To fill up such a gap, we investigate the power pro-
duction optimization for multiple heterogeneous OWFs based
on an RO formulation with a variety of maintenance demands
and requirements considered.

In this paper, an ATC-based decentralized robust scheduling
method is proposed for a targeted system composed of multiple
OWFs sharing the one-to-many maintenance service to model
their collaborative operations. First, a hierarchical framework
is designed to describe the coordination and independence of
multiple stakeholders. Second, an adaptive RO model is con-
structed for each OWF to describe the OWF operation consid-
ering maintenance tasks and the wind power uncertainty. Finally,
an ATC-based algorithm is applied to reformulate problems
for OWFs and the MSP, and a column-and-constraint genera-
tion (C&CG) algorithm is integrated into the solution algorithm
to solve independent OWF models. Main contributions of this
paper can be summarized as follows:

∙ A two-layer collaborative scheduling framework is firstly
proposed to autonomously maximize operational interests
of multiple stakeholders. Maintenance resources are coordi-
nated among OWFs in the upper layer and power produc-
tions of OWFs are optimized in the lower layer.

∙ A two-stage RO model is constructed to scheduling power
productions coupled with maintenance activities under
uncertainty for each OWF. Impacts of maintenance on WT
power productions are well handled and robust OWF oper-
ating schedules are obtained.

∙ An integrated solution method including ATC and C&CG
is developed to efficiently solve the optimal operation model
for multiple OWFs, which successfully achieves the robust
scheduling of OWFs in a decentralized way and guarantees
the convergence and optimality of the studied problem.



ZHANG AND ZHANG 3

FIGURE 1 Illustration of multiple OWFs and the shared MSP

2 PROBLEM STATEMENT

In this paper, the research target is a system composed of
multiple OWFs and an onshore MSP as shown in Figure 1.
Each OWF needs to meet its power production commit-
ments while the procurement of the spinning reserve with a
limited capacity is permitted if the wind power production
is insufficient. To avoid unexpected failures, turbines might
be shut down to conduct maintenances. Every OWF has an
operator to manage operations and the maintenance of WTs.
The MSP is a third party providing the maintenance service
and required resources, such as vessels and technicians, for
OWFs. The MSP maintains operations by charging for the
provided service and resources. OWFs in the studied sys-
tem are located in the adjacent marine area and their main-
tenance activities are outsourced to the same MSP. The cost
of the MSP performed maintenance tasks includes the main-
tenance operations cost, transportation cost, manpower cost
of technicians, and the penalty for incomplete maintenance
tasks.

To better shape the studied problem, three assumptions, A1–
A4, are made next:

A1: This study only considers preventative maintenance
tasks which are pre-defined; thus, maintenance demands
of OWFs are known and posted to the MSP in advance.

A2: Maintenance tasks are expected to be completed before
the end of the scheduling horizon; otherwise, related
penalty costs are applied.

A3: Only the quantitative relationship between vessels and
technicians is considered; thus, technicians do not need
to take the same vessel in the round trip between the
OWF and MSP.

A4: Wind farm internal operations are optimized for each
OWF, and we assume that WTs in a single OWF are
located across an adjacent area and power transmission
lines are designed with sufficiently large capacity.

OWFs and the MSP have different scheduling objectives
based on different interests of stakeholders. Operations of
OWFs aim to achieve two objectives: 1) The OWF can gen-
erate as much power as possible; and 2) maintenance demands
can be satisfied within the scheduling horizon. Two major deci-
sions, the amount of power productions and the schedule of
maintaining WTs, are considered in OWF operations. The MSP
aims at making the optimal maintenance schedule and resource
allocation scheme with the lowest total maintenance service
cost. In addition, the information on maintenance demands of
OWFs and information on maintenance resources of the MSP
are shared between OWFs and the MSP. Thus, our study aims
at: 1) independently scheduling power productions and mainte-
nance tasks for each OWF to maximize their individual power
productions while satisfying OWF maintenance demands; 2)
coordinating maintenance schedules and resources among mul-
tiple OWFs to achieve the maintenance cost minimization of
the MSP.

To optimize operations of OWFs and maximize interests of
all stakeholders, the studied problem can be optimized under a
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decentralized framework. The operation problem of each OWF
can be described as a power production optimization problem
considering impacts of maintenance schedules and disturbances
of the wind power uncertainty. The problem of the MSP can be
described as a resource allocation and fleet composition prob-
lem. Optimization problems concerning different entities are
formulated autonomously. Developed optimization models are
organized into a two-layer hierarchy with the MSP considered
in the upper layer and OWFs considered in the lower layer.

3 MATHEMATICAL FORMULATION

In this section, detailed optimization models for all entities in
the system (the MSP and every OWF) are formulated and pre-
sented. First, we formulated a deterministic integer optimization
model for the MSP to minimize the total maintenance cost of
performing maintenance tasks for all OWFs. Next, we formu-
lated a two-stage RO model for each OWF to maximize its total
power production, in which the uncertainty of WT power out-
puts is considered.

3.1 Optimization model for the MSP

The MSP targets on maximizing profits for performing main-
tenance tasks on OWFs. Thus, the MSP aims at attaining
the minimum-cost resource allocation and fleet composition
scheme which can conduct all, or most of, planned mainte-
nance tasks for OWFs in contract. The resource allocation and
fleet composition problem for the MSP can be formulated as
follows.

3.1.1 Objective of the MSP

The optimization objective of the MSP is to minimize the total
maintenance cost. The total maintenance cost is defined as the
summation of the total maintenance operations cost, the total
transportation cost, the total manpower cost, and the total task
delay penalty cost of all OWFs as shown in Equation (1).

TC = T COM + T CTP + T CMP + T CDP (1)

The total maintenance operations cost of all OWFs is the sum
of the cost of conducting all completed tasks as formulated in
Equation (2).

T COM =

N∑
n=1

M∑
m=1

T∑
t=1

C Tm,t qn,m,t (2)

The total transportation cost is shown in Equation (3), which
includes the trip cost as described in Equation (4) and the char-
ter cost as described in Equation (5).

T CTP = T CVT + T CVC (3)

T CVT =

N∑
n=1

V∑
v=1

T +1∑
t=1

CV Tv[un,v,t + ūn,v,t ] (4)

T CVC =

N∑
n=1

V∑
v=1

T∑
t=1

CV Cv,t

[
t∑

𝜏=1

un,v,𝜏 −

t∑
𝜏 = 1

ūn,v,𝜏

]
(5)

In Equation (4), the term [un,v,t + ūn,v,t ] denotes the num-
ber of single trips of type-v vessels in order to conduct
tasks for OWF n at time t. In Equation (5), the term
[
∑t

𝜏 = 1 un,v,𝜏−
∑t

𝜏 = 1 ūn,v,𝜏], which is the accumulated value of
un,v,t and ūn,v,t from the first time interval t = 1 to the current
time interval t, denotes the number of vessels of type v staying
at OWF n at time t.

The total manpower cost is the sum of the manpower cost of
all technicians dispatched to conduct maintenance tasks, shown
as Equation (6).

T CMP =

N∑
n=1

M∑
m=1

T∑
t=1

C Mt Techmqn,m,t (6)

The total task delay penalty cost is the sum of the penalty cost
of all delayed tasks as described in Equation (7).

T CDP =

N∑
n=1

M∑
m=1

C Pmq̄n,m (7)

The objective function of the optimization model for the
MSP is to minimize the total maintenance cost TC subject to
the constraints provided in the next subsection.

3.1.2 Constraints related to maintenance tasks

The total number of completed tasks and the total number of
incomplete tasks during the whole scheduling horizon should
satisfy Equations (8) and (9), respectively. The total number of
completed tasks of type m for OWF n during the scheduling

horizon can be formulated as
∑T

t = 1 qn,m,t

DTm

. Next, two constraints

expressed in Equations (8) and (9) are developed.

∑T

t = 1qn,m,t

DTm
≤ NTn,m, ∀n ∈ N, ∀m ∈ M (8)

NTn,m −

∑T

t = 1qn,m,t

DTm
≤ q̄n,m, ∀n ∈ N, ∀m ∈ M (9)

Equation (8) indicates that the total number of com-
pleted tasks cannot exceed the number of planned mainte-
nance tasks. Equation (9) is applied to check the number of
incomplete maintenance tasks at the end of the scheduling
horizon.
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The logical relationship between the number of maintenance
tasks performed at time interval t and t−1 is formulated in
Equation (10). The initial and terminal values of decision vari-
ables related to the number of maintenance tasks are given in
Equation (11).

qn,m,t = qn,m,t−1 +�+
n,m,t −�−

n,m,t ,

∀n ∈ N, ∀m ∈ M, t = 1, … , T + 1 (10)

qn,m,0 = 0, qn,m,T +1 = q̄n,m −

(
N Tn,m −

T +1∑
t = 1

Δ+n,m,t

)
,

Δ−
n,m,1 = 0, Δ+

n,m,T +1 = 0 (11)

In Equation (11), the first equation assigns the value to
qn,m,t−1 in Equation (10) when t = 1. The second equation
assigns the value to qn,m,t in Equation (10) when t = T +

1, which means that, at the end of the scheduling horizon,
the number of tasks started but not yet completed (qn,m,T +1)
equals to the difference between the number of incomplete
tasks (q̄n,m ) and the number of tasks which have not started

(N Tn,m −
∑T +1

t = 1 Δ
+
n,m,t ). The third equation in Equation (11)

assigns the value to Δ−n,m,t in Equation (10) when t = 1, which
means none of the tasks would be finished at the beginning of
the first interval. The last equation in Equation (11) assigns the
value to Δ+n,m,t in Equation (10) when t = T + 1, which means
none of the tasks would start at the end of interval T .

3.1.3 Constraints related to fleet composition

Variations of technician demands impact the number of ves-
sels transporting technicians between the onshore MSP base
and OWFs. The relationships between technician demand vari-
ations and vessel numbers are described in Equations (12) and

(13).
∑M

m = 1 TechmΔ
+
n,m,t indicates the number of technicians that

need to be sent from the MSP base to OWF n at time t, while∑M

m = 1 TechmΔ
−
n,m,t denotes the number of technicians that need

to return to the MSP base from OWF n at time t.

V∑
v = 1

Capvun,v,t ≥

M∑
m = 1

Techm�+
n,m,t , ∀n ∈ N, t = 1, … , T + 1

(12)

V∑
v = 1

Capvūn,v,t ≥

M∑
m = 1

Techm�−
n,m,t , ∀n ∈ N, t = 1, … , T + 1

(13)

Equation (12) is used to determine the number of ves-
sels of each type to be assigned to OWF n for maintenance
operations at time t. Similarly, the number of vessels of each
type to be recalled from OWF n at time t is determined by

Equation (13).

t∑
𝜏 = 1

un,v,𝜏 −

t∑
𝜏 = 1

ūn,v,𝜏 ≥ 0, ∀n ∈ N, ∀v ∈ V ,

t = 1, … , T + 1 (14)

N∑
n = 1

[
t∑

𝜏 = 1

un,v,𝜏 −

t∑
𝜏 = 1

ūn,v,𝜏

]
≤ NVv,t , ∀v ∈ V , ∀t ∈ T

(15)

V∑
v = 1

Capv

[
t∑

𝜏 = 1

un,v,𝜏 −

t∑
𝜏 = 1

ūn,v,𝜏

]

≥

M∑
m = 1

Techmqn,m,t , ∀n ∈ N, ∀t ∈ T (16)

Equation (14) means that the number of vessels of type
v staying at OWF n should always be non-negative. It also
restricts that the number of vessels returned to the MSP can-
not exceed the number of vessels leaving the MSP in each
time interval. Equation (15) describes that the total number of
vessels of each type staying offshore is bounded by its total
available number in the MSP base at each time interval. Equa-
tion (16) ensures the total number of technicians which could
be accommodated by vessels staying at OWF n is larger than the
number of technicians required to conduct tasks at OWF n at
time t.

In each time interval, maintenance task conducting decisions
are also restricted by the available number of technicians as
shown in Equation (17).

N∑
n = 1

M∑
m = 1

Techmqn,m,t ≤ NMt , ∀t ∈ T (17)

Equation (17) is used to bind the total number of technicians
performing maintenance tasks at time t.

3.2 Optimization model for OWF n

Given a maintenance schedule from the MSP, each OWF is
operated to maximize its total power production with consid-
ering the worst-case wind power scenario. In the OWF oper-
ation optimization problem, WT power outputs are uncer-
tain factors which may disrupt the OWF operation. Besides,
power production decisions and maintenance scheduling deci-
sions have different operational and response characteristics.
Therefore, the operation optimization model for OWF n is for-
mulated into a two-stage RO model. Decisions for maintenance
schedules are made in the first stage before the uncertainty is
known, which can be immune to any scenarios in the uncer-
tainty set. The scheduled power outputs of WTs are determined
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in the second stage after realizations of the wind uncertainty are
revealed, which can counteract uncertainty impacts and comple-
ment first-stage decisions.

3.2.1 Objective function of OWF n

The objective of OWF n aims to maximize the total wind farm
power production while considering all required maintenance
tasks. As power production decisions are made in the second
stage, the total power production of OWF n in the scheduling
horizon is constructed to serve as the second-stage objective.
To finish all planned maintenance tasks and avoid consequences
due to maintenance delays, a penalty term for the task delay
is added into the first-stage objective. The formulation is pre-
sented in Equation (18).

max
xn,yn

,sn

{
−M

W∑
i = 1

M∑
m = 1

(
DTmAn,i,m −

T∑
t = 1

xn,i,m,t

)}

+ min
paw

n
∈Uaw

n

max
p

gw
n ,p

sr
n

[
W∑

i = 1

T∑
t = 1

p
gw

n,i,t

]
(18)

In Equation (18), M is a big number applied to penalize the
task delay. Variables bolded denote vectors of corresponding
variables, for example, xn represents the vector of xn,i,m,t and
psr

n
represents the vector of psr

n,t . Uaw
n represents the wind power

uncertainty set of OWF n. The inner max problem in the sec-
ond stage is only subject to constraints related to second-stage
variables, which will be given in the next subsection.

3.2.2 Constraints related to OWF operation

The power balance constraint is presented in Equation (19),
which guarantees that the wind power production should be
scheduled to satisfy the power commitment, and the spinning
reserve is permitted to cover the deficit amount.

W∑
i =1

p
gw

n,i,t + psr
n,t ≥ (1 + a) Dn,t , ∀t ∈ T (19)

The spinning reserve limitation constraint is given in Equa-
tion (20), which confines the purchased amount of the spinning
reserve.

0 ≤ psr
n,t ≤ P

sr_ max
n,t , ∀t ∈ T (20)

The scheduled power output of WTs p
gw

n,i,t is defined as a con-
tinuous decision variable in the OWF operation optimization
model. As shown in Equation (21), it should be bounded by the
possible amount of power outputs of WTs paw

n,i,t defined in Sec-

tion 3.2.5.

0 ≤ p
gw

n,i,t ≤ yn,i,t paw
n,i,t , ∀i ∈ W , ∀t ∈ T (21)

In Equation (21), if yn,i,t = 1, p
gw

n,i,t is limited by the value of

paw
n,i,t and, if yn,i,t = 0, p

gw

n,i,t = 0, ∀t will hold, which indicates
that a turbine does not generate power once it is shut down.
The nonlinear term yn,i,t paw

n,i,t will be tackled before solving the
OWF model.

3.2.3 Constraints related to OWF maintenance

The relationship constraints between turbine operating on/off
status and maintenance status are presented in Equations (22)
and (23).

M∑
m = 1

xn,i,m,t + yn,i,t ≥ 1, ∀i ∈ W , ∀t ∈ T (22)

xn,i,m,t + yn,i,t ≤ 1, ∀i ∈ W , ∀m ∈ M, ∀t ∈ T (23)

Equation (22) means that a WT must be shut down if it is
being maintained and Equation (23) means that a WT is always
operating if it is not being maintained.

The maintenance starting constraint is presented in Equa-
tion (24), which enforces that a maintenance task must be con-
ducted during consecutive time intervals.

T∑
t = 1

sn,i,m,t ≤ An,i,m, ∀i ∈ W , ∀m ∈ M (24)

The maintenance duration constraint is presented in Equa-
tion (25).

T∑
t =1

xn,i,m,t ≤ DTmAn,i,m, ∀i ∈ W , ∀m ∈ M (25)

If a maintenance task is completed during the scheduling

horizon,
∑T

t =1 xn,i,m,t = DTm An,i,m holds. If it fails to be com-

pleted by the end of the scheduling horizon,
∑T

t =1 xn,i,m,t <

DTmAn,i,mholds and a penalty M (DTmAi,m −
∑T

t = 1 xi,m,t ) for
the task delay is added to the objective function.

The maintenance continuity constraints are described in
Equations (26)–(28).

xn,i,m,t − xn,i,m,t−1 ≤ sn,i,m,t , ∀i ∈ W , ∀m ∈ M, ∀t ∈ T ⧵ {1}
(26)

sn,i,m,t ≤ xn,i,m,t , ∀i ∈ W , ∀m ∈ M, ∀t ∈ T ⧵ {1} (27)
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sn,i,m,t = xn,i,m,t , ∀i ∈ W , ∀m ∈ M, t = 1 (28)

Equation (26) describes the logical relationship between the
state of a maintenance task and its implementing state over two
consecutive time intervals. Equation (27) enforces the relation-
ship between the starting state and the implementing state of
a maintenance task at the same time interval. Equation (28)
defines the special case of maintenance task states at t = 1.

The maintenance priority constraint is presented in Equa-
tion (29), which means if task (i1,m1) is more important than
another task (i2,m2), task (i1,m1) should start before (i2,m2).

t−1∑
𝜏 = 1

sn,i1,m1,𝜏
− sn,i2,m2,t

≥ 0, ∀i1, i2 ∈ W , ∀m1,m2 ∈ M,

∀t ∈ T , i1 ≠ i2 or i1 = i2 and m1 ≠ m2 (29)

The maintenance task exclusive relationship constraint is
given in Equation (30). Sets of mutually exclusive maintenance
tasks E j are defined to include element pairs of maintenance
tasks, (i,m), before scheduling.∑

(i,m)∈E j

xn,i,m,t ≤ 1, ∀t ∈ T , ∀ j ∈ {1, … , J } (30)

Equation (30) describes that maintenance tasks in E j cannot
be implemented simultaneously.

The tidal condition constraint is presented in Equation (31).
Tidal conditions at some time intervals might be unsuitable for
shipping. Tidal conditions can be predicted and given in set T tide

in advance.

xn,i,m,t = 0, ∀i ∈ W , ∀m ∈ M, ∀t ∈ T tide (31)

3.2.4 Constraints related to MSP operation

The maintenance demand coupling constraint is formulated in
Equations (32) and (33). These two constraints guarantee the
consistency of maintenance tasks between the MSP and OWF
n.

qn,m,t =

W∑
i=1

xn,i,m,t , ∀m ∈ M, ∀t ∈ T (32)

�+
n,m,t =

W∑
i=1

sn,i,m,t , ∀m ∈ M, ∀t ∈ T (33)

3.2.5 Uncertainty set of wind power

Random outputs of WTs are closely related to the predicted
nominal values and deviations. The uncertain power output
paw

n,i,t is defined as an uncertain variable, which represents the

possible amount of WT power generation. It varies within a
small certain range [P

pw

n,i,t − Δaw
n,i,t , P

pw

n,i,t + Δaw
n,i,t ], where P

pw

n,i,t is
the predicted nominal value of wind power and Δaw

n,i,t is the
deviation width of forecasting paw

n,i,t . A parameter Γaw
n,i named as

budget of uncertainty is applied to adjust the degree of conser-
vativeness. The uncertainty set for wind power is described as
Equation (34).

Uaw
n =

⎧⎪⎨⎪⎩
paw

n
∈R|W |×|T | ∑

t

|||paw
n,i,t

−P
pw
n,i,t

|||
�aw

n,i,t

≤�aw
n,i ,∀i

P
pw

n,i,t−�aw
n,i,t ≤paw

n,i,t ≤P
pw

n,i,t+�aw
n,i,t ,∀i, ∀t

⎫⎪⎬⎪⎭ (34)

in which, if Γaw
n,i = 0, the optimization is deterministic without

considering the wind power uncertainty. Yet, if Γaw
n,i increases,

wind power outputs will get close to the boundary of the uncer-
tainty set.

Optimization models of the MSP and OWFs are coupled
through variables qn,m,t , Δ+n,m,t and constraints in Equations (32)
and (33) as well as certain terms appearing in both MSP and
OWF objective functions, which prevents problems of the MSP
and OWFs from being solved separately.

4 SOLUTION METHOD

The studied problem has a hierarchical structure in which the
MSP problem is considered in the upper layer and OWF prob-
lems are located in the lower layer. Since problems in two lay-
ers are strongly coupled through their shared decision variables,
optimization models of the MSP and OWFs cannot be solved
independently. Besides, all shared variables are binary variables
in the proposed model. The analytical target cascading (ATC)
method [27], which is tailored to solve hierarchically structured
complex problems, can be utilized to decompose the entire
problem and achieve the coordination optimization process.
It can also mitigate non-convexity caused by discrete variables
for convergence. The convergence of ATC has been proved in
ref. [28]. In this paper, we adapt the ATC to solve the studied
problem.

4.1 ATC-based solution algorithm for
collaborative operation between MSP and OWFs

4.1.1 Problem decomposition

To separate the MSP model and each OWF model, new decision
variables are introduced to replace coupling variables in models
of two layers based on the ATC method. Variable qn,m,t in the
MSP layer and in the OWF layer are replaced by qMSP

n,m,t and qOWF
n,m,t ,

respectively. Similarly, variable Δ+n,m,t in the MSP layer and in
the OWF layer are replaced by Δ+MSP

n,m,t and Δ+OWF
n,m,t , respectively.

Simultaneously, consistency constraints should be added into
the MSP model and OWF models as shown in Equations (35)
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and (36).

qOWF
n,m,t = qMSP

n,m,t (35)

Δ+OWF
n,m,t = Δ+MSP

n,m,t (36)

In order to decompose models of two layers, Equations (35)
and (36) are relaxed and moved into objective functions. An
augmented Lagrangian function is used to add the penalty into
objectives for the relaxation of equality consistency constraints
(see Equations (37) and (38)).

In Equations (37) and (38), 𝛼n,m,t and 𝛼′n,m,t are Lagrange
multipliers associated with linear terms while 𝛽n,m,t and
𝛽′n,m,t are penalty factors associated with quadratic terms.
Because qOWF

n,m,t andΔ+OWF
n,m,t are constant with respect to the MSP

optimization problem as well as qMSP
n,m,t and Δ+MSP

n,m,t are constant
with respect to the optimization problem of OWF n, the super-
script ∗ is added to their denotations to indicate constants.

MSP ∶ min

{
N∑

n = 1

M∑
m = 1

T∑
t = 1

C Tm,t qMSP
n,m,t

+

N∑
n = 1

V∑
v = 1

T +1∑
t = 1

CV Tv[un,v,t + ūn,v,t ]

+

N∑
n = 1

V∑
v = 1

T∑
t = 1

CV Cv,t

[
t∑

𝜏 = 1

un,v,𝜏 −

t∑
𝜏 = 1

ūn,v,𝜏

]

+

N∑
n = 1

M∑
m = 1

T∑
t = 1

C Mt TechmqMSP
n,m,t +

N∑
n = 1

M∑
m = 1

C Pmq̄n,m

+

N∑
n = 1

M∑
m = 1

T∑
t = 1

𝛼n,m,t

(
qMSP

n,m,t − qOWF∗
n,m,t

)
+

N∑
n = 1

M∑
m = 1

T∑
t = 1

𝛽n,m,t

(
qOWF∗

n,m,t − qMSP
n,m,t

)2

+

N∑
n = 1

M∑
m = 1

T∑
t = 1

𝛼′n,m,t
(
Δ+MSP

n,m,t − Δ+OWF∗
n,m,t

)
+

N∑
n = 1

M∑
m = 1

T∑
t = 1

𝛽′n,m,t
(
Δ+MSP

n,m,t − Δ+OWF∗
n,m,t

)2
}

(37)

OWFn ∶ max
xn,yn

,sn

{
−M

W∑
i =1

M∑
m =1

(
DTmAn,i,m −

T∑
t =1

xn,i,m,t

)

−

M∑
m =1

T∑
t =1

𝛼n,m,t

(
qOWF

n,m,t − qMSP∗
n,m,t

)

−

M∑
m =1

T∑
t =1

𝛽n,m,t

(
qOWF

n,m,t − qMSP∗
n,m,t

)2

−

N∑
n =1

M∑
m =1

T∑
t =1

𝛼′n,m,t
(
Δ+OWF

n,m,t − Δ+MSP∗
n,m,t

)

−

N∑
n =1

M∑
m =1

T∑
t =1

𝛽′n,m,t
(
�+OWF

n,m,t −�+MSP∗
n,m,t

)2
}

+ min
paw

n
∈Uaw

n

max
p

gw
n ,p

sr
n

[
W∑

i =1

T∑
t =1

p
gw

n,i,t

]
(38)

Thus, the optimization problems of different entities are suc-
cessfully decoupled and decomposed into separate models and
can be solved sequentially. The MSP model can be solved using
existing mixed integer quadratic programming (MIQP) solvers.
The solution method for OWF models will be discussed in Sec-
tion 4.2.

4.1.2 Solution procedure

The process of information exchange between the MSP layer
and OWF layer can be described as follows. Once the MSP opti-
mization problem is solved, values of qMSP

n,m,t and Δ+MSP
n,m,t are com-

municated to each OWF n. OWFs use qMSP
n,m,t andΔ+MSP

n,m,t assigned
from the MSP as fixed parameters in their individual optimiza-
tion models. After every OWF optimization problem is solved,
qOWF

n,m,t and Δ+OWF
n,m,t are provided to the DSO. This process is

repeated until qOWF
n,m,t matches qMSP

n,m,t and Δ+OWF
n,m,t matches Δ+MSP

n,m,t .
At each iteration, multipliers are updated according to Equa-

tions (39)–(42). The convergence criteria are also given in Equa-
tions (43)–(45).

(𝛼n,m,t )r+1 = (𝛼n,m,t )r + 2
(
𝛽n,m,t

)r
[

(qOWF
n,m,t )

r
−
(
qMSP

n,m,t

)r
]
(39)

(𝛽n,m,t )r+1 = 𝜆(𝛽n,m,t )r , 𝜆 ≥ 1 (40)

(𝛼′′n,m,t )r+1 = (𝛼′′n,m,t )r + 2
(
𝛽′n,m,t

)r

×
[

(Δ+OWF
n,m,t )

r
−
(
Δ+MSP

n,m,t

)r
]

(41)

(𝛽′n,m,t )r+1 = 𝜆′(𝛽′n,m,t )r , 𝜆′ ≥ 1 (42)

|||(qOWF
n,m,t )

r
−
(
qMSP

n,m,t

)r ||| ≤ 𝜀outer (43)
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|||(Δ+OWF
n,m,t )

r
−
(
Δ+MSP

n,m,t

)r ||| ≤ 𝜀outer (44)

max
n,m,t

(|||(qMSP
n,m,t )

r+1
−
(
qMSP

n,m,t

)r ||| , ||||(qOWF
n,m,t )

r+1
−
(
qOWF

n,m,t

)r |||| ,||||(Δ+MSP
n,m,t )

r+1
−
(
Δ+MSP

n,m,t

)r |||| , ||||(Δ+OWF
n,m,t )

r+1
−
(
Δ+OWF

n,m,t

)r ||||
)

≤ 𝜀outer

(45)
where r is the iteration index of the ATC algorithm, 𝜀outer is the
termination tolerance, and (𝛼n,m,t )r+1 denotes updated values of
𝛼n,m,t at the r-th iteration.

4.2 C&CG-based solution algorithm for the
operation and maintenance of each OWF

The proposed model for each OWF is a two-stage RO problem
which has a complicated and strongly coupled tri-level structure.
C&CG algorithm has been adopted to solve similar RO models
recently [29, 30]. It decomposes the model into a master prob-
lem and a subproblem as well as solves them iteratively with the
addition of new variables and constraints. Due to the high com-
putational efficiency of C&CG, it is selected to solve the OWF
optimization model.

Based on C&CG algorithm, the OWF optimization model is
decomposed into the master problem (MP) and the subproblem
(SP) as follows.

MP ∶ max
xn,yn

,sn,𝜂

[
−M

W∑
i =1

M∑
m =1

(
DTmAn,i,m −

T∑
t =1

xn,i,m,t

)

−

M∑
m =1

T∑
t =1

𝛼n,m,t

(
qOWF

n,m,t − qMSP∗
n,m,t

)

−

M∑
m =1

T∑
t =1

𝛽n,m,t

(
qOWF

n,m,t − qMSP∗
n,m,t

)2

−

N∑
n =1

M∑
m =1

T∑
t =1

𝛼′n,m,t
(
Δ+OWF

n,m,t − Δ+MSP∗
n,m,t

)

−

N∑
n =1

M∑
m =1

T∑
t =1

𝛽′n,m,t
(
Δ+OWF

n,m,t − Δ+MSP∗
n,m,t

)2
+ 𝜂

]
(46)

s.t.

𝜂 ≤

W∑
i =1

T∑
t =1

Q∑
q =1

p
gw,l

n,i,t , ∀l ≤ k (47)

0 ≤ p
gw

n,i,t ≤ yn,i,t paw∗
n,i,t ,l

, ∀i ∈ W , ∀t ∈ T (48)

(19), (20), (22)−(33)

where k is the iteration index of the C&CG algorithm, 𝜂 is the
auxiliary variable denoting the objective function of the sub-
problem, paw∗

n,i,t ,l
is obtained by SP from the lth iteration denot-

ing the worst wind power scenario, and p
gw,l

n,i,t is a new recourse
variable added in the lth iteration.

SP ∶ min
paw

n
∈Uaw

n

max
p

gw
n ,p

sr
n

[
W∑

i =1

T∑
t =1

p
gw

n,i,t

]
(49)

s.t. Equations (19)–(21)
where maintenance decisions (x∗, y∗, s∗ ) obtained from MP

in each iteration are treated as fixed parameters.
Considering that Equation (49) is a bi-level min–max problem

with a polyhedral uncertainty set, it is equivalently transformed
into a single-level min problem based on KKT conditions [31].
The transformation follows details described in ref. [32]. The
transformed objective is presented in Equation (50).

min
paw

n
∈Uaw

n ,p
gw
n ,p

sr
n
,pst

n

[
W∑

i =1

T∑
t =1

p
gw

n,i,t

]
(50)

Thus, MP is an MIQP problem and SP is a mixed integer
linear programming (MILP) problem, which can be solved by
existing MIQP and mixed integer programming (MIP) solvers,
such as CPLEX. In each C&CG iteration, the upper bound
UB is updated by Equation (51) after solving MP, and the
lower bound is updated by Equation (52) after solving SP.
In each iteration, new variables p

gw,k+1
n , psr,k+1

n
are created and

new constraints (Equations (19), (20), (47), and (48)) are added
to MP.

UB = F OWF n∗
k+1 + 𝜂∗

n,k+1 (51)

LB = max
{

LB, F OWF n∗
k+1 + f OWF n∗

k+1

}
(52)

4.3 Integrated solution method for the
overall optimization problem

The overall optimization problem for multiple OWFs is a decen-
tralized robust optimization problem, in which interests of mul-
tiple stakeholders are expected to be guaranteed simultane-
ously and the operation of each OWF under uncertainty are
expected to be optimized. Based on Sections 4.1 and 4.2, ATC
and C&CG are integrated into a solution framework to solve
the studied optimization problem. Between the MSP layer and
the OWF layer, the ATC-based decentralized coordination opti-
mization guarantees the global optimality of the overall prob-
lem. In the inner of each OWF, C&CG-based algorithm is exe-
cuted to solve the two-stage RO model of each OWF. The inte-
grated solution framework for the overall problem is described
in Figure 2.
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FIGURE 2 Flowchart of the integrated solution procedure

In the solution process, individual OWFs do not need to
reveal all detailed operational and maintenance information to
both the MSP and other OWFs. OWF n only needs to send
the information related to its total maintenance demand to the
MSP while the MSP only needs to disclose the tailor-made
maintenance schedule to OWF n. The very limited informa-
tion exchange largely decreases the communication burden and
well protects the privacy of each participant in the collaborative
operation of multiple OWFs and the MSP.

5 COMPUTATIONAL STUDIES

5.1 Parameters and settings

Two numerical experiments are presented to evaluate the per-
formance of the proposed model. A system consisting of three

OWFs and one MSP is considered in two experiments as
described next. Each OWF has 10 WTs with heterogeneous
hourly power curves. Data are collected from a commercial
wind farm in Mainland China including 33 WTs. The schedul-
ing horizon is set to 30 consecutive days and the length of
a time interval is 1 day. The average hourly power output of
each day is regarded as the daily power output of WTs. For
clarity, only power profiles of WTs in OWF 1 for 30 days are
illustrated in Figure 3(a). The power supply commitment is
plotted in Figure 3(b). The safe margin a is set to 0.1. The
budget of uncertainty Γaw

n,i is set to eight and the wind power

deviation Δaw
n,i,t is set to Δaw

n,i,t = 0.3P
pw

n,i,t . Parameters related to
types of maintenance tasks and vessels are listed in Table 1 and
other parameters are listed in Table 2. Same special require-
ments for maintenance tasks are applied to all OWFs: 1) tasks
of Type 3 cannot be performed simultaneously for WT 5–10;
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FIGURE 3 Daily profiles of input data. (a) Power outputs of WTs in OWF 1, (b) committed amount of power supply

TABLE 1 Requirements for different types of maintenance tasks

m Techm DTm CTm,t /RMB CPm/RMB v Capv CV Tv/RMB CVCv,t /RMB NVv,t

Type 1 1 1 day 500 5000 Type 1 1 100 350 60

Type 2 2 2 day 800 8000 Type 2 2 180 500 60

Type 3 3 3 day 1000 10000 Type 3 3 280 650 60

2) only one type of tasks can be performed at a time interval for
WT 1–9.

Proposed models are solved in GAMS 25.1.1 using
CPLEX12.8.0.0 [33]. To balance the solution accuracy and the
computational efficiency for practical problems, the conver-
gence accuracy for each model (OPTCR) is set to 0.01. As cou-
pled variables are integer, the convergence tolerance of the ATC
algorithm is set to 𝜀outer = 0. Initial values of 𝛼n,m,t and 𝛼′n,m,t are
set to 1.7 while initial values of 𝛽n,m,t and 𝛽′n,m,t are set to 1.5.
The 𝜆 is set to 2.

5.2 Performance comparison of the
proposed decentralized model and the
centralized model

The proposed decentralized optimization model is compared
with the centralized optimization model. Scheduling results and
computational efficiencies are evaluated to supply information
to decision-makers of OWFs, such as owners, operators, and
third-party service providers, to choose a suitable scheduling

TABLE 2 Parameters of the scheduling problem

Parameter Value Parameter Value

C Mt 300 P
sr_max

n,t 5000

N Mt 150 Ttide {20, 21, 22}

method in practical applications according to different pursu-
ing benefits. The centralized optimization model is a single-layer
two-stage RO model which is constructed to optimize the entire
system including the MSP and OWFs. The detailed formulation
is provided next. In the centralized model, objectives of indi-
vidual OWFs, which maximize their own power productions,
cannot be directly described in the objective function describ-
ing the total maintenance cost; thus, it is formulated as a penalty
term (the last term in Equation (53)) representing the penalty
cost for the electricity loss due to the maintenance.

min
q, q̄, u, ū,

�+,�−,x, y, s

{
N∑

n =1

M∑
m =1

T∑
t =1

CTm,t qn,m,t

+

N∑
n =1

V∑
v =1

T +1∑
t =1

CV Tv[un,v,t + ūn,v,t ]

+

N∑
n =1

V∑
v =1

T∑
t =1

CV Cv,t

[
t∑

𝜏 =1

un,v,𝜏 −

t∑
𝜏 =1

ūn,v,𝜏

]

+

N∑
n =1

M∑
m =1

T∑
t =1

C Mt Techmqn,m,t +

N∑
n =1

M∑
m =1

C Pmq̄n,m

}
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TABLE 3 Maintenance tasks required to be implemented

OWF 1 Type 1 Type 2 Type 3 OWF 2 Type 1 Type 2 Type 3 OWF 3 Type 1 Type 2 Type 3

WT 1 1/1/1 1/1/0 1/0/0 WT 1 1/1/0 1/1/1 1/0/0 WT 1 1/1/0 1/0/1 1/0/0

WT 2 1/1/0 1/1/1 1/1/0 WT 2 1/0/0 1/0/0 1/1/0 WT 2 1/0/0 1/0/0 1/0/0

WT 3 1/1/1 1/1/0 1/1/0 WT 3 1/1/1 1/0/0 1/0/0 WT 3 1/1/1 1/0/0 1/0/0

WT 4 1/1/0 1/1/0 1/1/0 WT 4 1/1/0 1/0/0 1/0/0 WT 4 1/0/0 1/0/0 1/0/0

WT 5 1/1/0 1/1/1 1/0/0 WT 5 1/0/0 1/1/1 1/1/0 WT 5 1/0/0 1/1/1 1/1/0

WT 6 1/1/0 1/1/1 1/1/0 WT 6 1/0/0 1/1/0 1/0/0 WT 6 1/0/0 1/0/0 1/0/0

WT 7 1/1/0 1/0/0 1/1/1 WT 7 1/0/0 1/1/1 1/0/0 WT 7 1/0/0 1/1/1 1/0/0

WT 8 1/1/0 1/1/1 1/1/0 WT 8 1/1/0 1/1/0 1/1/1 WT 8 1/1/0 1/0/0 1/1/1

WT 9 1/1/0 1/1/0 1/1/1 WT 9 1/1/0 1/0/0 1/0/0 WT 9 1/1/0 1/0/0 1/0/0

WT 10 1/0/0 1/1/1 1/0/0 WT 10 1/1/0 1/0/0 1/1/0 WT 10 1/1/0 1/0/0 1/1/0

1 indicates that the maintenance task is required and 0 indicates no need. In each cell, three digits denote values in S1, S2, S3, respectively.

TABLE 4 Comparison of optimization objectives in different maintenance demand scenarios

S1 (High demand) S2 (Medium demand) S3 (Low demand)

Cen. Decen. Dev. Cen. Decen. Dev. Cen. Dec. Dev.

Total MSP cost / RMB 406560 406840 0.069% 212820 212920 0.047% 79440 79740 0.378%

OWF 1 power / kW 98456.16 107207.91 8.889% 102387.29 110222.79 7.653% 110296.39 110760.26 0.421%

OWF 2 power / kW 155142.39 158479.4 2.151% 171042.75 171967.26 0.541% 182378.28 182959.59 0.319%

OWF 3 power / kW 108406.46 128573.67 18.6% 134212.95 135948.21 1.293% 143038.61 143423.43 0.269%

Total power / kW 362005 394260.99 8.91% 407642.99 418138.26 2.575% 435713.27 437143.27 0.328%

“Cen.” denotes centralized model and “Decen.” denotes decentralized model. “Dev.” denotes deviation.
Deviation percentage is calculated by formula:

value of decentralized model−value of centralized model

value of centralized model
.

+ max
paw∈Uaw

n

min
pgw, psr,

∈ �(q, q̄, u, ū,�+,

�−,x, y, s, paw )

(
N∑

n =1

W∑
i =1

T∑
t =1

P
pw

n,i,t − p
gw

n,i,t

P
pw

n,i,t

)

(53)
s.t. (8)–(17), (19)–(33)

5.2.1 Comparison of scheduling results

To evaluate the model performance of the power production
optimization considering impacts of maintenance scheduling,
three scenarios, S1–S3, reflecting different types of maintenance
demands of OWFs are considered. The scenario S1 presents
that all three OWFs have high maintenance demands within the
scheduling horizon, S2 indicates medium maintenance demands
and S3 indicates low maintenance demands. Demanded mainte-
nance tasks for each OWF are presented in Table 3 by values of
An,i,m .

The optimal objective values for each stakeholder are listed in
Table 4. The MSP maintenance cost, the individual power gen-
eration of each OWF, and the total power generation of three

OWFs are reported. In every scenario, the optimal total MSP
maintenance costs obtained by two models are very close (all
deviation percentages are less than 0.5%, although the decen-
tralized model obtains slightly higher costs), which implies that
two models have a similar capacity to schedule maintenance
resources for the MSP. However, the power production of each
OWF optimized by the decentralized model is larger than that
of the centralized model, which indicates that the decentralized
model can optimize power productions of each OWF while
coordinating maintenance resources among them. Therefore,
the decentralized model can obtain more reasonable mainte-
nance schedules to ensure individual interests of all stakeholders
simultaneously.

In addition, the performance difference between two mod-
els in OWF operation optimization becomes larger with the
increase of maintenance demands of three OWFs. In S1, the
power production deviation between two models is the greatest
in three scenarios, showing that the performance of the decen-
tralized model on optimizing both OWF power productions
and maintenance is much better than the centralized model
when maintenance demands are high. However, as maintenance
demands reduce, especially in the low-demand scenario S3, the
advantage of the decentralized model becomes less noticeable.
One possible reason is that there would be plenty of possible
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FIGURE 4 Optimal power production plans for WT 2 of OWF 1 in S1 by two models

FIGURE 5 Optimal wind farm maintenance schedule of OWF 1 in S1 by centralized model

maintenance schedules when maintenance demands are high.
The decentralized model has a stronger ability to seek the
optimal solution from many possible solutions by optimizing
entities individually and coordinating them. When maintenance
demands are low, possible maintenance schedules are reduced
and thus optimal power production and maintenance schedules
obtained by two models are likely to be similar.

The optimal power production plans for WT 2 of OWF 1
in S1 by two models are plotted in Figure 4. Points with value
zero indicate that WT 2 is shut down for maintenance. It is
observable that, compared to results of the centralized model,
the decentralized model tends to schedule maintenance tasks for
WT 2 on days with less power production, such as Day 18, 19,
25, and 26. Moreover, on days with high wind power produc-
tion (Day 4, 7, 8, 16, and 17), the centralized model decides to
perform maintenance tasks on WT 2 and subsequently affects
the optimization of the OWF power production. The detailed
maintenance schedules of OWF 1 in S1 are also presented in
Figures 5 and 6. It is observable that, in S1, all required mainte-
nance tasks are scheduled to be completed within the scheduling

horizon by both models, although the maintenance schedules
are quite different. Based on the centralized model, blocks rep-
resenting maintenance tasks are distributed more densely. Tasks
are scheduled to be performed in early days and there are no
WTs in maintenance since Day 20. Based on the decentralized
model, blocks of maintenance tasks no longer have a concen-
trated distribution trend. This result can be explained as fol-
lows. The centralized model only considers reducing the total
MSP cost; thus, it tends to seek the schedule with the least ves-
sel transporting cost. However, the decentralized model aims at
scheduling maintenance tasks to minimize its impacts on power
productions of OWFs. Thus, it shifts some maintenance win-
dows to days with less power production.

5.2.2 Comparison of computational efficiency

The computational time and iteration numbers of both
the decentralized model and the centralized model in
scenarios S1–S3 are compared in Table 5. It is observable that
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FIGURE 6 Optimal wind farm maintenance schedule of OWF 1 in S1 by decentralized model

TABLE 5 Comparison of computational efficiency in different maintenance demand scenarios

S1 (High demand) S2 (Medium demand) S3 (Low demand)

Cen. Decen. Cen. Decen. Cen. Decen.

Computational time / sec 1753.53 4303.64 212.36 2609.63 15.98 514.67

Iteration numbers 7 9 4 13 3 9

both models in each scenario can converge to the optimal solu-
tion after several iterations, although the decentralized model
needs a few more iterations. In each scenario, although the com-
putational time consumed by the centralized model is much
less than by the decentralized method, the computational time
of the decentralized model is still reasonable for the month-
ahead scheduling in practical wind farm optimization prob-
lems. With the increase of the number of required maintenance
tasks, sizes of both problems increase, and their computational
time also increases. However, the increase rate of the computa-
tional time of the centralized model is much greater than that
of the decentralized model. This indicates that, compared with
the centralized optimization method, the proposed decentral-
ized scheduling method has a great advantage in computational
efficiency, especially when tackling large-scale and complicated
problems. This advantage makes the decentralized model more
applicable.

Moreover, the centralized model improves the computational
efficiency at the expense of increasing communication burdens
and reducing information privacy among multiple stakeholders.
In conclusion, the centralized model can be selected if decision-
makers pursue the solution efficiency. Yet, if they want to pro-
tect the privacy of stakeholders and ensure the communication
stability of the entire system, the decentralized model should be
selected. When dealing with large-scale problems, such as sys-
tems with more OWFs or higher maintenance demands, they
should also choose the decentralized method.

5.3 Robustness comparison of the proposed
model with the deterministic model

The robustness of the proposed decentralized robust opti-
mization model is verified by comparing with the decentral-
ized deterministic model. In the proposed model, the upper
MSP layer is a deterministic optimization model while the
lower OWF layer is formulated as multiple RO models. In the
decentralized deterministic model for comparison, both layers
are described as deterministic models without considering the
uncertainty. In the following statement, aforementioned two
models are referred to the robust model and the deterministic
model. First, the deterministic model is solved in S1 to obtain
the optimal deterministic schedule for power productions and
maintenance. Next, 5000 random scenarios are generated via
a normal distribution with mean P

pw

n,i,t and standard deviation
Δaw

n,i,t∕1.44, which indicates an 85 percentile of wind power

falling in the interval [P
pw

n,i,t − Δaw
n,i,t , P

pw

n,i,t + Δaw
n,i,t ], in MATLAB.

Finally, for OWF 1, based on the deterministic maintenance
schedule obtained in this section and the robust maintenance
schedule obtained in Section 5.2.1, the second-stage power pro-
duction problem is re-optimized under 5000 generated scenar-
ios. The scheduling results and the feasibility of re-optimized
problems by two models are compared in Table 6.

As shown in Table 6, the optimized power production of
OWF 1 by the robust model is 12.92% lower than that by the
deterministic model. It indicates that the robust model is more



ZHANG AND ZHANG 15

TABLE 6 Comparison of scheduling results for OWF 1 under
deterministic and robust models

Deterministic Robust

Objective values 123110.83 kW 107207.913 kW

Feasibility percentage 81.42% (4071/5000) 88.76% (4438/5000)

conservative than the deterministic model in order to avoid the
risk by the uncertainty in wind power. Whereas the percentage
of feasible power production problems based on the mainte-
nance schedule of the robust model is 7.34% larger than that
based on the schedule of the deterministic model. It verifies that
the robust schedule has higher robustness than the determinis-
tic schedule; thus, it can maintain the power balance in OWFs in
realistic wind power scenarios. Besides, if obtained maintenance
schemes for one OWF cannot be successfully implemented, the
operation of other OWFs that sign service contracts with the
same MSP and benefits of the MSP will also be disrupted due
to their coordination of maintenance resources.

5.4 Computational comparison of
decentralized solution methods

To verify the effectiveness of applying ATC to the studied OWF
operation problem, the alternating direction method of multipli-
ers (ADMM) [34] is compared in solving the proposed model
under three scenarios, S1–S3. ADMM is a traditional decentral-
ized solution method based on the augmented Lagrangian relax-
ation. As mentioned in Section 5.1, the convergence tolerance
for the outer ATC loop is set to 𝜀outer = 0 due to integer coupled
variables. It implies that the decentralized optimization model is
considered as converged only when the maintenance schedule
generated by the upper-layer MSP sub-problem and all lower-
layer OWF sub-problems are the same.

In all scenarios, models solved by ATC converge in lower
numbers of iterations and computational time as shown in
Table 5. All outer-loop optimality gaps in three scenarios are
zero. However, models solved by ADMM cannot satisfy the
convergence condition. In S1 and S2, models cannot converge
to acceptable results after running for more than 24 h and 200
iterations. In S3, the solution with a tolerable outer-loop opti-
mality gap (2.22%) is found by ADMM in 157 iterations, con-
suming 13687.25 s (almost 4 h).

The computational performance of both methods is consis-
tent with observations in existing studies. Compared to ADMM,
quadratic penalty factors in ATC are updated in each itera-
tion, which has a remarkable impact on convergence. They act
as a local convexifier to mitigates non-convexity of problems.
As shared variables are discrete, applying ATC integrated with
C&CG method to solve the proposed model can guarantee con-
vergence and optimality.

6 CONCLUSIONS

This paper presented a decentralized robust model for the oper-
ations optimization of multiple OWFs considering the coor-

dination of maintenance scheduling among them. In the pro-
posed model, multiple wind farms and the third-party company
providing one-to-many maintenance services were regarded as
different stakeholders to realize their autonomous operations
management and maximize their interests simultaneously. The
uncertainty of wind power within each OWF was also incor-
porated by a robust uncertainty set. An integrated algorithm of
ATC and C&CG was applied to solve the model, decomposing
models of MSP and OWFs into upper and lower layers, respec-
tively. The model decomposition and transformation character-
ized interactions between MSP and OWFs. Simulation studies
demonstrated the effectiveness of the solution algorithm on the
investigated problem.

Numerical results showed that, compared with the central-
ized scheduling model, the proposed decentralized model could
reduce the impact of maintenance activities on power pro-
ductions of OWFs since it could better guarantee the max-
imum benefits of different stakeholders participating in the
collaborative operation. When more maintenance tasks were
involved, the proposed model had a better performance in
terms of the scheduling effectiveness and computational effi-
ciency. In addition, the proposed robust model could immune
obtain schedules against stochastic wind power scenarios as
compared to the deterministic model. Numerical results also
demonstrated the convergence and optimality of the proposed
solution method integrating ATC with C&CG. The feasibil-
ity and effectiveness of the integrated solution method to the
studied OWF operation problem were thus verified. In con-
clusion, the proposed model showed lower communication
burden as well as better information privacy, scalability, and
robustness. With the integration of a large number of OWFs
owned by various operators, the decentralized robust model
could better satisfy practical scheduling requirements. In the
future research, the power production scheduling model will
be extended to incorporate more details in practical opera-
tions. Power production decisions and maintenance decisions
will be further modelled in distinct timescales. The power
transmission among OWFs will be considered by power flow
constraints in optimizing their operations interacting with the
main grid. Intra-day operation scheduling will be formulated
using multi-stage RO to enhance the reliability of optimal
schedules.

NOMENCLATURE

Sets and Indices

N, n Set/Index of wind farms, n ∈ N,N = {1, 2, … , N }

W, I Set/Index of wind turbines (WT), i ∈ W ,W =

{1, 2, … , W }

M, m Set/Index of maintenance task types, m ∈ M,M =

{1, … , M }

T, t Set/Index of maintenance scheduling time intervals,
t ∈ T ,T = {1, 2, … , T }

T tide Set of intervals in tidal conditions which are unsuitable
for shipping, T tide ⊆ T
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V, v Set/Index of vessel types, v ∈ V ,V = {1, 2, … , V }

j Index of sets of mutually exclusive maintenance tasks,
maintenance tasks in each set cannot be performed
simultaneously

E j Sets of mutually exclusive maintenance tasks, E j =

{(i,m)i ∈ W ,m ∈ M} , j ∈ {1, … , J }

Parameters

DTm Maintenance window length, the number of time
intervals, for maintenance task m

C Tm,t Cost of conducting a maintenance task of type m at
time t (RMB)

C Pm Penalty cost for the delay of a maintenance task of
type m (delay penalty) (RMB)

N Tn,m Number of planned maintenance tasks of type m in
OWF n (sums of elements in An,i,m w.r.t. i)

CV Tv Single-trip transportation cost of a vessel of type v

(RMB)
CV Cv,t Charter cost of a vessel of type v staying at OWFs at

time t (RMB)
Capv Capacity of a vessel of type v (the number of techni-

cians a vessel can accommodate)
NVv,t Number of vessels of type v available at time t

C Mt Manpower cost of a technician at time t (RMB)
N Mt Number of technicians available at time t

Techm Number of technicians required to perform a task of
type m

a A pre-specified safe margin of the committed power
supply

An,i,m Binary indicator of demanding maintenance task m

for WT i in OWF n

P
sr_max

n,t Maximum of the purchased spinning reserve power
of OWF n at time t (kW)

P
pw

n,i,t Predicted power output of WT i in OWF n at time t

(kW)
Δaw

n,i,t Deviation from the predicted power output of WT i

in OWF n at time t (kW)
Γaw

n,i Budget of the wind uncertainty of WT i in OWF n

Dn,t Power supply commitment of OWF n at time t (kW)

Decision variables

qn,m,t Integer variable denoting the number of maintenance
tasks of type m worked on for OWF n at time t

q̄n,m Integer variable denoting the number of maintenance
tasks of type m not completed for OWF n at the end
of the scheduling horizon

un,v,t Integer variable denoting the number of vessels of
type v assigned by the MSP to OWF n at the beginning
of time interval t

ūn,v,t Integer variable denoting the number of vessels of
type v returning from OWF n to the MSP at the begin-
ning of time interval t

Δ+n,m,t Integer variable denoting the number of tasks of type
m starting at the beginning of time interval t in OWF n

Δ−n,m,t Integer variable denoting the number of tasks of type
m finished at the beginning of time interval t in OWF
n

xn,i,m,t Binary variable indicating the implementing state of
maintenance task m on WT i at time t, 1 if maintenance
task m of WT i in OWF n is being conducted at time t

and 0 otherwise
sn,i,m,t Binary variable denoting the starting state of mainte-

nance task m of WT i in OWF n at time t, 1 if mainte-
nance task m of WT i starts at time t and 0 otherwise

yn,i,t Binary variable denoting the on/off status of WT i in
OWF n at time t, 1 if WT i is on at time t and 0 other-
wise

p
gw

n,i,t Scheduled power output of WT i in OWF n at time t

(kW)
psr

n,t Spinning reserve power purchased by OWF n at time t

(kW)
TC Total maintenance cost of the MSP (RMB)

T COM Total maintenance operations cost of all OWFs (RMB)
T CTP Total transportation cost of all OWFs (RMB)

T CVT Total trip cost of vessels for all OWFs (RMB)
T CVC Total charter cost of vessels for all OWFs (RMB)
T CMP Total manpower cost of all OWFs (RMB)
T CDP Total task delay penalty cost of all OWFs (RMB)

Uncertain variables

paw
n,i,t Uncertain power output of WT i in OWF n at time t (kW)
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