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,e development of wind power in China shows a dramatic growth in the past decade in terms of installed capacity. However,
wind power companies mainly focus on the construction of new wind farms continuously, while operations management once
wind farms are built is seldom paid attention to. ,e problem is crucial for ensuring efficient power generation, especially when
wind turbines’ performance declines over time and disruption/failure often occurs. Efficient disruption recovery operations are
critical for restoring the failures of wind turbine generators as fast as possible. ,is paper aims to optimize the disruption recovery
operations for wind farms by determining the maintenance schedule and route for multiple maintenance teams.,is optimization
problem is formulated as a deterministic mixed integer linear programming model with the objective of minimizing the loss of
power generation due to failure. In view of the high uncertainty of repair time, a chance-constrained programming model and a
cutting-plane solution algorithm are further proposed. A case study based on a real wind farm demonstrates (1) the proposed
model is applicable for solving real-world-sized problems; (2) the optimal maintenance route often shows a crossing pattern,
which is quite different from that of traditional vehicle routing problems; and (3) the working time limit violation for maintenance
teams due to uncertain repair time can be effectively avoided. Overall, the proposed optimizationmodel provides decision-making
support for wind farm maintenance work and shows a great potential in wind farm energy management.

1. Introduction

To cope with the challenge of global climate change, energy
transformation has emerged to be the most critical and
urgent task for countries all over the world. With the Paris
Climate Agreement, green and renewable energy develop-
ment has been highly concerned by the international society.
As the representative of renewable energy source, wind
power has been developed as a renewable energy power
generation technology and grown very quickly in the world
[1, 2]. Wind power generation has turned to be a large-scaled
and well-commercialized industry and contributed greatly
to the sustainable energy development. Up to now, more

than 90 countries have built wind power generation systems,
among which 29 counties have reached 1GW installed
capacity and 9 countries have exceeded 10GW. ,e Re-
newables 2018 Global Status Report (GSR) which was re-
leased by “Renewable Energy Policy Network for the 21st
Century (REN21)” stated that, in 2017, the newly installed
capacity of wind power in the world reached 52GW and the
accumulative installed capacity was 539GW. In the past one
decade, China has experienced a rapid growth in wind power
generation system development and taken the leading role in
global wind power development. China’s wind energy ca-
pacity will reach at least 150GW or possibly up to 230GW,
which could cut the carbon dioxides by 410 million tons of
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CO2 emission or 150 million tons of coal consumption in
energy systems in different scenarios by 2020. ,is positive
projection of 230GW of wind energy is equal to 13 times the
capacity of the,ree Gorges Dam, with the ability to replace
power generated from 200 coal fire power plants [3].

However, the rapid development of wind power gen-
eration in China mainly focuses on launching new wind
power generation projects and installing new wind turbine
generators (WTGs), while operations management for
existing wind power generation systems once built is seldom
paid attention to. ,is is due to the following reasons: (1) the
larger installed capacity of wind farms is accomplished, and
the more income and feed-in-tariff could be obtained; (2)
most of the wind power generation projects are relatively
new, and the WTGs are within the maintenance service
period by the manufacturer; and (3) disruption/failure is
scarce in the early stage, andmaintenance has not become an
urgent task for the operators. However, the operation and
maintenance problem is crucial for ensuring efficient power
generation, especially when wind turbines’ performance
declines over time (usually after 3–5 years) and disruption/
failure often occurs. Efficient disruption recovery operations
are critical for restoring the failures of wind turbine gen-
erators as fast as possible. ,erefore, it is imperative to
optimize the disruption recovery operations for wind farms
with the objective of minimizing power generation loss.
Specifically, given a number of WTGs in a wind farm that
need to be repaired, we need to determine the optimal
maintenance schedule and route for maintenance teams.

,e operations and management of wind power gen-
eration systems is expected to be more and more important
and challenging in the near future. With a longer service
time, disruption/failure of the WTGs would become more
frequent and costly. ,e natural environment where the
wind power is located at is very severe, and it may encounter
strong wind, sandstorm, salt fog, wind storm, snow storm,
and thunder storm. All these meteorological disasters
compose a challenge for WTGs, and sometimes, they cause
damage to WTGs. Particularly, some hidden dangers may
appear gradually after the WTGs are operated for three to
five years. Effectiveness management strategy and efficient
disruption recovery operations could help reduce power
generation loss once significant disruption happens in a
wind farm. ,erefore, it is necessary to study the recovery
operation planning problem for handling the disruption/
failure of WTGs and optimize the maintenance task deci-
sions, including the maintenance routing and scheduling, so
that the power generation loss due to disruptions could be
minimized.

In this paper, we aim to address the disruption/failure
recovery operation planning problem with the objective of
minimizing power generation loss. ,e contribution lies in
the proposed optimization models which can be applied for
the decision-making process of wind farm maintenance
work and show a great potential in wind farm energy
management. Specifically, we contribute to the following:

(1) Proposing a deterministic mixed integer linear
programming model for the studied problem

(2) Developing a chance-constrained programming
model as well as a cutting-plane-based solution al-
gorithm with consideration of the repair time
uncertainty

(3) Demonstrating through case studies that the pro-
posed optimization model could be solved efficiently
and is applicable for real-world-sized problems

(4) Finding unique features of the recovery operation
routing pattern which is helpful for the wind farm
maintenance operators and service providers

We remark that the methodology employed in this study
is mainly based on mixed integer linear programming and
chance-constrained technique, rather than metaheuristic
approaches (e.g., genetic algorithm). ,is is mainly because
linear programming models yield optimal solutions, while
metaheuristic approaches only find near-optimal ones and
cannot guarantee optimality.

,e rest of this paper is organized as follows: Section 2
briefly reviews relevant literature. A detailed problem de-
scription is presented in Section 3, and then Section 4 de-
velops mathematical optimization models. A case study is
discussed in Section 5. Finally, Section 6 presents the
concluding remarks and potential research directions.

2. Literature Review

,e operations of wind power generation systems involve
various decision-making problems and have attracted much
attention from researchers. Earlier studies developed opti-
mizationmodels and algorithms to assist decision-making in
wind turbine location [4], cable routing [5], power gener-
ation forecasting [6, 7], failure analysis [8], disruption and
maintenance operations [9, 10], etc. Methodologies mainly
include mixed integer linear programming, game theory,
fuzzy theory, and heuristic algorithms [5, 11, 12].

Disruption and maintenance operations for wind power
generation systems have been gaining increasing attention
recently. Focusing on preventive maintenance, Perez-Canto
and Rubio-Romero integrated the wind farm with tradi-
tional electric generating systems and developed an opti-
mization model for scheduling the power plant preventive
maintenance works [13]. ,e postdisruption maintenance
problem is quite critical, and various methods have been
proposed for finding the optimal routes and schedules for
maintenance vehicles, vessels, and personnel [14–17]. Stal-
hane et al. proposed two formulations, an arc-flow and a
path-flow formulation, for scheduling the maintenance tasks
at offshore wind farms [14]. Dai et al. considered the
temporal dimension and proposed mathematical formula-
tions for the routing and scheduling problem offshore wind
farms, to determine the maintenance works of each day over
the planning period [15]. Irawan et al. studied a similar
problem and developed an algorithm based on Dant-
zig–Wolfe decomposition methods. An integer linear pro-
gramming model was proposed to find the optimal route
configuration along with the maintenance schedules with
the objective of minimizing travel and technician costs [16].
Bao and Li investigated a general maintenance operation
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scheduling problem with consideration of random machine
breakdowns. ,ey proposed a combined scheduling strategy
which adjusts the scheme to improve the robustness of the
decision scheme [17]. Disruption recovery operation plan-
ning in other contexts has been also studied, such as airline
[18], public transportation [19], and humanitarian logistics
[20]. We remark that earlier studies mainly treat mainte-
nance working time as fixed and known values without
consideration of repair time uncertainty. However, we ob-
serve from the practice that the repair time for WTGs is
highly uncertain, leading to frequent excessive working time
than required for maintenance teams. ,e WTG repair time
can only be known once the maintenance work is finished.
,erefore, it is necessary to take maintenance time uncer-
tainty into consideration when planning the maintenance
operations.

,e studied disruption recovery operation planning
problem resembles vehicle routing problems. However,
vehicle routing problems are often studied in other contexts,
such as logistics delivery [21–23], maritime shipping
[24–26], and healthcare management [27–29]. Abundant
optimization models and solution algorithms have been
developed accordingly. Grangier et al. focused on two-
echelon multitrip vehicle routing problem with satellite
synchronization and developed an adaptive large neigh-
bourhood search algorithm. Efficient heuristic techniques
for destruction, repair, and move operations were proposed
[21]. Cirovic et al. studied the logistics vehicle routing
problem in urban areas and proposed a model combining
simulated annealing, neuro-fuzzy logic, and modified
Clarke–Wright algorithm [22]. Ehmke and Mattfeld studied
the vehicle routing for attended home deliveries and pre-
sented a heuristic optimization framework with consider-
ation of time-dependent travel time data. Zhou et al.
introduced a new city logistics problem arising in the last
mile distribution, as is calledmultidepot two-echelon vehicle
routing problem with delivery operations [23]. A hybrid
multipopulation genetic algorithm was developed to solve
the problem. Christiansen et al. conducted an in-depth
overview of existing models and solution methods for the
linear shipping network design, including mixed integer
programming models and two-stage algorithms [24].
Kjeldsen summarized ship routing and scheduling problems
in the liner shipping industry and discussed unique features
of maritime shipping [25]. Wibisono and Jittamai proposed
a biobjective evolutionary algorithm for a liner shipping
network design problem and designed a genetic algorithm-
based solution method [26]. Fikar and Hirch presented a
comprehensive overview on home-healthcare routing and
scheduling problems, in which nurses and doctors are
scheduled and routed to visit multiple patients’ homes [27].
Mankowska et al. studied the home-healthcare routing and
scheduling problem with particular consideration of the
interdependencies between two services [28]. A mathe-
matical model formulation was proposed, and a powerful
heuristic based on a sophisticated solution representation
was designed. Begur et al. integrated stand-alone PC-based
geographic-information-system software with scheduling
heuristics and databases and developed a decision-support

system for scheduling home-healthcare nurses [29]. Sig-
nificant travel time and schedule-preparation time can be
saved, and balance of work among nurses can also be im-
proved. Based on the review on traditional vehicle routing
problems in various application contexts, we remark that the
maintenance time for each WTG/customer takes a signifi-
cant portion in the overall maintenance time, while tradi-
tional vehicle routing problems focus more on minimizing
travel time and the service time at each customer is relatively
minor as compared to travel time. As such, whether existing
optimization models and solution algorithms can be applied
to the wind farm disruption recovery operation context
remains to be answered. ,erefore, it is necessary to in-
vestigate how longer maintenance time affects the optimal
route pattern, and how existing algorithms for vehicle
routing problems can be improved to be fit for the studied
problem in this paper.

In summary, the research gap lies in the following two
aspects: (1) Current literature on wind farm maintenance
operation scheduling mainly aims at minimizing the
maintenance travel cost. ,e loss of wind power generation
due to disruption/failure is not considered. However, real-
world wind farm operators are concerned about the wind
power generation loss and take it as a key criterion for
planning the maintenance work. (2) Earlier studies seldom
consider the uncertainty in maintenance work, which may
cause violation of the working time requirement if longer-
than-expected maintenance time of certain WTGs happens.
,e above two aspects will be verified via examples in detail
in Section 5. In view of the research gap, this paper develops
an optimization model for the wind farm disruption re-
covery operation planning problem, which is capable of
considering the wind power generation loss and uncertainty
in WTG repair time. ,e proposed optimization model can
be used for supporting decision-making of wind farm
maintenance work.

3. Problem Description

Consider a wind farm with a group of WTGs geographically
distributed in an area, and some of the WTGs are detected
with a certain failure which requires maintenance/recovery
operations to restore normal operating conditions.,e wind
farm managers need to design a good recovery operation
plan in order to facilitate the maintenance team to carry out
maintenance activities as efficiently as possible. ,e dis-
ruption recovery operation optimization problem studied in
this paper involves two interrelated decisions: (1) routing
decision which specifies the sequence of the turbines to be
repaired (i.e., maintenance task) for each maintenance team
and (2) scheduling decision which details the exact starting
time and expected completion time for each maintenance
task. Figure 1 shows a real-world example of a wind farm and
its maintenance operation plan. As can be seen, there are
totally 46 WTGs, nine of them are detected with failure, and
two maintenance teams are sent out for conducting the
recovery operations. ,e objective of the maintenance op-
eration planning problem is to minimize the power gen-
eration loss of those WTGs with failures. ,is objective
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could be achieved by determining the optimal sequence and
schedule of maintenance operation activities so that the
WTGs with failures could be restored to normal operating
conditions as fast as possible.

,e challenge of the maintenance operation planning
problem lies in the following: (1) ,ere are multiple types of
failures which could be only restored by maintenance teams
with corresponding expertise. ,is could lead to combina-
torial explosion due to multiple failure types and multiple
maintenance teams. (2) ,ere are multiple types of WTGs
with different power generation capacity, and the power
generation capacity of each WTG varies with the change of
the real-time wind speed at its location. ,e uniqueness of

theWTGs lies not only in the geographical locations but also
in the power generation capacity.,is makes the objective of
minimizing power generation loss more difficult to achieve.
(3) ,e disruption recovery decision needs to be updated
frequently. ,is requires the developed optimization model
to be solved very efficiently. We remark that the studied
problem resembles the vehicle routing problem, but it shows
unique features. One critical difference lies in the objective
function, since the disruption recovery problem for the
WTGs aims to minimize the power generation loss rather
than the travel cost or distance for traditional vehicle routing
problems. ,is key difference brings a distinct solution
structure, which is verified in the following case study.
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Figure 1: A real-world example of a wind farm and its maintenance operation plan.
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,e following assumptions are made for the mainte-
nance operation planning problem:

(1) ,e exact types of failure of those WTGs which need
maintenance operations are known. Note that var-
ious operating status data are collected automatically
by the operating system, and the types of failure
could be identified by the real-time data as well as
historical data.

(2) ,e maintenance task of each WTG can be imple-
mented by one maintenance team, and collaboration
by multiple teams is not required. In this paper, we
do not consider complex maintenance tasks which
need more than one team to work on, since such
cases are very rare in practice.

4. Model Formulation and Algorithm

In this section, we first develop a deterministic mixed integer
linear programmingmodel for the studied problem and then
propose a chance-constrained programming model in order
to take uncertainty of repair time into account. A cutting-
plane-based solution algorithm is then designed for
obtaining optimal solutions.

4.1. Deterministic Programming Model. ,e wind farm
system can be represented as a graph G(N, A) with WTGs
defined as the node set N, while road connections between
each pair of WTGs defined as the arc set A. Based on the
defined WTG network, the disruption recovery operation
optimization problem is to assign the maintenance tasks to
each team and determine the sequence/route and schedule
for carrying out the tasks. Before presenting the model, we
first introduce the mathematical notations as follows:

Sets

(1) N: set of nodes representing WTGs in the wind
farm

(2) N1 ⊆N: set of nodes representing the WTGs with
failures

(3) N0 � N∪ 0{ }: set of all nodes where 0 represents the
maintenance center

(4) A: set of arcs representing the road connection
between each pair of WTGs

(5) K: set of maintenance teams
(6) S: set of failure types

Parameters

(1) αks ∈ 0, 1{ }: 1 if failure type s could be repaired by
the maintenance team k or otherwise 0

(2) βis ∈ 0, 1{ }: 1 if WTG i needs maintenance for
failure type s or otherwise 0

(3) tij: relocation time from node i to node j

(4) wi: power generation capacity of WTG i under
normal conditions

(5) pis: maintenance time of WTG i for failure type s

(6) Tmax: maximum working time for each mainte-
nance team

Decision variables

(1) xijk ∈ 0, 1{ }: 1 if and only if maintenance team k

visits WTGs i and j consecutively or otherwise 0
(2) yi ≥ 0: recovery time of WTG i

,en, the disruption recovery operation planning
problem for the WTGs could be formulated as the following
mixed integer linear programming (MILP) model (M1):

min 
i∈N1

wiyi, (1)

subject to:


j∈N1

x0jk � 1, ∀k ∈ K, (2)


j∈N0

xijk − 
j∈N0

xjik � 0, ∀i ∈ N1, ∀k ∈ K, (3)


i∈N1

xi0k � 1, ∀k ∈ K, (4)


k∈K


j∈N0


s∈S

αksβisxijk � 1, ∀i ∈ N, (5)


k∈K


j∈N0


s∈S

αksβisxjik � 1, ∀i ∈ N,
(6)

yj ≥ t0j + 
s∈S

βjspjs + M x0jk − 1 ,

∀j ∈ N, ∀i ∈ K,

(7)

yj ≥yi + tij + 
s∈S

βjspjs + M xijk − 1 ,

∀i ∈ N, ∀j ∈ N, ∀k ∈ K,

(8)


j∈N

t0jx0jk + 
i∈N


j∈N0

tij + 
s

βispis
⎛⎝ ⎞⎠xijk ≤Tmax,

∀k ∈ K,

(9)

xijk ∈ 0, 1{ }, ∀i ∈ N, ∀j ∈ N, ∀k ∈ K, (10)

yi ≥ 0 , ∀i ∈ N. (11)

,e objective function (1) minimizes total recovery time
of all WTGs with failures, representing the total power
generation loss. Constraints (2)–(4) are the flow conserva-
tion constraints. Constraint (2) defines that each mainte-
nance team starts from the maintenance center, while
Constraint (4) ensures that each team returns to the center
after finishing all the maintenance tasks. For all other nodes,
the inflow should equal to the outflow, as is ensured by
Constraint (3). Constraints (5) and (6) guarantee for each
WTG with failure that exactly one maintenance team visits
its location for conducting maintenance works, and its
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corresponding failure matches the expertise of the team.
Constraints (7) and (8) define the recovery time for the
WTGs with failures. Specifically, Constraint (7) ensures for
each maintenance team that the recovery time of its first-
visited WTG is greater than the travel time from the center
to its location plus its maintenance time. Similarly, Con-
straint (8) restricts that, for any two consecutively visited
WTGs, the recovery time of the latter one is larger than the
summation of that of the former one, the travel time, and the
maintenance time of the latter one. Constraint (9) guar-
antees that, for each maintenance team, the total working
time for all the assigned maintenance tasks should respect
the maximum working time requirement. Constraints (10)
and (11) define the domain of the decision variables.

4.2. Chance-Constrained Programming Model. We further
develop a chance-constrained programming model to ex-
tend the aforementioned deterministic model to a stochastic
setting. Considering that the repair time forWTGs is usually
quite uncertain, it is necessary to take the uncertainty into
account for the maintenance task assignment and sched-
uling, especially for ensuring that the working time for each
maintenance team does not exceed the total working time
limit due to longer-than-expected repair time.

Mathematically, the maintenance time pis of WTG i for
failure type s is treated as a randomvariable with themean value
of μis and standard deviation of σis. As such, the recovery time
yi and the total working time for each maintenance team also
become random variables. In the developed constrained pro-
gramming model, we take the mean value of the recovery time
and minimize the expected power generation loss in the ob-
jective function. For theworking time ofmaintenance teams, we
impose that it does not exceed themaximumworking time limit
with a least probability (1 − θ). ,en, the chance-constrained
programming model (M2) could be formulated as follows:

min 
i∈N1

wiyi, (12)

subject to:
yj ≥ t0j + 

s∈S
βjsμjs + M x0jk − 1 ,

∀j ∈ N, ∀i ∈ K,

(13)

yj ≥yi + tij + 
s∈S

βjsμjs + M xijk − 1 ,

∀i ∈ N, ∀j ∈ N, ∀k ∈ K,

(14)

Pr 
j∈N

t0jx0jk + 
i∈N


j∈N0

tij + 
s

βispis
⎛⎝ ⎞⎠xijk ≤Tmax

⎡⎢⎢⎣ ⎤⎥⎥⎦≥ 1 − θ,

∀k ∈ K.

(15)

(2)-(6) and (10), (11)

4.3. A Cutting-Plane-Based Solution Algorithm. Observing
that the above chance-constrained programming model

involves a nonlinear term in Constraint (15), we develop a
cutting-plane-based solution algorithm for solving the
model M2 and obtaining optimal solutions.,e basic idea of
the cutting-plane-based solution algorithm is to relax
Constraint (15) by taking the mean value of repair time to
impose a loose restriction and solve the updated model
which becomes a linear programming model. Once the
model is solved, we use the obtained solution and again
check Constraint (15). If violation exists, we add new cuts to
eliminate such infeasible solutions and rerun the model;
otherwise, the optimal solution tomodel M2 is obtained.,e
step-by-step algorithm is summarized as follows.

Step 1: replace Constraint (15) by the following:


j∈N

t0jx0jk + 
i∈N


j∈N0

tij + 
s

βisμis⎛⎝ ⎞⎠xijk ≤Tmax,

∀k ∈ K.

(16)

Step 2: solve the updated model (M2) to obtain optimal
solutions x∗ijk  and y∗i . Check whether Constraint
(15) is violated or not by the following inequality:


j∈N

t0jx0jk + 
i∈N


j∈N0

tij + 
s

βis μis +Φ− 1
(1 − θ)σ is 

⎧⎨

⎩

⎫⎬

⎭

xijk ≤Tmax, ∀k ∈ K,

(17)

where Φ− 1(1 − θ) is the inverse cumulative probability
function with a probability of (1 − θ).
Step 3: if there exists any maintenance team k whose
working time limit constraint is violated, add the fol-
lowing cuts:



(i,j) x∗ijk

 �0

xijk + 

(i,j) x∗ijk

 �1

1 − xijk ≥ 1,
(18)

and go to Step 2. Otherwise, stop.

5. Case Study

We conduct computational experiments based on a real-
world wind farm, as is shown in Figure 1, in order to test the
effectiveness of the proposed optimization model and so-
lution algorithm. ,e solution algorithm is coded in C++
and solved by a commercial solver CPLEX.

5.1.Real-WorldCaseand ItsParameters. ,ere are totally 46
WTGs, and ten of them need to be repaired. We consider
10 types of maintenance services and four maintenance
teams at the maintenance center. ,e relationship be-
tween the maintenance team’s expertise and the failure
types is shown in Table 1. As can be seen, the maintenance
teams are able to provide service for one or more failure
types, but not all. For example, the expertise of mainte-
nance team 1 covers failure types 5 and 10, while
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maintenance team 4 is able to provide five types of ser-
vices. ,is increases the decision difficulty for arranging
the maintenance tasks. Table 2 reports the types of failures
and the required maintenance time for the ten WTGs. ,e
relocation time between the maintenance center and the
WTG or any two WTGs is provided in Tables 3 and 4
shows the power generation capacity of WTGs under
normal conditions.

5.2. Optimal Maintenance Plan vs. Existing Approach. By
solving the proposed MILP model with CPLEX, the optimal
disruption recovery operation plan with least power

generation loss could be obtained. ,e optimal solution
could be obtained within 30 minutes. Figure 2 shows the
optimal maintenance task assignment and route for the four
maintenance teams. As can be seen, maintenance teams 1
and 4 cover the four WTGs needing maintenance tasks in
the upper part area, and each of them is responsible for
repairing two WTGs. ,e remaining two teams provide
services for the remaining six WTGs in the lower part area,
and each of them covers threeWTGs. In order to validate the
proposed approach, we further treat this problem as a
traditional vehicle routing problem and optimize the
maintenance routes with the objective of minimizing total

Table 1: Relationship between maintenance teams’ expertise and failures.

Maintenance team
Maintenance expertise

s� 1 s� 2 s� 3 s� 4 s� 5 s� 6 s� 7 s� 8 s� 9 s� 10
1 0 0 0 0 1 0 0 0 0 1
2 1 0 1 0 0 1 0 0 1 0
3 0 1 1 0 0 0 1 1 0 0
4 0 0 0 1 1 1 0 1 0 1

Table 2: Types of services and maintenance time required by each faulted WTG.

WTG
Required type of service|required maintenance time pis (min)

s� 1 s� 2 s� 3 s� 4 s� 5 s� 6 s� 7 s� 8 s� 9 s� 10

1 0 | 200 1 | 250 0 | 260 0 | 200 1 | 200 0 | 150 0 | 300 0 | 210 0 | 300 0 | 200
2 0 | 200 0 | 400 0 | 200 0 | 200 0 | 150 0 | 300 1 | 210 0 | 300 0 | 300 0 | 200
3 0 | 200 0 | 400 1 | 260 0 | 200 0 | 200 0 | 150 0 | 300 0 | 210 0 | 300 0 | 200
4 0 | 250 0 | 450 0 | 350 0 | 240 0 | 260 1 | 200 0 | 400 1 | 260 0 | 230 0 | 250
5 1 | 200 0 | 400 0 | 260 0 | 200 0 | 200 0 | 150 0 | 300 0 | 210 0 | 300 0 | 200
6 0 | 150 0 | 300 0 | 200 0 | 200 0 | 150 0 | 150 0 | 250 0 | 200 1 | 250 0 | 180
7 0 | 200 0 | 400 0 | 260 1 | 250 0 | 200 0 | 150 0 | 300 0 | 210 1 | 300 0 | 200
8 0 | 200 0 | 400 0 | 260 0 | 200 0 | 200 0 | 150 0 | 300 1 | 250 1 | 300 0 | 200
9 0 | 30 0 | 250 0 | 220 0 | 260 0 | 300 0 | 150 0 | 300 0 | 210 0 | 270 0 | 260
10 0 | 200 0 | 400 0 | 260 0 | 200 0 | 200 0 | 150 0 | 300 0 | 210 0 | 300 1 | 200

Table 3: Relocation time between the maintenance center and WTGs.

Maintenance center/WTGs
Relocation time tij (min)

0 1 2 3 4 5 6 7 8 9 10

0 0 100 120 100 110 110 100 200 180 150 100
1 100 0 90 90 70 70 50 90 110 90 80
2 12 90 0 80 80 50 60 60 50 70 50
3 10 90 80 0 50 70 70 50 80 60 50
4 11 70 80 50 0 60 60 50 50 50 50
5 11 70 50 70 60 0 70 60 50 40 50
6 10 50 60 70 60 70 0 60 60 50 50
7 20 90 60 50 50 60 60 0 40 50 80
8 18 11 50 80 50 50 60 40 0 60 90
9 15 90 70 60 50 40 50 50 60 0 70
10 100 80 50 50 50 50 50 80 90 70 0

Table 4: Power generation capacity of WTGs under normal conditions (kW).

Power generation capacity
WTGs

1 2 3 4 5 6 7 8 9 10
wi 2200 2200 2200 2300 2200 2000 2200 2200 2200 2200
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travel time. ,e classical sweep algorithm is employed, and
the maintenance routes are presented in Figure 3.

By comparing the optimal routing pattern of the
proposed recovery operation planning problem and that
of the traditional vehicle routing problem, we note that
the routes of the maintenance teams of the proposed
problem show crossing patterns with each other, while the
routes do not cross each other for the vehicle routing
problem. For example, the route of maintenance team 2
crosses that of maintenance team 3. ,is feature is very
different from the vehicle routing problem which seldom

exhibits crossing patterns. We remark that this is at-
tributed to the structure of the objective function. Spe-
cifically, the vehicle routing problems aim to minimize the
total travel cost (measured by time or distance), while the
recovery operation planning problem for wind farms is to
minimize the recovery time of all WTGs. ,is difference
brings out the crossing pattern for the maintenance routes
and makes it inapplicable to use traditional algorithms for
vehicle routing problems, such as the sweep algorithm. In
addition, we also compare the total objective function
value and the working time obtained by the two

X = 4208000.00

X = 4209000.00

X = 4210000.00

X = 4211000.00

X = 4212000.00

X = 4213000.00

X = 4214000.00

X = 4215000.00

X = 4216000.00

X = 4217000.00

X = 4218000.00

X = 4219000.00

Y
=

53
50

00
.0

0

Y
=

53
40

00
.0

0

Y
=

53
30

00
.0

0

Y
=

53
20

00
.0

0

Y
=

53
10

00
.0

0

Y
=

53
00

00
.0

0

Y
=

52
90

00
.0

0

Y
=

52
80

00
.0

0

Y
=

52
70

00
.0

0

Y
=

52
60

00
.0

0

Y
=

52
50

00
.0

0

Y
=

52
40

00
.0

0

Y
=

52
30

00
.0

0

Functional wind turbine

Wind turbine with failure

Maintenance center

Maintenance route 1

Maintenance route 2
Maintenance route 3
Maintenance route 4

Figure 2: Optimal maintenance task assignment and routes obtained from the proposed model.
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approaches, as is presented in Table 5. As can be seen,
although both approaches require four maintenance
teams, the overall recovery time of the recovery planning
problem is 29.1% less, and the traditional vehicle routing

problem fails to satisfy the working time requirement.
,erefore, we can conclude that the maintenance time for
WTGs should be considered in the objective function, and
the proposed MILP model is capable of generating
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Figure 3: Optimal maintenance task assignment and routes based on the sweep algorithm for the vehicle routing problem.

Table 5: Comparison of the optimal maintenance plan of the proposed recovery planning problem and that of the traditional vehicle routing
problem.

Approach Maintenance teams Objective function value Working time requirement Improvement
Vehicle routing problem 4 1.58×10̂ 7 Not satisfied NA
Proposed recovery planning problem 4 1.12×10̂ 7 Satisfied 29.1%
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optimal maintenance task assignment as well as routing
and scheduling decisions for the maintenance teams.

5.3. Synthetic Computational Experiments. We further con-
duct computational experiments based on the real-world wind
farm setting but with different numbers of WTGs needing
repair (ranging from 2 to 16) and different numbers of
maintenance teams (ranging from 2 to 4). Table 6 reports the
computational results including the optimal objective function
value and computational time. As can be seen, all the test
instances could be solved by the proposed cutting-plane-based
solution algorithm within one-hour computational time, and
the proposed algorithm shows satisfactory performance.

5.4. Effectiveness of considering Uncertainty of Repair Time.
In order to check the necessity of considering the uncer-
tainty of repair time, we further run computational exper-
iments under different uncertainty levels. ,e uncertainty
level is defined as the ratio of standard deviation and mean
value. In this study, we consider the uncertainty level
ranging from 5% to 30%. Table 7 reports the computational
results showing the relationship between the uncertainty
level and the number of cuts generated. As can be seen, even
under a small uncertainty level (5%), two cuts are generated.
With higher uncertainty levels, the number of cuts generated
increases. ,is shows that if the uncertainty of repair time is
not considered, it is quite possible that the total working
time of maintenance teams could exceed the working time
limit requirement. ,erefore, it is necessary to take uncer-
tainty of repair time into account when planning the dis-
ruption recovery operations, and our proposed model and
solution algorithm could effectively solve the studied
problem.

6. Conclusions and Future Work

In this paper, we investigated the disruption recovery
operation planning problem arising from wind farms. We
firstly developed a mixed integer linear programming
model for the problem with the objective of minimizing
total power generation loss and then proposed a chance-
constrained programming model as well as a cutting-
plane-based solution algorithm to account for the repair
time uncertainty. A case study based on a real-world wind
turbine power generation farm showed that the proposed
model and algorithm are capable of obtaining the optimal
maintenance task assignment, as well as the exact route
and schedule for each maintenance team. By comparing it
with the traditional vehicle routing problem with similar
characteristics, the findings demonstrated that the
maintenance routes of the studied recovery operation
planning problem exhibit unique crossing patterns. By
modeling the WTG repair time as a random variable and
adding constraints iteratively if longer-than-expected
repair time happens, we demonstrated that the proposed
cutting-plane algorithm is effective in generating main-
tenance plans while satisfying the working time limit
requirement. ,is research proposes a novel methodology
for addressing the disruption recovery operation planning
problem with uncertain repair time. ,e proposed model
and algorithm provide decision-making support for wind
farm maintenance works and show a great potential in
wind farm energy management.

Finally, a promising direction for future research is
to use weather prediction information and consider
power generation efficiency under different wind con-
ditions. ,e existing models can be extended to integrate
this consideration to further reduce power generation
loss.

Table 6: Computational results of synthetic experiments.

Instance WTGs Maintenance teams Objective function value Time (sec)
1 2 2 6.1× 10̂ 5 0.1
2 4 2 2.8×10̂ 6 129
3 6 2 4.9×10̂ 6 850
4 8 3 7.2×10̂ 6 1604
5 10 3 9.6×10̂ 6 1863
6 12 3 1.3×10̂ 7 2450
7 14 4 1.5×10̂ 7 2685
8 16 4 1.8×10̂ 7 3245

Table 7: Computational results under different uncertainty levels.

Instance WTGs Maintenance teams Uncertainty level (%) No. of cuts generated
1 10 3 5 2
2 10 3 10 5
3 10 3 15 7
4 10 3 20 11
5 10 4 25 14
6 10 4 30 15
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