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Abstract

Operations and maintenance costs of the wind power generation systems can be reduced through the im-
plementation of opportunistic maintenance policies at suitable indenture and maintenance levels. These
maintenance policies take advantage of the economic dependence among the wind turbines and their sys-
tems, performing preventive maintenance tasks in running systems when some other maintenance tasks have
to be undertaken in the wind farm. The existing opportunistic maintenance models for the wind energy
sector follow a static decision making process, regardless of the operational and environmental context. At
the same time, on some occasions policies do not refer to practical indenture and maintenance levels. In this
paper, a maintenance policy based on variable reliability thresholds is presented. This dynamic nature of
the reliability thresholds, which vary according to the weather conditions, provides flexibility to the decision
making process. Within the presented model, multi-level maintenance, capacity constraints and multiple
failure modes per system have been considered. A comparative study, based on real operation, maintenance
and weather data, demonstrates that the dynamic opportunistic maintenance policy significantly outper-
forms traditional corrective and static opportunistic maintenance strategies, both in terms of the overall
wind farm energy production and the Life Cycle Cost.

Keywords: Opportunistic maintenance model, Dynamic reliability thresholds, Life Cycle Cost, Wind
energy, Weather conditions

1. Introduction

The growing importance of renewable energy in terms of installed capacity and technological advances
has been remarkable during the last years. This growth has been particularly notorious within the wind
energy sector, which occupies a leading position among renewable energies [1]. Furthermore, the sector has
not only suffered a great development for the last two decades but it is expected to continue its expansion
during the following years, being firmly reinforced by the main World Powers energy plans [2].

Along with this progress new challenges have arisen, especially in terms of new technologies’ reliability [3]
and logistics associated to wind farms’ (WF) maintenance [4]. Moreover, due to the trend of WFs’ location
shift towards offshore sites [3, 6], to deal with these challenges is getting even more difficult. As a result,
operations and maintenance costs can rise to a 32% or a 12-30% of the total life cycle cost (LCC) in offshore
or in onshore WFs respectively [T, [5].
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Table 1: Nomenclature and Acronyms definition

Nomenclature
LeC Life Cvele Cost Wik Weight that determines reactivity of SRT;y;
ife Cycle Cos
W Wind F and DRT; to wind speed
11 arm
W Wind Turbi K Number of FM considered for each system
11 urbine
A Fail Mod J Levels of PM types considered for each FM
1 ailure Mode
GRP Generalized Renewal Process
O&M Operations and Maintenance . . . )
oM o tive Maint VAnikt Virtual age associated to FM % in system 4
sorrective alntenance
in WT h in period ¢
PM Preventive Maintenance
CBM Cond Based M ik Weibull scale parameter of FM k of system 3
1 Jondition Base aintenance
CMS Condition Monitoring Svst Bik Weibull shape parameter of FM k of system
/ ondition Monitoring System .
7
TTF Time To Failure N
T Maint T qfkj Restoration factor of j PM level on system 4
aintenance Team
for FM k
vt Average wind speed in period ¢ i .
i Cut i o 4 a5k Restoration factor of CM on system 4 for
v* Jut in wind spee
FM k
v° Cut out wind speed
NT Number of MTs
v Wind speed at which Rated Power is . .
btained C Capacity of each MT (in hours)
obtaine
P G ted P . iod ¢ " cost of No Availability or opportunity cost
t enerate ower 1n perio
cP Penalty cost due to unplanned maintenance
R Rated Power of the WT [ Cost of tools and materials needed for
Rk (VA) Reliability of system i and FM k at virtual
VA performing CM of FM k in system ¢
ase b Cost of tools and materials needed for
SRT;; Fixed Reliability Threshold for applying 7 ‘ ing PM 7 of FM k i )
perrormin 7O n SySteHl 1
perfect or imperfect PM j on system 4 and &
cteam Cost of MT
FM cet Extra time cost
SRT;kjt System Reliability Threshold in period ¢ for
Lo " ] foct PM i ) NT™® Maximum number of MTs
applying perfect or imperfect 7 system 1z
M NT® Number of MTs working on CM
and k cdisp cost of maintenance dispatch
DRT;y Fixed Dispatch Reliability Threshold X . . . . )
. L . . mg, Maintainability of CM for FM k in system ¢
DRT;¢ Dispatch Reliability Threshold in period ¢ pr L - . .
v Wind speed threshold for determinin miy Maintainability of PM for FM k in system ¢
£ oT Total operating time
reliability thresholds variation Dt Required WE i based Jabili
equire time-based availability
P Periods of time considered for wind speed . o
P " D° Required WF energy-based availability
orecastin,
8 T Maximum iteration periods

Within this context, asset management acquires high relevance in the sector since it is crucial to search
optimal maintenance strategies that allow to improve wind turbines’ (WT) reliability and to reduce main-
tenance cost while raising availability [8,[9]. In spite of its importance, asset management strategies are not
optimised in practice nowadays, being corrective maintenance (CM) and time-based minor preventive main-
tenance (PM) such as routing checks for minimizing degradation effects [10], the most applied maintenance
strategies [11].

In addition to these two maintenance policies, Condition Based Maintenance (CBM), enhanced by the
several Condition Monitoring Systems (CMS) available for wind energy installations [12] [13], is the third
maintenance method currently applied to the wind power systems [11]. In fact, based on their ability to
prevent failures [14], CBM strategies have been proved to be cost effective [15] [16] and have been widely
researched [17] [18].

Nevertheless, maintenance strategies based uniquely on WTs’ health condition monitoring do not take
into account that the WTs are multi-component systems composed by a number of subsystems, with depen-
dencies among them that directly affect to the adequacy of the maintenance strategies [19, [20]. According
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to Nicolai and Dekker [21] these dependencies can be classified as: economic, when performing maintenance
activities in different systems simultaneously have different economic consequences than implementing them
individually [22]; structural, when a maintenance activity in a system implies performing further actions in
other systems [23]; and stochastic, when the risk of failure of two different systems is not independent [24].

When any of the mentioned dependencies exist among subsystems, the optimal maintenance strategies
are not those that consider the subsystems separately in the maintenance decision process [p. 479, 25]:

“Obviously, the optimal maintenance action for a given subsystem at any time point depends on the states
of all subsystems in the system: the failure of one subsystem results in the possible opportunity to undertake
maintenance on other subsystems (opportunistic maintenance).”

In such circumstances, both group maintenance policies and opportunistic maintenance policies are the
most suitable maintenance policies, and thus, the most studied ones [19]. On the one hand, group mainte-
nance strategies establish different groups of systems that will undergo maintenance activities attending to
the number of failures suffered by the systems, their age or their operation time [26] [27]. However, group
maintenance policy is especially cost effective when disassemble and reassembly costs are high [25], which
is not particularly the case in the wind energy sector. On the other hand, opportunistic maintenance policy
takes advantage of short term circumstances, performing maintenance in non-failed systems when a failure
has already happened in another one; making the maintenance decision according to different thresholds
regarding systems’ age, reliability or health condition. Several models have demonstrated the suitability of
opportunistic maintenance policy in diverse sectors following varied strategies, such as age limits [28] [29],
combined failure distribution of the systems [30] or accumulated operated periods of the systems [19].

Although opportunistic maintenance policies have not been traditionally implemented in the wind power
systems [31], more recently some authors have studied and demonstrated their suitability in the sector
(3211311 201 111, 1331, [34] [35] [36]; mainly due to the positive economic dependence among WTs [33]. Furthermore,
they allow handling some of the main conflicting objectives concerning the decision making process of the
wind energy sector: the maximization of revenue, power and reliability and the minimization of operations
and maintenance costs [37].

1.1. Previous research

According to the reviewed opportunistic maintenance models for the wind energy sector (see Table [2)),
Besnard et al. [32] demonstrate that it is possible to reduce the maintenance cost and the opportunity cost
due to failures by taking advantage of both low wind speed periods and the dispatches for CM in order to
perform some prearranged PM.

Tian et al. [31] focus their research on developing an opportunistic maintenance policy based on the
condition monitoring data. Aided by this data, the authors identify the useful remaining life of the systems
and they calculate the WT’s reliability. So, if the reliability of the WT does not surpass a determined
threshold, systems within the WT are replaced.

Ding and Tian [20] propose an opportunistic maintenance model where both imperfect and perfect
maintenance levels are considered. This is, systems will not always return to a status as good as new after a
repair (the reader is addressed to [38] for further information). In this research, the authors set two different
age thresholds for each system, which are based on their Mean Time To Failure (MTTF), in order to make
the maintenance decision. The same authors extended their research in Ding and Tian [1I] considering
different age thresholds for systems belonging to failed and running WTs.

The main focus of the research performed by Sarker and Faiz [35] is to find an opportunistic maintenance
strategy that optimises maintenance cost following a multilevel preventive maintenance policy. With this
purpose the authors establish several age thresholds for the systems, which determine the PM activities to
be performed.

Atashgar and Abdollahzadeh [34] go a step further as they find multi-objective optimal maintenance
strategies for minimizing both maintenance cost and loss of production in WFs with redundant WTs. Within
this research the WTs are grouped into blocks and opportunistic repairs are performed to WTs of the same
block, according to the reliability thresholds associated to perfect or imperfect maintenance.



Table 2: Comparative analysis of the reviewed opportunistic maintenance models for the wind energy sector
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In Abdollahzadeh et al. [33], reliability thresholds that determine optimal maintenance activities are set
for each component. Both in [33] and [34], maintenance teams (MT) can be preventively dispatched to the
WF, instead of having to wait for a failure to happen.

Finally, Zhu et al. [36] study three different maintenance strategies for an offshore WF: periodic routine,
reactive maintenance and opportunistic maintenance. In this research each system can only have a failure
mode (FM), which can be either hard or soft according to the consequences. Moreover, in this research the
impact of the CMS accuracy on opportunistic maintenance is also analysed.

1.2. Proposed approach

It is remarkable that the reviewed researches present static opportunistic maintenance policies that base
the decision making process on fixed age, reliability or health thresholds. However, WTs operate under
non-stationary conditions that highly condition the repair jobs [39] [40, 41]. So, ideally, the maintenance
models should be able to adequately fit the decision making process to the conditions under which the WTs
are operating at each time.

In order to deal with this challenge, a dynamic opportunistic maintenance model is presented in this
paper. This model adjusts the decision making process according to the weather conditions, pursuing a
double objective: 1) the optimisation of the total LCC due to maintenance and 2) the improvement of the
WF energy-based availability.

With this purpose, the decision making process is determined by variable reliability thresholds, that
change according to the wind speed conditions; fostering the performance of maintenance activities during
low wind speed periods and hindering them during high wind speed periods. This dynamic nature, in addition
to lead to a better performance of the maintenance strategies both in terms of energy-based availability and
LCC, will also allow handling some of the most conflicting factors that appear in the wind power industry
[37]:

1. Maximization of revenue and power while maximization of reliability [37].

2. MT¥’ safety while maintenance performance [10].

3. Minimization of the opportunity cost [42] 43, [44].

4. Improvement of reliability within high velocity wind periods [41].

In order to ensure a realistic approach of the model, several constraints have been included in the study,
such as capacity limitations due to the available MTs and systems’ maintainability. Furthermore, several
FMs are considered per system, bearing their different impact on cost and availability. In fact, although
the different FMs within each system directly condition the WT’s performance and hence, the resources
deployed in the maintenance strategy [45], in the reviewed opportunistic maintenance models only a FM is
considered per system.

Finally, in order to prove the suitability of the model for establishing the adequate maintenance strategy,
an agent-based simulation has been developed, taking advantage of the ability of simulation techniques
to handle the stochastic nature of the sector [33]. The simulation results have been obtained from real
operational and reliability data about WFs located in the north of Spain, provided by a leading company
in the sector. Likewise, in order to search as realistic scenarios as possible, the simulation has also been fed
with real wind data, according to the WF location.

The paper is organized as follows: in section 2 the problem is defined and the presented dynamic
opportunistic maintenance policy is explained and analytically derived; in section 3 the simulation process
is explained; in section 4 computational results are shown and discussed for a specific case study, comparing
both traditional and presented approaches; finally, in section 5, concluding remarks are presented and future
research lines are established.

2. Problem definition and model description

2.1. Problem definition

The WF consists of H WTs of similar characteristics that have N critical systems connected in series.
Each system might fail in £ different FMs, classified according to their severity (k = 1,2,...,K). Consequently,

5
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after a failure, corresponding k& CM will be performed. Likewise, systems can also undergo different PM
levels associated to the different FMs, prior to their occurrence (5 = 1,2,...,J).

Generally, the repairs return the systems to an operational condition worse than the new one but better
than just before the maintenance task is performed. This concept leads to a classification of maintenance
as perfect or imperfect, according to the ability of each maintenance activity to restore the system [3§].
Accordingly, in this work both perfect and imperfect repairs have been considered, being j = J a perfect
repair and j = 1 the most imperfect repair.

Among the several methods that treat the restoration effect of maintenance (see [38]), in this work the
Generalized Renewal Process (GRP) proposed by Yaiiez et al. [46] is used. This method has been specifically
utilised in the presented model due to its flexibility for modelling both the behaviour of the systems before
failures and the quality of repairs during the different life stages of the systems. To do so, GRP considers
a ¢;; rejuvenation parameter [0,1] associated to the efficiency of the restoration effect of the maintenance
activity j on the system i (¢ = 0 for the most imperfect maintenance and ¢ = 1 for perfect maintenance).
Consequently, after a maintenance activity j, Eqll] is followed to update the virtual age of the system i
(the reader is addressed to [46] for further information). Then, in order to identify systems’ reliability after
an imperfect repair, failure probability distribution conditioned to the survival of the new virtual age is
calculated in Eq[2] (adopted from [46]):

VAP = VAZ(L — gi) (1)

F(t) — F (VA7ew)

F(VAP) = PITy < UTy > VAR = 7ot 2)

In the wind energy sector, Weibull and Exponential distributions have been respectively utilised for
modelling the reliability of mechanical and electrical systems [47]. Since Exponential distribution is also
contemplated by Weibull distribution as a particular case, Eq[2]is particularized ad hoc for Weibull distri-
bution in Eq[3] according to the scale (c;,) and shape parameters (3;;) that define the Weibull distribution

for each FM k of system 7 (see [33]):
vV Anew Bik n Bik
()] ®
Qi Qi

Finally, every failure occurrence or PM involves some fixed and variable maintenance costs that have to
be considered in the model. Every maintenance activity implies dispatching a MT to the WF, which involves
a relevant cost (c?P). Likewise, each maintenance task will require a material cost (cg,, ¢}}) and a time
to repair (mg,, mt; ). However, since in the wind energy sector there are some failures caused by sensors’
false alarms, each system has been provided with a FM k& = 1 that has an impact in terms of availability,
but not in terms of material, human resources nor dispatch cost. The time to repair is the source of the
opportunity and penalty costs (¢, ¢P) and the human resources’ need, which can be either internal or
external. According to internal resources a number of MTs are hired (NT™%*) and are considered to be
constant through the whole analysis. The MTs have a certain annual cost (c'**™) and capacity (C). Finally,
whereas when no own resources are available to perform required CM activities extra time (ET) is externally
hired at an extra cost (c®*), PM will only be performed with own resources.

R(HVAREY) =1 = F ({V ARG = exp

2.2. Dynamic opportunistic maintenance policy

Two different maintenance decisions are considered within the presented dynamic opportunistic main-
tenance policy according to respective dynamic reliability thresholds: the MT dispatch to the WF, based
on DRTy,, and the PM decision, based on SRT;j;. Accordingly, on the one hand, if the reliability of any
FM (R;; (VA)) does not reach the DRT;y, the decision of preventively dispatching a MT to the WF will

6
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be made, ensuring a minimum reliability for every system and FM. On the other hand, once the decision of
dispatching a MT to the WF has been made -either preventively or correctively-, the imperfect PM decision
is made according to SRT;; (see Figures [1] and [2).

o | Preventive Dispatch of MT | No dispatch |
So| § - ]
=g | ! 4 1 R;(VA)
E.lI=8&] o DRTx¢ DRT 1
- 20
5| [
=
g
g o = | Preventive Dispatch of MT | No dispatch |
g |23 ¢ ® 1 Ri(VA)
=2 0 DRT« DRT i+ 1
%)
-

(a) Decision-making structure for the dispatch of the maintenance teams

B | | PerfectPMj=3 | ImperfectPM =2 |ImperfectPMj=1 | No action |
=T * ® ® 1 Ri(VA)
sll=2l o SRTixsr  SRTiks SRTikot  SRTikz  SRTikac SRy 1
=% [=X7%) N 7 B y A 5

c Q| |IE =t N Nt
Sh
= o
LElg - | Perfect PM j=3 [ imperfect P j=2 | Imperfect PM j=1 INo action | R.(VA)
S|z & @ S 1 Nik
gl 28 ¢ SRTjs  SRTis SRTua  SRTyor SRTuy SRTuse 1
X2 R4 P [N A n
a N e \//

(b) Decision-making structure for performing PM. Example with 3 PM levels per FM

Figure 1: Decision-making structure for the dynamic opportunistic maintenance model

As stated, whereas in the reviewed researches these thresholds are static, in the presented model they
are dynamic. Both DRT;;, and SRT;;; will vary with regards to wind speed conditions according to Eq
being increased in low wind speed periods and decreased in high speed periods. Thus, PM will be fostered
during low wind periods and hindered during high wind speeds periods (see Figure . As shown in Eq
the variation of the thresholds -and hence, the maintenance strategy- is determined by the following factors:

1. Wind speed threshold (V): during wind speed periods above this value, the reliability thresholds will
decrease, hindering the PM activities; and on the contrary during low wind speed periods. Wind speed
during the next p periods of time is forecasted and compared to V in order to determine if reliability
thresholds should decrease or increase ( Eq@

2. Generated power (GF;) and reactivity weight (w;y): determine to which extent the reliability thresh-
olds should be reactive to wind conditions. The gradient of both DRTj;;, and SRTj; is proportional
to the difference between the generated power at each time period (GP;) and the rated power of WTs

(RP).
RP (2W,—1)
SRTikjt = SRTZ']C]‘ + (QWt — 1) . SRTikj C Wik - (GP TRPW, ) t (4)
t : t
DRy = DR + (2Wy — 1) - DRT, - wig - (2 W) )
GP, + RP - W,

t+p v

IR e ©
0 X z.f

It is not the aim of the dynamic opportunistic maintenance to eliminate the PM activities, but to plan

them when weather conditions are more advantageous. Since WTs should be stopped during maintenance,

downtime periods (time-based availability) will be similar in both dynamic and static maintenance strate-
gies. However, energy losses will be reduced through dynamic opportunistic maintenance, maximizing WE’s

7
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production and energy-based availability and minimizing opportunity cost derived from the unavailability
periods. In other words, the WTs will be available during the most profitable periods. Likewise, as main-
tenance activities will be prone to be planned within low wind speed periods, safety of maintenance teams
will also be improved [10].

Furthermore, on some occasions WFs must be stopped due to different reasons, such as for substation
maintenance. Since no power can be generated during these periods, maintenance managers usually take
the opportunity of performing PM. In order to consider such situations within the model, and help the
manager on the maintenance decision to be made during these periods as well, they should be considered as
no-wind periods ( fif % = 0), since no power can be generated. Consequently, according to the established
maintenance policy, the thresholds will be increased during these periods, fostering PM.

2.3. Mathematical model

In this section the mathematical formulation of the dynamic opportunistic maintenance model is de-
veloped according to the maintenance process shown in Figure To this aim, the standard approach of
discretising the time in order to formulate stochastic programming models (7' = {0,1,2,...,7}) has been
considered. Without loss of generality, some assumptions have been made for its formulation:

1. Degradation processes of the systems are considered independent from each other and they are asso-
ciated to the operation time (ageing systems).

2. As commonly done in ageing systems, Increasing Failure Rate (IFR) is considered.

3. Installed WTs are the same model, composed by similar systems. Therefore, reliability distribution of
the FMs of the systems is irrespective of the WT that contains them.

4. Reliability of the FMs follows the Weibull distribution, with scale parameter o and shape parameter
B.

5. Maintenance activities should be finished during the period of time in which they are started.

6. A maintenance dispatch is considered per period of time, where several MTs can be dispatched.

7. The wake effect affection to W'Ts’ production has been considered to be minimised during the WF
layout design optimisation [48] and thus neglected.

8. PM is assumed to be less resource-consuming than CM since
(a) extra damages in other systems because of failures reduction;

(b) stock management can be planned in advance;
(c) resources can be allocated to maintenance tasks in a balanced way.

9. WF maintenance managers make decisions in discrete time and frequently [39].

The principal objective of the model is to minimize the LCC due to O&M while providing the maximum
WF energy-based availability. Accordingly, the optimal reliability thresholds that define the dynamic op-
portunistic maintenance policy (SRT;y;¢, DRT;y:), i.e. the decision variables of the model, should be found.

Table 3: Intermediate Binary variables utilised in the model

if CM kisperformedin systemiof WT hin
periodt
otherwise

1
Zhikt =
0

1

Yhikjt =
0
1
)

if PM jisperformedin FM kof system i
of WT hin periodt
otherwise

if a MT is correctively dispatched to W F in period t
otherwise

if a MT is preventively dispatched to W F in periodt
otherwise

if PM j shouldbe per formedin FM k of systemiof
WT hinperiodt
otherwise

if there are available resources for per forming PM
in periodt
otherwise
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Maintenance
activitiesare
finished in period t

Figure 2: Flowchart of the Dynamic Opportunistic Maintenance Model

To this aim, the objective function (see Eq of the model bears the main O&M costs to be faced in a
WF, related to the failure ocurrence (zxix:) and the PM decision (ynikj¢): 1) own and externally hired human

resources needs, both in terms of own maintenance teams (N7, c'*®™) and extra time needed (ET, c); 2)
dispatching of MTs to the WF (cd“p); 3) material and tools requirements (c§k7cf,:j); and 4) production

losses (¢™*) and penalty costs (cP) due to WTs unavailability during maintenance, directly proportional to

maintenance tasks duration (m;?k,mf,: ) and the lost power during maintenance (GP;). The cost of the

J
imperfect maintenance has been defined as a function of the restoration factor (qfk, a j) (as in [11]), as

well as the maintainability. Due to the long term nature of the study the maintenance cost at each period
t has to be updated to present value according to an interest rate (k,):

min LCC (DRTiky SRTigj) = | > ETy- ™ + > NT ™ 4> (v, + ;) - P+
t t t

DD DD mawe i (@5)TH DY DY wnie i (45)” - GP (€ + ) +
h h 7 k t

i k£l t
S Y S v () (- GR @ re) + )| @k @
hoi ok § ot

The objective of maximizing WFs’ energy-based availability -calculated attending to the lost power during
maintenance tasks duration and total available power (H-), GP,)- is ensured through the establishment of
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a minimum energy-based availability requirement (Eq. The time-based availability -calculated attending
to the tasks duration and total operating time (OT)- is also calculated through Eq@

H- Y2, GP = |5 3 S S0 iy 2nae - (a5)” - G
2
D on ik Zj PO m%j * Yhikjt * (qf,%) . GPt]

H-Y.,GP, =L ®)
2
OT — |5 .5 5 Tl - mass - (4
+ Zh ZZ Zk Zt Mgy, Zhikt * (%’Ck)ﬂ )

or

The generation of power is modelled regarding the average wind speed at each period. Power is only
generated in wind speeds between cut in (vl) and cut out (v°) wind speeds, increasing non linearly until the
wind speed in which the rated power (RP) is reached (v"). The mathematical relationship has been defined
as in Karki and Patel [49]:

Oa 0<y < oK
RP - b- w2 <y <"
GP, = (atb-vte-vi) v'Swv <o VieT (10)
RP " < < 0°
0, v° < v
where the parameters in Eq[L0] are obtained as follows [49]:
1 [ i T i Ui + v" °
a= m v’ (v 4 0") — 4o’ o (11)
1 [ vl 4o\ °
h— 4 (v* r — (3 % T 12
(v — o) (v”)( 207 ) (30" +7) (12)
r ; 3
1 3 T
cm o 2-a () (13)
('UZ — 1}7') i 2’1}

As stated, the decision of preventively dispatching a MT to the WF relies on DRT;;, which varies
according to the wind speed forecasting (see Eq[5|6) between [0,1] (Eq[14). When the reliability of any FM
of a system (R;;) does not reach its required threshold (DRT;:), MTs are preventively dispatched to the
WF (Eq. Likewise, if a failure happens in ¢ (zp;xt = 1), the dispatch of the MT is compulsory (Eq.
Furthermore, dispatches of MTs are limited to one per period (Eq7 being able to send several teams in
the same dispatch.

0< DRTy; <1 Viel,VkeK,VteT (14)

10
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VheH,Viel \VkeK,VteT (15)

1 Rix(VApirt) < DRTjiy
Ve = .
0 otherwise

1 ) ikt > 1
g, = b 2n 20 D 2hikt = VteT (16)
0 otherwise

The decision of performing PM activities is based on SRT;; [0,1] (see Eq. When the reliability of
a system does not reach the required reliability threshold (Eq a system is susceptible of being preventively
maintained; however, more conditions have to be met in order to perform PM (see Figure[2): 1) only the
most comprehensive maintenance is performed, i.e. if both imperfect and perfect maintenance are needed,
perfect maintenance will be performed (Eq; 2) a MT must have been previously dispatched to the
WF (Eq; 3) own human resources have to be available for performing PM (Eq; and 4) only a
maintenance activity is performed at each time on the WT (Eq.

0< SRTjj <1 Viel,VjeJ, VkeK, VteT (18)

1 Rin(VApie) < SRTux; , ,
Thikjt = { oV Aike) < SBTiese VheH, Yiel, YkeK, VjeJ,VteT (19)

0 otherwise

Yhikjt < Ohikjt — Ohik(j+1)t VheH, Viel \VkeK,VjeJ, VteT (20)

Ynikje < O + 7t VheH , Viel ,\Nke K, Vjed VteT (21)

Z Z Z Yhikjt + Z Z Zpikt < 1 VheH,VteT (22)
i ko ik

In fact, with regard to human resource limitations, some capacity constraints have been set (Eq[23}[26).
As shown in Figure [2) each CM must be performed, and if no resources are available, extra time (ET) is
externally hired at a higher cost (Eq. Eq ensures that no more than the maximum available MTs
(MT™*) are used for CM at each time (NTfe{1,2,..., NT™**}). Since PM can only be performed with
own resources, Eq[25] analyses if there are still own resources available after CM; and if so, PM is performed

if needed (Eq[26).

SO zhine - méy - (45)? < C-NTf + ET, VteT (23)
ho i k#1

11
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NT¢ < NT™o* VteT (24)

c c \2 max
o = {1 Don i Dok Zhikt Mgy, - (gi,)” < C - NT VteT (25)

0 > Zk;ﬁl Zhikt " MGy, (qfk)z > (C . NT™=

S S ety () < O (NI NI VieT (26)
hoi ok

When PM or CM are performed (ypixje = 1, zikne = 1), the system’s virtual age associated to FM k
(V Apigt) is reduced according to the restoration factor (¢jy;, ¢f;)- If no action is performed in a system
during a period, the virtual age should be increased by a period (Eq.

VAnike = (VApip@—1) +1) - <1 — Zhikt * Qi — Yhikjt 'karj)
VheH,Viel \NkeK,Vjed VteT (27)

3. Simulation Process

As shown in the analytical model, expected maintenance cost and production of the WF depend on
the followed opportunistic maintenance policy, which is determined by the dynamic reliability thresholds.
Therefore, in order to find profitable maintenance strategies, it is necessary to establish the correct set of
thresholds (SRT;, DRT;;,) and their variation according to the forecasted wind conditions (wig, V, p).

Due to the different stochastic processes that have to be considered within this complex system model,
such as failure occurrence, repair processes, weather conditions, etc., it is hard to handle it analytically
[11} 33]. Therefore, although most part of the problem has been analytically derived, simulation techniques
have been used to handle the many random scenarios that can appear for each set of reliability thresholds,
as commonly done in other researches about the topic [35, [33] 34} [11] B1]. Particularly, an agent-based
simulation has been developed due to its suitability to handle engineering problems with multi-agent systems
[50]. The simulation process developed follows 6 different steps (see Figure [3).

Step 1. In the initialization of the simulation all the parameters needed for the simulation process
are specified: the parameters needed for the dynamic reliability thresholds modelling, costs related to
maintenance, reliability and maintainability distributions, number of MTs, maximum iteration period, etc.

Step 2. The simulation clock and virtual age of the FMs of the systems are updated, identifying their new
reliability according to their age. Wind speed is also forecasted and reliability thresholds are accordingly
updated.

Step 3. If any failure has happened, needed CM is applied and the virtual age of the system is updated.
After the CM, the new time to failure (TT'F) is obtained through the Inverse Transform Technique [51],
according to Eq[28] (adopted from [33]), in which R is uniformly distributed between [0,1). If no failure
occurs, whether a MT has to be preventively dispatched or not is also decided in this step.

1
Bik

Bik
TTFpir = qig ) —in(1-R) — V Apik (28)

(VAhik

QL

Step 4. If a MT has been dispatched to the WF, PM decision is made according to the reliability
thresholds. The virtual age and the new time to failure (T7T Fj;) are updated for the maintained systems,

according to Eq[2§

12
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and Reliability Thresholds.
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Step 5. Update Cost and Average Availability.
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Maximum iteration?

Step 6. Calculate total LCC and Average Availability.

Figure 3: Simulation process for LCC and Energy-based availability evaluation

Step 5. LCC and energy-based availability are updated. If actual period is equal to the maximum
iteration period, step 6 is followed. Otherwise, steps 2,3, 4 and 5 are repeated.

Step 6. The total expected LCC and the average energy-based availability are calculated for the estab-
lished opportunistic maintenance policy, LCC = f [SRT;x;, DRT;x,, wik, V, pl.

4. Case study & Computational results

An onshore application has been considered to test the efficiency of the dynamic opportunistic mainte-
nance policy, since all the operation and reliability data provided by the wind energy company belonged to
this type of WFs. The data available has been on more than 300 WTs over a time span of more than 12
years. These WTs are all the same-model and they are located in the North of Spain, working at similar
operational conditions. Although this data is confidential and therefore no detailed numbers can be provided
neither for the systems’ reliability nor maintainability, the final results obtained are shown and explained in
this section.

Three have been the strategies compared in the computational results shown below:

e Strategy 1. CM and minor PM are performed, as commonly done in the industry [11].
LCC = f[SRT;;; =0, DRT;;, = 0,w;, =0,V =0,p = 0]

e Strategy 2. CM and PM are performed, according to the static opportunistic maintenance policy
established by the reliability thresholds. In this strategy, thresholds will not vary according to the
wind conditions.

LCC = f[SRT;, DRT, wir, =0,V =0,p = 0]

13
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e Strategy 3. CM and PM are performed, according to the presented dynamic opportunistic maintenance
policy established by the reliability thresholds and their variation degree regarding the wind conditions.

Finally, a sensitivity analysis has been performed in order to discuss the most influential parameters within
the model and to evaluate the different assumptions made. Despite the fact that the methodology has been
applied to an Onshore WF, it could also be applied to an Offshore WF.

4.1. WF profile

A recently installed virtual WF that consists of 40 WTs (H = 40) of a rated power of 1,67 megawatt
(MW) is considered. For each WT the 4 most critical systems are considered (N= 4), regarding both their
reliability and the consequences of their failures, according to the data available for the study. These 4
systems are: gearbox, blades, pitch system and yaw system. For each system three independent FMs are
analyzed (K = 3). As stated in Subsection the £ = 1 FM does not have material requirements nor
need of field-maintenance, since they are provoked by sensors’ false alarms. The systems can also undergo
two different PM levels (J = 2) associated to the FMs (k = 2,3), with a restoration factor associated to the
maintenance routine (¢f;;= 0.75 and ¢},,= 1) (see [11]).

The access cost to the WF is assumed to be 5000€, own resources 800€ /day per maintenance team, 2
maintenance teams, extra resources 250€ /hr per maintenance team, the total opportunity cost 105€/MWh,
the penalization cost 35€ /MWh, the interest rate 5% and the lead time to the WF one hour. Finally, the cost
for the materials and the maintainability of PM has been set a 30% lower than for CM. Further information
about material cost for the WT under study can be found on Martin-Tretton et al. [52].

Since wind conditions are a key factor within the methodology, real wind data has been utilised in order
to feed the simulation and obtain as much realistic scenarios as possible. The wind turbines cut-in, cut-out
and rated speeds are assumed to be 3 m/s, 25 m/s and 13 m/s, respectively. Finally, daily wind average
forecasting potential has been established to 5 periods (p = 5).

4.2. Sensitivity analysis

In this section the different parameters that condition the dynamic reliability thresholds, and hence,
the presented dynamic opportunistic maintenance model, are discussed through a sensitivity analysis, con-
sidering the following base scenario: SRTj1; = 0.0, SRTj21 = 0.8, SRTj22 = 0.4, SRTj31 = 0.8, SRTj30 =
0.4, DRT;» = 0.2, DRT;3 = 0.2, w;, = 0.5, V =2.0, p=5.

Wind speed threshold (V). The opportunistic maintenance strategy, both in terms of LCC and loss of
production, shows a better performance when the wind speed threshold is established at low values. If
higher values are established, the reactivity of the reliability thresholds is higher and maintenance is prone
to be over-sized, increasing LCC and production losses.

14
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Figure 4: Expected LCC and Production Losses with different Wind Speed Thresholds

345 Number of periods for which average wind speed can be forecasted (p). It is expected that if the average
wind speed was forecasted for more periods of time, the performance of the maintenance strategy would show

better results. However, the results show that the performance of the dynamic opportunistic maintenance
model is quite regular from p = 3 on.

57

T

: Loss of Production (MyWh)
——LCC {million €}

o wn (6] (.‘J'I
w N n (o))
LCC (million €)

Loss of Production {MWvh)

a
(]

j i i i
1 2 3 4 5 6 7 8
Number of periods (days)

i

Figure 5: Sensitivity analysis according to predicted periods

Reactivity weight (w;y). It helps determining the variation degree of the thresholds associated to each
ss0  FM according to wind and it is expected that the optimal value will be different for each FM. For the defined
base scenario, the best performance, both according to LCC and Production losses, is found at w;; = 0.5.
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Figure 6: Expected LCC and Production Losses with different reactivities to wind (w;)

4.3. Optimisation results and discussion

The optimisation results presented in this section have been obtained through the OptQuest Engine, a
commercial optimisation software developed by Fred Glover in OptTek Systems Inc. (Opttek Systems Inc.
2000) that has been proved to be robust and efficient on finding high-quality solutions [53]. The OptQuest
Engine is based on scatter search and it also integrates successfully Tabu search, integer programming, and a
procedure to configure and train neural networks for the optimisation of stochastic problems [54]. Especially,
neural networks play an important role in order to avoid getting trapped in local minima, since they are able
to remember good solutions and recombine them to guide the search towards the best solutions [55]. For
further information about scatter search and the OptQuest Engine the reader is addressed to [56], 53] [57].

Gearbox Pitch Yaw Blades

Dec. Var  Str.2 Str.3 Dec. Var  Str.2 Str.3 Dec. Var  Str.2 Str.3 Dec. Var  Str.2 Str.3

SRTyq 0.0 0.0 SRTy, 0.0 0.0 SRTy1; 0.0 0.0 SRTyy 0.0 0.0

FML DRTyq 0.0 0.0 DRTyq 0.0 0.0 DRT3; 0.0 0.0 DRTy4q 0.0 0.0
w11 0.0 0.0 wo1 0.0 0.0 w31 0.0 0.0 waq 0.0 0.0

v 0.0 0.5 v 0.0 0.5 v 0.0 0.5 v 0.0 0.5
SRTa;  0.725  0.775 SRTa1 0.9  0.925 SRTs5 ~ 0.825 0.875 SRTy  0.775  0.825

SRTie2  0.175  0.675 SRTyes  0.175  0.225 SRTs99 0.0  0.125 SRTis  0.675 0.6

FM2 DRy 0.0 0.1 DRTy,  0.175  0.15 DRTsy 0.0  0.125 DpRTy,  0.675 0.6
w1 0.0 0.55 woo 0.0 0.2 w3o 0.0 1.0 wyo 0.0 0.6

v 0.0 0.5 v 0.0 0.5 v 0.0 0.5 v 0.0 0.5

srTyy  0.725  0.75 SRTyg  0.925  0.975 SRTss 0.9 0.90 SRTys 0.8  0.875

SRT1as 0.3 0325 SRTyss  0.575  0.525 SRTs30 0.6 0.55 SRTy30 0.45  0.575

FM3 DRT3 0.175 0.3 DRTog 0.175  0.225 DRTs33 0.475 0.5 DRTy3 0.0 0.125
wisg 0.0 0.35 wag 0.0 0.15 wasg 0.0 0.7 wys 0.0 0.45

v 0.0 0.5 v 0.0 0.5 v 0.0 0.5 v 0.0 0.5

Table 4: Optimised values for the Decision Variables

In order to compare the different strategies that are analyzed within the research, optimal values have
been found for each one (see Table . The most remarkable results are:
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LCC & Production Losses. Opportunistic maintenance strategies, both based on static and dynamic
reliability thresholds, are proven to be economically effective compared to strategy 1. In fact, according
to the obtained results, opportunistic maintenance policies can reduce LCC by a 25% (see Table [5| and
Figurem). Likewise, optimisation results show that the use of the dynamic reliability thresholds (strategy 3)
considerably outperforms the use of static reliability thresholds (strategy 2), minimizing the total production
losses by almost a 27% and slightly improving the LCC as well. Furthermore, it is remarkable that the
results in terms of production losses for strategy 3 are not achievable through strategy 2. In fact, if the
static reliability thresholds of strategy 2 were optimised for minimizing production losses instead of being
optimised for minimizing the LCC, production losses would still be a 24,7% lower for strategy 3 than 2,
additionally increasing the LCC (see Table [5).

Strategy LCC (€)  Production Loss (MWh)
1 67,544,964 66,895
min LCC 51,856,606 50,239
min Pr. Loss 52,982,284 48,790
3 50,904,497 36,743

Table 5: Main optimisation results for each strategy
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Figure 7: Strategies’ performance comparison according to Energy-based Availability and LCC

This result is mainly due to the fact that WTs must be stopped during PM. Thus, even if more PM
implies a better reliability, it is not the key to reduce the wind energy production losses. Consequently,
if production losses are to be minimized, PM should be planned during low wind energy periods. It is at
this point where the presented dynamic opportunistic maintenance, which systematically takes advantage of
the low wind energy periods for performing maintenance, maximizes the total production and outperforms
strategy 2, where the PM is planned regardless of the operational context of the WTs.

Energy-based availability ¢ Time-Based availability. If energy-based and time-based availability of strate-
gies 2 and 3 are compared (Figure, it is observed that the dynamic reliability thresholds improve the overall
energy-based availability. Whereas following strategy 2 implies that maintenance activities have almost the
same impact in both time-based and energy-based availability, through the dynamic reliability thresholds,
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the impact of maintenance activities on the energy-based availability is minimized, reaching an energy-based
availability over 99,1%. This fact, along with the slight difference regarding LCC between strategies 2 and
3, reaffirms that whereas the dynamic opportunistic maintenance policy does not reduce PM, it achieves to

find more suitable maintenance opportunities with regards to the wind conditions than static opportunistic
maintenance policy.
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Figure 8: Strategies’ performance comparison according to Energy-based and Time-based Availability

Wind speed during PM. As stated in Carlos et al. [10] optimal wind speeds for performing maintenance
activities are those bellow 5m/s, not only in terms of production, but also in terms of workers’ safety. In
fact, regarding workers’ safety, maintenance in WTs is generally recommended to be performed under wind
speeds bellow 12 m/s [58]. As shown in Figure EI, following the strategy based on the dynamic reliability
thresholds (strategy 3), nearly a 35% of the PM activities are performed under ideal conditions and a 97%
under the recommended ones, whereas in strategy 2, with the static reliability thresholds, these percentages
decrease to a 22% and a 88%, respectively. Moreover, according to power generation, these results show
that whereas in strategy 2 more than a 10% of the PM activities are performed during maximum generation
periods, in strategy 3 this figure falls to a 2%.
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Figure 9: Wind speed at which PM is applied

Static and Dynamic opportunistic maintenance policies under stochastic wind speeds. The obtained
results are based on real wind data according to the location of the wind farm. However, since wind
predictions might be inaccurate and tendencies might change during the life cycle of the wind farm, the

200 effect of wind speed variability both in LCC and loss of production has been analyzed (see Figures [10| and
11)). To this aim, the wind data used to feed the simulation has been stochastically calculated at each time
period based on the real wind data and a variability factor. According to the results shown in Figures
and it can be noticed that the impact of wind speed variation in the static opportunistic maintenance
is minor, since the reliability thresholds are optimised without considering the wind speed as an input. On

205 the contrary, the wind speed variability directly affects the dynamic opportunistic maintenance, mostly in
environments where the variability is higher than 60%. However, strategy 3 still outperforms strategy 2,
excluding the most variable environment, where the results of strategies 2 and 3 are similar.
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Figure 10: Loss of Production Variability
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5. Concluding Remarks

Different opportunistic maintenance policies have been proposed for the wind power industry during
the past few years, with different focus, objectives and assumptions. However, all these studies meet at
a point: decision making process is always based on static reliability or age thresholds. On the contrary,
the reliability thresholds proposed in the presented opportunistic maintenance model are allowed to vary
according to the weather conditions. Thus, a dynamic nature has been provided to the maintenance decision
making process, allowing it to be more adaptable to the specific environment circumstances.

The results obtained show that the performance of the strategies established by the dynamic reliabil-
ity thresholds improve the ones proposed by the static reliability thresholds, both according to wind farm
production and life cycle cost. Likewise, the dynamic opportunistic maintenance policy presented in this
paper also allows to improve workers’ safety, since the preventive maintenance activities are performed under
the recommended weather conditions. Furthermore, as far as the authors are concerned, this opportunistic
maintenance model is the first one for the sector that bears so many factors at the same time, i.e. mul-
tiple components systems with multiple failure modes, multilevel maintenance with perfect and imperfect
maintenance, utilisation of own and outsourced maintenance resources, repair times for each failure mode,
etc.

Future efforts will concentrate on the integration of the condition based maintenance strategies in the
presented dynamic opportunistic maintenance policy. Likewise, further research will be performed to ad-
dress the challenge of optimising simultaneously the maintenance strategies for several wind farms through
dynamic opportunistic maintenance policies. Finally, in the case study presented there was not a remark-
able wind speed seasonality, which might condition the wind farm’s production, and thus, the dynamic
opportunistic maintenance policy adopted. The authors will further investigate the dynamic opportunistic
maintenance behaviour in wind farms where this effect is more relevant.
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