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SUMMARY & CONCLUSIONS 

Based on the modeling of the deterioration of a bladedue 
to the intrinsic randomness, random shock, random load and 
dynamic environment, this paper proposes a predictive 
maintenance policy considering the leading time caused by 
preparing the maintenance action. The evaluation of the 
proposed maintenance policy is realized by Monte-Carlo 
simulation and the minimal average long-run maintenance cost 
per unit time is obtained. The numerical simulations prove that 
the proposed policy can reduce the downtime caused by 
failure or leading time. 

1 INTRODUCTION 

The wind energy industry has experienced an extensive 
and worldwide growth during the past few decadesowing to 
the availability of resources and the maturity of the 
technology. However, due to the lack of space on land and the 
better quality of the wind resource in the sea, the installation 
of wind turbines is shifting from onshore to offshore locations 
[1]. As offshore wind turbines are located at remote sites 
withlimited accessibility, the demand for high reliability much 
greater than for onshore turbines whistle minimizing costs[2]. 
Operation and maintenance (O&M) costs of off-shore wind 
turbines contribute about 25-30% to the total energy 
generation costs, which can be estimated to be 50% higher 
than that of the onshore farm. A considerable fraction of that 
increased percentage is caused by unexpected failures leading 
to the necessity of corrective maintenance[1], [3].Since the 
operation and maintenance costs represent a substantial 
portion of the total life cycle costs ofwind power generation 
systems [4], the reliability and maintenancemanagement of 
wind turbines have drawn increasing interests with the aim of 
reducing thesecosts. 

According to [4] and [5], the rotor blade is the most costly 
part of a wind turbine and also fails more frequently than other 
components. The failure of a blade could be hazardous and 
even destroy the whole tower.To maintain a blade, certain 
conditions should be satisfied, these factors includesuitability 
fortheweather and availability ofequipment. In this paper we 
focus on the maintenance of the blades of offshore wind 
turbines. From the review in [6], structural health monitoring 

plays an increasingly important role. Further, as investigated 
by G. Marsh[7],the techniques and price of rotor blade remote 
surveillance equipment are becoming well proven and 
affordable respectively.Several monitoring techniques are 
available, such as the use of accelerometers, acoustic emission 
detectors and fibre-optical strain gauges.  

Components, such as the gear box,high-speed shaft and 
the yaw drive,areall connected by the bearings and gears, 
periodic lubricationof these components istherefore necessary. 
As a result, a routine maintenance as used in [8] isneeded. 
However, the ever changing weather conditions have 
considerable disparities in different seasons and harsh weather 
conditions could constrain and delay the reparations [4], [9]. 
Hence the general assumption of immediate and instant 
maintenance is no longer suitable and for simplicity we 
consider an additional leading time containing all the 
downtime caused by maintenance. 

Bladedamage is clearly caused by a mechanism of fatigue 
in the dynamic environment and affected by random factors, 
such as temperature, humidity, wave motion and lightning.In 
this paper we model the crack of a blade via the Paris-Erdogan 
law considering the intrinsic randomness of the fatigue crack 
propagation, random load and dynamic environment. Also a 
random shock is taken into account to model the extreme 
events, such as gale and huge waves. The dynamic 
environment and external factors are referred to as covariate 
and modeled by continuous-time and discrete-state Markov 
chain.As a supplement to the routine maintenance, areactive 
maintenance is proposed which takes advantage of the 
information available through monitoring. In addition,in order 
to save the downtime caused by the leading time after a failure, 
thepredictive maintenance action can be scheduled in advance.  

The remainder of this paper is as follows: in section 2 the 
extended crack propagation model is employed to model the 
deterioration of a blade, using the outcome of this, 
maintenance policies are proposed in section 3. In section 4 
the performance of the policies are studied and compared.  

2 DETERIORATION MODEL 

2.1 Basic Fatigue Crack Propagation Model 

The rotor blade is a fatigue critical component and several 
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factors expose it to fatigue phenomena, such as, its long and 
flexible structure, vibration in its resonant mode, randomness 
of the load spectra and continuous operation under different 
conditions [10]. In general, the fatigue damage variable,ܦ, is a 
function of  time or the number of cycles ݐ, the parameters ܥ 
and ݉ depending on the property of material and the stress 
intensity range οܭ: 

� �/ mdD dt C K '                            (1) 
whereοܭ  is dependent on ܦ  through the relation οܭሺܦሻ ൌ
  .is a constant in stable environment ߚ and ܦξߚ

2.2 Crack Propagation Model Considering Random Factors 

Based on the basic deterministic model, we consider the 
random factors such as the intrinsic randomness of the fatigue 
crack propagation, random load and dynamic environment. 
Assuming that the initiation time of a crack ݐis subject to a 
Weibull distribution with the scale parameter ܽ  and shape 
parameter ܾ . The minimal length of a crack that can be 
detected by inspection is ܦ ൌ ͲǤͷ. Once a crack occurs, it 
will propagate according to a stochastic Paris-Erdogan law. 
Let ܺሺݐሻ  account for the statistical variability of the crack 
growth rate and it is subject to a log normal distribution 
൫ܰሺͲǡ݈݃  ఠଶሻ൯as is demonstrated by many literatures, such asߪ
[ 11].  

Dynamic environmental conditions, such as temperature, 
humidity, and salt concentration in the air, always lead to a 
deterioration process that is much more random than those 
predicted in a laboratory environment. These environmental 
conditions are referred to as covariate and will be considered 
in our model. Let ܼሺݐሻ denote the covariate state at time ݐ and 
ሼܼሺݐሻǡ ݐ  Ͳሽ is a time-homogeneous Markov chain with a 
finite state space ܧఈ ൌ ሼͳǡʹǡڮ ǡ  ሽ. The transition matrix willݎ
therefore be ఈܲ ൌ ൫൯ൈ , where the state transition 
probability  is defined as follows: 
��������� ൌ ܲሺܼሺݐ  ሻݏ ൌ ݆ȁܼሺݏሻ ൌ ݅ሻǡ ǡݐ ݏ  Ͳǡ ݅ǡ ݆ א  ఈ�����(2)ܧ
                    σ  ൌ ͳǡ

ୀଵ ݅���ݎ݂� א  ఈ                            (3)ܧ
The stationary law of each state can be calculated by solving 
linear equations that are constrained by (2) and (3). The same 
load level can bringdifferent damage levels of the blade under 
a dynamic environment. The covariate affects the random load 
via Cox’s proportional model by a non-negative exponential 
function߮൫ܼሺݐሻ൯ ൌ ሼሺ௧ሻୀሽ൯ǡߛ൫ݔ݁ ݅� א ఈǡܧ ߛ ൌ ሼߛଵǡڮ ǡ   .ሽߛ

The load stress  ܵሺݐሻ depends on the geometric structure 
of the blade and also on the wind speed. For simplicity, most 
current models consider the stress as constant.However this 
assumption is not suitable for wind turbine blades due to their 
highly variable and quick changing environment.Asthe rotor 
blade runs with different modes depending on the windspeed,it 
is reasonable to assumethat the load stress can be 
classifiedinto ݈ levels.  The switch between the different levels 
of load is modelled by a time-homogeneous Markov chain, 
denoted by ሼܵሺݐሻǡ ݐ  Ͳሽwith the state space ܧఉ ൌ ሼͳǡڮ ǡ ݈ሽ. 
The transition matrix ఉܲ ൌ ൫൯ൈ  with the element  as 
follows: 
������� ൌ ܲሺܼሺݐ  ሻݏ ൌ ݆ȁܼሺݏሻ ൌ ݅ሻǡ ǡݐ ݏ  Ͳǡ ݅ǡ ݆ א  ఉ����    (4)ܧ

                       σ  ൌ ͳǡ
ୀଵ ݅���ݎ݂� א  ఉ                           (5)ܧ

Shocks, such as huge waves, hurricanes and lighting 
strikes, although infrequent, have the potential to cause serious 
damages to the wind turbine. Compared with the lifetime of a 
blade, the duration of the shock can be negligible. Assuming 
the inter-arrival of the shock is subject to a temporally 
homogeneous Poisson process with the occurrence rate ͳ Τ  . ߤ
Denote by ௧ܰ  the number of shocks occurring during time 
interval ݐ  and ሼ ௧ܰǡ ݐ  Ͳሽ  the corresponding counting 
process.Naturally, the damage of the shock depends on the 
deterioration state before the shock occurs; when the system is 
more deteriorated, it is more vulnerable to the shocks. Denote 
by ܻሺݐሻ the damage caused by the shock at time ݐ and ܻሺݐሻ is 
defined as  
                          ܻሺݐሻ ൌ ݄൫ܦሺିݐሻ൯ͳሼሽ,                               (6) 

where ݄ሺȉሻ is a non-negative real function of the deterioration 
state ିݐ ,ܦ is the time instant just before time ݐ (respectively, 
ାݐ  is the time instant just after time ݐ ) and 
௧ܣ ൌ ሼݐ�ݐܽ�ݏݎݑܿܿ�݄݇ܿݏ�ܣሽ ; ͳሼȉሽ  is the indicator function 
with value 1 if ܣ௧ is true, or its value is 0. 

The crack propagation equation considering the above 
assumptions is inspired by [12] and [13] as follows: 
ܦ݀��������� Τݐ݀ ൌ ൧ܦሻ൯ξݐሻ߮൫ܼሺݐሻൣܵሺݐሺܺܥ  ܻሺݐሻ                 (7) 
When the time step ߬ is small enough, Equation (7) can be 
discretized as: 
ܦ ൌ ିଵܦ  ൫ܺܥ ߬൯ ቂܵ൫ ߬൯߮ ቀܼ൫ ߬൯ቁඥܦିଵቃ


߬  ܻ൫ ߬൯   (8) 

where time ߬ ൌ ݆߬ andܦ is the deterioration state at time ߬. 
According to [13], without considering the shock, the 
increment rate follows a log normal distribution:  
������οܦȀ̱߬ ���ܰ ቀܥ�� ቂܵ൫ ߬൯߮ ቀܼ൫ ߬൯ቁඥܦିଵቃ


ǡ  ఠଶቁ       (9)ߪ

It can be seen that the random deterioration growth rate at time 
߬is conditional based on the deterioration state and covariate 

at time  ߬ିଵ. The analytical life time distribution is a function 
of complicated convolutions whose precise form is difficult to 
obtain.  Hence the following work will rely on simulations.  

3 MAINTENANCE POLICY 

3.1 Assumption 

The study of fatigue damage in wind turbine blades shows 
that superficial cracks are the most common form of damage. 
It is possible that more than one cracks can propagate at the 
same time, however the crack with the largest length is the one 
that ultimately finally causes the blade failure. Our 
measurement of deterioration in this paper is therefore based 
on the length of the largest crack. When the deterioration 
exceeds a given threshold ܮ , the blade deterioration 
accelerates in short time and finally damages the components 
which are connected toand the components embedded in it. 
Once this situation happens, the turbine can be seen as failed 
and a corrective replacement will be necessary. In order to 
avoid this kind of failure, a preventive maintenance will be 
considered when the deterioration already arrives at a serious 
degree and implies a pending failure. The threshold that 
controls the preventive maintenance is      and it is one of the pL
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parameters that need to be optimized. The blade is repairable 
and the crack can be repaired through spot repair, such as 
filling with resin; and through structural repair, such as fibre 
reinforcement in [14].  As the cracks tend to propagate, the 
repairs get more complicated and expensive with time. 
However, the repair simply remedies the cracks that have 
emerged but it can’t solve the underlying deterioration 
mechanism. The assumption is realistic that the repair in our 
study is imperfect and the reduction of the deterioration after 
an imperfect repair is dependent on the state just before the 
repair.  

Inspection will reveal the failure and deterioration state. It 
will be realized through some equipment and a shutdown is 
necessary. Thus each inspection causes an amount of 
expenditure. The continuous monitoring of the random load of 
the blade is considered with the initial installation cost. The 
covariate state and the occurrence of a shock can also be 
monitored.The remainder context is based on the following 
assumptions: 
x The failure and deterioration state ܦሺݐሻ  can only be 

revealed perfectly by the inspection. 
x The repair is imperfect and the time for executing a repair 

is negligible. After a repair the deterioration follows the 
same law as before, unlike the assumption in [15]. 

x The replacement is as good as new and the 
additionalleading time ܮ is constant for all replacements. 

3.2 Routine Policy 

A periodic routine maintenance is scheduled at fixed time 
interval ܶ .This maintenance usually maintains a block of 
wind turbines and thus the expenditure of the transport can be 
shared between wind turbines.  The availability of the staff 
and the equipment can be guaranteed in advance. Besides the 
regular upkeep to the other components, a routine maintenance 
will inspect the deterioration state of the blade and schedule 
the maintenance in response to the inspection. Itconsists of the 
following steps, atthe ݆th routine maintenance at time݆ ܶ: 
(A1) if ܦሺ݆ ܶሻ  ܮ ,  a corrective replacement will be 

scheduled; after the leading time ܮ  the replacement is 
executed and the blade works as new; 

(A2) if � � ,p r cL D jT L� �  a preventive replacement will be 
scheduled and the system will be shut down immediately; 
afterܮ the replacement is executed and the blade works as 
new; 

(A3) if  � � ,r pD jT L�  an imperfect repair will be executed 
immediately and reduce the deterioration as ܦሺ݆ ܶାሻ ൌ
݃൫ܦሺ݆ ܶሻ൯, where  ݃ሺȉሻ  Ͳ is a real function.  

3.3 Reactive Policy 

If we take advantage of the information available through 
monitoring, a reactive maintenance policy including both the 
routine maintenance and reactive intervention will be 
proposed. The monitoring stress load and covariate state at 
time ݐ  can be denoted by ሚܵሺݐሻ  and ෨ܼሺݐሻ  respectively. An 
online controller ܦ෩ሺݐሻconsists of the simulated deterioration 

state by using the real-time monitoring information. ܺሺݐሻ is 
subject to the lognormal distribution and it is approximated by 
the mean in the controller. The online controller is simulated 
as follows: 

� �� � � � � �� �> @ � �j

m

jjj YDZSXCEDD
jjj

WWWMWW WWW
~~~~~~

11
�� 

��         
(10) 

where the occurrence of a shock is monitored and the damage 
it causes to the blade, ෨ܻ൫ ߬൯, depends on ܦ෩ିଵ. Between two 
periodic inspections, the threshold ܮ , corresponding to the 
controller  ܦ෩ሺݐሻ, decides the reactive maintenance action by 
scheduling an inspection immediately: 
(B1) if ܦ෩ሺݐሻ  ሻݐሺܦ  andܮ   �ǡ�a corrective replacement isܮ

scheduled without waiting for the next routine 
maintenance; after the leading time ܮ the blade is replaced 
by a new one; 

 (B2)  if  ܦ෩ሺݐሻ  ��ܮ and � � ,p cL D t L� �  a preventive 
replacement is performed after the leading time  ܮ; 

(B3)  if  ܦ෩ሺݐሻ  ܮ and � � ,pD t L�  an imperfect repair is 

executed immediately; after the repair � � � �� �D t g D t�   

and � ��tD~  adapts as � ��tD . 
ܮ  controls the frequency of the reactive maintenance. 

When ܮ is large enough, the reactive policy degenerates to 
the routine policy. In this paper it is considered thatܮ ൌ ǡܮ݇
݇  Ͳ�and ݇  is the parameter to be optimized. The reactive 
policy can trace the real-time information but it is not enough 
to grasp the incoming tendency. A predictive policy can make 
it up. 

3.4 PredictivePolicy 

According to the assumption, the leading time ܮ is a part 
of the downtime and is determined. If the residual life of the 
blade can be predicted, the replacement can hence be 
scheduled in advance of the leading time and the downtime 
lost caused by the preparation work of replacement can be 
avoided. There are already many literatures concerning the 
prediction issue, such as [13] and [16].  Due to the complexity 
of the deterioration model, in our study the residual life ܶሺݐሻ  
at time ݐis simulated. The covariate and the stress load are 
modelled by the Markov chain and the stationary law can be 
employed as an approximation of their limitingbehavior. The 
shocks in future are simulated by its occurrence rate.  The 
simulation is realized by the accumulation of a series of 
incremental steps. The time for scheduling a predictable 
replacement is denoted by ௦ܶ . The simulation will be run ܰ 
times and the mean value for ௦ܶwill be chosen. 

At an inspection, whether routine or reactive, if no 
replacement is needed and after the imperfect repair, the 
residual life of the blade will be simulated by the following 
algorithm: 

Algorithm  
1. Attimeݐ ൌ ݆߬ǡ if ݉݀൫ݐǡ ܶ൯ ൌ Ͳǡ a routine inspection is 

executed; if no replacement is needed, whether preventive 
or corrective,  simulate the residual life ܶ൫ݐା൯  and 
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update ܦ෩ሺݐା�ሻ  as ܦ൫ݐା൯Ǥ 
2. Compare ܶ൫ݐା൯and ܶ Ǥ  If ܶ൫ݐା൯> ܶ ǡ  then ݆ ൌ ݆  ͳǢ 

else if ܶ൫ݐା൯ < ܶ ǡ  then schedule a predictable 
maintenance at time ௦ܶ ൌ ݐ  ܶ൫ݐା൯ െ  .ܮ

3. If ݉݀൫ݐǡ ܶ൯ ് Ͳ , then compare ܦ෩൫ݐ൯  and ܮ . If 
ܮ<൯ݐ෩൫ܦ , a reactive maintenance is scheduled and the 
detailed procedure is the similar as (B1)-(B3). If no 
replacement is needed, then simulate ܶ൫ݐା൯ and  repeat 
the procedure of step 2.  

3.5 Evaluation of Maintenance Policy 

The cost of the installation of monitoring equipment is 
 . The inspection, repair, preventive replacement, correctiveܥ
replacement and the unit downtime cost are ܥ ܥ , ܥ , ܥ , , 
and ܥௗ respectively. The transport to the offshore wind farm 
also needs to be considered. For the periodic routine 
maintenance, the transport cost is ܥ௧; the reactive maintenance 
will be more expensive than ܥ௧, denote by ܥ௨. The total cost 
for a turbine in ሾͲǡ  :ሿ is thereforeݐ

ሻݐሺܥ ൌ ሺܥ  ௧ሻܥ ܰሺݐሻ  ሺܥ௨  ሻܥ ௨ܰሺݐሻ  ܥ ܰሺݐሻ 
ܥ�������������������� ܰሺݐሻ  ܥ ܰሺݐሻ  ሻݐௗ݀ሺܥ                    (11)ܥ
where ܰሺݐሻ, ௨ܰሺݐሻ, ܰሺݐሻ, ܰሺݐሻ, ܰሺݐሻ are the number of 
inspections, reactive transports, repairs, preventive and 
corrective replacements until time ݐ  respectively. ݀ሺݐሻ is the 
accumulated downtime until time ݐǤ  The expected long run 
average cost can be calculated by: 

� � � �
lim
t

C t
C t

tf of
     (12) 

3.6 Cost Optimization 

In the framework of the periodic routine policy, the 
optimization problem aims to find the optimal threshold ܮכ  
and the routine interval ܶכ�according to the cost criterion: 

� � � �� �* *

,
, arg min ,

r p
r p r p

T L
T L C T Lf    (13) 

For the reactive policy and predictable policy, the 
optimization problem contains the optimal threshold ܮכ ,  the 
interval ܶכ  and also ܮכ the threshold that controls the 
frequency of reactive maintain:   

� � � �� �* * *

, ,
, , arg min , ,

r p m
r p m r p m

T L L
T L L C T L Lf    (14) 

*
fC is the minimum average long-run maintenance cost 

associated with � �** , pr LT  or � �*** ,, mpr LLT . 

4 NUMERICAL SIMULATION 

4.1 Parameters Setting 

For the deterioration model, let ݉ ൌ ͲǤ͵ͷ ܥ , ൌ ͲǤͲͶͷ ; 
ܺሺݐሻ̱݈ܰ݃ሺͲǡͳǤͷሻ ; ሺܽǡ ܾሻ ൌ ሺʹǡͲǤʹͷሻ , ܵሺݐሻ ൌ ሼͲǤͷǡͳǡͳǤͷሽ ;    
ܧ ൌ ሼͳǡʹǡ͵ሽ and let ߛ ൌ ሼͲǤͲͷǡͲǤͳǡͲǤʹሽ represent the influence 
of the covariate. The state transition of the stress load and 
covariate satisfy ఉܲ and ఈܲ which take values as the form: 

1 0
/ 2 1 / 2
0 1

x

x x
P x x x

x x

�§ ·
¨ ¸ �¨ ¸
¨ ¸�© ¹

 

 

 
Figure 1. An illustration of the predictable reactive 

maintenance policy 

Substitute ݔ  by ߚ ൌ ͲǤͷ  and ߙ ൌ ͲǤʹ   respectively. 
ߤ ൌ Ͳis the mean time interval of the shock. ݄ሺݔሻ ൌ ͲǤ͵ݔ 
represents the damage caused by the shock; ݃ሺݔሻ ൌ  ݔ߱
represents the deterioration after the repair, where Ͳ  ߱  ͳ 
controls the level of the repair, for example,  ߱ ൌ Ͳ means the 
repair is as good as new and ߱ ൌ ͳ means the minimal repair. 
Let ܮ ൌ ͷͲ ܥ , ൌ ͳͲͲ ܥ , ൌ Ͳ ܥ , ൌ ʹ ௧ܥ, ൌ Ͷ ௨ܥ, ൌ ͳͲ , 
ௗܥ א ሼʹͲǡͲሽ per time unit; ܥ א ሼʹͲǡͶͲǡͲሽ; ܥ ൌ ͳͲ.  

4.2 Numerical Examples 

The disparity between routine policy with prediction and 
reactive policy with prediction lies in the latter employing the 
monitoring information and making timely response. When 
the inspection is cheap, the way to minimize the total cost is to 
inspect frequently.  Hence the advantage of the reactive policy 
has been offset by frequent inspections as shown in Fig 2. 
However the shutdown inspection cost may be expensive, in 
this case the inspection should be scheduled carefully in order 
to counterbalance the inspection cost as well as the failure 
loss. The reactive policy makes the constraints favorable and 
the superiority becomes more evident withincreasing the 
inspection cost.It also can be noticed from Fig 2 that when the 
preventive cost and downtime cost are more expensive, the 
reactive policy with prediction is more cost efficient even 
when the inspection cost is cheap as ܥ ൌ ͷ. The optimal ݇ of 
the two subfigures of Fig 2 are ͲǤͻͷ and ͲǤͺͷ respectively. In 
the case of the second subfigure, more reactive maintenances 
are scheduled to avoid the failure loss. 

In Figure 3 and 4, with the increase of the proportion of 
the leading time ܮ compared with the mean life time of the 
blade, the average long run costs increase for both cases: 
routine and reactive. However the growth rate shrinks with 
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increasing leading time. The predictive maintenance mainly 
reduces the down time caused by the leading time. As the 
proportion of the leading time out of the whole down time is 
asymptotically stable, the performances of the maintenance 
policies with prediction willalso become stable.  

The cost for installing the monitoring equipmentalmost 
has no effect on the long-term running cost in all the cases 
studied. 

 
Figure 2.Comparison of the two policies with varying 

inspection cost for fixed leading time (%1) ܮ 

 
Figure 3.Comparison of the two policies with varying leading 

time for fixed ܥ ൌ ʹ 

 
Figure 4.Comparison of the two policies with varying leading 

time for fixed ܥ ൌ ͳͲ 

5 CONCLUSION 

In this paper the predictable reactive maintenance policies 
are studied based on a fatigue crack propagation model of the 
wind turbine blade considering random shocks and dynamic 
covariates.  The effect of leading time has been considered 
instead of the ideal assumption that replacement 
isinstantaneous.  The numerical examples show that the 
inspection cost influences the choice of the maintenance 
policy. The proportion of the leading time out of the mean life 
affects the average long run cost and this effect will tend to 
stability as the leading time increases. 

In the future, in order to reduce the failure in series caused 
by other components, the interaction between the blade and 
the other components of the turbine will also be considered. 
As a result, the routine maintenance will be scheduled in 
multi-steps, such as two kinds of routine maintenance with 
two different time intervals according to the different failure 
rates. 
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