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ABSTRACT 

This thesis validates SIMLOX as a simulation tool for wind energy operation and 

maintenance (O&M). SIMLOX have been used for modeling O&M in other sectors since 

2002 but have recently begun to be used for simulating wind energy. This study validates 

SIMLOX for the newly introduced sector by creating a model of an existing offshore wind 

farm. The model used real historical data as input and the output was compared to real system 

response quantities (SRQs). Example of SRQs which were compared was time based 

availability, energy based availability, energy production, weather days, and item 

replacements. The study showed that SIMLOX is very well suited for this type of studies. It 

also showed that the major difficulty lies in obtaining proper input data. All models simulated 

the exact right number of major item replacements. The time based availability was 

considered to be the most important SRQ. The time based availability turned out to be 

between 0.11 - 0.66 percentage points too high compared to reference data. This most 

certainly depended on an overestimated work schedule for the technicians. Validation is the 

process of determining the degree to which a model is an accurate representation of the real 

world from the perspective of the intended uses of the model. This report presents all 

necessary knowledge to validate SIMLOX as a tool for wind energy simulations but it is thus 

up to the user to decide whether or not the output is accurate enough for their intended use. 

  

 

 

 

 Master of Science Thesis  

EGI-2013-088MSC EKV969 

 

Operational Validation of SIMLOX as a 

Simulation Tool for Wind Energy 

Operations and Maintenance (O&M) 

   

  Jeff Johansson 

Approved 

28-08-2013 

Examiner 

Assoc. Prof. Viktoria Martin 

Supervisor 

Nenad Glodic 

 Commissioner 

Systecon AB 

Contact person 

Magnus Andersson 



iii 

 

ACKNOWLEDGMENT 

I would like to start by express my deepest appreciation to my supervisor at Systecon AB, 

Magnus Andersson. I am very grateful for the chance to perform this interesting study; your 

guidance has been invaluable. Many productive discussions and your willingness to assist 

have enabled me to attain the required knowledge within the studied area. 

I would like to thank Pär Attermo at Vattenfall AB for providing the necessary input data, 

without your contribution could this thesis never be done. 

I am thankful to my academic supervisor at the Royal Institute of Technology (KTH), Nenad 

Glodic for instructive feedback and informative guidance in how to write an academic paper. 

In addition, a thank to Fredrik Bjarnegård at Systecon for reviewing the report and for 

providing me with valuable feedback. Without your improvement suggestions would the 

report never reached this grade. 

I want to conclude by showing my gratitude to all employees at Systecon who have helped me 

whenever I have reached an obstacle. With their expertise have they pushed me forwarded 

regardless type of problem. I hope this thesis contributes to your continuous work and I wish 

you all the best of luck in the future. 

 

 

  



iv 

 

TABLE OF CONTENT 

1 Introduction ....................................................................................................................... 1 

1.1 Background .................................................................................................................. 1 

1.2 Problem Description .................................................................................................... 2 

1.3 Objectives .................................................................................................................... 2 

1.4 Delimitations ............................................................................................................... 2 

2 Methodology ...................................................................................................................... 3 

2.1 Method of Attack ......................................................................................................... 3 

2.2 Literature Study ........................................................................................................... 3 

2.3 Data Processing ........................................................................................................... 3 

2.4 Simulation Approach ................................................................................................... 4 

2.5 Validation Approach .................................................................................................... 5 

3 Wind Power ....................................................................................................................... 6 

3.1 Wind Turbine Technology ........................................................................................... 8 

3.2 Wind Turbine Components ......................................................................................... 9 

3.2.1 Nacelle .................................................................................................................. 9 

3.2.2 Tower ................................................................................................................... 9 

3.2.3 Foundation .......................................................................................................... 10 

3.2.4 Rotor ................................................................................................................... 10 

3.2.5 Drive Train ......................................................................................................... 11 

3.2.6 Electrical System ................................................................................................ 12 

3.2.7 Control system .................................................................................................... 13 

3.2.8 Safety System ..................................................................................................... 14 

3.2.9 Other System ...................................................................................................... 14 

3.3 Kentish Flats Offshore Wind Farm ........................................................................... 14 

4 Maintenance Theory ....................................................................................................... 15 

4.1 Maintenance Concepts & Strategies .......................................................................... 15 

4.1.1 Corrective Maintenance ..................................................................................... 16 

4.1.2 Preventive Maintenance ..................................................................................... 16 

4.1.3 Modification Maintenance ................................................................................. 17 

4.2 Availability ................................................................................................................ 17 

4.2.1 Reliability ........................................................................................................... 19 

4.2.2 Maintainability ................................................................................................... 19 

4.2.3 Maintenance Support .......................................................................................... 20 



v 

 

5 Validation Theory ........................................................................................................... 21 

5.1 Data Validity .............................................................................................................. 22 

5.2 Operational Validity .................................................................................................. 22 

5.3 Validation Techniques ............................................................................................... 22 

5.3.1 Historical Data Validation .................................................................................. 22 

5.3.2 Face Validity ...................................................................................................... 22 

5.3.3 Internal Validity ................................................................................................. 22 

5.3.4 Parameter Variability – Sensitivity Analysis ..................................................... 23 

5.3.5 Comparisons of Output Behaviors ..................................................................... 23 

6 Simulation Study ............................................................................................................. 24 

6.1 Introduction to SIMLOX ........................................................................................... 24 

6.2 Monte Carlo Simulation ............................................................................................ 25 

6.3 SIMLOX model structure .......................................................................................... 25 

6.4 Resources ................................................................................................................... 26 

6.4.1 O&M Organization ............................................................................................ 26 

6.4.2 Weather Constraints ........................................................................................... 27 

6.4.3 Shift Profiles ....................................................................................................... 29 

6.5 Components ............................................................................................................... 30 

6.6 Failure Modeling ....................................................................................................... 31 

6.7 Maintenance Tasks .................................................................................................... 33 

6.8 Energy Generation ..................................................................................................... 34 

6.9 Simulation Cases ....................................................................................................... 37 

6.9.1 Case Hypotheses ................................................................................................ 38 

6.10 Deviation in Availability ........................................................................................ 39 

6.10.1 Sources of Errors ................................................................................................ 39 

7 Results .............................................................................................................................. 40 

7.1 Time Based Availability ............................................................................................ 40 

7.1.1 Time Based Availability Discussion .................................................................. 42 

7.2 Energy Based Availability ......................................................................................... 44 

7.2.1 Energy Based Availability Discussion ............................................................... 44 

7.3 System States ............................................................................................................. 44 

7.3.1 System States Discussion ................................................................................... 45 

7.4 Item Replacements .................................................................................................... 46 

7.4.1 Item Replacement Discussion ............................................................................ 46 

7.5 Energy Production ..................................................................................................... 47 



vi 

 

7.5.1 Energy Production Discussion ........................................................................... 47 

7.6 Weather Days ............................................................................................................ 48 

7.6.1 Weather Days Discussion ................................................................................... 48 

8 Parameter Variability - Sensitivity Analysis ................................................................ 49 

9 Discussion ......................................................................................................................... 52 

10 Closure ............................................................................................................................. 53 

10.1 Conclusions ............................................................................................................ 53 

10.2 Further Work .......................................................................................................... 54 

 

 

  



vii 

 

LIST OF FIGURES 

Figure 1. Globally installed wind power capacity, 1996-2011 (GWEC, 2012). ........................ 1 

Figure 2. Overview of the thesis progress. ................................................................................. 3 

Figure 3. Development steps to create a credible computational model (Schwer, 2007). ......... 5 

Figure 4. Power curve for a pitch-controlled WTG. .................................................................. 7 

Figure 5. Schematic overview of vertical axis wind turbine and horizontal axis wind turbine. 8 

Figure 6. Schematic overview of different components in a WTG (de Jong, 2007). .................. 9 

Figure 7. Classification of maintenance. .................................................................................. 15 

Figure 8. Explanation of the term downtime. ........................................................................... 17 

Figure 9. Availability as a function of reliability, maintainability and maintenance support 

(Utne, 2010). ............................................................................................................................ 18 

Figure 10. A example of the relation between life-cycle-profit and energy based availability 

(Systecon, 2012a). .................................................................................................................... 19 

Figure 11. An overview of the validation process, adopted and modified from (Oberkampf and 

Barone, 2006) . ......................................................................................................................... 21 

Figure 12. The validation process. ........................................................................................... 21 

Figure 13. Overview of simulation input and output. ............................................................... 24 

Figure 14. SIMLOX model structure. ....................................................................................... 26 

Figure 15. Example of a jack-up crane vessel and a CTV (Kaiser and Snyder, 2013, Austral, 

2012). ........................................................................................................................................ 28 

Figure 16. Average number of 6 hour blocks of inaccessibility to use the CTV because of 

waves over the operational limit of 1.0 m. ............................................................................... 29 

Figure 17. An extract from SIMLOX Shift Profile register. ..................................................... 30 

Figure 18. The figure shows the component group structure which is divided into sub items 

depending on their maintenance demand. ................................................................................ 31 

Figure 19. An extract from SIMLOX failure mode register showing the different generator 

failures. ..................................................................................................................................... 32 

Figure 20. An extract from the SIMLOX PMmaterial register showing the PM for the 

generator. ................................................................................................................................. 32 

Figure 21. An extract from CMlocation showing what tasks are assigned to the different 

generator failures. .................................................................................................................... 33 

Figure 22. An example from SIMLOX TaskBreakDown. ......................................................... 34 

Figure 23. An example from SIMLOX SubTaskResource. ....................................................... 34 

Figure 24. Power curve for Vestas V90-3.0 MW divided into two constant parts and one 5
th

 

grade polynomial curve. ........................................................................................................... 35 

Figure 25. High resolution wind speed compared to hourly average wind speed. .................. 36 

Figure 26. Annual time based availability with standard deviation for each simulation case, 

Vestas monthly reports (historical) and Vattenfall SCADA system (historical). ..................... 40 

Figure 27. Monthly average time based availability for different models and from Vestas 

(historical). ............................................................................................................................... 41 

Figure 28. Number of insufficient resources for modifications in case 1. ............................... 41 

Figure 29. Bathtub curve showing the failure frequency (hazard rate) and reliability over the 

total operational life time (Wang et al., 2002). ........................................................................ 43 

Figure 30. The difference between annual average time based and energy based availability.

 .................................................................................................................................................. 44 



viii 

 

Figure 31. Average system states for year 2010, production time excluded. ........................... 45 

Figure 32. Number of CM replacements compared to historical data from 2010. .................. 46 

Figure 33. Annual average energy production for each case and the historical reference data.

 .................................................................................................................................................. 47 

Figure 34. Monthly average energy production for each case and the historical reference 

data. .......................................................................................................................................... 47 

Figure 35. Weather days during 2010 in reality and in the model. .......................................... 48 

Figure 36. Time based availability with modified failure frequency. ....................................... 49 

Figure 37. Time based availability with modified failure frequency. ....................................... 49 

Figure 38. Time based availability with modified MTTR for CM tasks. .................................. 50 

Figure 39. Time based availability with modified MTTR for CM tasks. .................................. 50 

Figure 40. Time based availability with modified MTTR for PM tasks. .................................. 51 

Figure 41. Monthly availability with technicians working maximum 8, 10 and 12 hours per 

day. ........................................................................................................................................... 51 

Figure 42. Annual availability with technicians working maximum 8, 10 and 12 hours per 

day. ........................................................................................................................................... 52 

 

LIST OF TABLES 

Table 1. Model data for Vestas V90-3.0 MW offshore WTG (4C-Offshore, 2012b, 4C-

Offshore, 2012a). ...................................................................................................................... 15 

Table 2. Example of wind constraints for maintenance activities (McMillan and Ault).......... 20 

Table 3. Desirable input variables for a O&M wind energy SIMLOX simulation. ................. 25 

Table 4. Resource quantities and operational limits. ............................................................... 27 

Table 5. Example of how the excel algorithm evaluated for which hours the technicians were 

available. .................................................................................................................................. 29 

Table 6. Total down time based on SCADA data and Vestas reports for year 2010. .............. 33 

Table 7. Definition of how the power output was calculated at different wind speeds. ........... 36 

Table 8. Overview of the difference between the SIMLOX models. ......................................... 38 

Table 9. Time Based Availability with standard deviation. ..................................................... 40 

 

  



ix 

 

ABBREVATIONS 

Abbreviation Explanation   

A Availability 

AC Alternating Current 

CBM Condition Based Maintenance 

CI Confidence Interval 

CM Corrective Maintenance 

CTV Crew Transport Vessel 

DC Direct Current 

EA East Anglia 

EAOW East Anglia Offshore Wind 

HAWT Horizontal Axis Wind Turbine 

HVAC High-Voltage Alternating Current 

HVDC High-Voltage Direct Current 

KF Kentish Flats 

LCC Life Cycle Costs 

LCOE Levelized Cost of Electricity 

MDT Mean Down Time 

MS Microsoft 

MTBF Mean Time Between Failures 

MTTF Mean Time To Failure 

MTTR Mean Time To Repair 

MWT Mean Waiting Time 

O&M Operation and Maintenance 

PM Preventive Maintenance 

pp Percentage Points 

rpm Revolutions per Minute 

SCADA Supervisory Control and Data Acquisition 



x 

 

SRQ System Response Quantity 

TBM Time Based Maintenance 

V&V Validated and Verified 

VAWT Vertical Axis Wind Turbine 

WS Wind Speed 

WTG Wind Turbine Generator 

 

 

NOMENCLATURE 

Symbol Explanation Unit   

        Energy-based Availability % 

      Time-based Availability % 

Cf Capacity Factor 

 

 

  



1 

 

1 Introduction 

1.1 Background 

Wind power plays an important part in the strive towards decreased greenhouse emissions and 

a stable environment. The wind power industry can be divided into two sectors depending of 

the placement of the turbine, on- and offshore. The onshore sector is approaching maturity 

while the offshore wind farm still is in its initial phase. The first offshore wind farm was 

launched in Vindeby is Denmark in 1991(Vattenfall, 2012, Breton and Moe, 2009) 

The development of wind power has been rapid over the last decade and from 2000 to 2011 

has the wind power industry experienced an average growth of 27% per year (IRENA, 2012), 

see Figure 1. The total wind power capacity at the end of 2011 was 238 GW and the installed 

capacity is expected to be 671 GW in 2020 (IRENA, 2012, IEA, 2011).  

A well-coordinated operation and maintenance (O&M) strategy is required to reduce costs 

associated with wind farm support. The cost of O&M of Wind Turbines (WTG’s) are 

significant contributors to the cost of energy. O&M costs can account for between 11% and 

30% of the Levelized Cost of Electricity (LCOE) for an onshore wind farm, and up to 30% 

for offshore wind farms (IRENA, 2012, Nielsen and Sørensen, 2011). 

Traditional O&M organizations include handling and storage of spare parts together with 

others resources. This becomes more complex in the case of wind energy due to stochastic 

calculations connected to external forces such as wind and wave heights. To handle stochastic 

relationships and large amount of input data modern computer programs is used to optimize 

wind power O&M and to reduce Life Cycle costs (LCC). 

SIMLOX is an advanced and versatile logistics support simulation tool developed by 

Systecon AB (hereinafter “Systecon”). The software is used for modeling technical systems, 

e.g. trains, helicopters and military jet fighters to evaluate and optimize logistics in all phases 

of system life time. Lately the simulation model has been applied in early logistics studies to 

pinpoint the most cost effective WTG model and support organizations. During autumn 2012 

Systecon performed a SIMLOX O&M simulation study for different logistics concept for East 

Anglia Offshore Wind (EAOW) (Systecon, 2012b). EAOW is a joint venture company 

between Vattenfall and Scottish Power with a purpose to develop 7200 MW of offshore wind 

power in the EAOW zone located east of Lowestoft in the North Sea (ScottishPower and 

Vattenfall, 2013).  

 

Figure 1. Globally installed wind power capacity, 1996-2011 (GWEC, 2012). 
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1.2 Problem Description 

It is hard to obtain the best balance between WTG availability and costs. Maintenance of wind 

power is complex and operators have a lot to earn by optimizing their logistic support 

organizations. Systecon has developed a powerful simulation tool which is verified and 

validated for other scenarios than wind power. Both Systecon and one of their costumer, 

Vattenfall AB (hereinafter “Vattenfall”), wants to validate SIMLOX for wind power 

applications to ensure reliability in both ongoing and future projects.  

1.3 Objectives 

The main objective of the thesis is to validate SIMLOX as a simulation tool for modeling 

wind energy O&M. The validation is performed by comparing the simulation output with 

output from a real offshore wind farm. Parameters that should be compared are e.g. time 

based availability, energy based availability, accessibility etc. It is more complex to simulate 

an offshore wind farm than an onshore because of additional constraints related to wind speed 

and wave height. The additional difficulties associated with modeling offshore WTG’s are the 

reason for creating and validating an offshore wind farm model instead of an onshore. The 

following questions should be answered by the thesis report: 

 How is a real offshore wind farm modeled by the use of SIMLOX? 

 How big are the deviations between SIMLOX results and real measured data? 

 What are the largest uncertainties in the model? 

1.4 Delimitations 

To simulate an existing wind farm requires a lot of data which is not official. This report was 

created in collaboration with Vattenfall which have provided operational data from one of 

their offshore wind farms. The historical data available for the different farms varies a lot in 

quality and quantity and in most cases some desirable data was missing. The studied wind 

farm was chosen to be Kentish Flats because Vattenfall have well organized data from that 

specific wind farm. In a previous master thesis all failures were categorized based on service 

reports and data from the digital surveillance system, and this data has been the base for this 

simulation study (Cantú, 2011).   

A fundamental simulation input data are the failure modes. Failure modes express how often a 

failure will occur during a known time period. A WTG consists of thousands of different 

items and can thus fail due to many reasons. The failures are therefore categorized into larger 

component groups to make the simulation easier to handle.  

Because of time-constraints, the scope of the simulation and validation has been limited to 1 

year. Year 2010 was a normal production year in Kentish Flats with average availability 

compared to the last 5 years of production without major replacement work such as in 2009 

were all gearboxes was changed. 2010 was also one out of two years for which the necessary 

pre-categorization of failures had been executed, which was a requirement to be able to write 

this thesis in the given time. 
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2 Methodology 

The validation project will be done by modeling an existing wind farm and compare the 

results with real measured data obtained from Vattenfall. 

2.1 Method of Attack 

To validate an advanced stochastic simulation model requires a lot of input data, for instance 

WTG data, weather data, production data, support organization and maintenance data. These 

data was provided by Vattenfall and Systecon provided the software tool, SIMLOX. The work 

process was divided into four steps which are shown in Figure 2. To obtain a better 

understanding on how to approach the problem description and objectives, a literature study 

was performed. 

 

Figure 2. Overview of the thesis progress. 

2.2 Literature Study 

The literature study in this report consists of three different scientific areas, wind power 

technology, maintenance theory and validation theory. Since wind power is the central 

objective in this study, the literature study therefore begins by giving the reader a better 

understanding of a WTG and its components. The WTG terminology and technique were 

studied in scientific articles and official publications.  

To build and validate a model which can be used for evaluation and estimation of e.g. 

availability requires a deep understanding in O&M strategies and organizations for offshore 

wind farms. Maintenance theory for offshore wind farms was studied through scientific 

articles, official publications and O&M reports from wind farm operators.  

To gain sufficient knowledge about the simulation software the author studied course material 

for a SIMLOX course provided by Systecon. Moreover, to get a greater understanding of 

SIMLOX a software user manual was used together with internal Systecon documents. 

The goal with this thesis is to validate SIMLOX for wind power and hence a lot of time was 

spent by reading about validation methods and validation techniques. 

2.3 Data Processing 

To simulate O&M for an offshore wind farm requires a lot of input data. The input data can 

either be automatically or manually collected. Example of automatic systems for input data is 

Supervisory Control and Data Acquisition (SCADA) systems which monitors the whole 

WTG operation, or meteorological measuring system. Manual input data can for example be 

information about the O&M organization or restrictions in use of resources.  

Literature 
Study 

Data 
Processing 

Simulation Validation 
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There are two main sources of errors, type I and type II. Type I, which is also called 

systematic errors or bias is often hard to discover. An example is a voltmeter that always 

measures 2V too much or an anemometer which always shows 3% too low wind speed. Type 

II is often a sampling error which occurs randomly. In many cases it is very difficult to 

distinguish between type I and type II errors (Holman, 2012). 

Regardless were the input data are collected, it needs to be controlled to minimize the 

uncertainty. “Unfortunately, there is not much that can be done to ensure that the data are 

correct. One should develop good procedures for collecting and maintaining data, test the 

collected data using techniques such as internal consistency checks, and screen the data for 

outliers and determine if the outliers are correct“ (Sargent, 2010). WTG failures were 

categorized in failure modes for different items as seen in Appendix 1 – Failure Modes. The 

failure rates were imported from SCADA and matched with manufacturer service reports to 

receive a more accurate downtime and item categorization. All input data were screened for 

outliners. 

2.4 Simulation Approach 

When modeling a complex system with stochastic elements it is almost mandatory to use 

computer based software. The model development passes several key steps; first a conceptual 

model, secondly a mathematical model and thirdly a numerical algorithm is created which is 

then transformed into a computational model (Schwer, 2007). The first three steps are already 

done by Systecon and this thesis focus on the computational model and the validation. The 

development step to create a complete simulation model is shown in Figure 3. 

The software used to solve the problem description, SIMLOX, is an event driven simulation 

tool created for solving logistics problems, especially concerning maintenance support 

organizations. The wind and wave input data have been imported from MS Access to a MS 

Excel program where it was used to create work shifts for resources before it was exported to 

SIMLOX. The primary result from a WTG O&M simulation study is WTG availability and 

produced energy. These results can be used to estimate LCC and LCOE. To build a model 

that reflects a real wind farm is complex and the model has been developed by support from 

Systecon.  
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Figure 3. Development steps to create a credible computational model (Schwer, 2007). 

2.5 Validation Approach 

A simulation model is a way to estimate a real system, and can never be a perfect reflection of 

reality. The simulation model has low credibility if it is not Verified and Validated (V&V). It 

is therefore essential to V&V the simulation model in a proper way.  

There are significant differences between validation and verification and both processes are 

necessary to achieve a high credibility. The applied definition of validation and verification in 

this thesis are: 

 Validation: The process of determining the degree to which a model is an accurate 

representation of the real world from the perspective of the intended uses of the model 

(Schwer, 2007). 

 Verification: The process of determining that a computational model accurately 

represents the underlying mathematical model and its solution (Schwer, 2007). 

The V&V process begins with a conceptual model validation which is defined as determing 

that the underlying theories and assumptions of the conceptual model are correct and that the 

model represent the problem entity is “resonable” for the intended purpose of the model 

(Sargent, 2010).The verification is mostly executed while developing the simulation software, 

i.e. debugging the computational model and examine the adequacy of the numerical 

algorithms (Oberkampf and Barone, 2006). SIMLOX has been used since 2001 and the 

conceptual model validation and the verification is already execuded which explains this 

studys focus on operational validation.  

 Mathematical Model 

 Numerical Algorithm 

 Code 

 Discretization Parameters  Physical Parameters 

 Computational Model 

 Validation & Verification 

 Conceptual Model 
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Operational validation is defined as determing that the model’s output has sufficient accuracy 

for the model’s intended purpose over the domain of the model’s intended applicability. A 

combination of different valdiation techniuiqe was used to obtain a sufficient accuracy. The 

main technuiqe used in this report is histroical data validation were collected real data from 

the WTG system was compared with simulation output. A so called internal validation was 

performed where several replications of the stochastic model were conducted to determine the 

amount of stochastic variability in the model. Finally a parameter variability, also known as 

sensitivity analysis, was performed to determine the effect upon the model’s behaviour or 

output by changing the values of the input. A deeper explanation of different validation 

techniques is presented in chapter 5 - Validation Theory. 

 
It is important to remember that a validation is not a proof that the model explains reality but 

only that the model within its domain of applicability possesses a satisfactory range of 

accuracy consistent with the intended application (Sargent, 2010). 

3 Wind Power 

A WTG transform the kinetic energy of the wind into useful mechanical power (IRENA, 

2012). The available energy in the wind is presented in equation 1. 

      
 

 
        eq. 1 

where   is the density of air [kg/m
3
],   is the wind speed [m/s] and   is the WTG swept area 

[m
2
]. Only a part of the energy in the wind which passes the WTG rotor can be harnessed, and 

according to Bet’s law, a maximum of 59% of the wind power can theoretically be extracted 

(de Castro et al., 2011).  

Wind power is an intermitting energy source as the power output fluctuates in relation with 

wind speed. Most WTG begins to produce energy at a wind speed of 3-4 m/s, this is called the 

cut-in speed. The power output then increases with increased wind speed up to a level where 

the WTG produce its rated power, at approximately 14 m/s. The energy production is 

thereafter stable up to a wind speed of around 25 m/s where the WTG is stopped due to safety 

reasons, the so called cut-out speed. How the energy production relates to wind speed is 

shown in Figure 4. The power curve is used to estimate the energy production of a WTG at a 

given wind speed (Besnard, 2009).  
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Figure 4. Power curve for a pitch-controlled WTG.   

An important variable when discussing wind power is the capacity factor (Cf). The capacity 

factor for a WTG is defined as the ratio between the average power output of the WTG over a 

selected period of time and the nominal power production of the WTG. Due to stronger and 

steadier winds the Cf if often higher for offshore WTG compared to onshore, typically in the 

range of 0.4-0.6 compared to 0.25-.04 (Besnard, 2009), see equation 2. 

    
                                 

                                             
 eq. 2 

The trend is to build larger WTG and larger wind farms, and the rated power for an average 

offshore wind farm has increased with 29% from 2010 to 2011 up to just under 200MW  

(EWEA, 2012). The average size of a grid connected WTG is 1.16 MW while most new 

projects use WTG’s between 2 MW and 3 MW (IRENA, 2012). Offshore WTG are often 

larger than onshore WTG’s due to fewer restrictions such as height, sound and visibility. 

Despite higher wind speeds and other advantages offshore, the largest operated WTG in 2012 

was an onshore WTG, the 7.5 MW Enercon E126 (Vries, 2012). 
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3.1 Wind Turbine Technology 

Wind turbines are built in various sizes and styles and can generally be categorized by 

whether they are Horizontal Axis or Vertical Axis Wind Turbines (HAWT and VAWT), and 

by whether they are located onshore or offshore, see Figure 5. In addition, HAWT can also be 

classified by their technical characteristics, including (IRENA, 2012):  

 Rotor placement (upwind or downwind).  

 The number of blades. 

 The hub connection to the rotor (rigid, hinged or teetering hub). 

 Gearbox design (single- or multi-stage gearbox or direct drive with synchronous 

generator). 

 The rotational speed of the rotor to maintain a constant frequency (fixed or controlled 

by power electronics). 

 WTG capacity. 

 By the way they handle fluctuating winds (stall controlled, pitch controlled or a 

combination of stall and pitch controlled).  

 

Figure 5. Schematic overview of vertical axis wind turbine and horizontal axis wind turbine. 

The two different shaft configurations have their own favorable characteristics. HAWT 

dominant the market totally and the failure to commercialize VAWT can be attributed to low 

tip speed ratio and difficulty in controlling rotor speed (Schubel and Crossley, 2012). VAWT 

also suffers from difficulties in starting the turbine together with an uneven wind distribution 

where the higher part of the rotor is exposed to higher wind speeds. The advantages of VAWT 

is that the technique does not require any additional mechanism to face the wind and that 

heavy parts such as generator and transformer can be placed on ground level for easy access 

(Schubel and Crossley, 2012). Most modern large-scale WTG are three bladed HAWT which 

is the technique further explained in this report. 

  

Wind direction Wind direction 

VAWT HAWT 
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3.2 Wind Turbine Components  

When simulating wind energy O&M it is important to know the major components and the 

corresponding subsystems to be able to analyze how often they fail etc. Figure 6 shows some 

of the major components and subsystems in a WTG. 

 

Figure 6. Schematic overview of different components in a WTG (de Jong, 2007). 

3.2.1 Nacelle 

Nacelle is the structure mounted on top of the WTG tower. Most of the major components are 

placed within the nacelle, such as the main shaft, bearings, gearbox, generator and pitch 

system. On top of the nacelle, wind measuring devices such as anemometer or wind vane are 

placed to decide how to align the WTG against the wind. 

3.2.2 Tower 

Most WTG towers are conical tubes made of steel in 20-30 meters section bolted together. In 

offshore applications the lower part of the tower needs to be treated with a special paint to 

withstand corrosion. An elevator or ladder inside the tower is used to gain access to the 

nacelle which is mounted on top of the tower. 
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Yaw System 

A yaw system is used to rotate the nacelle so the rotor blades are aligned towards the wind 

direction. The system is powered by a yaw motor which can be a hydraulic motor, hydraulic 

cylinders or an electrical motor (Besnard, 2009). The yaw system is subject of a continuous 

wear due to small movements of the nacelle caused by the fluctuating wind. Failure of the 

yaw system can occur because of broken yaw motors, pinions or yaw gears (Lindqvist and 

Lundin, 2010). 

3.2.3 Foundation 

The foundation supports the whole WTG and transmits loads to the ground. Onshore WTG’s 

often have a pad foundation while offshore WTG’s can be mounted to different types of 

foundation. The most common offshore foundations are; concrete monopile, steel monopile, 

jackets, concrete tripods and concrete gravity foundations (Besnard, 2009, Cantú, 2011).  

3.2.4 Rotor 

The blades are secured onto the rotor hub which usually is attached to a low speed shaft 

connected to the turbine gearbox.  

Blades 

The blades function is to capture the energy available in the wind. Most HAWT used today 

are lift devices. Lift devices are designed to use the force resulting from the difference of air 

pressure on the two sides of a blade (Besnard, 2009). Generally, WTG’s have two or three 

blades. Most modern turbines are typically of three-bladed designs because of several reasons. 

For once, a three-bladed WTG can achieve a higher theoretical efficiency (Hau, 2006). Each 

blade experiences a cyclic load at its root end which depends on the blade position. These 

cyclic loads are almost symmetrically balanced for three bladed WTG’s which results in 

smoother operation (Gasch and Twele, 2012). Two-bladed WTG’s also miss benefits since 

they rotate faster and hence appears more flickering to the eyes, whereas three-bladed WTG’s 

seems calmer and therefore less disturbing in the scenery (Hansen, 2008). Turbine blades 

made from fiberglass reinforced polyester or epoxy resin are the most common but new 

materials such as carbon fiber are being introduced to improve the strength-to-weight ratio 

(IRENA, 2012). Blades are exposed to harsh environment and damages occur. Cracks on the 

blade surface can be repaired whilst a damage in the supporting structure results in a 

replacement (Lindqvist and Lundin, 2010). 

Stall/Pitch System 

The power output needs to be controlled at high wind speed to avoid damage of the rotor 

structure (Hau, 2006). In addition, the rotor power is limited by the maximum allowed power 

of the generator (Hau, 2006). This is done by controlling the angle of attack of the blades by 

either stall control or pitch control. A passive stall control consists of fixed blades, 

aerodynamically designed to limit the power output at high wind speeds. The rotor blade is 

designed so turbulence occurs at a desired wind speed. The turbulence occurs on the side of 

the rotor blade which is not facing the wind which prevents the lifting force of the rotor blades 
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from acting on the rotor which decrease the power output and prevents the WTG from 

overload (Mihet-Popa and Boldea, 2012). 

A pitch control system adjusts the blades angles, individually or together, several times per 

second. The blades are turned around their longitudinal axis which is done by either an 

electrical or hydraulic system to regulate the output power (Hau, 2006). Pitch control also 

results in smoother start-up of the WTG and a more stable power output (de Jong, 2007). 

An active stall control also has pitchable blades and works similar to pitch control. The 

difference appears when the WTG reaches its rated power and needs to be controlled to avoid 

overload. A pitch control system pitches (turns) the rotor slightly out of the wind while active 

stall control system pitches the opposite direction. By increasing the angle of attack in active 

stall, the airflow separates at the surface of the rotor, and thus limiting the aerodynamic power 

input (Hau, 2006). Both active stall and pitch control system are more complex than passive 

stall control and hence are more common among larger WTG’s where the larger investment 

can be covered by increased power output. 

Hub 

The function of the hub is to transfer the rotational energy from the blade to the low speed 

shaft. There are three different hub designs: rigid, teetering and hubs for hinged blades. A 

rigid hub is designed to keep all major parts in a fixed position relative to the main shaft. 

Teetering hubs are the most common setup for two-bladed WTG since a teetering hub can 

reduce loads associated with aerodynamic imbalances (van Kuijen). A hinged hub is basically 

a rigid hub where the blades are connected with hinges. Rigid hubs are the most common hub 

type for three bladed WTG’s (Besnard, 2009).  

3.2.5 Drive Train 

The objective of the drive train is to convert the rotational mechanical energy from the hub 

into electrical power. Different drive train configurations exist and the main difference are 

whether the main shaft has fixed or variable speed, and also if a gearbox is used or not. The 

components used in a drive train depend on which design is being used, but often consist of 

shafts, main bearing, gearbox and generator. 

Shaft 

Shafts are used to transfer torque within the WTG. The main shaft (low speed shaft) transmits 

the rotational torque between the hub and the gearbox while the high speed shaft transmits the 

torque between gearbox and generator.  

Bearing 

Bearings are important parts as they transmit the weight of the rotor to the nacelle. Bearings 

are also used in the pitch system to rotate the blades and in the yaw system to rotate the whole 

nacelle. Bearings are known to create some problems and are categorized as major 

replacement since they are heavy and needs a crane to be replaced (Lindqvist and Lundin, 

2010). 
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Gearbox 

The blades and the hub spins at a rate of 10 to 25 revolutions per minute (rpm) depending on 

turbine size and design (constant or variable speed) (IRENA, 2012). The purpose of the 

gearbox is to increase the rotational speed of the high speed shaft up to a speed suitable for 

the generator. There are two basic types of gearboxes; parallel shaft and planetary. The 

gearbox accounts for almost 13% of the total manufacturing cost  and have historically been a 

large contributor to WTG failures (IRENA, 2012, Lindqvist and Lundin, 2010). 

Generator 

A generator converts rotational mechanical power from the shaft into electricity. The two 

most common generator types are the synchronous and the asynchronous (or induction) 

generator. The majority of all grid connected WTG’s uses an induction generator (de Jong, 

2007). The windings in a generator are sensitive to high temperature which can occur at high 

currents. To replace a winding implies taking down the generator from the nacelle which 

requires a crane (Lindqvist and Lundin, 2010). The bearings and fans within a generator are 

subject of an almost constant mechanical wear and have to be replaced within a certain period 

to avoid failure. 

3.2.6 Electrical System 

The electrical system includes all items needed to transmit the electricity from the generator 

to the grid. The system consists of electrical cables, transformers, converters, capacitors and 

power electronics. 

Cables 

Except from cables within the WTG, cables of two types are used from the WTG to the power 

substations and continuously to the grid. The two cable technologies are High-Voltage 

Alternating Current (HVAC) and High-Voltage Direct Current (HVDC). HVDC technology 

has lower electrical losses but is more costly and is therefore only used over long distances 

(Ragheb, 2013).  

Transformers 

There are two main purposes of transformers; first, to increase the voltage and to decrease the 

current to comply with the internal distributing network, secondly to minimize the 

transmission losses. A power cable connects the WTG to the transformer substation and from 

there the electricity is fed into the grid. Transformer failures most often occurs due to 

manufacturing errors or deterioration of the insulation caused by heat acidity and oxidation 

(Lindqvist and Lundin, 2010). 

Converters 

Power electronics such as converters are used to control the current. Converters are typically 

used to switch from AC to DC (or in the opposite way) or to adapt to a specific voltage or 

frequency level (Besnard, 2009). A converter consist of a lot of electrical components which 



13 

 

can fail due to short-circuit and the magnitude of the failure changes from time to time 

(Lindqvist and Lundin, 2010). 

3.2.7 Control system 

WTG’s are operated and controlled automatically by a supervisory controller which may be 

controlled by an operator from distance through the use of a SCADA system. Sensors provide 

the necessary input data in order to produce electricity at the right standard and to ensure a 

reliable electricity generation. 

Supervisory Controller 

The function of a supervisory controller is to automatically supervise the system so the 

performance at the moment is optimized by e.g. control the pitch and yaw system. Another 

important function is to ensure safe operation by supervising that sensor levels are within 

range and to communicate the operating conditions to the SCADA system. The supervisory 

controller can consist of computers, electrical circuits and mechanical systems. Failures may 

occur when one or more circuit boards fails (Lindqvist and Lundin, 2010). 

SCADA system  

A SCADA system allows the operator to remotely monitor operation conditions such as wind 

speed and direction, yaw and pitch angle, temperature levels in different parts and the power 

output. It is also programmed to automatically trigger and send an alarm to the operator if a 

sensor value exceeds a certain level. In case of an alarm, the operator can decide whether to 

start the WTG remotely after studying the error code or to send and a technician for visual 

inspection (Yang et al.). 

Sensors 

The information necessary to safely and efficiently operate the WTG is collected from sensors 

connected to the control system. Example of provided information are (de Jong, 2007);  

 Speeds, e.g. generator, rotor, wind speed and yaw rate. 

 Temperatures, e.g. gearbox, hydraulic oil, gearbox bearing and generator bearing. 

 Position, e.g. blade pitch, yaw position and wind direction. 

 Electrical characteristics, e.g. power, power factor, current, voltage and frequency. 

 Fluid flow parameters, e.g. hydraulic or pneumatic pressures, hydraulic oil level and 

oil flow. 

 Wear, e.g. tower strain, shaft torque, gearbox vibration and blade root bending 

moment. 

 Environmental conditions, e.g. icing, humidity, lightning. 
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3.2.8 Safety System 

A safety system consists of brakes, circuit breakers and lights.  

Brakes 

Most repair work requires to stop the WTG and this can be done by aerodynamic or 

mechanical brakes. The aerodynamic brakes are the main mechanism, in a WTG with pitch 

control it works by pitching the blades 90 degree along their longitudinal axis to avoid lift 

(Besnard, 2009). The function of the mechanical brake is to secure standstill during repair 

work and also as an emergency brake. The two most common techniques for mechanical 

braking are disc brakes and clutch brakes which are installed on the drive train (Lindqvist and 

Lundin, 2010).  

Circuit Breakers 

If the current increases too much due to e.g. short circuit or other electrical problem, the WTG 

can be disconnected from the grid. This is possible through a circuit breaker installed between 

the generator and the grid connection. 

3.2.9 Other System 

All WTG’s requires additional systems such as hydraulic system, cooling system, oil system 

and lubrication system.  

Hydraulic Systems 

Hydraulic components are used within the WTG to regulate functions through pressure 

differences created by hydraulic pumps. Functions usually relying on hydraulic power are 

yaw, pitch and braking systems. Oil leakages associated with the hydraulic system often arise 

from faulty pumps or pistons (Lindqvist and Lundin, 2010). Errors within the hydraulic 

system can often be repaired by a technician on site.   

3.3 Kentish Flats Offshore Wind Farm 

Kentish flats consist of thirty 3MW WTG’s owned and operated by Vattenfall, placed 10 km 

north of Herne Bay and Whitstable. The installation began in August 2004 and the entire wind 

farm was commissioned by the end of August 2005 (Vattenfall, 2012). 

The WTG’s are placed in a regular grid of five rows in an east-west orientation. There is a 

700m distance between each turbine and the rows of turbines. The wind farm occupies a total 

area of 10 km
2
 with an average water depth of 5m. Transport to the wind farm by boat from 

the nearest local maintenance port, Whitstable, takes approximately 30 minutes (Vattenfall, 

2012).  

The WTG model used in Kentish Flats is a Vestas V90-3.0 MW offshore turbine. Additional 

information about Vestas V90-3.0 can be found in Table 1. 

 



15 

 

Table 1. Model data for Vestas V90-3.0 MW offshore WTG (4C-Offshore, 2012b, 4C-

Offshore, 2012a). 

Power & Turbines Total Turbine Height 115 m 

 Hub Height 70 m 

 Rotor Diameter 90 m 

 Foundation Monopile 

Operating Data Cut In Wind Speed 3.5 m/s 

 Rated Wind Speed 15 m/s 

 Cut Out Wind Speed 25 m/s 

Power Regulation Type Pitch regulated with variable speed 

Electrical Data Generator Type 4 pole doubly fed generator 

 Transmission Type Medium-Voltage AC, 33kV 

Gearbox Type Two planetary stages and one helical stage 

4 Maintenance Theory 

Maintenance is defined as “The combination of all technical and corresponding administrative 

actions intended to retain an item in, or restore it to, a state in which it can perform its 

required function.” (IEEE, 2000b). 

4.1 Maintenance Concepts & Strategies 

In general maintenance activities can be divided into two main concepts: corrective and 

preventive. Preventive maintenance (PM) can also be divided into different maintenance 

strategies as shown in Figure 7 (Besnard, 2009). 

 

Figure 7. Classification of maintenance. 
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4.1.1 Corrective Maintenance 

Corrective maintenance (CM) is carried out after a failure has occurred and intends to restore 

an item to a state in which it can perform its required function (IEEE, 2000a). When an alarm 

is triggered within the WTG the remote operator receives an error message containing one or 

more error codes. This information is used to decide whether or not to send a technician to 

perform CM. CM is the simplest maintenance strategy but suffers from severe disadvantages. 

A failure of one minor item can cause damage to a major component, which results in large 

repair costs. The major failure often happens during periods of high wind loads, and the WTG 

is then inaccessible, which leads to lost production. Hence, the costs of CM is associated with 

larger uncertainty than PM (Nielsen and Sørensen, 2011). 

4.1.2 Preventive Maintenance 

Preventive maintenance is the performance carried out at predetermined intervals or 

corresponding to prescribed criteria, and intends to reduce the probability of failure or the 

performance degradation of an item (IEEE, 2000c). The objective of PM is to minimize costs 

for inspections and repairs and to avoid loss of revenue due to WTG downtime (Besnard, 

2009). PM is usually performed once or twice a year per WTG, during the seasons with the 

lowest wind speed to minimize the loss of production (Lindqvist and Lundin, 2010). The PM 

is separated into two maintenance strategies: time based and condition based. 

Time Based Maintenance 

Time based maintenance (TBM) is performed at scheduled times, and could be e.g. 

lubrication, tightening bolts and changing filters (Nielsen and Sørensen, 2011). TBM is the 

traditional approach to PM and is based on statistical and reliability analysis, i.e. failure rates 

and mean time to failure (MTTF) (Lucente, 2010). An example of TBM is age-based 

maintenance which is performed at a specific age of the item, often associated with hours in 

operation. Another example of TBM is clock-based maintenance which is carried out at 

during a specific calendar period (Cantú, 2011). 

Condition Based Maintenance 

Condition based maintenance (CBM) is performed depending on the real status of the 

component and hence requires an online control system (Nielsen and Sørensen, 2011). The 

status of the item is measured and one or more variables are correlated to a degradation of the 

system which determines the time for the maintenance activity (Lucente, 2010). 

A CBM program consists of three key steps (McGlynn, 2010): 

1. Data acquisition step to obtain data relevant to system health (information 

collecting). 

2. Data processing step to handle and analyze data for better understanding and 

interpretation (diagnosis). 

3. Maintenance decision making step to recommend efficient maintenance policies 

(Optimization Step) (prognosis). 
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4.1.3 Modification Maintenance 

Modification maintenance is activities which are performed to improve the original design. 

An example at Kentish Flats (KF) wind farm is when the plant was subject to a gearbox 

exchange program. Modifications are planned in advanced and are seldom critical. The 

modifications performed at KF during 2010 were generator and gearbox exchanges. These 

major replacements were executed by personnel outside the normal O&M organization and 

were thus modeled with separate resources. 

4.2 Availability  

The overall objective of the maintenance is to minimize the production losses by achieving 

high availability (Utne, 2010). The availability (A) is therefore an important variable to 

measure the maintenance support effectiveness. There are many definitions of availability and 

organizations have their own opinion of what should be included. A general definition is that 

availability is the degree of which a WTG is in/or ready to go into operation when required. In 

general, the availability can be measured as in equation  3 (Pettersson et al., 2010) 

 

   
    

             
 eq. 3 

 

Where MTBF is the mean time between failures, MTTR is the mean time to repair and MWT 

is the mean waiting time. 

MTTR is the time interval that may be expected to return failed equipment to proper operation 

when necessary resources are available (IEEE, 2000b). 

MWT is the average waiting time for resources and is affected by weather conditions and 

working schedule for the service personnel (Lindqvist and Lundin, 2010).  

Another important expression associated with availability is mean down time (MDT). MDT is 

the total time from that a WTG fail until it is back in operation. MDT consists of two parts, 

MTTR and MWT which is concluded in Figure 8. 

 

Figure 8. Explanation of the term downtime. 

Equation 4 is a form of time-based availability (     ) which often is an important factor in 

warranty agreements between the WTG manufacturer and the operator. The contractual       

commonly excludes parameters which the manufacturers want to overlook. E.g. the WTG 

manufacturer Vestas excludes grid outages, scheduled maintenance and environmental 

conditions from there availability agreements (Conroy et al., 2011). 
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A weakness with       is that it does not correlate with the produced energy. For this is the 

energy-based availability (       ) used.          is the percentage of energy a WTG has 

delivered compared to the theoretically possible output over a given period, which can be 

calculated as in equation 4 (Faulstich et al., 2011). 

         
                

                  
 eq. 4 

The theoretical energy output is the total energy a WTG could produce under the given wind 

conditions over a defined period, i.e. produced energy at all wind conditions under a given 

time period according to the manufacturers WTG power curve (Faulstich et al., 2011). Some 

types of failures are more likely to happened during high winds which leads to lower         

compared to      . A previous study showed an example where the       of a whole wind 

farm was 96% while the         only was 91% (Albers et al., 2003). This stresses the 

importance to measure both energy and time based availability and not only      . 

The availability is a function of the system reliability, maintainability and maintenance 

support, as presented in Figure 9 (Utne, 2010). Low system reliability decreases the 

availability due to maintenance downtime. On the other hand, high reliability does not 

necessary leads to high availability, since maintenance downtime can be long even when 

failure rates are low. 

 

 

Figure 9. Availability as a function of reliability, maintainability and maintenance support 

(Utne, 2010). 

The wind farm operator always strives to achieve an optimum balance between high 

availability and maintenance costs. To achieve high revenues over time through high 

availability is not easy. An increased reliability requires larger investments and increased 

maintainability leads to higher maintenance costs (Hersenius and Möller, 2011). The perfect 

balance between maintenance investments which leads to higher availability and the life-

cycle-profit can be subtle, as shown in Figure 10.  
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Figure 10. A example of the relation between life-cycle-profit and energy based availability 

(Systecon, 2012a). 

4.2.1 Reliability 

The reliability of a WTG is the ability of producing power that corresponds to the actual wind 

conditions according to its nominal power curve (Hersenius and Möller, 2011). More 

generally, the probability that an item can perform a required function under given conditions 

for a given time interval (Pettersson et al., 20120). High reliability can be achieved by 

designing the wind turbine simpler, reducing the number of components, and using 

components of very high reliability to reduce the failure rate (van Bussel and Zaaijer, 2001). 

Reliability is measured as mean time between failures (MTBF). Failure frequency for 

different components during 2010 at Kentish Flats Offshore find farm is presented in 

Appendix 1 – Failure Modes.  

4.2.2 Maintainability 

Maintainability is a measure of the WTG’s ability to be retained in, or restored to, a condition 

where maintenance can be performed (IEEE, 2000b). Generally, it can be expressed as the 

needed time to execute a maintenance action, measured as the mean time to repair (MTTR) 

(Hersenius and Möller, 2011). Logistic waiting time is associated with logistic support 

resources and is not included in MTTR.  

Accessibility 

Accessibility is the time a WTG is accessible as a fraction of the total time. A WTG can 

periodically be inaccessible due to harsh weather. The transportation method used to access a 

WTG depends of maintenance activity. Transportation to and from an offshore WTG is object 

for additional environmental challenge in form of waves.  Personal and smaller components 

are transported by boat to offshore WTG’s since boat is the cheapest transport method. Some 

WTG’s can be accessed by helicopter if waves are too high for boat transport. Larger 
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replacements and maintenance activities requires a jack-up vessel or crane ship for offshore 

situations or a mobile crane onshore. These ships are expensive and are often scheduled long 

time in advance and are used during PM once or twice every year. There are also weather 

restrains for maintenance activities, presented in Table 2.    

Table 2. Example of wind constraints for maintenance activities (McMillan and Ault). 

Wind speed [m/s] Restrictions 

≥ 30 No access to the site 

≥ 20 No climbing WTG’s 

≥ 18 No opening of the roof doors 

≥ 15 No working on the roof of the nacelle 

≥ 12 No work in the hub 

≥ 10 No lifting roof of nacelle 

≥ 7 No blade removal 

≥ 5 No climbing on the met masts 

4.2.3 Maintenance Support 

Maintenance support is the ability of an organization of having the right maintenance support 

at the necessary place to perform the required maintenance activity at a given instant of time 

or during a given time interval (Pettersson et al., 2010). Maintenance support is measured as 

mean waiting time (MWT). 
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5 Validation Theory 

The strategic goal for validation is to increase confidence in the predictive capability of the 

computational model (Oberkampf, 2004). This is done by characterization and minimization 

of uncertainties and errors in the simulation model as well as in the input data from real-world 

system. An overview of the validation process is presented in Figure 11. 

 

Figure 11. An overview of the validation process, adopted and modified from (Oberkampf 

and Barone, 2006) . 

The success of the validation is measured through comparison between real and simulated 

System Response Quantity (SRQ). SRQs are the most important parameters which should 

correspond between the real measured output data and the simulated output data, in order to 

determine whether the model is accurate enough to be validated. Examples of SRQs used in 

this validation process are availability, power output, and downtime. 

The validation process in this thesis takes place before, under and after the simulation. The 

input data is processed though data validation while the output data is processed through 

operational validation by the use of different validation techniques. The validation techniques 

used during the validation process is presented in Figure 12. 

 

Figure 12. The validation process. 
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5.1 Data Validity 

Data validity is defined as ensuring that the data necessary for creating, evaluating and 

conducting the model experiments are adequate and correct (Martis, 2006).  It is often 

difficult, time consuming and costly to obtain sufficient accurate data, and it is therefore 

usually not considered to be a part of the validation (Sargent, 2010). Although, it is important 

to remember that inadequate input data often is the reason for model validation failures 

(Sargent, 2010). All input data is therefore screened for outliers to ensure that the data does 

not include any abnormalities. 

5.2 Operational Validity 

Operational validity is defined as ensuring that the model’s output has adequate accuracy for 

the model’s intended purpose over the domain of the model’s intended applicability (Sargent, 

2010). The operational validation is conducted by a combination of historical data validation, 

face validation, internal validation and parameter variability.   

5.3 Validation Techniques 

There is no single test that can validate a model. The level of confidence in a model can only 

increase gradually as the model passes more test (Martis, 2006). There are a lot of different 

validation techniques adopted for different scenarios. The following techniques are the one 

used in this validation project: historical data validation, face validity, internal validity and 

parameter variability. 

5.3.1 Historical Data Validation 

Historical data validation is the primary validation technique used in this case. The technique 

is based on real measured data is being feed into the model, and real-world data are also used 

to determine whether the model behaves as the system does (Sargent, 2010). SRQs are 

compared between the simulation output and real measured output to decide whether or not 

the model is accurate enough to be validated.  

5.3.2 Face Validity 

Face validity works by asking knowledgeable people about the system and let them decide 

whether or not the model behavior are reasonable (Sargent, 2010). This technique can for 

example be used to determine if the input-output relationship is reasonable, or to decide if the 

differences between simulated and measured SRQs are small enough. 

5.3.3 Internal Validity 

Internal validity is examined by doing several replications of a stochastic model to determine 

the amount of internal stochastic variability in the model (Sargent, 2010). A large variability 

in the simulation result indicates errors in the simulation model which leads to low credibility.  
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5.3.4 Parameter Variability – Sensitivity Analysis 

Sensitivity analysis is defined as the systematic investigation of the reaction of model output 

to changes in model inputs (Kleijnen, 1995). By changing the values of the input parameters, 

an estimation of which parameters affecting the output strongest can be determined. The most 

significant parameters can then be studied to ensure sufficient accuracy.  

5.3.5 Comparisons of Output Behaviors 

The validation result is processed by comparing the output behavior by the use different 

approaches. The three basic approaches used in this thesis to compare simulation model 

output behavior with output measured from real-world are (Sargent, 2010): 

1. “The use of graphs to make a subjective decision.” 

2. “The use of confidence intervals to make an objective decision.” 

3. The use of percentile to make an objective decision. 

Graphical Comparison of Data 

The output data from the simulation model and the real system are plotted for various input 

conditions to determine if the model’s output behavior is sufficient accurate to validate the 

model for the intended purpose (Sargent, 2010). The graphical comparison is the easiest and 

most common comparison but include some weaknesses. With a graphical comparison, it is 

hard to see quantification of numerical solution error or quantification of computational 

uncertainties (Oberkampf and Barone, 2006). Still, graphical comparison is useful because it 

gives a quick overview, and also because it can be applied to different situations depending of 

type of graph being used (e.g. histogram, box plot, time plot, bar charts and pie charts).  

Confidence Interval 

Confidence interval (CI) is a type of interval estimate of a model parameter which can be used 

to indicate the reliability of an estimate. Confidence interval can be expressed as a range of 

values, defined so that there is a specified probability that the value of a parameter lies within 

it. Let’s explain it further with an example; a 90% confidence level means that in 90% of all 

simulation replications, the observed output parameter will stay within a specified range. 

Percentile 

SIMLOX has a built in validation process in form of a percentile function. Percentile can be 

used as a measure to guarantee that the output parameter in a certain percentage of simulation 

replications reach a specific level. There are two types of percentiles; lower and upper. The 

following definitions are the ones used by Systecon and hence are the most appropriate 

definition in this thesis. 

 Lower percentile: A lower percentile is the value of a variable above which a certain 

percent of observations fall (Systecon, 2013a).  

Example: The 90
th

 lower percentile is the value above which 90 % of the observations 

may be found (number of systems available, system time etc.). 
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 Upper percentile: An upper percentile is the value of a variable below which a certain 

percent of observations fall (Systecon, 2013a).  

Example: The 90
th

 upper percentile is the value below which 90 % of the observations 

may be found (system down time etc.) 

6 Simulation Study 

The O&M of Kentish Flats wind farm during 2010 was simulated by the use of SIMLOX. 

Matwork Matlab, MS Access and MS Excel were used as supplementary tools for processing 

input and output data. The electricity generation was calculated outside SIMLOX by the use 

of MATLAB and Excel. An overview of the simulation process is presented in Figure 13. 

 

Figure 13. Overview of simulation input and output. 

6.1 Introduction to SIMLOX 

SIMLOX is an event driven simulation software based on Monte Carlo technique which is 

used for advanced analyses of how technical system performance vary over time given 

different operational and logistics support scenarios (Systecon, 2013b). By knowing or 

estimating necessary input data, presented in Table 3, SIMLOX makes it possible to get 

realistic simulations of systems operational efficiency.  
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Table 3. Desirable input variables for a O&M wind energy SIMLOX simulation. 

Historical or estimated data  

 

o Failure rates 

o Total downtime 

o Duration repair 

o Man-hours 

o Spares 

o Equipment, vessels 

Environmental data 

 

o Site information, e.g.  distance 

from harbor 

o Wind speeds 

o Wave heights 

Organizational data o Shift profiles 

o Operational limits (wave 

heights and wind speeds) 

o Maintenance resources 

o System structure 

o Component structure 

o Tasks 

Power curve  

 

6.2 Monte Carlo Simulation 

Monte Carlo technique is applied to a wide variety of complex problems when analytical tools 

cannot be used to calculate the required information of interest (Besnard, 2009). An example 

of application is to generate failures taking place on a stochastic basis by the use of random or 

pseudo-random numbers from given probability distributions. Monte Carlo sampling 

techniques are entirely random which means that a sample may be drawn from any number 

within the range of the input distributions (de Jong, 2007). The probability to draw a specific 

number varies, thus some samples have higher probabilities of occurrence. Each sample uses 

a new random seed and more simulation replications therefore lead to a higher internal 

validity.  

6.3 SIMLOX model structure 

Kentish Flats Offshore Wind Farm is the top level in the SIMLOX model, next sublevel are 

the 30 Vestas V90 WTG’s which are composed of components. Each component is organized 

in a component structure where e.g. quantity of each item is presented. All items within a 

model will in average fail with a predefined failure frequency which is expressed by a failure 

mode. A Poisson distribution function within SIMLOX defines the probability of a failure to 

occur by the use of a probability curve. The failure modes for each component represent the 

probability of a failure to occur. This is a way to simulate real variation of failures. The 

WTG’s are also subject to PM which is performed after a given period. All CM and PM are 
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connected to tasks which define how to restore the WTG to normal operation. Each task can 

consists of several subtasks which define what type of resources that are necessary for the 

different work steps. Examples of resources are technicians and different type of vessels. The 

resources are limited in number and working schedule according to Kentish Flats Offshore 

Wind Farm O&M organization. Strong winds also reduce the time when maintenance can be 

performed. The shift profile reflects the availability of the O&M organization by including 

work schedule and periods when resources cannot be used due to weather restrains. The shift 

profile thus defines whether or not the resources are available or not for every hour during the 

year. Figure 14 gives an overview of the SIMLOX model structure. 

 

Figure 14. SIMLOX model structure. 

6.4 Resources 

6.4.1 O&M Organization 

The daily O&M organization at Kentish Flats consists of one Crew Transport Vessel (CTV) 

and eight offshore technicians. These resources perform all CM and PM that do not require a 

crane ship. A crane ship is necessary during heavy lift operations such as generator and 

gearbox replacements. Crane ship is not included in the ordinary O&M organization and 

needs to be ordered for every occasion. A crane ship is not always immediately available and 

this is taken into consideration in the model. A Time Distribution function enables the ship to 

arrive to the site immediately or with a delay. This factor was discussed with Vattenfall which 

Kentish Flats Wind Farm 

Vestas V90 

Components &  

Component Structure 

Failure Modes PM 

Tasks 

Subtasks 

Resources & Shift Profiles 
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through experience claimed that a crane ship arrives immediately when needed in 80 % of the 

cases and with a 3 week delay in the other 20 %.  

The technicians work between 06.00 – 18.00 seven days a week. Crane ships have their own 

personnel and are not limited by any working schedule. A crane ship is costly to hire and are 

therefore used around the clock until the maintenance operation is finished when needed.  

6.4.2 Weather Constraints 

The accessibility to perform scheduled and un-scheduled maintenance for wind energy 

systems in an offshore environment is governed by the wind speed and the wave height on 

site. To model O&M of wind energy systems properly, the wind resource itself must be 

incorporated into the model. The wind data was measured on site by an anemometer mounted 

on top of the nacelle, behind the rotor. The nacelle wind speed is lower than the free wind 

speed before the rotor. This is because the rotor creates a wake behind the rotor where the 

anemometer is mounted (Albers et al., 1999). The normal procedure to determine the 

correlation between the nacelle wind speed and the free wind speed is to place a metrological 

mast at hub height (Albers et al., 1999). This has not been done and there is therefore an 

integrated underestimation of the wind speed in this model. The underestimation of the wind 

speed might lead to use of resources in the model when the operational limits may be reached 

in reality. The undervalued wind speed also result in an underrated electrical output compared 

to reality. The uncertainty in the weather data is unfortunately not known. All resources have 

operational limits which are presented in Table 4 together with the quantities of resources 

available.  

Table 4. Resource quantities and operational limits. 

Resource  

Wind 

Speed 

Limits 

[m/s] 

Significant 

Wave Height 

Limits [m] 

Resources in the 

Normal O&M 

Organization 

External Resources 

for Modification 

Maintenance 

Offshore 

Technician 
18 No limit 

8 8 

CTV No limit 1.0 1 1 

Jack-Up 

Crane Vessel 
8 1.5 

1 1 

 

In reality, the technicians are allowed to perform some tasks at wind speeds above 18 m/s as 

noticed in Table 2. But since most maintenance work is performed inside the nacelle where 

the limit is 18 m/s, it was decided to be the general wind limit for offshore technicians in this 

simulation.  

Heavy lift operations such as blade removal or gearbox replacements require a jack-up crane 

vessel. A jack-up crane vessel performs two weather depending operations. First it is jacked-
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up from the water; this task can’t be executed in waves higher than 1.0 m but are not limited 

by wind speed. The crane operation is limited by wind speed but not by wave heights. The 

shift profile in SIMLOX only states whether the whole resource can be used or not. SIMLOX 

can’t model a resource with different operational limits during different operations. This was 

solved by modeling the jack-up crane vessel as two separate resources. One crane-ship 

resource used for crane operations limited by wind and one jack-up vessel resource used for 

jack-up operations limited by waves. A new problem now emerged when two large ships 

existed and could be used for maintenance at the same time at different WTG’s. In reality, 

there is never more than one jack-up crane vessel in the wind farm at the same time. The two 

resources, the jack-up and the crane ship was therefore bonded together by a “dummy 

resource” which only function is to ensure that the two resources could not be used at separate 

parts of the system at the same time. An example of a jack-up crane vessel and a CTV is 

presented in Figure 15. 

 

Figure 15. Example of a jack-up crane vessel and a CTV (Kaiser and Snyder, 2013, Austral, 

2012). 

Vattenfall provided historical wave and wind data from the site for year 1990-2009 with a 6 

hour sampling resolution. Unfortunately was no wave data for year 2010 available. Running a 

model without operational wave limits would lead to an optimistic accessibility. The 20 year 

time series was therefore used to compensate for the missing wave data for 2010. The wave 

data was analyzed with MS Excel to investigate how often the wind farm had been 

inaccessible due to high waves in the past. The calculation showed an historical average 

inaccessibility to perform jack-up operation in 1.054 % per year due to high waves and an 

inaccessibility to use the CTV in 10.962 %. The wave data was further analyzed and 

categorized into hours per month with inaccessibility. A day where a WTG is inaccessible 

because of harsh weather is called a weather day. A weather day may cover a half or a whole 

work day, an offshore technician do not travel to a WTG just to work for an hour or two. This 

is the reason why the wave inaccessibility was spread in 6 hour blocks.  
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January will work as an example. The 20 year wave time series had a 6 hour sampling 

resolution which means that the wave height could be compared to the operational limits for 

every sixth hour. January had in average 31 six hour blocks (half weather day) when the 

waves were higher than 1.0 m and the CTV could not be used. The 31 blocks were spread 

randomly over January 2010 with an excel algorithm. The procedure was repeated for all 

months during 2010 for both CTV and jack-up operation to simulate real wave conditions at 

the site. Figure 16 clearly shows how high waves prevents the use of CTV over the year and 

why PM mainly is performed during summer. 

 

Figure 16. Average number of 6 hour blocks of inaccessibility to use the CTV because of 

waves over the operational limit of 1.0 m. 

6.4.3 Shift Profiles 

An algorithm was developed with MS Excel to evaluate which hours during 2010 each 

resource were available for maintenance tasks. A resource was available if the wind speed and 

wave height was lower than their operational limits. The technicians work between 06.00 – 

18.00 and were therefore in addition limited by their work schedule. Table 5 exemplifies how 

excel was used to investigate which hours the technicians were available for maintenance 

tasks. The availability of the crane-ship was examined in the same manner but without work 

schedule.  

Table 5. Example of how the excel algorithm evaluated for which hours the technicians were 

available. 

Time [h] 
Wind Speed 

[m/s] 

Within Wind Speed 

Limit (<18 m/s)? 
Within work schedule 06-18? 

Technician 

available? 

1 15.5 Yes Yes Yes 

2 19.1 No Yes No 

… … … … … 

8760 4.0 Yes No No 

0

5

10

15

20

25

30

35

Number of 6 hour blocks
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The jack-up vessel and CTV were limited by waves higher than their operational limits. Since 

no wave series for 2010 was available were 6 hour blocks with unavailability randomly 

spread over each month according to historical data to reflect real availability. January will 

work as an example; there were historically 31 six hour blocks when the CTV could not be 

used. Every hour in January gained a random number between 0-100 by the use of the Excel 

embedded function randbetween. The 31 hours with the highest numbers marked the 

beginning of six hours unavailability. A control within excel also checked so the 

unavailability periods did not overlap and thus became shorter than in reality.    

The result consists of Shift Profiles for each maintenance resource which is used as input data 

to SIMLOX. Figure 17 shows an extract from the SIMLOX input table Shift Profile which 

shows that the crane ship was unavailable between hours 92-139 in year 2010. 

 

Figure 17. An extract from SIMLOX Shift Profile register. 

6.5 Components 

Each WTG in the model are composed of around 50 – 60 items, a component structure 

overview is presented in Fel! Hittar inte referenskälla.. One of each item is used in every 

WTG except from the rotor blades which are three in quantity for all WTG’s. The 

categorization of items is based on the available database created in a previous thesis report 

which was based on Vestas service reports and Vattenfall SCADA data (Cantú, 2011). This 

report does not address stock allocation logistic and the necessary spare parts are always 

considered to be available in Kentish Flats maintenance port in Whitstable.   
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Figure 18. The figure shows the component group structure which is divided into sub items 

depending on their maintenance demand. 

6.6 Failure Modeling 

In SIMLOX failures on the systems occur randomly according to a Poisson probability 

distribution which means that the time between failures are random according to an 

exponential distribution. 

Each failure mode in the model is assigned to a failure mode frequency. The failure mode 

frequency determines how often a failure will occur in average. The failure mode for CM in 

this model is based on calendar time while PM is based on both calendar time and operational 

time. All WTG’s have a predefined age in operating hours and calendar time, a so called 

material prelife. The material prelife in this model is used as a planning tool to ensure that the 

right amount of PM is performed at each WTG. The material prelife was set differently 

between the WTG’s to prevent that all WTG’s requires PM during same period. 

 Calendar time implies that a WTG or separate item is counter counting the time since 

the last CM- or PM action until the counter reach a predefined time when a task is 

initiated. 

 

 Operational time implies that a WTG or separate item is counter counting the 

operational time since the last PM action and when the counter reach a predefined 

time the task is initiated. The difference from calendar time is that the operational time 

does not increase during maintenance or other downtime. 

Wind Turbine 

Pitch System Generator 

Hydraulic System Transformer 

Gearbox Power Electronics 

Auxiliary Systems Yaw System 

Control & Protection Systems Hub/Rotor Blocking 

Tower & Foundation Brake system/Clutch 

Rotor Ancillary System 

Electrical Auxiliary Systems Rotor Shaft 

Unkown 
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A faulty item can be subject to a repair or a replacement and all items in the system are 

considered as exchangeable at site. 

The WTG generator will work as an example. The generator can fail in five separate ways 

with different probability to occur according to the failure mode frequency. The failure mode 

also defines what item that is subject to the failure in the material identifier. Figure 19 shows 

how the different failure mode frequency for the generator is entered within SIMLOX. 

 

Figure 19. An extract from SIMLOX failure mode register showing the different generator 

failures.  

The generator is also subject to PM which is entered in the input table PMmaterial. The 

operating time between PM tells that is it 16900 hours between each generator modification. 

The anticipation time controls how much in advance the PM can be started while the 

deferment time controls how much later the PM can be started compared to the operating time 

between PM.   

 

Figure 20. An extract from the SIMLOX PMmaterial register showing the PM for the 

generator.  
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The failure modes derived from SCADA data and Vestas service reports used in the 

simulations are presented in Appendix 1 – Failure Modes. The frequency of PM and the 

modifications are derived from the same data as the failures and the sum of the real down time 

is presented in Table 6. These are the downtime which the models are supposed to reflect with 

different accuracy. 

Table 6. Total down time based on SCADA data and Vestas reports for year 2010. 

 Total Down Time in Year 2010 [h] 

Corrective Maintenance 3 983 

Preventive Maintenance 850 

Modification Maintenance 4 902 

Total 10 130 

 

6.7 Maintenance Tasks 

All maintenance work is built as tasks within SIMLOX. A task defines how long time and 

what type of resources each part of a maintenance action requires.  

The generator can fail in five different ways which all requires different actions in form of 

tasks to retain the system to operational state. What kind of maintenance task that is necessary 

for each failure is defined in the input tables CMlocation and PMlocation. As an example, 

Figure 21 shows that the failure ‘generator_system_repair’ requires the task ‘CM small repair 

– 8h’. 

 

Figure 21. An extract from CMlocation showing what tasks are assigned to the different 

generator failures.  

Each task is built by subtasks which have a sequence number which tells in what order the 

subtasks are performed. The type identifier explains what is done and the duration defines 

how long time it takes to perform each step. The transport time from the maintenance port in 

Whistable to Kentish Flats (KF) takes about 30 min with CTV which can be seen in Figure 22 

as the type identifier ‘drop off’. The transport is followed by 7 hour of repair work before the 

transport home which takes 30 min. 
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Figure 22. An example from SIMLOX TaskBreakDown. 

A subtask requires different type and quantity of resources which is defined in the SIMLOX 

input table SubTaskResource which can be seen in Figure 23. Two offshore technicians are 

transported by one multihull CTV in sequence number 1. During sequence 2 is the CTV no 

longer needed while the technicians perform maintenance within a WTG. In sequence 3 are 

the technicians transported home. Observe that the CTV is not used in sequence 3 for 

transport back to Whistable. This since a 30 min transport in both directions would lead to an 

overuse of CTV in the model. The crew is in reality not travelling to Whistable after every 

maintenance task but continue to work at a WTG nearby. 

 

Figure 23. An example from SIMLOX SubTaskResource. 

6.8 Energy Generation 

The wind farm energy production is the sum of all WTG’s energy production. All WTG’s at 

Kentish Flats are of the same model with a rated power of 3 MW. How much energy the 

turbine generates during given wind speed is expressed with a power curve. A power curve 

explains the relation between wind speed and power output. Small variances between the 

WTG’s exist and each WTG doesn’t generate exactly the same energy during same weather 

conditions. The power curve was not measured for each turbine at Kentish Flats, instead a 

power curve measured from another Vattenfall owned Vestas V90-3.0 MW turbine was used 

to calculate the wind farm energy production. The power curve was measured according to 

IEC 61400-12 1
st
 edition 1998 with supplementary requirements under the Danish approval 

scheme, and according to FGW TR2 Rev 14, 2004 (Vestas and Kaiser-Wilhelm-Koog, 2005). 

The rotor hub was located at 80m and a Risoe cup anemometer was measuring the wind speed 

at 81m while a Thies 1
st
 class anemometer was placed as reference at 79m. The wind speed 

and power generation was measured between 23.11.04-17.02.05. The measured data was used 

to calculate the relation between power and wind speed by the use of Matlab for curve fitting 

and equation generation. The wind speed and power data is presented in Appendix 2 – Power 
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Curve Vestas V90-3.0MW and the Matlab code is presented in Appendix 3 – Matlab Code for 

Power Curve Fitting. The power curve was divided into three parts. The first part of the power 

curve applies for wind speeds under cut-in speed (3.5 m/s) were the turbine is considered to 

consume 17kW regardless of wind speed. This energy is inter alia necessary to aline the 

turbine against the wind direction, to cool or heat the air inside the turbine and to regulate the 

hydraulic system. Between 3.5 m/s up to 14.0 m/s was a 5
th

 degree polynomial function 

adopted by the use of Matlab. At 14.0 m/s is the blades pitched to regulate the power output to 

rated power. At wind speeds above 14.0 m/s was the power output set to 3008.5 kW which 

reflects the average power output between 14.0-25.0 m/s according to measured data available 

in Appendix 2 – Power Curve Vestas V90-3.0MW. The power curve used to calculate the 

energy generation for Kentish Flats during 2010 is illustrated in Figure 24.  

 

Figure 24. Power curve for Vestas V90-3.0 MW divided into two constant parts and one 5
th

 

grade polynomial curve. 

The wind speed data for Kentish Flats during 2010 was provided by Vattenfall. The wind 

speed was measured unregularly with an average of 123 samples per hour. The wind data was 

treated in Matlab and Excel and the hourly average wind speed was calculated to simplify 

what time specific resources could be used for maintenance in SIMLOX under shift profile. 

The wind speed was averaged per hours which led to decreased wind peaks which resulted in 

a defensively calculated energy generation. This is because lower wind peaks implies larger 

production losses than what is earned by raising the lowest wind speeds to an hourly average. 

Figure 25 shows the difference between hourly average wind speeds compared with the 

original high resolution wind speed. 
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Figure 25. High resolution wind speed compared to hourly average wind speed. 

Table 7 expresses how the electricity production was estimated per turbine at 100% 

availability during different wind speeds.  

Table 7. Definition of how the power output was calculated at different wind speeds. 

Wind Speed Interval [m/s] Power Output per Turbine [kW] 

0 – 3.5 -17 

3.5 – 14.0 Calculated with equation 5. 

14.0 – 25.0 3008.5 

 

The annual electricity production was calculated within Excel and depended on the 

availability during every hour for the simulated time period. So the energy output was 

calculated as followed: 

Output per hour = 30 (number of turbines)  Power output per turbine  Availability [%]  

A quantic power curve function generated in Matlab was used to calculate the energy 

production for wind speeds between 3.5 - 14.0 m/s and it is presented in equation 5.  

       [  ]                                                     

       eq. 5 

Were x is the wind speed in m/s. 
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6.9 Simulation Cases 

A major difficulty in this thesis has been to obtain and ensure proper input data. Lack of 

important input data such as wave series and maintenance time for each task has forced 

alternative model solutions. This was the major reason to create several SIMLOX models 

which all have their pros and cons. It was simply not possible to create a model which 

reflected reality in best possible way and at the same time test all SIMLOX functions 

normally used when simulating O&M for wind energy. To test all functions five slightly 

different models were created which differs in how the CM, PM and modifications was 

modeled.  

CM has been modeled by two main scenarios. In the first scenario were failure rates and task 

lengths based on real KF Mean Down Time (MDT) data. MDT already includes Mean 

Waiting Time (MWT) as discussed in chapter 4.2. Additional MWT in form of weather 

limitations, work schedule for technicians or jack-up crane vessel delay time is therefore not 

separately added to the model. 

The second CM scenario reflects how Systecon and Vattenfall estimated CM for a Vestas 

V90 3.0MW WTG in another project. The failure modes are also here from KF but for these 

models were MTTR used instead of MDT. The Mean Time To Repair (MTTR) for each 

failure was collected from the previous East Anglia Offshore Wind (EAOW) farm project 

executed by Systecon in collaboration with Vattenfall. By using MTTR data from the 

previous study was it possible to evaluate how accurate the normal model procedure is. MWT 

associated to harsh weather, work schedule for technicians and jack-up crane vessel delay 

time was always included in the EAOW simulations. 

The problem with the real KF failure data is that it was measured as MDT. Desirable would 

be to have a failure frequency and the length of the MTTR. Since the MDT from KF already 

includes MWT connected to weather days, technicians working schedule, resource shortage 

and jack-up crane vessel anticipation time could this not be included in the model.  

In reality: MDT = MWT + MTTR 

In EAOW based models: MDT = MWT + MTTR 

In KF based models: MDT = MWT + (MDT from real KF data) = MWT1 + MWT2 + MTTR. 

The PM was also simulated in two main scenarios where MDT from real KF data was the 

base in one scenario. In the second scenario was information about PM delivered from the 

turbine manufacturer in conjunction with the previous EAOW project which regarded the 

same Vestas V90-3.0 MW turbine. KF was subject to a modification maintenance program in 

2010. Modifications may be performed because of several reasons, e.g. replacements because 

of manufacturing errors. They are modeled as PM in SIMLOX but are often executed by 

external personnel from outside the ordinary O&M organization. The modifications are 

therefore connected to external resources within all simulation models. The KF based models 

have no additional MWT related to harsh weather, work schedule for technicians and jack-up 

crane vessel delay time since this already is included in the MDT. The PM based on EAOW is 

subject to additional MWT linked to waiting time because of inter alia strong winds and high 



38 

 

waves. The modifications are planned in advanced and the jack-up crane vessel used for 

modifications in the East Anglia (EA) based models is therefore not connected to any 

anticipation time. 

A summary over the differences of the different simulation models are presented in Table 8. 

Table 8. Overview of the difference between the SIMLOX models. 

Case 

Corrective Maintenance  Preventive Maintenance Modification Maintenance 
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1 EA Yes Yes Yes Yes EA Yes Yes Yes KF No No Yes 
2 KF No No Yes No KF No No Yes KF No No Yes 
3 KF No No No No KF No No No KF No No No 
4 KF No No No No KF No No No None    

5 EA Yes Yes Yes Yes EA Yes Yes Yes None    

 

6.9.1 Case Hypotheses 

All simulation cases have expected deviations from reality which are explained below. 

Case 1 is the model which best corresponds to the normal Systecon simulation procedure if a 

non-existing WTG should be modeled. The outcome depends a lot on how well the estimated 

MTTR corresponds to reality and if the PM takes as long time as the manufacturer claims.    

Case 2 does not include a shift profile which regulates what time the resources can be used 

since MWT already is included in the MDT used for the tasks. Some functions are therefore 

not used and cannot be validated in this model. Case 2 has therefore fewer parameters to 

consider in the model and is therefore supposed to correlate well to reference data.  

Case 3 is built as case 2 with the only difference that the resources are now unlimited. 

Unlimited numbers of resources are not realistic but any resource shortage is already included 

in the MDT. Case 3 simulates the reference data with a minimum of additional MWT and is 

therefore supposed to be closest to reality. 

Case 4 is built as a normal simulation study for a non-existing O&M wind farm. 

Modifications are normally not known in advance and it is therefore interesting to study the 

outcome without modifications.  

Case 5 is built as case 2 but without modifications. This to be able to compare simulations 

without modifications based on both KF data (MDT) and EAOW (MTTR+MWT) data. 
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6.10 Deviation in Availability 

The corrected sample standard deviation was calculated to estimate how much the average 

yearly availability deviated from the mean. The sample standard deviation shows how much 

variation exists from the average of all replications. A low standard deviation indicates that 

the data points tend to be very close to the mean while a high standard deviation indicates that 

the data points are spread out over a large range of values. The standard deviation is denoted s 

and the formula used is presented in equation 6. 

   √
 

   
∑      ̅   

    eq. 6 

Where N is the number of samples, xi is the sample data from each replication and  ̅ is the 

mean of every sample. 

The deviation in availability is also examined in chapter 0 where some of the unknown 

parameters are changed to examine the effect of the simulation output. 

6.10.1 Sources of Errors 

The simulation input data and the reference data comes with various qualities and the 

uncertainties have been hard to estimate. For example is the wind speed as earlier mentioned 

measured behind the rotor blade which leads to an underestimated power output. The wind 

speed is measured with unknown equipment with an unknown uncertainty. Wave heights over 

the CTV operational limit of 1.0m are spread in six hour blocks based on a 20 year statistical 

data from the site since wave data from 2010 was not available. The waves impact the 

resource availability and if the wave heights during 2010 deviated a lot from the 20 year 

monthly average would this assumption lead to a notable error. The operational limits in the 

simulation are definitive, either can a resource be used for a specific hour or it cannot. In 

reality are the technicians allowed to perform difference maintenance work during different 

weather conditions. The technicians may also take a break and resume the work after less than 

1 hour as modeled. To define resource availability by the use of only one operational limit for 

wind speed and one for wave heights is a simplification. This facilitates the modeling 

procedure but creates an increased deviation from reality. It is possible to create different 

resources restricted by different operational limits, e.g. a specific technicians working on top 

of the nacelle could be connected to specific tasks while another technicians with other 

operational limits could be connected to tasks being perform on the bottom of the tower. In 

this way would the operational limits be more similar to reality but it comes with a problem. 

Different technicians for specific tasks do not reflect reality in a good way. This since e.g. a 

technician performing work in the bottom of the tower would not wait for another technician 

to repair a failure in the nacelle. 

  

http://en.wikipedia.org/wiki/Mean
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7 Results 

The important model outputs, the System Response Quantities (SRQs), are compared with 

data provided by Vattenfall to validate SIMLOX for O&M modeling of wind energy. The 

model output is comprehensive and the limiting factors in the validation process are the lack 

of historical data. The results are the average output of 100 replications for every model to 

minimize the risk of internal variations associated with randomness in the simulations. 

7.1 Time Based Availability 

The time based availability is the expression which best explains the efficiency of the O&M 

logistic organization. It is therefore the most important output from these simulations. The 

availability has been modeled for each turbine for every hour during 2010. Vestas delivers 

monthly reports to Vattenfall including the time based availability for each turbine; these 

reports are used as validation data. A Vattenfall monitored SCADA system compiles the 

yearly time based availability which also is a SRQ used for validation. The yearly average 

time based availabilities together with the spread in form of sample standard deviation are 

presented in Figure 26. 

 

Figure 26. Annual time based availability with standard deviation for each simulation case, 

Vestas monthly reports (historical) and Vattenfall SCADA system (historical). 

The numerous result of the time based availability and the standard deviation for each case is 

presented in Table 9. 

Table 9. Time Based Availability with standard deviation. 

 Case 1 Case 2 Case 3 Case 4 Case 5 

Time Based Availability [%] 96.50 95.95 96.16 97.94 98.15 

Standard Deviation [percentage points] 0.27 0.72 0.52 0.57 0.42 
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The monthly average time based availability for case 1 – 5 together with reference availability 

is presented in Figure 27. 

 

Figure 27. Monthly average time based availability for different models and from Vestas 

(historical). 

Modifications are always planned in advanced and are almost never critical in nature. A 

turbine will not stop to generate electricity because a modification was planned which could 

not be performed. The source data for these simulations was measured in MDT. The MDT 

already includes any MWT associated with modifications. The modifications in the models 

should therefore not lead to any additional MWT. The modification crews in the model did 

not have any operational limits and any MWT could therefore only occur when there is a 

shortage in number of available resources. Figure 28 shows that there are especially two 

periods were the modifications could not be performed due to resources shortages. These 

periods leads to an unwanted reduced availability. Insufficient number of resources leads to 

additional MWT of 142 hours in case 1 and 160 hours in case 2. These hours are the total 

MWT associated with modifications for all 30 WTG’s and the effect on the total availabilities 

are thus small. Case 3 did not suffer from additional modification MWT since the numbers of 

resources were unlimited to avoid any unreal MWT. Case 4 and 5 did not include 

modifications and are therefore not linked to this problem. 

 

Figure 28. Number of insufficient resources for modifications in case 1.  
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7.1.1 Time Based Availability Discussion  

Case 1 is one of the most interesting cases since it is best adapted to validate the normal 

SIMLOX model construction procedure for wind energy O&M concepts. The failure rate is 

based on KF data and the tasks are built after estimated MTTR lengths. The PM was 

performed according to Vestas regulations. Both CM and PM are subject to MWT because of 

high waves, strong winds, working schedules, jack-up crane vessel delay time and resource 

shortage. Case 1 also includes modifications according to real MDT without any operational 

limit. The only effect that results in longer modification time than in reality is that the external 

modification crew is not unlimited and may therefore lead to small additional MDT. Figure 28 

shows that there only were 142 man-hours when the modification resources were insufficient. 

Case 1 is the case which is best fitted to validate the normal model procedure and the 

availability was a bit too high since the MTTR is underestimated for some tasks. 

Case 2 simulates CM based on KF failure rates and tasks length based on real MDT. The CM, 

PM and modifications are therefore not subject to additional MWT because of harsh weather, 

jack-up crane vessel delay or technician work schedule. The only factor which may limit the 

availability occurs when all resources are occupied and a maintenance task therefore takes 

longer time than necessary. This happened during 160 maintenance hours in total for all 

WTG’s. The availability was in line with the reference data. 

Case 3 was modeled like case 2 but with unlimited number of resources. This model was 

supposed to be very close to reality since the failure rate, tasks length, PM and modifications 

are based on KF data without any limiting factors. The PM and modifications outcome was 

determined by adjusting the operating time between PM in the PMmaterial function and the 

MaterialPrelife for each WT in all cases. This led to a good control over the PM and 

modification maintenance and the right number of maintenance tasks could be ensured. This 

model did not test interesting SIMLOX functions such as shift profiles but it is an important 

model because it shows how accurate a SIMLOX can be with given values. The simulated 

availability was 96.16% compared to Vestas 96.03% and 95.84% in the SCADA system.  

Case 4 is a version of case 3 without any modifications. Modifications are not known in the 

planning stage of a wind farm and are hence not modeled before a WTG is built. 

Modifications are adjustments that are performed during the operational phase to correct 

errors which were unknown during production. It is therefore interesting to create a model 

without any modifications which reflects the availability if a future WTG would be modeled. 

Sources which could lead to future modifications are treated during planning stage but 

modifications are still often necessary during commissioning and in the first years of 

operation. Teething problems often lead to an availability looking like a bath curve with 

higher failure rate in the first and last years in operation, see Figure 29. KF wind farm was 

subject to 4902 hours of modification maintenance during 2010 which decreased the 

availability significantly. Case 4 simulates the average availability during middle age 

operation better than year 2010 in specific. The CM and PM are subject to additional MWT 

since the technicians are connected to shift profiles. The shift profiles reflected working 

schedules and without these would the availability be higher than the present 97.94%.  
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Availability can be measured in different ways which are the reason why Vattenfalls SCADA 

data and Vestas data differ. Unfortunately was it not possible to know what is included in 

Vestas contractual availability and in Vattenfalls SCADA availability. This adds unwanted 

uncertainty to the reference data.   

 

Figure 29. Bathtub curve showing the failure frequency (hazard rate) and reliability over the 

total operational life time (Wang et al., 2002). 

Case 5 models the availability in a similar way as the previous EAOW study, without any 

modifications. The output from case 5 shows how the availability at KF wind farm is 

supposed to be during wide midlife. The simulations without modifications, case 4 and 5 

cannot be compared with 2010 years reference data since 2010 contained a lot of 

modifications. The availability was about 2 percentage points (pp) higher than reference data 

which has to be taken into account when modeling a new wind farm. 

The major decrease in availability during May 2010 in the historical data depends on major 

gearbox and generator changes see Figure 27. The simulated modifications were spread out 

more even over the summer months which may have led to an overestimated availability. 
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7.2 Energy Based Availability 

The yearly average energy based availabilities for the different cases and the reference data is 

presented in Figure 30. Figure 30 also shows the differences between time based and energy 

based availability for the different simulation cases.  

 

Figure 30. The difference between annual average time based and energy based availability. 

7.2.1 Energy Based Availability Discussion 

Energy Based Availability is an important SRQ since it is a better quantity to measure the 

O&M organization than time based availability. By optimizing the planning of PM and 

modifications can the energy based availability become higher than the time based 

availability. This is done by planning the PM to days with low wind speeds so the energy loss 

becomes as low as possible. The PM planning cannot be planned after wind speed in the 

model and the simulated output is therefore a bit underrated. Figure 30 shows that the energy 

based availability is similar to the time based availability which was expected since no 

consideration was taken to the wind speed unless it was higher than 18 m/s and the 

technicians were not allowed to work. As seen in the Figure 30 was the energy based 

availability in case 1 very close to the historical data with only 0.02pp difference.  

7.3 System States 

The production time were divided into four states; available, CM, PM+MOD and MWT. The 

availability was discussed in previous chapters but it is also interesting to examine what the 

MDT is composed of. The reference data used to examine the different system states which 

together form the MDT are the data which all tasks and failure frequency were based on. This 

means that the historical data presented in Figure 31 is the MDT that all cases strives to 

reflect. Figure 31 is therefore a better validation than comparing Vestas and Vattenfalls 

availability whose composition were unknown.  
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Figure 31 shows different system states during MDT for the different cases and for the 

historical data. In the historical data is the MWT included in the CM and in the PM+MOD 

time since the historical data are MDT data.  

 

Figure 31. Average system states for year 2010, production time excluded. 

7.3.1 System States Discussion 

Case 1 and case 5 have the most MWT as expected since additional MWT are included in 

those models. Case 2 and case 4 have not operational limits but the resources are limited in 

numbers which resulted in some extra MWT. Figure 31 prove though MWT that the resources 

were not many enough to perform the required modifications for case 2 and case 4 in 0.18% 

and 0.08% of the time when there was maintenance work to perform. Additional MWT in 

case 2 leads to a lower availability than in reality since the KF tasks are based on MDT data.  

The historical data in Figure 31 is based on service reports and SCADA data. This is the data 

which the simulations task lengths (KF models) and failure frequency (KF & EA models) are 

based on. Case 3 with no additional MWT should therefore correspond to the historical data 

but there is a 0.13pp difference. This difference shows that the failure frequency, or more 

likely the task lengths are slightly too long in all simulations which result in an 

underestimated availability. Figure 31 shows that the historical data used when creating the 

models had an availability of 96.29%. This is higher than the reference data from Vattenfalls 

SCADA system and Vestas service reports which were presented in the availability results. 

Case 1 based on the normal EA process reflected reality with a small deviation in availability 

of 0.21% as seen in Figure 31.  
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7.4 Item Replacements 

The simulations are made to reflect reality and by comparing the number of replaced items in 

the models output with real replacement numbers can a form of validation of the simulation 

be performed. Figure 32 shows the average number of replaced items during CM in the 

models compared to the number of replaced items in reality.  

 

Figure 32. Number of CM replacements compared to historical data from 2010. 

The only items replaced during modification maintenance were gearboxes and generators. 

The simulation result showed that the number of gearbox and generator replacements were 

exactly right in all cases which included modifications (case 1, 2, 3). 10 gearboxes and 14 

generators were replaced during 2010 which all cases showed.  

7.4.1 Item Replacement Discussion 

The replacements have a correlation to the availability and all cases showed a realistic number 

of CM item replacements. The exact numbers of item replacements were performed during 

modification maintenance in all cases. The item replacements overall reflected reality very 

realistic. 
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7.5 Energy Production 

The annual energy production for each case and for reference data from the SCADA system 

and from Vestas monthly reports are presented in Figure 33.  

 

Figure 33. Annual average energy production for each case and the historical reference data. 

Figure 34 present the monthly energy production for year 2010. 

 

Figure 34. Monthly average energy production for each case and the historical reference 

data. 
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The energy production reflects the availability for every case. The annual energy productions 

calculated from each case are between 2.45 – 5.35% lower than the reference. Although it is 

satisfying to notice that the monthly energy production corresponds well between simulation 

and reference data in movement even though the amplitude is higher for the historical data.  

The major reason for the lower energy production is because the production was calculated 

with hourly average wind speed. This led to loss of momentarily higher wind speeds as 
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measured on top of the nacelle behind the rotor blades. The nacelle wind speed is lower than 

the free wind speed in front of the rotors which was discussed in chapter 6.4.2 Weather 

Constraints. The energy production was calculated by use of the nacelle wind speed and no 

correlation was performed to increase the wind speed to correspond to the free wind speed. 

The energy production, and in the extension also the energy based availability is therefore 

underrated. Concluding, it is important to remember that the wind speed measurement 

contains unknown uncertainties which lower the reliability of the energy results. 

7.6 Weather Days 

Figure 35 shows all weather days distributed over months during 2010.  

 

Figure 35. Weather days during 2010 in reality and in the model. 

7.6.1 Weather Days Discussion 

There is a significant difference between the real and simulated weather days in Figure 35. 

The real weather days express how many days the personnel could not work because of harsh 

weather during their normal work time, 06.00 – 18.00. The simulated weather days in Figure 

35 represent all times during the whole day that the CTV/technicians could not work, even 

during times when the technicians cannot be used because the time is outside their work 

schedule. The historical wave data used in the model is not from year 2010 which becomes 

clear when studying Figure 35. The lack of wave data for the studied year increases the 

simulation error but is counted as an acceptable solution when no other options were 

available. 
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8 Parameter Variability - Sensitivity Analysis 

Some simulation input variables are of unknown uncertainty and other inputs are based on 

professional estimations such as failure rate and MTTR for case 1 and case 5. Some 

parameters are varied to estimate the effect on the simulation output. All parameter 

variability’s was made on case 1. This since case 1 utilize most model functions and best 

adapts how SIMLOX previously have been used when modeling O&M for wind energy.  

The failure rate in case 1 was estimated in the previous EAOW study. Since the failure rates 

were estimated do they differ from reality. The failure rate were changed in four steps; +10%, 

+20%, -10% and -20% to be able to analyze the effect on the most important SRQ, the time 

based availability. The monthly availability followed the movement in the original case as 

presented in Figure 36.  

 

Figure 36. Time based availability with modified failure frequency. 

Figure 37 presents the availability for models with modified failure frequency. A +20% 

increase in failure frequency decreased the availability with -0.34pp while a -20% decrease in 

frequency led to +0.17pp increase in availability. An overestimated failure frequency thus 

results in a large deviation than corresponding underestimation.  

 

Figure 37. Time based availability with modified failure frequency. 

93,00

94,00

95,00

96,00

97,00

98,00

99,00

M
o

n
th

ly
 T

im
e
 B

a
se

d
 A

va
il

a
b

il
it

y
 [

%
] 

Case 1

Failure Frequency +20%

Failure Frequency -20%

Case 1
Failure Frequency

+10%
Failure Frequency

-10%
Failure Frequency

+20%
Failure Frequency

-20%

% 96,50 96,37 96,62 96,16 96,67

95,80

96,00

96,20

96,40

96,60

96,80

A
va

il
a
b

il
it

y
 



50 

 

The MTTR failures are also based on qualified estimations from the previous EAOW study 

and hence are an interesting parameter to examine by the use of parameter variability. Figure 

38 shows how the availability changes over year when the tasks length (MTTR) were 

increased and decreased by 20%. The availability’s follows the same pattern as in case 1 

which was expected.  

 

Figure 38. Time based availability with modified MTTR for CM tasks. 

Figure 39 shows how the time based arability changes when the lengths of the maintenance 

tasks were increased and decreased. A 20% increase leads to a larger deviation from the 

original availability than a corresponding 20% decrease.  

 

Figure 39. Time based availability with modified MTTR for CM tasks. 
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The PM is a small part of the total maintenance time and therefore do not affect the 

availability as much as changes in failure frequency or MTTR for CM tasks. Figure 40 

presents the small differences in availability associated with modified task length for PM. 

 

Figure 40. Time based availability with modified MTTR for PM tasks. 

The operational limit in form of wave height restrain for the CTV was changed from 1.0m to 

1.5m to investigate how a larger CTV would affect the availability. It showed that the waves 

in the KF area mostly are so small so the time based availability was unchanged, 96.50%. The 

time when the CTV was not available because of high waves seen over the whole year 

declined from 948 to 443 hours. A ~500 hour’s increase in availability for the CTV may 

sound much. But since the transport from the maintenance harbor to the site only takes 30 

minutes is not the CTV used that much and hence only contributes to minor effects on the 

availability.  

Technicians’ performing CM and PM in case 1 works between 06.00 – 18.00, a total of 12 

hours per day when needed. This is a simplification which may have led to an overestimated 

availability in the simulation output. This since the technicians in reality works 8 hours with 

an option to work 12 hours per day when needed. This means that the technicians in average 

work less than the modeled 12 hours per day. To examine how a more restrict work schedule 

would affect the availability has two parameter variability’s been performed. Figure 41 shows 

how the time based availability would be with shorter working days for technicians. 

 

Figure 41. Monthly availability with technicians working maximum 8, 10 and 12 hours per 

day. 
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Figure 42 present how the annual availability changes with shorter working days for 

technicians.  

 

Figure 42. Annual availability with technicians working maximum 8, 10 and 12 hours per 

day. 

9 Discussion 

This study was performed with the best data available. All required input values were not 

available and alternative input data were used to simulate reality in best possible way. Missing 

inputs or unknown uncertainties is something a reality based study as this has to handle. 

Despite increased uncertainty associated with estimations was the simulation output in many 

respects close to reality. Larger component replacements add a lot of downtime and it was 

therefore important to see that the right numbers of replacements were performed in all cases, 

which they were.  

The simulated time based availability was about 0.5 percentage points higher compared to 

reference data. The major reason for this is because the technicians work longer days in the 

simulation than in reality. The technicians within the model work 12 hour shift but in reality 

do they work 8 hour shifts with a possibility to work up to 12 hours when needed. It is 

challenging to model a resource with alternating work schedule depending on current 

workload. To model all days as 12 hour days is an optimistic assumption which led to a 

simulated availability higher than in reality.  

Another reason for a high simulated availability is an underestimation in the time which it 

takes to repair and replace larger items during failure. As seen in the sensitivity analyze would 

a 20% increase in MTTR CM tasks result in an output more similar to reality. Case 3 worked 

as a reference case without additional MWT. This case should reflect input data but when 

adding downtime for PM, CM and modifications for case 3 and comparing the historical time 

presented in Figure 31 was there a difference. The difference was 0.13pp which means that 

some errors exist in the models. The reason for these errors is probably because some 

modeled tasks did not exactly match the length in the input data. This is the primary reason 

why case 2 and case 3 did not reflect the reference data even better. Case 4 and case 5 did not 

include any modifications and the availability were therefore ~2pp higher than the reference 

data. This emphasizes the importance of constructing the WTG correct from the beginning or 

at least keep abreast of unexpected modifications. 
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The energy based availabilities deviated slightly more from reality than the time based 

availability in most cases. This since PM and modifications in reality sometimes can be 

changed to a time with less production loss, a feature which current SIMLOX version cannot 

offer. This is something which has to be accounted for when modeling future wind farms. 

The modeled weather days did not reflect reality in a good way since statistical wave data had 

to be used instead of data from the studied year. This led to weather days being modeled at 

wrong time of year. Although almost the right numbers of weather days were modeled so the 

effect on the annual average time based availability was small. Instead, a wrong distributed 

weather day effects the energy production. For example, if a weather day is modeled to be in 

December when it in reality should be in July wills the loss of production become larger since 

it is windier in December than in July. A wrong distributed weather day also affects the 

monthly availability for the same reason. 

The energy production turned out to follow the monthly movement in reference production 

well but was always lower. The lower simulated energy output mainly depended on the hourly 

averaging of the wind speed. In future projects should the energy output be calculated with a 

higher time resolution, e.g. with 10 min interval when possible. This would lead to an energy 

production closer to reality. 

10 Closure 

10.1 Conclusions 

SIMLOX has proven its suitability as a tool for modeling O&M concepts for wind energy by 

providing functions for all necessary data. The simulation output is comprehensive and many 

more variables can be studied. In this study was the reference data the limiting factor and not 

the simulation output. SIMLOX has proven to be an appropriate tool for the whole O&M 

process within wind energy.  

It becomes clear that SIMLOX has a history within other areas since some tables and result is 

better suited for mission based simulations. But this should not be considered as an obstacle to 

use SIMLOX as a powerful simulation tool for wind power studies. 

This report provides information about uncertainties in a SIMLOX wind energy study and 

compares the simulation output with real reference data. It is demonstrated that the exact right 

number of modification replacements can be simulated and the spread of PM is well 

controlled and reflects reality.  

A deviation in time based availability of between 0.11 - 0.66pp compared to real data is to be 

considered as a very good result. This reality reflecting result was achieved despite 

assumptions and uncertainties in input data. The author of this thesis cannot determine 

whether or not the simulation output is close enough to reality for the intended use. In the end   

it is down to the user of the result to decide if the simulation output is accurate enough to base 

prospective future decisions on.  



54 

 

The author has seen the powerful advantages with an advanced simulation tool as SIMLOX 

for stochastic processes and believes in an increased use of the software within the energy 

sector. 

 

10.2 Further Work 

SIMLOX is today mainly used for military, railway and energy applications. A so powerful 

and diverse simulation tool could be used for other applications. A future study could examine 

in what other sector the software is suitable to use. The proposed study could also include 

how a prospective simulation within the new application could be performed. 

A desire directed to Systecons SIMLOX developer group is a function to extract all results per 

replication. In this way could uncertainties be better estimated by allowing the user to 

calculate confidence intervals and standard deviations. Today is only a few results accessible 

per replication which is the reason why this study only examined the standard deviation for 

the availability. More integrated uncertainty tools is also desired, today is the most common 

uncertainty function the possibility to calculate percentiles. Percentiles are great for mission 

based studies but for continuous study such as wind farm O&M is other measurement wanted.  
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Appendix 1 – Failure Modes 

Corrective Failures During 2010 

Failure Mode Identifier Description Failure Mode Frequency [1/Mh] 

UNKNOWN_GENERAL #N/A 293 

UNKNOWN_INSPECTION 10 - Inspection / testing 11,42 

PITCH_SYSTEM_INSPECTION 10 - Inspection / testing 49,47 

PITCH_SYSTEM_RESET 20 - Reset / restart 11,42 

PITCH_SYSTEM_CLEANING 30 - Cleaning 7,61 

PITCH_SYSTEM_LUBRICATION 60 - Lubrication / refill 3,81 

PITCH_SYSTEM_REPAIR 80 - Repair 30,44 

PITCH_SYSTEM_REPLACEMENT 90 - Replacement 60,88 

GENERATOR_SYSTEM_INSPECTION 10 - Inspection / testing 7,61 

GENERATOR_SYSTEM_ADJUSTMENT 40 - Adjustment 7,61 

GENERATOR_SYSTEM_LUBRICATION 60 - Lubrication / refill 7,61 

GENERATOR_SYSTEM_REPAIR 80 - Repair 7,61 

GENERATOR_SYSTEM_REPLACEMENT 90 - Replacement 22,83 

HYDRAULIC_SYSTEM_INSPECTION 10 - Inspection / testing 3,81 



ii 

 

HYDRAULIC_SYSTEM_CLEANING 30 - Cleaning 7,61 

HYDRAULIC_SYSTEM_LUBRICATION 60 - Lubrication / refill 19,03 

HYDRAULIC_SYSTEM_REPLACEMENT 90 - Replacement 34,25 

HYDRAULIC_SYSTEM_GENERAL 99 - If not mentioned above 3,81 

TRANSFORMER_INSPECTION 10 - Inspection / testing 41,86 

TRANSFORMER_RESET 20 - Reset / restart 3,81 

TRANSFORMER_REPLACEMENT 90 - Replacement 3,81 

MAIN_GEAR_INSPECTION 10 - Inspection / testing 11,42 

MAIN_GEAR_REPLACEMENT 90 - Replacement 7,61 

POWER_ELECTRONICS_INSPECTION 10 - Inspection / testing 11,42 

POWER_ELECTRONICS_REPROGRAMMING 70 - Reprogramming 3,81 

POWER_ELECTRONICS_REPLACEMENT 90 - Replacement 15,22 

AUXILIARY_SYSTEM_DRIVE_TRAIN/MAIN_GEAR_OIL_SYSTEM_INSPECTION 10 - Inspection / testing 11,42 

AUXILIARY_SYSTEM_DRIVE_TRAIN/MAIN_GEAR_OIL_SYSTEM_RESET 20 - Reset / restart 7,61 

AUXILIARY_SYSTEM_DRIVE_TRAIN/MAIN_GEAR_OIL_SYSTEM_ADJUSTMENT 40 - Adjustment 3,81 

AUXILIARY_SYSTEM_DRIVE_TRAIN/MAIN_GEAR_OIL_SYSTEM_LUBRICATION 60 - Lubrication / refill 3,81 

AUXILIARY_SYSTEM_DRIVE_TRAIN/MAIN_GEAR_OIL_SYSTEM_REPLACEMENT 90 - Replacement 7,61 

YAW_SYSTEM_INSPECTION 10 - Inspection / testing 11,42 



iii 

 

YAW_SYSTEM_RESET 20 - Reset / restart 3,81 

CONTROL_AND_PROTECTION_EQUIPMENT_INSPECTION 10 - Inspection / testing 7,61 

CONTROL_AND_PROTECTION_EQUIPMENT_RESET 20 - Reset / restart 7,61 

CONTROL_AND_PROTECTION_EQUIPMENT_REPROGRAMMING 70 - Reprogramming 7,61 

CONTROL_AND_PROTECTION_EQUIPMENT_REPLACEMENT 90 - Replacement 26,64 

HUB/ROTOR_BLOCKING_INSPECTION 10 - Inspection / testing 11,42 

HUB/ROTOR_BLOCKING_CLEANING 30 - Cleaning 3,81 

WTG_STRUCTURES_TOWERS_FOUNDATION_INSPECTION 10 - Inspection / testing 19,03 

BRAKE_SYSTEM/CLUTCH/COUPLING_INSPECTION 10 - Inspection / testing 3,81 

ROTOR_SYSTEM_INSPECTION 10 - Inspection / testing 3,81 

ROTOR_SYSTEM_ADJUSTMENT 40 - Adjustment 7,61 

ANCILLARY_SYSTEMS/CRANES/VENTILATION/ELEVATOR/SAFETY_SYSTEM_REPLACEMENT 90 - Replacement 3,81 

ELECTRICAL_AUXILIARY_POWER_SUPPLY_INSPECTION 10 - Inspection / testing 3,81 

DRIVE_TRAIN/ROTOR_SHAFT_REPLACEMENT 90 - Replacement 3,81 

 

 

  



iv 

 

Appendix 2 – Power Curve Vestas V90-3.0MW 

BIN Sets WS corr. [m/s] Power [kW] Cp-Value P dev. [kW] WS dev. [m/s] 

1 2 1.65 -14.57 -0.831 0.9 0.121 

2 6 2.06 -15.65 -0.459 3.0 0.149 

3 12 2.47 -16.20 -0.276 2.4 0.140 

4 7 3.07 -20.22 -0.179 1.1 0.086 

5 26 3.53 20.98 0.122 29.1 0.159 

6 31 4.01 63.24 0.251 23.3 0.163 

7 36 4.55 128.69 0.350 21.4 0.136 

8 31 4.98 183.34 0.381 25.6 0.142 

9 32 5.48 255.50 0.398 32.6 0.147 

10 35 5.99 328.79 0.392 37.3 0.139 

11 36 6.52 446.96 0.413 61.1 0.136 

12 34 6.97 582.76 0.441 62.0 0.150 

13 50 7.48 702.73 0.430 58.8 0.154 

14 44 8.03 871.33 0.432 73.8 0.146 

15 46 8.46 1054.94 0.447 78.8 0.146 

16 68 9.01 1306.74 0.458 88.0 0.154 

17 79 9.54 1543.13 0.456 98.6 0.133 

18 112 10.00 1752.56 0.449 93.5 0.149 

19 124 10.48 1964.97 0.438 94.7 0.141 

20 101 11.03 2194.66 0.420 91.2 0.146 

21 78 11.50 2367.87 0.400 88.8 0.140 

22 88 12.01 2549.29 0.378 108.0 0.153 

23 77 12.52 2696.83 0.353 86.2 0.135 

24 69 13.03 2827.81 0.328 58.1 0.126 

25 83 13.45 2916.88 0.308 45.9 0.161 

26 85 14.00 2972.01 0.278 35.9 0.144 

27 107 14.50 3002.32 0.253 9.4 0.146 

28 102 14.99 3005.78 0.229 7.5 0.137 

29 104 15.49 3008.42 0.208 2.3 0.144 

30 101 15.99 3008.93 0.189 2.0 0.144 

31 77 16.49 3009.32 0.172 2.3 0.153 

32 49 17.01 3009.49 0.157 2.4 0.145 

33 51 17.51 3009.46 0.144 1.9 0.161 

34 61 18.03 3009.26 0.132 1.8 0.145 

35 66 18.52 3009.48 0.122 1.7 0.135 

36 50 19.02 3008.92 0.112 2.4 0.163 

37 40 19.50 3009.05 0.104 2.0 0.140 

38 42 20.00 3008.39 0.096 2.2 0.134 

39 28 20.54 3008.79 0.089 2.3 0.122 

40 12 20.94 3009.27 0.084 1.2 0.138 

41 6 21.48 3008.24 0.078 2.3 0.171 

42 3 21.90 3008.05 0.073 1.0 0.234 
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Appendix 3 – Matlab Code for Power Curve Fitting 

 

clc 
clf 
clear all 
close all 

  
v = [3.53 
4.01 
4.55 
4.98 
5.48 
5.99 
6.52 
6.97 
7.48 
8.03 
8.46 
9.01 
9.54 
10.00 
10.48 
11.03 
11.50 
12.01 
12.52 
13.03 
13.45 
14.00]; 

  
P = [20.98 
63.24 
128.69 
183.34 
255.50 
328.79 
446.96 
582.76 
702.73 
871.33 
1054.94 
1306.74 
1543.13 
1752.56 
1964.97 
2194.66 
2367.87 
2549.29 
2696.83 
2827.81 
2916.88 
2972.01]; 

  

  
 

 

 



ix 

 

% Decide the power curve equation. 
x = v; 
y = P; 
x1 = [0;3.5]; 
y1 = [-17;-17]; 
x2 = [14;25]; 
y2 = [3009;3009]; 

  
pcoeff = polyfit(x,y,5); 
xp=(3.5:0.1:14); 
yp=polyval(pcoeff,xp); 
figure, plot(x,y,'O',xp,yp,'m',x1,y1, x2, y2) 
xlabel('Wind Speed [m/s]','fontsize',12);  
ylabel('Power [kW]','fontsize',12); 

  
% This equation was used to calculate the power output within Excel. 
disp(pcoeff') 

 

 


