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Welcome to the Lloyd’s 
Register Renewables 
Technical Digest 

In 2013, renewable energy accounted 
for 22% of global power generation. 
According to the International Energy 
Agency, the share will rise to over 26% 
by 2020. To drive this, new technology 
needs to replace existing ways of working. 
But technological innovation is costly and 
typically takes years not months to be 
conceptualised, developed, tested and 
deployed on a large scale. Thankfully, most 
blockers can be overcome with access to 
the right technology and expertise.

Lloyd’s Register is proud of its contribution 
to the growth of low carbon power 
generation. Our experts apply industry-
leading knowledge and next generation 
resources to solve complex problems, 
develop innovative technologies and 
enhance the performance and efficiency 
of low carbon power generation assets. 
Above all, we keep safety at the heart of 
everything we do; and our independent 
status guarantees that we always do  
the right thing.

There is no single answer to our global energy, 
efficiency and environmental needs. But what 
is inarguable is the urgent need to accelerate 
our transition into a low carbon world.

Our clients benefit from a pool of world-
class experts, whose combined knowledge 
spans the entire sector. In this Technical 
Digest series I am delighted to share some 
of our latest research output, all of which 
has been presented at leading industry 
conferences in recent months. 

Through this, Lloyd’s Register continues to 
contribute to the growing depth of expertise 
that is swiftly facilitating the transition to a 
cleaner, more sustainable future.

Please feel free to contact any of the 
contributors for further information  
or discussion. 

Karl Ove Ingebrigtsen
Director, Low Carbon Power Generation
Lloyd’s Register
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An adaptable framework to provide confidence to insurers  
and investors throughout the development cycle of novel  
floating renewable technology

Introduction

Over the last twenty years, the offshore 
wind industry has brought together 
companies from the onshore wind industry 
and the offshore oil and gas industry, 
becoming a melting pot of ideas in the 
quest for cheaper, cleaner and more 
predictable energy. As the proportion 
of offshore wind increases, so does the 
pressure to reduce dependence on feed-
in tariffs, attract private investment and 
contribute to a stable electrical grid. 
This results in conflicting pressures to 
both reduce cost and risk, one requiring 
innovation and the other preferring  
known technology.

Floating offshore wind is one area where 
the exploration of new ideas is providing 

fertile ground for new designers and 
developers akin to the wave and tidal 
energy industries with some concepts even 
involving a combination of both wind- and 
marine-generated energy.

Aside from in Germany and Denmark, 
there are no legal requirements to perform 
3rd party certification of offshore wind 
farms in Europe. However, for countries 
such as France and the UK, it is virtually 
unknown for an offshore wind farm 
to be developed without engagement 
with a certification body. Certification 
can mitigate risk assuring investors that 
new technology is being deployed in a 
responsible manner and that claims over its 
performance are not without foundation.

Developing a Framework 
for the Assurance of 
Floating Wind 

Technology Qualification approach 
to certification

Where possible, certification of new 
technology should rely on existing codes 
and standards to limit the number of 
uncertainties. However, it is common for 
new technologies to rely on either a small 
number of novel components, or a new 
combination of existing components or 
systems. Often it takes time for codes and 
standards to be developed, requiring the 
experience of several designs and years of 
operational experience.

Technology Qualification can work as a 
bridge, providing a means of independent 
assurance for technology developments 
which happen in a dynamic industry. 
Technology Qualification is a risk-reduction 
process, whereby the key novel features 
of a device or structure are identified. 
Wherever possible, relevant design 
standards will be selected with which 
the design, either in whole or in part, 
will be verified against. If no standard is 
found, peer-reviewed published analytical 
techniques may be used.  

The resulting document constitutes a 
bespoke certification scheme, which will be 
used after completion of detailed design 
for formal type certification or design 
verification (Guidance Notes for Technology 
Qualification, 2014). A full definition of the 
process for Technology Qualification is given 
in the Guidance Notes; for convenience, a 
brief summary is presented here.

System and function decomposition 
and goal setting
The process must start with a definition 
of the technology and what it is designed 
to achieve. The goals may be defined in 
terms of structural reliability for a given 
design lifetime but may also relate to 
power production, availability, reliability, 
environmental or human impact and cost.

The system is decomposed both from a 
component point of view and also from a 
global functionality point of view in order 
to determine the list of requirements each 
aspect of the technology must fulfil.  
This will result in a list of Critical 
Technology Elements upon which the 
remainder of the process will be based.

Author
James Nichols  
(Lloyd's Register EMEA, 
London, UK)01

 
 
 
 

 

Lloyd’s Register Group Limited, its subsidiaries and affiliates and their respective officers, employees or 
agents are, individually and collectively, referred to in this clause as ‘Lloyd’s Register’. Lloyd’s Register 
assumes no responsibility and shall not be liable to any person for any loss, damage or expense caused by 
reliance on the information or advice in this document or howsoever provided, unless that person has 
signed a contract with the relevant Lloyd’s Register entity for the provision of this information or advice and 
in that case any responsibility or liability is exclusively on the terms and conditions set out in that contract. 
 
Except as permitted under current legislation no part of this work may be photocopied, stored in a retrieval 
system, published, performed in public, adapted, broadcast, transmitted, recorded or reproduced in any form or 
by any means, without the prior permission of the copyright owner. Enquiries should be addressed to Lloyd’s 
Register, 71 Fenchurch Street, London, EC3M 4BS. 

©Lloyd’s Register 2015. 
For Information Only 

 

Developing a Framework for the 
Assurance of Floating Wind 

 
 
 
        
 

An adaptable framework to provide confidence to insurers and 
investors throughout the development cycle of novel floating 
renewable technology 

 
Author: James Nichols (Lloyd's Register EMEA, London, UK) 

Presenter: Anand Bahuguni (Lloyd's Register Global Technology Centre Pte., Ltd.) 

 

 
0.000001

0.00001

0.0001

0.001

0.01

0.1

1
0 0.5 1 1.5 2 2.5 3

Probability of load
exceedance

Probability of resistance

Joint probability of failure

Lloyd’s Register | Renewables Technical Digest

Article 1



76

Technology Assessment
The subcomponents and functionality 
outlined in the decomposition will 
consist of items which can be designed 
according to established practices, codes 
and standards as well as items which 
require additional effort to determine 
what level of testing, additional design 
requirements or quality control measures 
are required. At this early stage, a simple 
ranking is performed based on what 
stage each aspect is at. This is based on 
the Technology Maturity Levels (Guidance 
Notes for Technology Qualification, 2014) 
which describes how well tested the 
component is in isolation. The Technology 
Maturity levels are modified to account 
for the level of experience of the interface 
between components; these are known as 
Integration Maturity Levels. This modified 
Technology Maturity Level is combined 
with the level of experience of the function 
or subcomponent in the proposed 
operating environment in order to classify 
the level of risk, Fig 1.

Figure 1: Technology Assessment Risk Matrix 
(green indicates Technology Qualification not 
required; yellow Technology Qualification 
medium; red Technology Qualification high).

Figure 2: Combined 
Technology Qualification 
and Project Certification 
Process.

Combining Technology 
Qualification with Certification

The Technology Assessment process results 
in a list of Critical Technology Elements. 
While not all of them need to go through 
the Technology Qualification process, this 
does not mean that the review process 
ends there since, as for established 
technology, 3rd party review is commonly 
carried out to provide assurance to various 

Risk Assessment
A variety of risk assessment methods may 
be deployed such as Hazard Identification; 
Hazard and Operability studies; Structured 
What-If Technique; Functional Hazard 
Assessment; Risk Identification; Failure 
Modes, Effects and Criticality Analysis; 
Fault Tree Analysis and Event Tree Analysis 
depending on the details of the Critical 
Technology Element. The risks should be 
ranked according to the severity and the 
probability of occurrence. Once this is 
performed, the acceptance criteria for  
the risk can be determined by agreeing  
on appropriate safety margins and 
mitigation actions.

Technology Qualification Plan  
and Execution
The Technology Qualification Plan outlines 
what tasks the technology developer will 
take in order to provide the evidence that 
the risks identified from the failure modes 
in the Technology Assessment and Risk 
Assessment stages can be mitigated such 
that the system meets its goals. Along with 
the Technology Qualification activities, 
acceptance criteria must be given.

The execution of the plan should follow 
the timeline outlined in the plan and 
any changes to the composition of the 
device, goals or Technology Qualification 
activities shall result in an updated plan, 
and if necessary revisiting the Technology 
Assessment or Risk Assessment phases.

Review and Certification
In parallel with or after completion of the 
execution of the Technology Qualification 
plan, the certification body shall review 
and certify the progress made. This can 
be done by independent design review, 
parallel calculations, witnessing of testing 
or other established certification activities 
which ensure that the activities outlined in 
the plan have been carried out to a quality 
level consistent with what is required to 
meet the technology goals.

project stakeholders. This paper presents 
how Technology Qualification may be used 
in conjunction with traditional certification 
for a design which incorporates both 
standard and novel elements. A high-
level overview of how the Technology 
Qualification and Certification processes 
begin and progress through the design 
stages before recombining at the final 
certificate is shown in Fig 2.
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Figure 2 – Combined Technology Qualification and Project Certification Process 

This approach allows the developer to gain assurance on some aspects of the system design according 
to recognised standards while reserving Technology Qualification for only the specialised areas which 
require the additional design effort to ensure sufficient design margins in order to give sufficient 
certainty on meeting the technology's goals. 
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This approach allows the developer to 
gain assurance on some aspects of the 
system design according to recognised 
standards while reserving Technology 
Qualification for only the specialised areas 
which require the additional design effort 
to ensure sufficient design margins in order 
to give sufficient certainty on meeting the 
technology’s goals.

A crucial requirement is to have well 
defined goals at the start of the project to 
allow combination of the results from the 
Technology Qualification and Certification 
activities. The goals need to be joined-up 
such that the Technology Qualification and 
3rd Party Certification elements provide 
comprehensive coverage of safety and 
structural integrity; additional Technology 
Qualification goals can address additional 
issues such as power performance, 
reliability and maintainability.

System-specific qualification 
activities

Specific qualification activities may relate to 
novel materials or use of novel components 
or operating strategies.

Materials
If materials are novel; or have not 
been used extensively in a maritime 
environment previously, there may not be 
standards which detail the appropriate 
design requirements (such as extreme 
strength requirements; SN curves for 
fatigue analysis; or strength degradation 
allowances) for the application. In this case, 
the qualification activities may include 
additional testing, perhaps in order to 
simulate accelerated ageing; or redundancy 
such that the device does not suffer 
catastrophic failure due to the failure of  
a structure made from a novel material.

J. , 2007). While existing design standards 
for wind turbines rely on the large number 
of years of experience with traditional 
PI-based control algorithms, control 
algorithms for floating turbines may differ 
substantially and may be based on different 
principles. The control algorithm has the 
ability to transform a normal operating 
condition into a scenario where loading 
is greatly increased; while wind turbines 
are also fitted with independent safety 
systems which are based on safety-rated 
components with high reliability levels, 
efforts must be taken to ensure that the 
effects of failures of the control system 
cannot create high loads before the safety 
system has time to take effect. Specific 
examples of qualification activities which 
may be performed in addition to the 
traditional design methods comprising 
FMECA and loads analysis are:

•	 Exploration of additional load cases 
to give confidence that off-design 
conditions do not cause abnormal 
control behaviour

•	 Sensitivity analysis covering:

 – Input signal noise

 – System natural frequencies and 
damping

 – Actuator dynamic response

 – Control parameter variation

•	 Tank testing with control hardware in 
the loop.

Floating Wind and Wave Combinations
A new area of development is the idea to 
use a single offshore platform to harness 
both wind and wave power. The furthest 
developed concept is that developed by 
Floating Power Plant which has had the 
P37 device (Fig 3) operating off the coast  
of Denmark for over 20 months in total.

While standards for both floating wind 
and wave energy are at various stages of 
development; none has yet attempted to 

Components
In the case of a novel component in the 
drivetrain or power-take-off system, a 
range of different methods might be used 
in order to qualify the Critical Technology 
Element. These could include:

•	 Adding redundancy to critical stages 
identified in the FMECA

•	 Adding condition monitoring systems in 
order to be able to identify failures at an 
early stage

•	 Specifying additional design margins to 
account for larger uncertainties

•	 Conducting component testing

•	 Performing additional design studies 
to explore the effects of design 
uncertainties

•	 Definition of additional design load 
cases to account for possible failures

•	 Tailored inspection regime to ensure 
condition of the component.

Platform Concepts
While the offshore oil and gas industry 
has explored a wide range of different 
platform concepts, the design requirements 
of floating offshore wind may result in 
novel concepts being developed. Even for 
modifications of existing concepts, being 
unmanned and not connected to a large 
volume of volatile hydrocarbons may mean 
that larger motions and deflections are 
produced which change the hydroelastic 
behaviour. Therefore, care should be taken 
to ensure that design to existing practices is 
not relied on too heavily in situations where 
it may no-longer be appropriate.

Control Systems
Floating wind systems are fertile ground 
for the development of novel control 
algorithms, for example (Namik & Stol, 
2009) among others and there are specific 
instabilities of control algorithms which 
may arise for floating turbines (Jonkman 

cover both. Therefore it is the interactions 
between different systems which are most 
of interest. In the case of the P37, extensive 
effort has been put in matching modelling 
predictions with measured data from the 
offshore prototype (Bellew, Yde, & Verelst, 
2014) which adds confidence to the ability 
to accurately calculate design loads and 
produce a conservative structure. 

One area where combined wind/wave 
devices may need additional attention is 
on the definition of appropriate load cases; 
while the action of the turbines and wave 
power take-off individually may be to 
dampen out motion and vibrations, there 
may be combinations of wind and waves 
which, although not on a traditional 
design contour, may result in higher 
loading and care must be taken to identify 
these at an early stage and implement 
mitigation strategies.

Depending on the goals of the technology, 
the qualification activities may relate to 
the energy production or the reliability of 
the platform. In that case, there might be 
additional studies on the accessibility and 
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production or the reliability of the platform. In that case, there might be additional studies on the 
accessibility and maintainability of submerged power-take off components; or assessment of the 
accuracy of power production predictions under different sea states.  
 
Generic Qualification Activities for Floating Wind 
 
It is quite possible to design a floating offshore wind turbine which conforms to design rules given in 
existing standards such as (IEC 61400-3: Wind Turbines - Part 3: Design Requirements for Offshore Wind 
Turbines, 2009) and the ISO 19900 series of standards on offshore structures together with Recognised 
Class Society rules. However, the action of the wind turbine in combination with the floating platform 
causes loading of which there is not sufficient experience to consider in the same way as a wind turbine 
or floating platform on its own. This is an example of an Integration Maturity Level assessment yielding a 
lower maturity level for the combination of two proven technologies.  
 

Integration Maturity of Turbines and Platforms 
In the instance of a conventional spar, semi-submersible or tension-leg platform design for floating wind 
turbines, both fulfil the requirements of Technology Maturity Level 7 since both the wind turbine and 
platform can be chosen to be field proven examples with well over the 3 years of experience required 
(Figure 4). 

Figure 3: P37 Research  
and Demonstration  
Platform (courtesy of  
Floating Power Plant A/S).
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Qualification on the load analysis would 
require compatibility in the coupling so it 
must be shown that the practical methods 
for modelling the combined system are in 
accordance with sound theoretical models 
and have been well tested from a software 
control point of view.

Load Assumptions
Loading on floating wind turbines is an 
area where the fields of wind turbine rotor 
dynamics and floating offshore structure 
design overlap and there are some conflicts 
between the modelling assumptions  
and validity of theories used for each.  
One critical area is the simulation length 
which is restricted to ten minute histories in 
rotor design to account for the stationarity 
of the turbulence spectrum over this time 
period; however simulations of wave 
loading are generally carried out over a 
3- to 6-hour period in order to generate 
reliable statistics. The subject has been 

studied, for example in (Stewart, 2013) 
which suggests a compromise may well 
be valid but this is likely to depend on the 
platform type.

Lloyd’s Register is conducting a programme 
of research which will benchmark the 
aerodynamic loading of floating wind 
turbine and integrate this into a high 
fidelity fully-coupled model to understand 
the coupling between aerodynamic, 
hydrodynamic and structural loading 
from the rotor, support structure and 
stationkeeping system. This is with the aim 
of reducing the uncertainties in modelling 
wind turbines on floating support 
structures.

CFD analysis of rotor aerodynamics on 
floating platform
Lloyd’s Register has carried out work to 
calculate the aerodynamic loading on 
a moving rotor using CFD (Bahuguni, 

maintainability of submerged power-take 
off components; or assessment of the 
accuracy of power production predictions 
under different sea states.

Generic Qualification Activities for 
Floating Wind

It is quite possible to design a floating 
offshore wind turbine which conforms to 
design rules given in existing standards 
such as (IEC 61400-3: Wind Turbines - 
Part 3: Design Requirements for Offshore 
Wind Turbines, 2009) and the ISO 19900 
series of standards on offshore structures 
together with Recognised Class Society 
rules. However, the action of the wind 
turbine in combination with the floating 
platform causes loading of which there is 
not sufficient experience to consider in the 
same way as a wind turbine or floating 
platform on its own. This is an example of 
an Integration Maturity Level assessment 
yielding a lower maturity level for the 
combination of two proven technologies.

Integration Maturity of Turbines  
and Platforms
In the instance of a conventional spar, 
semi-submersible or tension-leg platform 
design for floating wind turbines, both fulfil 

the requirements of Technology Maturity 
Level 7 since both the wind turbine and 
platform can be chosen to be field proven 
examples with well over the 3 years of 
experience required (Fig 4).

However, with the example of a novel 
combination of turbine and platform 
which has not been field tested before, the 
maximum Integration Maturity Level which 
could be reached is 7. The Integration 
Maturity Level was originally designed 
for software (Sauser, 2010) and hence 
a degree of interpretation is required to 
apply it to engineering structures where 
the interface is more abstract (in the case 
where influence is more than a bolted 
connection). Achieving an integration 
maturity level of 7 is sufficient to leave the 
TML at 6 which would mean that, subject 
to analysis of the detailed components, 
the system does not require technology 
qualification, even if there was limited 
experience with either the turbine or 
platform. However, this IML of 7 would 
imply validation which we can take to 
mean some form of scale test to provide 
evidence that the behaviour of the system 
is in-line with the modelling assumptions 
used in design. Achieving the IML of 3 
required to avoid performing Technology 

Figure 4: TML assessment for existing wind 
turbine and floating platform designs in 
operation for more than 3 years.

Figure 6: Process for development of fully-coupled floating wind turbine model (showing green 
completed packages, yellow in-progress packages and red packages to be started).

Figure 5: IML adjusted TML for proven wind 
turbine and platform combination.
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is required to apply it to engineering structures where the interface is more abstract (in the case where 
influence is more than a bolted connection). Achieving an integration maturity level of 7 is sufficient to 
leave the TML at 6 which would mean that, subject to analysis of the detailed components, the system 
does not require technology qualification, even if there was limited experience with either the turbine or 
platform. However, this IML of 7 would imply validation which we can take to mean some form of scale 
test to provide evidence that the behaviour of the system is in-line with the modelling assumptions used 
in design. Achieving the IML of 3 required to avoid performing Technology Qualification on the load 
analysis would require compatibility in the coupling so it must be shown that the practical methods for 
modelling the combined system are in accordance with sound theoretical models and have been well 
tested from a software control point of view.  
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Figure 5 – IML adjusted TML for proven wind turbine and platform combination 
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Load Assumptions 
Loading on floating wind turbines is an area where the fields of wind turbine rotor dynamics and 
floating offshore structure design overlap and there are some conflicts between the modelling 
assumptions and validity of theories used for each. One critical area is the simulation length which is 
restricted to ten minute histories in rotor design to account for the stationarity of the turbulence 
spectrum over this time period; however simulations of wave loading are generally carried out over a 3- 
to 6-hour period in order to generate reliable statistics. The subject has been studied, for example in 
(Stewart, 2013) which suggests a compromise may well be valid but this is likely to depend on the 
platform type. 
 
Lloyd's Register is conducting a programme of research which will benchmark the aerodynamic loading 
of floating wind turbine and integrate this into a high fidelity full-coupled model to understand the 
coupling between aerodynamic, hydrodynamic and structural loading from the rotor, support structure 
and stationkeeping system. This is with the aim of reducing the uncertainties in modelling wind turbines 
on floating support structures.  
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Figure 6 – Process for development of fully-coupled floating wind turbine model (showing green completed packages, yellow 
in-progress packages and red packages to be started) 

 

CFD analysis of rotor aerodynamics on floating platform 
Lloyd's Register has carried out work to calculate the aerodynamic loading on a moving rotor using CFD 
(Bahuguni, Sivalingam, Davies, Gullman-Strand, & Nguyen, 2014). This work indicated that there may be 
different behaviour of the aerodynamic induction compared with a stationary rotor.  
 

Tank testing of rotor aerodynamics 
Another part of the aerodynamic loading package is scale model testing. For this package, a novel scale 
model method was developed (Martin, Day, & Infield, 2014) which uses the higher density of water to 
overcome some of the difference in Reynolds number between model and full-scale. The design of the 
rotor was also novel, performed in order to create the correct lift gradient over the operational range of 
attack by creating new, bespoke aerofoil designs.  

Development of improved empirical models 
The final stage of the aerodynamic modelling phase is to generate improved empirical aerodynamic 
models that will allow the aerodynamic effects of floating wind systems to be accounted for over a 
much larger range of simulated conditions than would be computationally possible with CFD. The 
empirical models will be packaged so as to provide an alternative aerodynamic module for the FAST 
software (Jonkman & Jonkman, 2014). 
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Sivalingam, Davies, Gullman-Strand, & 
Nguyen, 2014). This work indicated that 
there may be different behaviour of the 
aerodynamic induction compared with a 
stationary rotor.

Tank testing of rotor aerodynamics
Another part of the aerodynamic loading 
package is scale model testing. For this 
package, a novel scale model method was 
developed (Martin, Day, & Infield, 2014) 
which uses the higher density of water 
to overcome some of the difference in 
Reynolds number between model and 
full-scale. The design of the rotor was also 
novel, performed in order to create the 
correct lift gradient over the operational 
range of attack by creating new, bespoke 
aerofoil designs.

Development of improved  
empirical models
The final stage of the aerodynamic 
modelling phase is to generate improved 
empirical aerodynamic models that will 
allow the aerodynamic effects of floating 
wind systems to be accounted for over a 
much larger range of simulated conditions 
than would be computationally possible 
with CFD. The empirical models will be 
packaged so as to provide an alternative 
aerodynamic module for the FAST  
software (Jonkman & Jonkman, 2014).

Further work packages
In order to complete the analysis, the 
aerodynamic findings need to be coupled 
with high fidelity hydrodynamic and 
structural models. In the long term, it is 
envisaged that this will be done with a 
full CFD model of both aerodynamics and 
hydrodynamics, taking account of fluid-
structure interaction. However, in the 
short term the gain in knowledge from 
the aerodynamic modelling packages will 
increase certainty in the coupling to the 
moving wind turbine rotor bringing it up 
to a level more or less on par with fixed 
offshore wind turbines or offshore  
floating structures.

Wake Interactions
Wake interactions of wind turbines have 
so far only been studied for wind turbines 
in a fixed location. The motion of the 
turbine platform possibly affects both the 
power production and the blade loading 
on downstream turbines. The likely range 
of motion of wind turbines is likely to 
be only a few percent of the distance 
between turbines and so is unlikely to 
have a significant effect on mean wake 
effect. Of more concern is the potential for 
the motion of an upstream wind turbine 
to introduce loading on the downstream 
turbine at the platform natural period of 
motion by means of the translation of 
its wake. Since the platform mode may 
only be lightly damped, there may be 
the possibility of resonance which could 
amplify through the farm. There is as yet 
no evidence of this effect occurring and 
possible mitigation strategies could involve 
de-tuning the farm by altering the mooring 
tension characteristics between turbines  
if this was not automatically achieved 
by the varying bathymetry of the site. 
Simulation of the effect may be possible 
by modifying the Wake Meandering Model 
(Larsen, 2008), in order to account for the 
motion of the upstream turbine.

Discussion

An approach for combining a Technology 
Qualification process with a traditional 
certification process has been outlined.  
The process has been elaborated to discuss 
the activities which may be carried out 
in order to mitigate the risks for Critical 
Technology Elements for a range of floating 
wind systems.
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Abstract

The current design of offshore wind 
turbines follows mainly the IEC 61400-
3 standard. The list of Design Load 
Cases (DLCs) implied for this standard 
is comprehensive and the resulting 
number of time domain simulations is 
computationally prohibitive. The aim of this 
paper is to systematically analyse a subset 
of ultimate limit state load cases proposed 
by the IEC 61400-3, and understand the 
relative severity among the load cases to 
identify the most critical among them. 
For this study, attention is focused on 
power production and parked load cases. 
The analysis is based on the NREL 5 MW 
prototype turbine model, mounted on  
a monopile with a rigid foundation.  
The mudline overturning moment, as well 
as the bladeroot in-plane and out-of-plane 
moments are taken as metrics to compare 
among the load cases. The simulations 
are carried out using the aero-hydro-
servo-elastic simulator, FAST, and the key 

observations are thoroughly discussed.  
The DLC 1.6a is shown to be the most 
onerous load case. Although the considered 
load cases are limited to power production 
and idling regimes, the obtained results will 
be extremely useful for the substructure 
(monopile) design and for efficient reliability 
analysis subsequently, as is also shown 
partially by some previous studies.

Introduction

Depleting fossil fuel reserves and ever-
increasing demand for energy have resulted 
in rapid development of renewable  
energy sources. Offshore wind energy 
presents huge potential in this regard.  
The combination of the hydrodynamic 
loading from waves and current, the 
aerodynamic effects of wind, structural 
dynamics of the support structure, and the 
nonlinear effects of the controller together 
make the design of Offshore Wind turbines 
a very challenging exercise. From a structural 
design perspective, several factors

Using fully coupled simulation 
techniques to determine 
ultimate loads and response 

have to be considered in the design of 
Offshore Wind Turbine (OWT) support 
structures, which are absent in their 
onshore counterparts.

The current design of OWT support 
structures is performed largely following 
the IEC 61400-3 standard [1], which 
proposes a number of design situations 
representing the various modes of 
operation of the turbine, with each design 
situation leading to a number of Design 
Load Cases (DLCs). The IEC standard 
distinguishes two types of load cases, 
namely ultimate and fatigue load cases, 
with a further subdivision of Ultimate Limit 
State (ULS) cases as Normal, Abnormal and 
Transportation cases. The design standard 
recommends appropriate load factors to be 
associated with these load cases and also 
offers guidance on methods of evaluating 
the DLCs in order to check the structural 
integrity of the offshore wind turbine.  
The background work that forms the basis 
of the DLCs is proposed in Refs. [1,2] and  
is summarized in technical reports [3].

The DLCs listed in the IEC standard are 
comprehensive and require thousands of 
time domain simulations. There have been 
efforts to study various DLCs in detail. 
RECOFF [3] was the first project that 
addressed the complexity of the 
combination of the Oil&Gas offshore 
standards and the existing onshore wind 
energy standards, proposing a series of 
recommendations for the design of OWT 
[4], it also led to the elaboration of the IEC 
61400-3 [1]. Other authors such as Tarp-
Johansen applied the design standards 
to the design of OWT in the US and also 
studied the partial safety factors and 
characteristic values for extreme load 
effects [5,6]. More recently NREL did a 
lot of work related to floating OWTs, 
studying the influence of the simulation 
length of the DLC on the uncertainties in 
ultimate and fatigue loads [7] and structural 
response of different OWT concepts, 
while also comparing the results with 

Table 3: Wind-conditioned wave height and 
the corresponding spectral peak period.

Vhub [m/s] HS [m] TP [s] (mean)

4 1,10 5,88

6 1,18 5,76

8 1,31 5,67

10 1,48 5,74

12 1,70 5,88

14 1,91 6,07

16  2,19 6,37

18 2,47 6,71

20 2,76 6,99

22 3,09 7,40

24 3,42 7,80

Table 2: Extreme wave heights and wind 
speed at the hub as a function of the  
return period.

Treturn  
[yr]

HS  
[m]

TP  
[s]

Hmax  
[m]

Vhub 
[m/s]

1 6.06 9.70 11.27 31.70

50 8.07 11.3 15.64 42.04

Table 1: General specifications of the 5 MW 
monopile OWT [19].

Rotor/Nacelle assembly

Rated power 5 MW

Number of blades/
radius

3/63 m

Cut-in, Cut-out  
wind speed

3 m/s, 25 m/s

Controllers Collective pitch control 
and generator torque 
control (variable speed)

Rated rotor speed 12.1 rpm

Support structure/foundation

Structure Monopile with rigid 
foundation

Hub height 90 m above MSL

Water level 20 m above seabed

Authors
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the onshore structures. Agarwal [8,9] 
studied the DLC 1.2 (normal operation in 
turbulent wind and stochastic waves) in 
detail and the implications of nonlinear 
wave loading on the load extrapolation 
procedure. Moriarty et al. [10] studied 
the DLC 1.1/1.2 and outlined a method 
of statistical extrapolation procedure. 
Cheng [11] performed a thorough analysis 
on the effect of the number of wind and 
wave seeds and simulation length on 
the maximum response distribution and 
concluded that 50 simulations of 40mins 
can be considered sufficient for studying 
the chosen responses.

A number of relevant DLCs proposed 
by the IEC standard were studied in the 
UPWind project [12,13]. In the preliminary 
design phase of UpWind 4.2.5 [12] the 
wind loads were studied through the 
fatigue DLCs 1.2 and 6.4 and the extreme 
cases 1.3, 1.4, and 6.2a in a calm sea for 
a jacket substructure. For the final design 
phase, the considered DLCs were 2.2 and 
2.3 which include system faults, and 1.6a, 
6.1a and 6.2a. However, these studies were 
based on the assumptions such as 1-min 
turbulent wind and a positive small yaw 
misalignment. The fault cases were found 
not to be influencing the support structure, 

whereas DLC 6.1 showed the severest load 
condition. In addition, UpWind 4.2.8 [13] 
considered a reference support structure 
for monopile and jacket and applied a 
subset of DLCs on these structures.  
This work considered the fault load cases 
among other ULS load cases. The results 
of the ULS checks for the substructure 
(yield and buckling) showed that DLCs 6.1a 
and 6.2a appear to be governing for the 
monopile, whereas fault DLCs were again 
not influencing the loading at the seabed 
level. The fault cases were found to be 
relevant to the tower. It is to be noted that, 
in these studies [12,13] the DLCs were not 
studied in detail to understand the causes 
of the maximum values and the parameters 
affecting them, only the results at different 
locations of the structure were shown.

Kim et al. [14] focused on identifying the 
effect of the substructure type on the 
load characteristics of the superstructure 
such as the blade, hub or tower under ULS 
DLCs 1.6a, 6.1a and 6.2a and fault DLCs 
2.1 and 2.2. The latter were not found 
to be design driving in any case for the 
monopile. It is to be noted that the focus 
on substructure was limited in this study, 
as the emphasis was more on blades and 
tower-top interface. Cordle et al. [15] 

loading during normal operation. This choice is partially justified
based on the results of previous literature and industrial experi-
ence. Fault cases were not considered as they are more sensitive to
the details of the wind turbine supervisory control and it was
considered that this would produce less universally applicable
conclusions. The loads arising from start-up and shut-down cases
are quite specific to the controller adopted, and hence those load

cases are not chosen for our study (see also [17]).
This study compares the key parameters for the design of both

the rotor/nacelle assembly and the support structure such as:
flapwise (out-of-plane) and edgewise (in-plane) moment at the
root of the blade and the overturning moment at the seabed
(mudline moment). The simulations are carried out using FAST 8
[18], an aero-hydro-servo-elastic simulator developed by the Na-
tional Renewable Energy Laboratory (NREL). The turbulent wind is
generated by TurbSim [19] and coupled with FAST. All the DLCs are
applied to a benchmark which corresponds to the monopile
structure model of the phase I of the Offshore Code Comparison
Collaboration (OC3) [20]. It is to be noted that the present study is
limited to a prototype wind turbine structure with a rigid founda-
tion. The metocean data used is site-specific and the attention is
restricted to the power production and parked load cases.

2. Benchmark and metocean data

2.1. Benchmark

The structure used for the study is the 5 MW monopile OWT
model from the OC3 project [20]. The main characteristics are
described in Table 1. The platform has a constant thickness of
0.06 m with a diameter of 6 m whereas the tower diameter and
thickness decrease linearly, the diameter from 6 to 3.87 m and
thickness from 0.027 to 0.019 m, further information can be found
in Ref. [21].

2.2. Metocean data

The location chosen for this study is based on the Ijmuiden
Shallow Water Site from the Upwind design basis [22]. The site is
found in the Dutch North Sea, the coordinates of Ijmuiden site are
52º3300000 east and 4º0303000 north. The metocean data is presented
as 3-h average values for a period of 22 years. This location has been
chosen in order to work with a realistic, consistent and reasonable
metocean dataset as the correspondingwater depth and hub height
of this site matches well with the chosen benchmark monopile and
water depth.

The main variables used in the following sections are shown
next. Thewater levels used are the Highest Still Water Level (HSWL)
and Highest Astronautical Tide (HAT)which are 2.4 and 1.4m above
the Mean Sea Level (MSL). For normal current loads an average
value of 0.6 m/s at surface level is taken and for the extreme case a
value of 1.2 m/s is considered.

The values for the extreme wave conditions were found to
follow Equation (1) resulting in the extreme wave height values
shown in Table 2 [22]. A factor of 1.86 can be used to obtain the
maximum wave height in equation (2) as the water depth is rela-
tively shallow [1].

HS;3hðTreturnÞ ¼ 0:479$lnðTreturnÞ þ 6:0626 (1)

Hmax ¼ 1:86$ HS;3h (2)

where HS;3h is the significant wave height for a 3-h reference
period, Treturn is the return period corresponding to HS;3h and, Hmax

is the Extreme Wave Height (EWH).
Moreover, the extreme wind values are determined from the

measured data using a 10 min reference period. The measured data
is fitted to a Weibull distribution with parameters A ¼ 10.61 m/s
and k ¼ 2.08. The extreme wind speed is defined as the maximum
wind speed that occurs with a certain return period, resulting in
Equation (3). The common return periods used for the wind speed

Fig. 1. Coordinate system for the overturning moment.

Fig. 2. Extrapolation of the overturning moment at the seabed.
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Figure 1: Coordinate system for the  
overturning moment.
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ence. Fault cases were not considered as they are more sensitive to
the details of the wind turbine supervisory control and it was
considered that this would produce less universally applicable
conclusions. The loads arising from start-up and shut-down cases
are quite specific to the controller adopted, and hence those load

cases are not chosen for our study (see also [17]).
This study compares the key parameters for the design of both

the rotor/nacelle assembly and the support structure such as:
flapwise (out-of-plane) and edgewise (in-plane) moment at the
root of the blade and the overturning moment at the seabed
(mudline moment). The simulations are carried out using FAST 8
[18], an aero-hydro-servo-elastic simulator developed by the Na-
tional Renewable Energy Laboratory (NREL). The turbulent wind is
generated by TurbSim [19] and coupled with FAST. All the DLCs are
applied to a benchmark which corresponds to the monopile
structure model of the phase I of the Offshore Code Comparison
Collaboration (OC3) [20]. It is to be noted that the present study is
limited to a prototype wind turbine structure with a rigid founda-
tion. The metocean data used is site-specific and the attention is
restricted to the power production and parked load cases.

2. Benchmark and metocean data

2.1. Benchmark

The structure used for the study is the 5 MW monopile OWT
model from the OC3 project [20]. The main characteristics are
described in Table 1. The platform has a constant thickness of
0.06 m with a diameter of 6 m whereas the tower diameter and
thickness decrease linearly, the diameter from 6 to 3.87 m and
thickness from 0.027 to 0.019 m, further information can be found
in Ref. [21].

2.2. Metocean data

The location chosen for this study is based on the Ijmuiden
Shallow Water Site from the Upwind design basis [22]. The site is
found in the Dutch North Sea, the coordinates of Ijmuiden site are
52º3300000 east and 4º0303000 north. The metocean data is presented
as 3-h average values for a period of 22 years. This location has been
chosen in order to work with a realistic, consistent and reasonable
metocean dataset as the correspondingwater depth and hub height
of this site matches well with the chosen benchmark monopile and
water depth.

The main variables used in the following sections are shown
next. Thewater levels used are the Highest Still Water Level (HSWL)
and Highest Astronautical Tide (HAT)which are 2.4 and 1.4m above
the Mean Sea Level (MSL). For normal current loads an average
value of 0.6 m/s at surface level is taken and for the extreme case a
value of 1.2 m/s is considered.

The values for the extreme wave conditions were found to
follow Equation (1) resulting in the extreme wave height values
shown in Table 2 [22]. A factor of 1.86 can be used to obtain the
maximum wave height in equation (2) as the water depth is rela-
tively shallow [1].

HS;3hðTreturnÞ ¼ 0:479$lnðTreturnÞ þ 6:0626 (1)

Hmax ¼ 1:86$ HS;3h (2)

where HS;3h is the significant wave height for a 3-h reference
period, Treturn is the return period corresponding to HS;3h and, Hmax

is the Extreme Wave Height (EWH).
Moreover, the extreme wind values are determined from the

measured data using a 10 min reference period. The measured data
is fitted to a Weibull distribution with parameters A ¼ 10.61 m/s
and k ¼ 2.08. The extreme wind speed is defined as the maximum
wind speed that occurs with a certain return period, resulting in
Equation (3). The common return periods used for the wind speed
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Figure 2: Extrapolation of the overturning 
moment at the seabed.

studied the design drivers for OWTs using 
jacket support structures and investigated 
the fatigue DLCs 1.2 and 6.4, in addition 
to a previously considered set of extreme 
DLCs. It was observed that the severest 
extreme loading combination was given 
by DLC 6.1a. A clear understanding of the 
significance of parameters affecting the 
extreme values of different DLCs provides 
an opportunity to study the reliability of 
OWT substructures efficiently [16]. More 
recently, Galinosa et al. [17] presented a 
detailed load case analysis for onshore 
Vertical Axis Wind Turbines (VAWT) and 
compared with corresponding loads for 
Horizontal Axis Wind Turbines (HAWT). 
However, as the focus was on onshore 
turbines, it is not directly relevant for the 
present work.

To conclude, despite the extensive literature 
sampled above, to the authors’ knowledge, 
there exists no work that systematically 
compares all the potentially relevant design 
load cases for substructure design, and 
ranks them in order to offer useful starting 
points for designers and researchers.  
This work aims to fulfil this gap by 
developing a comprehensive analysis of the 
most relevant Ultimate Limit State DLCs 
that a designer has to go through to assure 
that the OWT will perform satisfactorily for 
the entire design life. The DLCs studied are 
taken from the IEC 61400-3 [1] standard. 
The focus is on power production and 
parked/idling load case subset, specifically 
on DLCs 1.1, 1.3, 1.4, 1.5, 1.6a, 6.1a and 
6.2a. The cases considered in this study 
were limited to those driving the design 
loads for the pile and being dominated 
by wave and wind loading during normal 
operation. This choice is partially justified 
based on the results of previous literature 
and industrial experience. Fault cases 
were not considered as they are more 
sensitive to the details of the wind turbine 
supervisory control and it was considered 
that this would produce less universally 
applicable conclusions. The loads arising 

Table 4: List of design load cases.

DLC Wind Waves Control/Events

Model Speed Model Height

1.1 NTM Vin < Vhub <Vout NSS HS  E[HS|V] Extrapolation of loads

1.3 ETM Vin < Vhub <Vout NSS HS  E[HS|V]

1.4 ECD Vhub  Vr±2m, Vr NSS HS  E[HS|V]

1.5 EWS Vin < Vhub <Vout NSS HS  E[HS|V]

1.6a NTM Vin < Vhub <Vout SSS HS  Hs,SSS

6.1a EWM Vhub  0:95∙Vref ESS HS  1:09∙HS,50

6.2a EWM Vhub  0:95∙Vref ESS HS  1:09∙HS,50 Loss of electrical 
network

6.2b EWM V(zhub  Ve50 RWH HS  Hred50 Loss of electrical 
network

s
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from start-up and shut-down cases are 
quite specific to the controller adopted, 
and hence those load cases are not chosen 
for our study (see also [17]).

This study compares the key parameters 
for the design of both the rotor/nacelle 
assembly and the support structure such 
as: flapwise (out-of-plane) and edgewise 
(in-plane) moment at the root of the blade 
and the overturning moment at the seabed 
(mudline moment). The simulations are 
carried out using FAST 8 [18], an aero-
hydro-servo-elastic simulator developed by 
the National Renewable Energy Laboratory 
(NREL). The turbulent wind is generated by 
TurbSim [19] and coupled with FAST. All the 
DLCs are applied to a benchmark which 
corresponds to the monopile structure 
model of the phase I of the Offshore Code 
Comparison Collaboration (OC3) [20]. 
It is to be noted that the present study 
is limited to a prototype wind turbine 
structure with a rigid foundation. The 
metocean data used is site-specific and 
the attention is restricted to the power 
production and parked load cases.

Benchmark and metocean data

Benchmark
The structure used for the study is the  
5 MW monopile OWT model from the OC3 
project [20]. The main characteristics are 
described in Table 1. The platform has 
a constant thickness of 0.06 m with 
a diameter of 6 m whereas the tower 
diameter and thickness decrease linearly, 
the diameter from 6 to 3.87 m and 
thickness from 0.027 to 0.019 m, further 
information can be found in Ref. [21].

Metocean data
The location chosen for this study is 
based on the Ijmuiden Shallow Water Site 
from the Upwind design basis [22]. The 
site is found in the Dutch North Sea, the 
coordinates of Ijmuiden site are 5233'00" 
east and 403'30" north. The metocean 
data is presented as 3-h average values for 
a period of 22 years. This location has been 
chosen in order to work with a realistic, 
consistent and reasonable metocean 
dataset as the corresponding water depth 
and hub height of this site matches well 

Figure 3: Maximum values of the 6-seed-maxima for each wind speed bin: overturning moment on 
the left and Rotor thrust on the right. The dashed line corresponds to the mean of the characteristic 
load for each wind bin. These values relate to DLC 1.3 and a yaw misalignment of 8.

and their results can be seen in Table 2 [22].

Vhub;10 minðTreturnÞ ¼ 2:6446$lnðTreturnÞ þ 31:695 (3)

where Vhub;10 minðxÞ is the wind speed at the hub.
Power production DLCs, among others, use the significant wave

height conditioned on wind speed. Table 3 shows eleven wind
speed bins of 2 m/s size, from the cut-in to cut-out wind speeds.
The table also lists the significant wave height and peak spectral
periods associated with the wind speed [22].

2.3. Modeling assumptions

For this study many simulations need to be performed to cover
all the studied DLCs and thus some assumptions and simplifications
need to be applied to facilitate and optimise the procedure. These
are given in the following paragraphs:

� Writing and reading the turbulent wind field created by Turb-
Sim [19] is very time-consuming, therefore the grid size is set to
13 � 13 points comprising an area of 155 � 155 m2.

� The wind turbine uses a conventional variable-speed, blade-
pitch-to-feather configuration. The method for controlling
power-production operation relies on the design of two primary
control loops: a generator-torque controller and a full-span
rotor-collective blade-pitch controller. The goal of the
generator-torque controller is tomaximize power capture below
the rated operation point. On the other hand, blade-pitch
controller aims to regulate the generator speed above the
rated operation point. NREL developed the NREL offshore 5-MW
wind turbine's baseline control system as an external Dynamic
Link Library (DLL) which is called by ServoDyn. Further infor-
mation about this routine can be found in Ref. [21].

� It is also assumed that the wind turbine is class II within the
framework found in IEC [2] as it fits with wind data. The tur-
bulence reference intensity is chosen as B (0.14) as class A is
unlikely to be found offshore, unless the spacing within the
wind farm is lower than typically found, and hence quite
conservative.

� HydroDyn uses Morison's equation to model the hydrodynamic
loading; it uses Airy's theory to define the inertia and drag
loading, both containing two empirical hydrodynamic coef-
ficientsdan inertia coefficient and a drag coefficient.

� The current is modeled as a near-surface current, the model
follows a linear relationship down to a reference depth, further
information can be found in the FAST user guide [18].

� The time span for each simulation is increased by 30 s, and the
simulation results for the initial 30 s were ignored to discount
the start-up transients.

� For the DLCs which include deterministic wind transient
changes spanning 10e12 s, the initial results spanning 30 s are
deleted. Also, the start time for the event is set at 80 s and the
simulation time span is fixed as 120 s. This combination gives
enough time to analyse the DLC before and after the transient
phase dies out.

3. Design load cases

This section goes through the subset of the IEC [1] DLCs
considered in our study. As mentioned earlier, attention is hereby
restricted to the power production and parked load cases. More
specifically, the load cases considered are; 1.1, 1.3, 1.4, 1.5, 1.6a, 6.1a
and 6.2a. A brief summary of these DLCs is given in Table 4.

Each DLC is analysed separately highlighting the main charac-
teristics of the environment-structure interaction. Three response
variables are chosen as metrics for comparison among the DLCs;
the flapwise (out-of-plane) moment and edgewise (in-plane)
moment at the root of the blade and the overturningmoment at the
seabed. The first two are widely used for the design of blades
whereas the third drives the support structure design. The flapwise
moment is the cause of the out-of-plane blade tip deflection
whereas edgewisemoment creates an in-plane blade tip deflection.
Considering the directional nature of loading, Equation (4) defines
the overturning moment at the mudline following the coordinate
system shown in Fig. 1.

MOverturning ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

x þM2
y

q
(4)

Fig. 3. Maximum values of the 6-seed-maxima for each wind speed bin: overturning moment on the left and Rotor thrust on the right. The dashed line corresponds to the mean of
the characteristic load for each wind bin. These values relate to DLC 1.3 and a yaw misalignment of 8� .
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and their results can be seen in Table 2 [22].

Vhub;10 minðTreturnÞ ¼ 2:6446$lnðTreturnÞ þ 31:695 (3)

where Vhub;10 minðxÞ is the wind speed at the hub.
Power production DLCs, among others, use the significant wave

height conditioned on wind speed. Table 3 shows eleven wind
speed bins of 2 m/s size, from the cut-in to cut-out wind speeds.
The table also lists the significant wave height and peak spectral
periods associated with the wind speed [22].

2.3. Modeling assumptions

For this study many simulations need to be performed to cover
all the studied DLCs and thus some assumptions and simplifications
need to be applied to facilitate and optimise the procedure. These
are given in the following paragraphs:

� Writing and reading the turbulent wind field created by Turb-
Sim [19] is very time-consuming, therefore the grid size is set to
13 � 13 points comprising an area of 155 � 155 m2.

� The wind turbine uses a conventional variable-speed, blade-
pitch-to-feather configuration. The method for controlling
power-production operation relies on the design of two primary
control loops: a generator-torque controller and a full-span
rotor-collective blade-pitch controller. The goal of the
generator-torque controller is tomaximize power capture below
the rated operation point. On the other hand, blade-pitch
controller aims to regulate the generator speed above the
rated operation point. NREL developed the NREL offshore 5-MW
wind turbine's baseline control system as an external Dynamic
Link Library (DLL) which is called by ServoDyn. Further infor-
mation about this routine can be found in Ref. [21].

� It is also assumed that the wind turbine is class II within the
framework found in IEC [2] as it fits with wind data. The tur-
bulence reference intensity is chosen as B (0.14) as class A is
unlikely to be found offshore, unless the spacing within the
wind farm is lower than typically found, and hence quite
conservative.

� HydroDyn uses Morison's equation to model the hydrodynamic
loading; it uses Airy's theory to define the inertia and drag
loading, both containing two empirical hydrodynamic coef-
ficientsdan inertia coefficient and a drag coefficient.

� The current is modeled as a near-surface current, the model
follows a linear relationship down to a reference depth, further
information can be found in the FAST user guide [18].

� The time span for each simulation is increased by 30 s, and the
simulation results for the initial 30 s were ignored to discount
the start-up transients.

� For the DLCs which include deterministic wind transient
changes spanning 10e12 s, the initial results spanning 30 s are
deleted. Also, the start time for the event is set at 80 s and the
simulation time span is fixed as 120 s. This combination gives
enough time to analyse the DLC before and after the transient
phase dies out.

3. Design load cases

This section goes through the subset of the IEC [1] DLCs
considered in our study. As mentioned earlier, attention is hereby
restricted to the power production and parked load cases. More
specifically, the load cases considered are; 1.1, 1.3, 1.4, 1.5, 1.6a, 6.1a
and 6.2a. A brief summary of these DLCs is given in Table 4.

Each DLC is analysed separately highlighting the main charac-
teristics of the environment-structure interaction. Three response
variables are chosen as metrics for comparison among the DLCs;
the flapwise (out-of-plane) moment and edgewise (in-plane)
moment at the root of the blade and the overturningmoment at the
seabed. The first two are widely used for the design of blades
whereas the third drives the support structure design. The flapwise
moment is the cause of the out-of-plane blade tip deflection
whereas edgewisemoment creates an in-plane blade tip deflection.
Considering the directional nature of loading, Equation (4) defines
the overturning moment at the mudline following the coordinate
system shown in Fig. 1.

MOverturning ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

x þM2
y

q
(4)

Fig. 3. Maximum values of the 6-seed-maxima for each wind speed bin: overturning moment on the left and Rotor thrust on the right. The dashed line corresponds to the mean of
the characteristic load for each wind bin. These values relate to DLC 1.3 and a yaw misalignment of 8� .
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with the chosen benchmark monopile and 
water depth.

The main variables used in the following 
sections are shown next. The water levels 
used are the Highest StillWater Level 
(HSWL) and Highest Astronautical Tide 
(HAT) which are 2.4 and 1.4m above the 
Mean Sea Level (MSL). For normal current 
loads an average value of 0.6 m/s at 
surface level is taken and for the extreme 
case a value of 1.2 m/s is considered.

The values for the extreme wave conditions 
were found to follow Equation (1) resulting 
in the extreme wave height values shown 
in Table 2 [22]. A factor of 1.86 can be 
used to obtain the maximum wave height 
in equation (2) as the water depth is 
relatively shallow [1].

HS;3h(Treturn)  0:479∙ln(Treturn) 6.0626 (1)

Hmax  1.86∙ HS,3h (2)

where HS,3h is the significant wave height 
for a 3-h reference period, Treturn is the 
return period corresponding to HS,3h and, 
Hmax is the Extreme Wave Height (EWH).

Moreover, the extreme wind values are 
determined from the measured data using 
a 10 min reference period. The measured 
data is fitted to a Weibull distribution with 
parameters A  10.61 m/s and k  2.08. 
The extreme wind speed is defined as the 
maximum wind speed that occurs with a 
certain return period, resulting in Equation 
(3). The common return periods used for 
the wind speed and their results can be 
seen in Table 2 [22].

Vhub,10 min(Treturn)2:6446∙ln(Treturn)31:695 (3)

where Vhub,10 min(x) is the wind speed at the hub.

Power production DLCs, among others, use 
the significant wave height conditioned on 
wind speed. Table 3 shows eleven wind 
speed bins of 2 m/s size, from the cut-in 
to cut-out wind speeds. The table also 
lists the significant wave height and peak 
spectral periods associated with the wind 
speed [22].

Modelling assumptions
For this study many simulations need to be 
performed to cover all the studied DLCs and 
thus some assumptions and simplifications 
need to be applied to facilitate and optimise 
the procedure. These are given in the 
following paragraphs:

•	  Writing and reading the turbulent wind 
field created by Turb-Sim [19] is very 
time-consuming, therefore the grid size 
is set to 13 x 13 points comprising an 
area of 155 x 155 m2.

•	  The wind turbine uses a conventional 
variable-speed, bladepitch-to-feather 
configuration. The method for 
controlling power-production operation 
relies on the design of two primary 
control loops: a generator-torque 
controller and a full-span rotor-collective 
blade-pitch controller. The goal of 
the generator-torque controller is to 
maximize power capture below the 
rated operation point. On the other 
hand, blade-pitch controller aims to 
regulate the generator speed above the 
rated operation point. NREL developed 
the NREL offshore 5-MW wind turbine’s 
baseline control system as an external 
Dynamic Link Library (DLL) which is called 
by ServoDyn. Further information about 
this routine can be found in Ref. [21].

•	  It is also assumed that the wind turbine 
is class II within the framework found  
in IEC [2] as it fits with wind data.  
The turbulence reference intensity is 
chosen as B (0.14) as class A is unlikely 
to be found offshore, unless the 
spacing within the wind farm is lower 
than typically found, and hence quite 
conservative.

•	  HydroDyn uses Morison’s equation to 
model the hydrodynamic loading; it 
uses Airy’s theory to define the inertia 
and drag loading, both containing two 
empirical hydrodynamic coefficients–an 
inertia coefficient and a drag coefficient.
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•	  The current is modeled as a near-surface 
current, the model follows a linear 
relationship down to a reference depth, 
further information can be found in the 
FAST user guide [18].

•	  The time span for each simulation is 
increased by 30 s, and the simulation 
results for the initial 30 s were ignored 
to discount the start-up transients.

•	  For the DLCs which include deterministic 
wind transient changes spanning 
10–12 s, the initial results spanning 
30 s are deleted. Also, the start time 
for the event is set at 80 s and the 
simulation time span is fixed as 120 s. 
This combination gives enough time to 
analyse the DLC before and after the 
transient phase dies out.

3. Design load cases

This section goes through the subset of 
the IEC [1] DLCs considered in our study. 
As mentioned earlier, attention is hereby 
restricted to the power production and 
parked load cases. More specifically, the 
load cases considered are; 1.1, 1.3, 1.4, 1.5, 
1.6a, 6.1a and 6.2a. A brief summary of 
these DLCs is given in Table 4.

Each DLC is analysed separately 
highlighting the main characteristics of  
the environment-structure interaction. 
Three response variables are chosen as 
metrics for comparison among the DLCs; 
the flapwise (out-of-plane) moment and 
edgewise (in-plane) moment at the root 
of the blade and the overturning moment 
at the seabed. The first two are widely 
used for the design of blades whereas the 
third drives the support structure design. 
The flapwise moment is the cause of the 
out-of-plane blade tip deflection whereas 
edgewise moment creates an in-plane 
blade tip deflection. Considering the 
directional nature of loading, Equation (4) 3.1. Power production DLCs

This design situation simulates an OWT which is running and
connected to the grid and hence the turbine is producing electricity
within the cut-in and cut-out range of wind speed. The DLCs
simulated corresponding to this design situation are 1.1, 1.3, 1.4, 1.5
and 1.6a. DLC 1.6b is not included in current common practices for
being not design driving and therefore it is omitted in this section.

In these conditions the turbine is considered to use a torque and
pitch controller implemented in GH Bladed-style DLL format. The
DLL (i.e., DISCON.dll) is supplied with the NREL 5-MWmodels [21].
Pitch control will twist the blades by linking the angle of attack to
wind speed fluctuation whereas the variable-speed torque
controller controls the rotor speed in order to capture as much
power as possible when thewind speed is below rated. This turbine
does not use a yaw controller; to account for the lack of it, some
DLCs are simulated in this paper with small yaw misalignments

representing the possible yaw control delay. For heavily-loaded
rotors (i.e. at low wind speeds) the Generalized-Dynamic Wake
(GDW) option (DYNIN) of AeroDyn is numerically unstable [23] and
hence the EQUIL model is set in AeroDyn instead of DYNIN for all
the simulations within the power production DLCs.

3.1.1. DLC 1.1
As the OWT does not include a yaw controller, the simulations

are also performed with a yawmisalignment of 0� and ±8� in order
to account for the small delay that a yaw controller could have. The
IEC standard states that the number of simulations carried out for
eachmeanwind speed and sea state combination shall be sufficient
to determine a reliable long term probability distribution of
extreme values for extrapolation to the characteristic load effect.
The present study considers six 10-min simulations which result in
a total of 198 simulations if seeds, wind bins and yawmisalignment
are taken into account (6 seeds � 11 wind speed bins � 3 yaw

Fig. 4. DLC 1.3 time-series of wind speed, water surface elevation, overturning moment, edgewise and flapwise moment and pitch angle of blade 1 for the seed 4 of wind bin 18 m/s
and seed 3 of wind bin 22 m/s, both with �8� yaw misalignment.
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Figure 4: DLC 1.3 time-series of wind speed, water surface elevation, overturning moment, edgewise and 
flapwise moment and pitch angle of blade 1 for the seed 4 of wind bin 18 m/s and seed 3 of wind bin 22 m/s, 
both with 8° yaw misalignment.

defines the overturning moment at the 
mudline following the coordinate system 
shown in Fig. 1.

Power production DLCs
This design situation simulates an OWT 
which is running and connected to the 
grid and hence the turbine is producing 
electricity within the cut-in and cut-out 
range of wind speed. The DLCs simulated 
corresponding to this design situation are 
1.1, 1.3, 1.4, 1.5 and 1.6a. DLC 1.6b is not 
included in current common practices for 
being not design driving and therefore it is 
omitted in this section.

In these conditions the turbine is 
considered to use a torque and pitch 
controller implemented in GH Bladed-
style DLL format. The DLL (i.e., DISCON.
dll) is supplied with the NREL 5-MW 
models [21]. Pitch control will twist the 
blades by linking the angle of attack 
to wind speed fluctuation whereas the 
variable-speed torque controller controls 
the rotor speed in order to capture as 
much power as possible when the wind 
speed is below rated. This turbine does 
not use a yaw controller; to account for 
the lack of it, some DLCs are simulated in 
this paper with small yaw misalignments 
representing the possible yaw control 
delay. For heavily-loaded rotors (i.e. at low 
wind speeds) the Generalized-Dynamic 
Wake (GDW) option (DYNIN) of AeroDyn 
is numerically unstable [23] and hence the 
EQUIL model is set in AeroDyn instead of 
DYNIN for all the simulations within the 
power production DLCs.

DLC 1.1
As the OWT does not include a yaw 
controller, the simulations are also 
performed with a yaw misalignment of 0 

and their results can be seen in Table 2 [22].

Vhub;10 minðTreturnÞ ¼ 2:6446$lnðTreturnÞ þ 31:695 (3)

where Vhub;10 minðxÞ is the wind speed at the hub.
Power production DLCs, among others, use the significant wave

height conditioned on wind speed. Table 3 shows eleven wind
speed bins of 2 m/s size, from the cut-in to cut-out wind speeds.
The table also lists the significant wave height and peak spectral
periods associated with the wind speed [22].

2.3. Modeling assumptions

For this study many simulations need to be performed to cover
all the studied DLCs and thus some assumptions and simplifications
need to be applied to facilitate and optimise the procedure. These
are given in the following paragraphs:

� Writing and reading the turbulent wind field created by Turb-
Sim [19] is very time-consuming, therefore the grid size is set to
13 � 13 points comprising an area of 155 � 155 m2.

� The wind turbine uses a conventional variable-speed, blade-
pitch-to-feather configuration. The method for controlling
power-production operation relies on the design of two primary
control loops: a generator-torque controller and a full-span
rotor-collective blade-pitch controller. The goal of the
generator-torque controller is tomaximize power capture below
the rated operation point. On the other hand, blade-pitch
controller aims to regulate the generator speed above the
rated operation point. NREL developed the NREL offshore 5-MW
wind turbine's baseline control system as an external Dynamic
Link Library (DLL) which is called by ServoDyn. Further infor-
mation about this routine can be found in Ref. [21].

� It is also assumed that the wind turbine is class II within the
framework found in IEC [2] as it fits with wind data. The tur-
bulence reference intensity is chosen as B (0.14) as class A is
unlikely to be found offshore, unless the spacing within the
wind farm is lower than typically found, and hence quite
conservative.

� HydroDyn uses Morison's equation to model the hydrodynamic
loading; it uses Airy's theory to define the inertia and drag
loading, both containing two empirical hydrodynamic coef-
ficientsdan inertia coefficient and a drag coefficient.

� The current is modeled as a near-surface current, the model
follows a linear relationship down to a reference depth, further
information can be found in the FAST user guide [18].

� The time span for each simulation is increased by 30 s, and the
simulation results for the initial 30 s were ignored to discount
the start-up transients.

� For the DLCs which include deterministic wind transient
changes spanning 10e12 s, the initial results spanning 30 s are
deleted. Also, the start time for the event is set at 80 s and the
simulation time span is fixed as 120 s. This combination gives
enough time to analyse the DLC before and after the transient
phase dies out.

3. Design load cases

This section goes through the subset of the IEC [1] DLCs
considered in our study. As mentioned earlier, attention is hereby
restricted to the power production and parked load cases. More
specifically, the load cases considered are; 1.1, 1.3, 1.4, 1.5, 1.6a, 6.1a
and 6.2a. A brief summary of these DLCs is given in Table 4.

Each DLC is analysed separately highlighting the main charac-
teristics of the environment-structure interaction. Three response
variables are chosen as metrics for comparison among the DLCs;
the flapwise (out-of-plane) moment and edgewise (in-plane)
moment at the root of the blade and the overturningmoment at the
seabed. The first two are widely used for the design of blades
whereas the third drives the support structure design. The flapwise
moment is the cause of the out-of-plane blade tip deflection
whereas edgewisemoment creates an in-plane blade tip deflection.
Considering the directional nature of loading, Equation (4) defines
the overturning moment at the mudline following the coordinate
system shown in Fig. 1.

MOverturning ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

x þM2
y

q
(4)

Fig. 3. Maximum values of the 6-seed-maxima for each wind speed bin: overturning moment on the left and Rotor thrust on the right. The dashed line corresponds to the mean of
the characteristic load for each wind bin. These values relate to DLC 1.3 and a yaw misalignment of 8� .
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and ±8 in order to account for the small 
delay that a yaw controller could have.  
The IEC standard states that the number of 
simulations carried out for each mean wind 
speed and sea state combination shall be 
sufficient to determine a reliable long term 
probability distribution of extreme values 
for extrapolation to the characteristic load 
effect. The present study considers six 
10-min simulations which result in a total 
of 198 simulations if seeds, wind bins and 
yaw misalignment are taken into account (6 
seeds x 11 wind speed bins x 3 yaw angles). 
The purpose of this DLC is not to provide 
instantaneous histories for loads at desired 
sections, but to statistically extrapolate 
the load response results of all multiple 
stochastic simulations in order to achieve 
the structural response for a 50 year 
return period.

To do that, all the simulations 
corresponding to all the wind speed 
bins and yaw misalignment angles are 
performed. For each wind bin, the mean 
of the 6 maximums (6 seeds) of the 

Table 5: Comparison between the extrapolated values of DLC 1.1 and the results from  
DLC 1.3

Overturning moment 
(N∙m)

Flapwise moment 
(N∙m)

Edgewise moment 
(N∙m)

Gumbel prediction 1.510E08 2.151E07 9.235E06

2.37% 2.90% 2.66%

DLC 1.3 1.547E08 2.090E07 8.996E06

overturning moment is taken, in this case 
corresponding to a yaw misalignment of 0. 
Then all the values of the time-series are 
sorted from smallest to largest and the 
Cumulative Distribution Function (CDF) is 
obtained. After that a Gumbel distribution 
is fitted to the CDF by minimising the 
least squares error corresponding to the 
distribution parameters. In order to not 
overestimate the tail of the distribution a 
method which weights the error by the 
load prediction difference between the two 
points is used. Therefore, in the tail region, 
where there are fewer points, each point 
has relatively more importance. The result 
can be seen for the overturning moment at 
the seabed in Fig. 2, the same procedure 
is applied for the flapwise and edgewise 
moments at the root of the blade.

The probability of exceedance related to 
a 50 year event is taken as 3.8E-07 [1] 
and it is found using Equation (5), where 
N corresponds to the total number of 
independent 10-min intervals in 50 years.

PExceedance  1/N (5)
angles). The purpose of this DLC is not to provide instantaneous
histories for loads at desired sections, but to statistically extrapolate
the load response results of all multiple stochastic simulations in
order to achieve the structural response for a 50 year return period.

To do that, all the simulations corresponding to all the wind
speed bins and yaw misalignment angles are performed. For each
wind bin, themean of the 6maximums (6 seeds) of the overturning
moment is taken, in this case corresponding to a yawmisalignment
of 0�. Then all the values of the time-series are sorted from smallest
to largest and the Cumulative Distribution Function (CDF) is ob-
tained. After that a Gumbel distribution is fitted to the CDF by
minimising the least squares error corresponding to the distribu-
tion parameters. In order to not overestimate the tail of the dis-
tribution a method which weights the error by the load prediction
difference between the two points is used. Therefore, in the tail
region, where there are fewer points, each point has relativelymore
importance. The result can be seen for the overturning moment at
the seabed in Fig. 2, the same procedure is applied for the flapwise
and edgewise moments at the root of the blade.

The probability of exceedance related to a 50 year event is taken

as 3.8E-07 [1] and it is found using Equation (5), where N corre-
sponds to the total number of independent 10-min intervals in 50
years.

PExceedance ¼ 1=N (5)

A load factor of 1.25 is applied to the results after the extrapo-
lation. These extrapolated values are used to calibrate DLC 1.3, the
extreme values derived from DLC 1.3 need to be equal or higher
than the extrapolated ones assuring this way that the structural
response is related to a 50 year event. If the results from DLC 1.3
turn out to be lower than the extrapolated value from DLC 1.1, then
the Extreme Turbulence Model (ETM) in DLC 1.3 is re-calibrated by
increasing the c value, until the results from DLC 1.3 approach or
exceed the extreme load computed in DLC 1.1.

3.1.2. DLC 1.3
This power production DLC has the same features as DLC 1.1

except for the wind model; DLC 1.3 uses the ETM instead of the
Normal Turbulence Model (NTM). It is also simulated with a slight
misalignment to account for the lack of a yaw controller. The length

Fig. 5. Pitch angle and wind speed for each seed corresponding to maximum overturning moment.

Table 5
Comparison between the extrapolated values of DLC 1.1 and the results from DLC 1.3

Overturning moment (N$m) Flapwise moment (N$m) Edgewise moment (N$m)

Gumbel prediction 1.510Eþ08 2.151Eþ07 9.235Eþ06
�2.37% þ2.90% þ2.66%

DLC 1.3 1.547Eþ08 2.090Eþ07 8.996Eþ06

Fig. 6. Variation of wind speeds and pitch angle for ECD-r.
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Figure 5: Pitch angle and wind speed for each seed corresponding to maximum overturning moment.

Figure 6: Variation of wind speeds and pitch angle for ECD-r.

A load factor of 1.25 is applied to  
the results after the extrapolation.  
These extrapolated values are used to 
calibrate DLC 1.3, the extreme values 
derived from DLC 1.3 need to be equal or 
higher than the extrapolated ones assuring 
this way that the structural response is 
related to a 50 year event. If the results 
from DLC 1.3 turn out to be lower than the 
extrapolated value from DLC 1.1, then the 
Extreme Turbulence Model (ETM) in DLC 
1.3 is re-calibrated by increasing the c value, 
until the results from DLC 1.3 approach  
or exceed the extreme load computed in 
DLC 1.1. 

DLC 1.3
This power production DLC has the same 
features as DLC 1.1 except for the wind 
model; DLC 1.3 uses the ETM instead of 
the Normal Turbulence Model (NTM). It is 
also simulated with a slight misalignment 
to account for the lack of a yaw controller. 

The length and number of simulations are 
the same as in DLC 1.1 (198), although 
there is no requirement to perform 
extrapolation in this case. The wind, wave 
and current loading corresponding to the 
DLC are applied to the model, and Fig. 3 
shows how the maximum values of each 
seed of the overturning moment and 
rotor thrust evolve over the wind speed 
bins, for the case corresponding to a yaw 
misalignment of 8.

As the rotor thrust is measured along 
the shaft and it rotates with the nacelle-
yaw angle, it would be expected that 
thrust and tower-top loads should be very 
similar between onshore and offshore 
monopile configurations. Generally, in pitch 
controlled OWT, higher loads are achieved 
when wind speed is around rated wind 
speed, although a small yaw misalignment 
deforms the trend at higher wind bins 
giving higher maximums for 20 and 22 

angles). The purpose of this DLC is not to provide instantaneous
histories for loads at desired sections, but to statistically extrapolate
the load response results of all multiple stochastic simulations in
order to achieve the structural response for a 50 year return period.

To do that, all the simulations corresponding to all the wind
speed bins and yaw misalignment angles are performed. For each
wind bin, themean of the 6maximums (6 seeds) of the overturning
moment is taken, in this case corresponding to a yawmisalignment
of 0�. Then all the values of the time-series are sorted from smallest
to largest and the Cumulative Distribution Function (CDF) is ob-
tained. After that a Gumbel distribution is fitted to the CDF by
minimising the least squares error corresponding to the distribu-
tion parameters. In order to not overestimate the tail of the dis-
tribution a method which weights the error by the load prediction
difference between the two points is used. Therefore, in the tail
region, where there are fewer points, each point has relativelymore
importance. The result can be seen for the overturning moment at
the seabed in Fig. 2, the same procedure is applied for the flapwise
and edgewise moments at the root of the blade.

The probability of exceedance related to a 50 year event is taken

as 3.8E-07 [1] and it is found using Equation (5), where N corre-
sponds to the total number of independent 10-min intervals in 50
years.

PExceedance ¼ 1=N (5)

A load factor of 1.25 is applied to the results after the extrapo-
lation. These extrapolated values are used to calibrate DLC 1.3, the
extreme values derived from DLC 1.3 need to be equal or higher
than the extrapolated ones assuring this way that the structural
response is related to a 50 year event. If the results from DLC 1.3
turn out to be lower than the extrapolated value from DLC 1.1, then
the Extreme Turbulence Model (ETM) in DLC 1.3 is re-calibrated by
increasing the c value, until the results from DLC 1.3 approach or
exceed the extreme load computed in DLC 1.1.

3.1.2. DLC 1.3
This power production DLC has the same features as DLC 1.1

except for the wind model; DLC 1.3 uses the ETM instead of the
Normal Turbulence Model (NTM). It is also simulated with a slight
misalignment to account for the lack of a yaw controller. The length

Fig. 5. Pitch angle and wind speed for each seed corresponding to maximum overturning moment.

Table 5
Comparison between the extrapolated values of DLC 1.1 and the results from DLC 1.3

Overturning moment (N$m) Flapwise moment (N$m) Edgewise moment (N$m)

Gumbel prediction 1.510Eþ08 2.151Eþ07 9.235Eþ06
�2.37% þ2.90% þ2.66%

DLC 1.3 1.547Eþ08 2.090Eþ07 8.996Eþ06

Fig. 6. Variation of wind speeds and pitch angle for ECD-r.
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and number of simulations are the same as in DLC 1.1 (198),
although there is no requirement to perform extrapolation in this
case. The wind, wave and current loading corresponding to the DLC
are applied to the model, and Fig. 3 shows how the maximum
values of each seed of the overturning moment and rotor thrust
evolve over the wind speed bins, for the case corresponding to a
yaw misalignment of �8�.

As the rotor thrust is measured along the shaft and it rotates
with the nacelle-yaw angle, it would be expected that thrust and
tower-top loads should be very similar between onshore and
offshore monopile configurations. Generally, in pitch controlled
OWT, higher loads are achieved when wind speed is around rated
wind speed, although a small yaw misalignment deforms the trend
at higher wind bins giving higher maximums for 20 and 22 m/s, for
a �8� and 8� yaw misalignment, respectively. Furthermore, the

characteristic load, the highest mean value of the overturning
moment maxima (dashed line in Fig. 3), derived from this DLC is
1,167Eþ08Nm for a mean wind speed of 16 m/s and a yaw
misalignment of 0�.

Two seeds are further investigated in Fig. 4 to analyse the
variability observed for wind speed bins of 18 m/s and 22 m/s. The
overturning moment maxima occur at different times, but the
cause seems to be the same; a decrease and increase of the wind
speed causing a trough in the pitch angle. This rotation towards
0� of the blade pitch angle creates a significant resistance to the
wind force and hence a peak in the overturning moment, the closer
to 0� the trough gets, the higher the overturning moment becomes.
Fig. 5 helps in order to study this phenomena further, it shows the
pitch angle and the wind speed when the overturning moment
maxima occurs. The mean of the 6 seeds shows a rising trend over
the wind bins, but interestingly, higher pitch angle and wind
speeds whenmaxima occurs mean lower overturning moments. To
summarise, it can be seen that the fluctuation of the wind speed
causes pitch angle troughs, if this happens close to the rated wind
speed a higher overturning moment is to be expected. In addition,
larger fluctuations (turbulence) increase the chances of the wind
speed decreasing close to rated wind speed, creating deeper pitch
angle troughs, and therefore higher overturning moments. This
also explains that, since we are using the ETM, the location of the
peak area in Fig. 3 falls in the range of 14e18 m/s, whereas if the
same graphwas plotted using NTM, the peakwould correspond to a
lower range of wind speed bins, 12e14 m/s, and the tail would go
lower. The short-term wave height seems not to have a significant
influence on the timing of the maximum loads. In Fig. 4, the
edgewise moment fluctuates with the wind speed, but as there is
nowind direction change this parameter is not that affected. On the
other hand, the flapwise moment at the root of the blade is more
dependent on the wind oscillation and it is also greatly affected by
the pitch angle actuator delay, therefore both maxima come when
pitch angle approaches 0�, the same situation as for the maximum
overturning moment.

As explained in the case of DLC 1.1, the design load from DLC 1.3
needs to be equal to or exceed the extrapolated values fromDLC 1.1.
It is seen from Table 5 that only the design overturning moment
exceeds the results from DLC 1.1, for the purposes of this study,
these small differences are acceptable and therefore simulations
are not performed again by increasing the value c.

Fig. 7. Comparison of the correlation between overturning moment at seabed, initial
azimuth angle of blade (0, 30, 60 and 90�) and yaw misalignment (0 ± 8�).

Fig. 8. Coordinate system, positive and negative rotations.

Fig. 9. Highest wind conditions for Flapwise and Edgewise moment as a function of
the yaw angle (0 ± 8�) and the initial azimuth angle of blade 1 (0, 30, 60 and 90�). Top
row ECD-rþ2 (left) and ECD þ rþ2 (right), lower row ECD-r (left) and ECD-rþ2 (right).
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OWT, higher loads are achieved when wind speed is around rated
wind speed, although a small yaw misalignment deforms the trend
at higher wind bins giving higher maximums for 20 and 22 m/s, for
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moment maxima (dashed line in Fig. 3), derived from this DLC is
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overturning moment.

As explained in the case of DLC 1.1, the design load from DLC 1.3
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although there is no requirement to perform extrapolation in this
case. The wind, wave and current loading corresponding to the DLC
are applied to the model, and Fig. 3 shows how the maximum
values of each seed of the overturning moment and rotor thrust
evolve over the wind speed bins, for the case corresponding to a
yaw misalignment of �8�.

As the rotor thrust is measured along the shaft and it rotates
with the nacelle-yaw angle, it would be expected that thrust and
tower-top loads should be very similar between onshore and
offshore monopile configurations. Generally, in pitch controlled
OWT, higher loads are achieved when wind speed is around rated
wind speed, although a small yaw misalignment deforms the trend
at higher wind bins giving higher maximums for 20 and 22 m/s, for
a �8� and 8� yaw misalignment, respectively. Furthermore, the

characteristic load, the highest mean value of the overturning
moment maxima (dashed line in Fig. 3), derived from this DLC is
1,167Eþ08Nm for a mean wind speed of 16 m/s and a yaw
misalignment of 0�.

Two seeds are further investigated in Fig. 4 to analyse the
variability observed for wind speed bins of 18 m/s and 22 m/s. The
overturning moment maxima occur at different times, but the
cause seems to be the same; a decrease and increase of the wind
speed causing a trough in the pitch angle. This rotation towards
0� of the blade pitch angle creates a significant resistance to the
wind force and hence a peak in the overturning moment, the closer
to 0� the trough gets, the higher the overturning moment becomes.
Fig. 5 helps in order to study this phenomena further, it shows the
pitch angle and the wind speed when the overturning moment
maxima occurs. The mean of the 6 seeds shows a rising trend over
the wind bins, but interestingly, higher pitch angle and wind
speeds whenmaxima occurs mean lower overturning moments. To
summarise, it can be seen that the fluctuation of the wind speed
causes pitch angle troughs, if this happens close to the rated wind
speed a higher overturning moment is to be expected. In addition,
larger fluctuations (turbulence) increase the chances of the wind
speed decreasing close to rated wind speed, creating deeper pitch
angle troughs, and therefore higher overturning moments. This
also explains that, since we are using the ETM, the location of the
peak area in Fig. 3 falls in the range of 14e18 m/s, whereas if the
same graphwas plotted using NTM, the peakwould correspond to a
lower range of wind speed bins, 12e14 m/s, and the tail would go
lower. The short-term wave height seems not to have a significant
influence on the timing of the maximum loads. In Fig. 4, the
edgewise moment fluctuates with the wind speed, but as there is
nowind direction change this parameter is not that affected. On the
other hand, the flapwise moment at the root of the blade is more
dependent on the wind oscillation and it is also greatly affected by
the pitch angle actuator delay, therefore both maxima come when
pitch angle approaches 0�, the same situation as for the maximum
overturning moment.

As explained in the case of DLC 1.1, the design load from DLC 1.3
needs to be equal to or exceed the extrapolated values fromDLC 1.1.
It is seen from Table 5 that only the design overturning moment
exceeds the results from DLC 1.1, for the purposes of this study,
these small differences are acceptable and therefore simulations
are not performed again by increasing the value c.
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m/s, for a 8 and 8 yaw misalignment, 
respectively. Furthermore, the characteristic 
load, the highest mean value of the 
overturning moment maxima (dashed 
line in Fig. 3), derived from this DLC is 
1,167E08Nm for a mean wind speed of 
16 m/s and a yaw misalignment of 0.

Two seeds are further investigated in  
Fig. 4 to analyse the variability observed 
for wind speed bins of 18 m/s and 22 m/s. 
The overturning moment maxima occur at 
different times, but the cause seems to be 
the same; a decrease and increase of the 
wind speed causing a trough in the pitch 
angle. This rotation towards 0 of the blade 
pitch angle creates a significant resistance 
to the wind force and hence a peak in the 
overturning moment, the closer to 0o the 
trough gets, the higher the overturning 

moment becomes. Fig. 5 helps in order to 
study this phenomena further, it shows the 
pitch angle and the wind speed when the 
overturning moment maxima occurs.  
The mean of the 6 seeds shows a rising 
trend over the wind bins, but interestingly, 
higher pitch angle and wind speeds when 
maxima occurs mean lower overturning 
moments. To summarise, it can be seen 
that the fluctuation of the wind speed 
causes pitch angle troughs, if this happens 
close to the rated wind speed a higher 
overturning moment is to be expected.  
In addition, larger fluctuations (turbulence) 
increase the chances of the wind speed 
decreasing close to rated wind speed, 
creating deeper pitch angle troughs, and 
therefore higher overturning moments.  
This also explains that, since we are using 
the ETM, the location of the peak area 
in Fig. 3 falls in the range of 1418 m/s, 
whereas if the same graph was plotted 
using NTM, the peak would correspond  
to a lower range of wind speed bins, 
1214 m/s, and the tail would go lower. 
The short-term wave height seems not to 
have a significant influence on the timing 
of the maximum loads. In Fig. 4, the 
edgewise moment fluctuates with the wind 
speed, but as there is no wind direction 
change this parameter is not that affected. 
On the other hand, the flapwise moment 
at the root of the blade is more dependent 
on the wind oscillation and it is also greatly 
affected by the pitch angle actuator delay, 
therefore both maxima come when pitch 
angle approaches 0, the same situation as 
for the maximum overturning moment.

As explained in the case of DLC 1.1, the 
design load from DLC 1.3 needs to be 
equal to or exceed the extrapolated values 
from DLC 1.1. It is seen from Table 5 that 
only the design overturning moment 
exceeds the results from DLC 1.1, for 
the purposes of this study, these small 
differences are acceptable and therefore 
simulations are not performed again by 
increasing the value c.

DLC 1.4
This DLC might be quite sensitive to 
the initial azimuth angle of the blades, 
therefore it is studied for 4 different initial 
azimuth angles of blade 1: 0, 30, 60 
and 90, and for the same reason as for 
previous DLCs the simulations are also 
carried out for a yaw misalignment of 0 
and ±8. Although a stochastic Normal Sea 
State (NSS) with a significant wave height 
conditioned on rated wind speed is used, 
no seeds are used for this DLC, leading to a 
total of 72 simulations (6 wind types (ECD 
± r± 2) x 4 azimuth angles x 3 yaw angles).

This DLC consists of an increase in the 
magnitude of wind speed, along with a 
wind direction change of approximately 
60, which results in a small increase of the 
Vx while Vy increases from 0. At the same 
time the blade pitch angle tries to adapt 
to the variation of Vx. As the wind angle 
increases, Vx decreases again approaching 
its original value. This is shown clearly in 
Fig. 6 for the case of Extreme Coherent 
gust with Direction change at a rated wind 
speed (ECD-r) with 8 of yaw misalignment 
and as an initial azimuth angle of 30.

This DLC is analysed in a different way 
compared to the previous ones; in this 
case, neither seeds nor wind bins are 
accounted. However, it is of interest to 
observe the correlation between the 
initial azimuth angle of blade 1, the small 
yaw misalignment and the maximum 
overturning moment. To do that, the 
overturning moment is plotted as a 
function of yawand azimuth angle as 
shown in Fig. 7. The aim of this 3D plot 
is not to extract the exact values, but 
to understand if either yaw or initial 
azimuth angle influence the overturning 
moment. An overall view of Fig. 7 shows 
the negligible influence of azimuth angle 
except for the case of ECD ± r where a 
small variation can be observed. On the 
other hand, there seems to be a global 

Figure 7: Comparison of the correlation between 
overturning moment at seabed, initial azimuth 
angle of blade (0, 30, 60 and 90°) and yaw 
misalignment (0 ± 8°).

Figure 8: Coordinate system, positive and 
negative rotations.

Figure 9: Highest wind conditions for Flapwise 
and Edgewise moment as a function of the yaw 
angle (0 ± 8) and the initial azimuth angle of 
blade 1 (0, 30, 60 and 90°). 

Top row ECD-r2 (left) and ECD  r2 (right), 
lower row ECD-r (left) and ECD-r2 (right).
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correlation between the direction of the 
wind rotation and the yaw misalignment 
although the change of the wind direction 
at around 60 has a much higher effect 
than yaw misalignment. The coordinate 
system of FAST in representing wind, wave 
and yaw angles is shown in Fig. 8.

The maximum overturning moment  
of this DLC is 1,217e08Nm and it is 
observed for a wind ECD-r with a 8 
yaw misalignment and 30 initial azimuth 
angle of blade 1. In Fig. 7 the correlation 
between the overturning moment and yaw 
angle shows that below rated, the load is 
higher when the total yaw angle is higher. 
However, for wind speeds above rated, the 
overturning moment is higher when the 
wind direction change opposes the original 
yaw misalignment.

The same analysis is carried out with 
respect to the flapwise and edgewise 
moments at the root of the blades. 
These two parameters are more directly 
influenced by the wind than the 
overturning moment. The initial azimuth 
angle of blade 1 does not influence the 
flapwise moment magnitude, although the 
yaw angle does have an effect, especially 
in cases where the wind speed is 2 m/s 
above rated. When the rotation of wind 
speed is negative higher moments are 
observed with negative yaw angles and 
the opposite happens when the rotation is 

positive. Also, in contrast to the overturning 
moment, with the flapwise moment there 
is a clear correlation with the wind speed, 
higher winds leading to higher moments. 
Overall it is concluded that the higher the 
yaw misalignment the higher the flapwise 
moment will be and the magnitude will 
depend on the wind speed. On the other 
hand, the edgewise moment gives higher 
values for anticlockwise wind rotations 
and higher wind speeds. There is also a 
slight correlation with the yaw angle and 
for some of the wind types, there seems 
to be a random correlation with the initial 
azimuth angle of blade 1, probably because 
it depends on the phase of the blade  
position with the timing of the gust.  
The severe conditions stated above are 
shown in Fig. 9.

The simulation denoted by ECD ± r 
with the highest overturning moment 
corresponding to 8 yaw misalignment 
and 30 of initial azimuth angle is analysed 
in detail. As shown in Fig. 10 the wind 
direction change implies a sharp drop in 
the value Mxy when the wind stops facing 
the rotor, although it reaches a maximum 
value at 83.75s right after the gust starts 
due to the small peak in Vx seen in Fig. 6. 
Since there is a wind direction change, the 
drop of Mxy is due to the sharp decrease of 
My as shown in Fig. 11, whereas Mx barely 
changes in magnitude.

3.1.3. DLC 1.4
This DLC might be quite sensitive to the initial azimuth angle of

the blades, therefore it is studied for 4 different initial azimuth
angles of blade 1: 0�, 30�, 60� and 90�, and for the same reason as

for previous DLCs the simulations are also carried out for a yaw
misalignment of 0� and ±8�. Although a stochastic Normal Sea State
(NSS) with a significant wave height conditioned on rated wind
speed is used, no seeds are used for this DLC, leading to a total of 72

Fig. 11. Comparison of reaction of Mx and My at seabed due to ECD þ r.

Fig. 12. Comparison the maximum overturning, flapwise and edgewise moment reach for all situations of DLC 1.4.

Fig. 10. Reaction of the overturning moment due to ECD ± r.
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Figure 10: Reaction of the overturning moment due to ECD ± r. Figure 11: Comparison of reaction of Mx and My at seabed due to ECD  r.

Figure 12: Comparison the maximum 
overturning, flapwise and edgewise moment 
reach for all situations of DLC 1.4.

This DLC is clearly dominated by the wind 
gust and direction change, the influence 
of waves is hence secondary. Fig. 12 shows 
how the negative angle of wind direction 
change causes situations with higher 
overturning and edgewise moments.  
It is also observed that the flapwise 
moment is instead dominated by wind 
speed magnitude.

DLC 1.5
This DLC is also carried out with different 
initial rotor azimuth angles: 0, 30, 60 
and 90; as well as a yaw misalignment of 
0 and ±8. The transient start is at 80 s and 
each simulation lasts for 120 s. No seeds 
are used even though a stochastic NSS is 
used together with HS  E[HS]V [1].  
The final number of simulations is observed 
to be 528 (11 wind bins x 4 wind types 
(EWSH±v and EWSV±v) x 4 azimuth angles 
x 3 yaw angles).

The relation between the overturning 
moment and wind speed range is very 
similar for all the shear conditions, 
reaching a peak at a rated wind speed 
in all cases. Fig. 13 shows the maximum 
shear condition for yaw angles 0 and 
±8. In horizontal positive Extreme Wind 
Shear (EWSH), the maximum overturning 
moment 9,056E07Nm is observed at 
rated wind speed. This DLC results in lower 
loads than the previous ones and a wind 
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simulations (6 wind types (ECD ± r± 2) x 4 azimuth angles x 3 yaw
angles).

This DLC consists of an increase in themagnitude of wind speed,
along with a wind direction change of approximately 60�, which
results in a small increase of the Vx while Vy increases from 0. At the
same time the blade pitch angle tries to adapt to the variation of Vx.
As the wind angle increases, Vx decreases again approaching its
original value. This is shown clearly in Fig. 6 for the case of Extreme
Coherent gust with Direction change at a rated wind speed (ECD-r)
with 8� of yawmisalignment and as an initial azimuth angle of 30�.

This DLC is analysed in a different way compared to the previous
ones; in this case, neither seeds nor wind bins are accounted.
However, it is of interest to observe the correlation between the
initial azimuth angle of blade 1, the small yaw misalignment and
the maximum overturning moment. To do that, the overturning
moment is plotted as a function of yaw and azimuth angle as shown
in Fig. 7. The aim of this 3D plot is not to extract the exact values, but
to understand if either yaw or initial azimuth angle influence the
overturning moment. An overall view of Fig. 7 shows the negligible
influence of azimuth angle except for the case of ECD ± r where a
small variation can be observed. On the other hand, there seems to
be a global correlation between the direction of the wind rotation
and the yaw misalignment although the change of the wind di-
rection at around 60� has a much higher effect than yaw
misalignment. The coordinate system of FAST in representing wind,

wave and yaw angles is shown in Fig. 8.
The maximum overturningmoment of this DLC is 1,217eþ08Nm

and it is observed for a wind ECD-r with a þ8� yaw misalignment
and 30� initial azimuth angle of blade 1. In Fig. 7 the correlation
between the overturning moment and yaw angle shows that below
rated, the load is higher when the total yaw angle is higher. How-
ever, for wind speeds above rated, the overturning moment is
higher when the wind direction change opposes the original yaw
misalignment.

The same analysis is carried out with respect to the flapwise and
edgewise moments at the root of the blades. These two parameters
are more directly influenced by the wind than the overturning
moment. The initial azimuth angle of blade 1 does not influence the
flapwise moment magnitude, although the yaw angle does have an
effect, especially in cases where the wind speed is 2 m/s above
rated.When the rotation of wind speed is negative highermoments
are observed with negative yaw angles and the opposite happens
when the rotation is positive. Also, in contrast to the overturning
moment, with the flapwisemoment there is a clear correlationwith
thewind speed, higher winds leading to higher moments. Overall it
is concluded that the higher the yaw misalignment the higher the
flapwise moment will be and the magnitude will depend on the
wind speed. On the other hand, the edgewise moment gives higher
values for anticlockwise wind rotations and higher wind speeds.
There is also a slight correlationwith the yaw angle and for some of
the wind types, there seems to be a random correlation with the
initial azimuth angle of blade 1, probably because it depends on the
phase of the blade position with the timing of the gust. The severe
conditions stated above are shown in Fig. 9.

The simulation denoted by ECD ± r with the highest overturning
moment corresponding toþ8� yawmisalignment and 30� of initial
azimuth angle is analysed in detail. As shown in Fig. 10 the wind
direction change implies a sharp drop in the value Mxy when the
wind stops facing the rotor, although it reaches amaximumvalue at
83.75s right after the gust starts due to the small peak in Vx seen in
Fig. 6. Since there is a wind direction change, the drop of Mxy is due
to the sharp decrease of My as shown in Fig. 11, whereas Mx barely
changes in magnitude.

This DLC is clearly dominated by the wind gust and direction
change, the influence of waves is hence secondary. Fig. 12 shows
how the negative angle of wind direction change causes situations
with higher overturning and edgewise moments. It is also observed
that the flapwise moment is instead dominated by wind speed
magnitude.

3.1.4. DLC 1.5
This DLC is also carried out with different initial rotor azimuth

angles: 0�, 30�, 60� and 90�; as well as a yaw misalignment of

Fig. 14. Correlation between yaw angle (0 ± 8�), initial azimuth angle of blade 1 (0, 30,
60 and 90�) and overturning moment (N$m) for the four wind shears of 12 m/s wind
bin.

Fig. 13. Evolution of overturning moment at seabed for the worst case of each yaw angle.
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0� and±8�. The transient start is at 80 s and each simulation lasts for
120 s. No seeds are used even though a stochastic NSS is used
together with HS ¼ E½HSjV � [1]. The final number of simulations is
observed to be 528 (11 wind bins x 4 wind types (EWSH±v and
EWSV±v) x 4 azimuth angles x 3 yaw angles).

The relation between the overturning moment and wind speed
range is very similar for all the shear conditions, reaching a peak at
a rated wind speed in all cases. Fig. 13 shows the maximum shear
condition for yaw angles 0� and ±8�. In horizontal positive Extreme
Wind Shear (EWSHþ), the maximum overturning moment
9,056Eþ07Nm is observed at rated wind speed. This DLC results in
lower loads than the previous ones and a wind speed of 12 m/s is
observed to lead to a higher overturning moment. The results show
that there is no clear correlation between yaw angle or the initial
azimuth angle of blade 1 and the overturning moment, as is shown
in Fig. 14.

The pitch controller delay is also analysed as shown in Fig. 15.
The maximum overturning moment occurs after approximately
15 s of the shear peak, this is because during the shear the blades
pitch which changes the angle of attack. When wind speed de-
creases back to the original value the pitch angle starts a damped
oscillation, when it reaches a trough the blades are almost feath-
ered causing the highest resistance to the wind and thus the
highest overturning moment. This DLC does not cause the highest
flapwise or edgewise moment, but this small variation does affect
the blade response. The shear events causing the highest flapwise
response for all the yaw misalignments are EWSH- and
EWSVþ leading to a peak of approximately 1.3Eþ04 kNm at a rated
wind speed as seen in Fig. 16. A small correlation with yaw angle is
observed with ±8� yaw misalignment leading to higher loads. No
relevant correlation with blade 1 initial azimuth angle is seen. On
the other hand, the EWH- causes the highest edgewise moment for
all yawmisalignments having always the peak at rated wind speed.
Negative yaw misalignment always creates the worst scenario, but
only by a small amount. As with the flapwise moment, there is no
correlation with the initial azimuth angle of blade 1 as can be seen
from Fig. 16. In Fig. 17 the comparison between the maxima of the 4
wind shear events at rated wind speed is shown; these values also
correspond to the maxima of this DLC and show that the
EWSH þ causes a higher overturning moment whereas EWS-
produces higher flapwise and edgewise moments.

3.1.5. DLC 1.6a
DLC 1.6a follows the Severe Sea State (SSS) with a significant

wave height HS ¼ Hs;SSSðVÞ, it is recommended to use the uncon-
ditional extreme significant wave height HS50 with a recurrence
period of 50 years as a conservative value for Hs;SSSðVÞ [1]. Hence,
HS50 is used, implying that the significant wave height does not

Fig. 16. Flapwise (left) and edgewise (right) moment caused by an EWSH- at a rated
wind speed and the correlation with yaw angle (0 ± 8�) and blade 1 initial azimuth
angle (0, 30, 60 and 90�).

Fig. 15. Time-series of different parameters of the EWVSþ with wind speed of 12 m/s.
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simulations (6 wind types (ECD ± r± 2) x 4 azimuth angles x 3 yaw
angles).

This DLC consists of an increase in themagnitude of wind speed,
along with a wind direction change of approximately 60�, which
results in a small increase of the Vx while Vy increases from 0. At the
same time the blade pitch angle tries to adapt to the variation of Vx.
As the wind angle increases, Vx decreases again approaching its
original value. This is shown clearly in Fig. 6 for the case of Extreme
Coherent gust with Direction change at a rated wind speed (ECD-r)
with 8� of yawmisalignment and as an initial azimuth angle of 30�.

This DLC is analysed in a different way compared to the previous
ones; in this case, neither seeds nor wind bins are accounted.
However, it is of interest to observe the correlation between the
initial azimuth angle of blade 1, the small yaw misalignment and
the maximum overturning moment. To do that, the overturning
moment is plotted as a function of yaw and azimuth angle as shown
in Fig. 7. The aim of this 3D plot is not to extract the exact values, but
to understand if either yaw or initial azimuth angle influence the
overturning moment. An overall view of Fig. 7 shows the negligible
influence of azimuth angle except for the case of ECD ± r where a
small variation can be observed. On the other hand, there seems to
be a global correlation between the direction of the wind rotation
and the yaw misalignment although the change of the wind di-
rection at around 60� has a much higher effect than yaw
misalignment. The coordinate system of FAST in representing wind,

wave and yaw angles is shown in Fig. 8.
The maximum overturningmoment of this DLC is 1,217eþ08Nm

and it is observed for a wind ECD-r with a þ8� yaw misalignment
and 30� initial azimuth angle of blade 1. In Fig. 7 the correlation
between the overturning moment and yaw angle shows that below
rated, the load is higher when the total yaw angle is higher. How-
ever, for wind speeds above rated, the overturning moment is
higher when the wind direction change opposes the original yaw
misalignment.

The same analysis is carried out with respect to the flapwise and
edgewise moments at the root of the blades. These two parameters
are more directly influenced by the wind than the overturning
moment. The initial azimuth angle of blade 1 does not influence the
flapwise moment magnitude, although the yaw angle does have an
effect, especially in cases where the wind speed is 2 m/s above
rated.When the rotation of wind speed is negative highermoments
are observed with negative yaw angles and the opposite happens
when the rotation is positive. Also, in contrast to the overturning
moment, with the flapwisemoment there is a clear correlationwith
thewind speed, higher winds leading to higher moments. Overall it
is concluded that the higher the yaw misalignment the higher the
flapwise moment will be and the magnitude will depend on the
wind speed. On the other hand, the edgewise moment gives higher
values for anticlockwise wind rotations and higher wind speeds.
There is also a slight correlationwith the yaw angle and for some of
the wind types, there seems to be a random correlation with the
initial azimuth angle of blade 1, probably because it depends on the
phase of the blade position with the timing of the gust. The severe
conditions stated above are shown in Fig. 9.

The simulation denoted by ECD ± r with the highest overturning
moment corresponding toþ8� yawmisalignment and 30� of initial
azimuth angle is analysed in detail. As shown in Fig. 10 the wind
direction change implies a sharp drop in the value Mxy when the
wind stops facing the rotor, although it reaches amaximumvalue at
83.75s right after the gust starts due to the small peak in Vx seen in
Fig. 6. Since there is a wind direction change, the drop of Mxy is due
to the sharp decrease of My as shown in Fig. 11, whereas Mx barely
changes in magnitude.

This DLC is clearly dominated by the wind gust and direction
change, the influence of waves is hence secondary. Fig. 12 shows
how the negative angle of wind direction change causes situations
with higher overturning and edgewise moments. It is also observed
that the flapwise moment is instead dominated by wind speed
magnitude.

3.1.4. DLC 1.5
This DLC is also carried out with different initial rotor azimuth

angles: 0�, 30�, 60� and 90�; as well as a yaw misalignment of

Fig. 14. Correlation between yaw angle (0 ± 8�), initial azimuth angle of blade 1 (0, 30,
60 and 90�) and overturning moment (N$m) for the four wind shears of 12 m/s wind
bin.

Fig. 13. Evolution of overturning moment at seabed for the worst case of each yaw angle.
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Figure 13: Evolution of overturning moment at seabed for the worst case of each yaw angle.

Figure 14: Correlation between yaw angle (0 ± 
8°), initial azimuth angle of blade 1 (0, 30, 60 
and 90°) and overturning moment (N$m) for  
the four wind shears of 12 m/s wind bin.

Figure 15: Time-series of different parameters of the EWVSþ with wind speed of 12 m/s.

speed of 12 m/s is observed to lead to a 
higher overturning moment. The results 
show that there is no clear correlation 
between yaw angle or the initial azimuth 
angle of blade 1 and the overturning 
moment, as is shown in Fig. 14.

The pitch controller delay is also analysed 
as shown in Fig. 15. The maximum 
overturning moment occurs after 
approximately 15 s of the shear peak,  
this is because during the shear the blades 
pitch which changes the angle of attack. 
When wind speed decreases back to 
the original value the pitch angle starts 
a damped oscillation, when it reaches a 
trough the blades are almost feathered 
causing the highest resistance to the wind 
and thus the highest overturning moment.  
This DLC does not cause the highest 
flapwise or edgewise moment, but this 
small variation does affect the blade 
response. The shear events causing the 
highest flapwise response for all the yaw 
misalignments are EWSH  and EWSV 
 leading to a peak of approximately 
1.3E04 kNm at a rated wind speed as 
seen in Fig. 16. A small correlation with 
yaw angle is observed with ±8 yaw 
misalignment leading to higher loads.  
No relevant correlation with blade 1 initial 
azimuth angle is seen. On the other hand, 

the EWH  causes the highest edgewise 
moment for all yaw misalignments having 
always the peak at rated wind speed. 
Negative yaw misalignment always creates 
the worst scenario, but only by a small 
amount. As with the flapwise moment, 
there is no correlation with the initial 
azimuth angle of blade 1 as can be seen 
from Fig. 16. In Fig. 17 the comparison 
between the maxima of the 4 wind shear 
events at rated wind speed is shown; these 
values also correspond to the maxima 
of this DLC and show that the EWSH 
 causes a higher overturning moment 
whereas EWS produces higher flapwise 
and edgewise moments.

0� and±8�. The transient start is at 80 s and each simulation lasts for
120 s. No seeds are used even though a stochastic NSS is used
together with HS ¼ E½HSjV � [1]. The final number of simulations is
observed to be 528 (11 wind bins x 4 wind types (EWSH±v and
EWSV±v) x 4 azimuth angles x 3 yaw angles).

The relation between the overturning moment and wind speed
range is very similar for all the shear conditions, reaching a peak at
a rated wind speed in all cases. Fig. 13 shows the maximum shear
condition for yaw angles 0� and ±8�. In horizontal positive Extreme
Wind Shear (EWSHþ), the maximum overturning moment
9,056Eþ07Nm is observed at rated wind speed. This DLC results in
lower loads than the previous ones and a wind speed of 12 m/s is
observed to lead to a higher overturning moment. The results show
that there is no clear correlation between yaw angle or the initial
azimuth angle of blade 1 and the overturning moment, as is shown
in Fig. 14.

The pitch controller delay is also analysed as shown in Fig. 15.
The maximum overturning moment occurs after approximately
15 s of the shear peak, this is because during the shear the blades
pitch which changes the angle of attack. When wind speed de-
creases back to the original value the pitch angle starts a damped
oscillation, when it reaches a trough the blades are almost feath-
ered causing the highest resistance to the wind and thus the
highest overturning moment. This DLC does not cause the highest
flapwise or edgewise moment, but this small variation does affect
the blade response. The shear events causing the highest flapwise
response for all the yaw misalignments are EWSH- and
EWSVþ leading to a peak of approximately 1.3Eþ04 kNm at a rated
wind speed as seen in Fig. 16. A small correlation with yaw angle is
observed with ±8� yaw misalignment leading to higher loads. No
relevant correlation with blade 1 initial azimuth angle is seen. On
the other hand, the EWH- causes the highest edgewise moment for
all yawmisalignments having always the peak at rated wind speed.
Negative yaw misalignment always creates the worst scenario, but
only by a small amount. As with the flapwise moment, there is no
correlation with the initial azimuth angle of blade 1 as can be seen
from Fig. 16. In Fig. 17 the comparison between the maxima of the 4
wind shear events at rated wind speed is shown; these values also
correspond to the maxima of this DLC and show that the
EWSH þ causes a higher overturning moment whereas EWS-
produces higher flapwise and edgewise moments.

3.1.5. DLC 1.6a
DLC 1.6a follows the Severe Sea State (SSS) with a significant

wave height HS ¼ Hs;SSSðVÞ, it is recommended to use the uncon-
ditional extreme significant wave height HS50 with a recurrence
period of 50 years as a conservative value for Hs;SSSðVÞ [1]. Hence,
HS50 is used, implying that the significant wave height does not

Fig. 16. Flapwise (left) and edgewise (right) moment caused by an EWSH- at a rated
wind speed and the correlation with yaw angle (0 ± 8�) and blade 1 initial azimuth
angle (0, 30, 60 and 90�).

Fig. 15. Time-series of different parameters of the EWVSþ with wind speed of 12 m/s.
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Figure 16: Flapwise (left) and edgewise (right) 
moment caused by an EWSH- at a rated wind 
speed and the correlation with yaw angle (0 ± 8) 
and blade 1 initial azimuth angle (0, 30, 60  
and 90°).
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DLC 1.6a
DLC 1.6a follows the Severe Sea State  
(SSS) with a significant wave height  
HS  Hs,SSS  (V), it is recommended to 
use the unconditional extreme significant 
wave height HS50 with a recurrence period 
of 50 years as a conservative value for 
Hs,SSS(V) [1]. Hence, HS50 is used, implying 
that the significant wave height does  
not vary between different wind bins.  
The significant wave height for a 1-h 
simulation period may be obtained from 
the value corresponding to a 3-h reference 
period [1] using a conversion factor of 1.09.  
The current model is Normal Current 
Model (NCM) but water level changes to 
the Normal Water Level Range (NWLR). 
The simulations are performed with the 
highest water level within the NWLR which 
is the Highest Astronomical Tide (HAT). 
The total number of simulations implied for 
this DLC is then 198 (11 wind speed bins 
x 6 seeds x 3 yaw angles). Fig. 18 shows 
how the overturning moment follows the 
same shape as in the previous DLCs leading 
to higher values for wind speeds close to 
rated, the difference between the results 
for the last wind bins is smaller as higher 
waves tend to homogenise the structural 
response. The wind bin with the higher 
mean of maxima (dashed line) corresponds 
to a wind speed of 12 m/s, the rated  
wind speed, with ±8 yaw misalignment. 
The same pattern is repeated for the 
flapwise and edgewise moments.

A random seed corresponding to 12 m/s 
is chosen to identify the cause of the 
maximum overturning moment and the 
results in Fig. 19 show how this DLC is 
dominated by waves, the maximum comes 
after 446 s and it is caused by a big train of 
waves. In fact, during this sequence of high 
waves, the overturning moment is highly 
correlated with reaching local maxima after 
each big wave. Moreover, in Fig. 20 it is 
seen how the flapwise moment oscillates 
due to the variation in the wind speed, 
with the pitch controller also contributing 

Fig. 18. Maximum values of the overturning, flapwise, edgewise moment and rotor thrust for each wind speed bin with 0� yaw misalignment for DLC 1.6a.

Fig. 17. Maximum values for Overturning, flapwise and edgewise moment for the 4 wind shears at a rated wind speed.
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Fig. 18. Maximum values of the overturning, flapwise, edgewise moment and rotor thrust for each wind speed bin with 0� yaw misalignment for DLC 1.6a.

Fig. 17. Maximum values for Overturning, flapwise and edgewise moment for the 4 wind shears at a rated wind speed.
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Fig. 18. Maximum values of the overturning, flapwise, edgewise moment and rotor thrust for each wind speed bin with 0� yaw misalignment for DLC 1.6a.

Fig. 17. Maximum values for Overturning, flapwise and edgewise moment for the 4 wind shears at a rated wind speed.
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Fig. 18. Maximum values of the overturning, flapwise, edgewise moment and rotor thrust for each wind speed bin with 0� yaw misalignment for DLC 1.6a.

Fig. 17. Maximum values for Overturning, flapwise and edgewise moment for the 4 wind shears at a rated wind speed.
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Fig. 18. Maximum values of the overturning, flapwise, edgewise moment and rotor thrust for each wind speed bin with 0� yaw misalignment for DLC 1.6a.

Fig. 17. Maximum values for Overturning, flapwise and edgewise moment for the 4 wind shears at a rated wind speed.
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Fig. 18. Maximum values of the overturning, flapwise, edgewise moment and rotor thrust for each wind speed bin with 0� yaw misalignment for DLC 1.6a.

Fig. 17. Maximum values for Overturning, flapwise and edgewise moment for the 4 wind shears at a rated wind speed.
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Fig. 18. Maximum values of the overturning, flapwise, edgewise moment and rotor thrust for each wind speed bin with 0� yaw misalignment for DLC 1.6a.

Fig. 17. Maximum values for Overturning, flapwise and edgewise moment for the 4 wind shears at a rated wind speed.
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Figure 17: Maximum values for Overturning, 
flapwise and edgewise moment for the 4 wind 
shears at a rated wind speed.

Figure 18: Maximum values of the overturning, flapwise, edgewise moment and rotor thrust for 
each wind speed bin with 0 yaw misalignment for DLC 1.6a.
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Overturning moment

Overturning moment maxima

Vxy

Water surface elevation

“STEADY” and also the inductionfactor 
model must be disabled by setting 
IndModel to “NONE”.

The DLCs analysed with regard to this 
design situation are 6.1a and 6.2a. IEC 
61400-3 states that the load cases 6.1b, 
6.1c, 6.2b and 6.2c can be omitted if 
the nonlinear wave kinematics can be 
accounted in the treatment of 6.1a, 6.2a 
and 6.2b. In this work, we have not 
considered 6.1b, 6.1c, 6.2b and 6.2c. 
The implications of including nonlinear 
wave kinematics will be considered in 
future work. The DLCs 6.3a and 6.3b 
which account for an extreme yaw 
misalignment, are not included as they 
are simulated implicitly by DLC 6.2a since 
the loss of electrical network is simulated 
by reproducing 12 yaw misalignments (at 
every 30). It is to be noted that as these 
DLCs deal with very high winds the design 
load is greatly influenced by the wind drag 
force over the tower.

DLC 6.1a
TurbSim provides an Extreme Wind Model 
(EWM) for every wind turbine class, but  
it is only valid for 10-min simulations thus  
it is not useful to simulate this DLC.  
The generation of turbulent wind for  
EWM model is achieved for 1-hr simulations 
by setting the IEC_WindType as “NTM” 

to diminish the flapwise moment.  
The oscillations of the pitch angle show  
the moments at which the wind speed 
goes above rated. The edgewise moment 
oscillates almost uniformly independently 
of all the other variables as there is no 
directional change of the wind speed.  
The generator torque controller follows  
the same pattern as the rotor speed as  
the former controls the latter.

Parked (standing still or idling) DLCs
In this design situation the rotor is either 
in a standstill or idling condition. In order 
to model this situation in FAST the initial 
conditions of pitch angle and angular 
speed must be changed, to do that the 
ElastoDyn parameter BldPitch is set to 
a feathered position (90) and the rotor 
speed RotSpeed to 0 rpm. Additionally, 
in the ServoDyn input the pitch control 
is deactivated by setting PCMode to 0, 
the generator will never work by setting 
GenTiStr to “TRUE” and TimGenOn to a 
number high enough such as 9999.9 to 
assure that it will never be activated. The 
unsteady aerofoil aerodynamics (BEDDOES) 
calculations in AeroDyn are only valid in 
operational conditions, not at the very high 
angles of attack that would be experienced 
in parked/idling conditions. Hence the 
stall model StallMod must be switched to 

in TurbSim, and manually specifying the 
desired turbulence intensity as 11% by using 
the parameter IECturbc option.

As for the other DLCs, simulations are 
carried out with 0 and ± 8 representing 
the possible delay of a yaw controller.  
Also the simulations are run in three blocks 
0 and ±30 of wind/wave misalignment. 
Note that since the foundation structure 
is a monopile, the axisymmetry of 
the structure restricts the windwave 
misalignment combinations. The near 

vary between different wind bins. The significant wave height for a
1-h simulation period may be obtained from the value corre-
sponding to a 3-h reference period [1] using a conversion factor of
1.09. The current model is Normal Current Model (NCM) but water
level changes to the Normal Water Level Range (NWLR). The sim-
ulations are performed with the highest water level within the

NWLR which is the Highest Astronomical Tide (HAT). The total
number of simulations implied for this DLC is then 198 (11 wind
speed bins x 6 seeds x 3 yaw angles). Fig. 18 shows how the over-
turning moment follows the same shape as in the previous DLCs
leading to higher values for wind speeds close to rated, the differ-
ence between the results for the last wind bins is smaller as higher

Fig. 20. Time-series for different variables of DLC 1.6a with a Vref ¼ 12 m/s for seed 5.

Fig. 19. Time-series of a random seed for 12 m/s of DLC 1.6a.
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Figure 19: Time-series of a random seed for 12 m/s of DLC 1.6a.

Figure 20: Time-series for different variables of DLC 1.6a with a Vref  12 m/s for seed 5.

surface current is increased to 1.2 m/s 
following the Extreme Current Model 
(ECM) and the water level must be within 
the ExtremeWater Level Range (EWLR), 
for this DLC the Highest Still Water 
Level (HSWL) is used as it represents the 
highest water level within the range. 
The combinations for this DLC lead to 
54 simulations (6 seeds x 3 wind/wave 
angle x 3 yaw angles). Fig. 21 shows the 
relevance of the yaw angle and wind/wave 
misalignment against the overturning, 
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It is also seen that the condition with lower 
loads corresponds to 0, except for the 
edgewise moment with 30 wave/wind 
angle, where the highest load comes with 
the positive yaw angle. The overturning 
moment behaves differently as it is affected 
by both the wind/wave misalignment and 
yaw angle, with higher loads observed 
at opposite signs of yaw and wind/
wave angle. The time-series of the main 

flapwise and edgewise moments. It allows 
one to realise that for the flapwise and 
edgewise moments the wind/wave 
misalignment does not really have a 
relevant role, whereas the yaw angle does 
affect the results. The pattern of the three 
yaw angles is repeated for each wind/wave 
misalignment, the negative yaw angle leads 
to higher loads in the three wind/wave 
conditions followed by the 8 yaw angle. 

parameters corresponding to a seed with 
8 yaw angle and 30 of wind/wave 
misalignment are plotted in Fig. 22. In this 
DLC the wind effect is considerably high, 
although the peaks of the overturning 
moment occur when high waves appear. 
The maximum of the time-series of Fig. 22 
appears after 2625 s of simulation, during 
the occurrence of a wave of approximately 
13 m height. Also, the oscillation frequency 

waves tend to homogenise the structural response. The wind bin
with the higher mean of maxima (dashed line) corresponds to a
wind speed of 12 m/s, the rated wind speed, with ±8� yaw
misalignment. The same pattern is repeated for the flapwise and
edgewise moments.

A random seed corresponding to 12m/s is chosen to identify the
cause of the maximum overturning moment and the results in
Fig. 19 show how this DLC is dominated by waves, the maximum
comes after 446 s and it is caused by a big train of waves. In fact,
during this sequence of high waves, the overturning moment is
highly correlated reaching local maxima after each big wave.
Moreover, in Fig. 20 it is seen how the flapwise moment oscillates
due to the variation in the wind speed, with the pitch controller
also contributing to diminish the flapwisemoment. The oscillations
of the pitch angle show themoments at which the wind speed goes
above rated. The edgewise moment oscillates almost uniformly
independently of all the other variables as there is no directional
change of the wind speed. The generator torque controller follows
the same pattern as the rotor speed as the former controls the
latter.

3.2. Parked (standing still or idling) DLCs

In this design situation the rotor is either in a standstill or idling
condition. In order to model this situation in FAST the initial con-
ditions of pitch angle and angular speed must be changed, to do
that the ElastoDyn parameter BldPitch is set to a feathered position
(90�) and the rotor speed RotSpeed to 0 rpm. Additionally, in the

ServoDyn input the pitch control is deactivated by setting PCMode
to 0, the generator will never work by setting GenTiStr to “TRUE”
and TimGenOn to a number high enough such as 9999.9 to assure
that it will never be activated. The unsteady aerofoil aerodynamics
(BEDDOES) calculations in AeroDyn are only valid in operational
conditions, not at the very high angles of attack that would be
experienced in parked/idling conditions. Hence the stall model
StallMod must be switched to “STEADY” and also the induction-
factor model must be disabled by setting IndModel to “NONE”.

The DLCs analysed with regard to this design situation are 6.1a
and 6.2a. IEC 61400-3 states that the load cases 6.1b, 6.1c, 6.2b and
6.2c can be omitted if the nonlinear wave kinematics can be
accounted in the treatment of 6.1a, 6.2a and 6.2b. In this work, we
have not considered 6.1b, 6.1c, 6.2b and 6.2c. The implications of
including nonlinear wave kinematics will be considered in future
work. The DLCs 6.3a and 6.3b which account for an extreme yaw
misalignment, are not included as they are simulated implicitly by
DLC 6.2a since the loss of electrical network is simulated by
reproducing 12 yaw misalignments (at every 30�). It is to be noted
that as these DLCs deal with very high winds the design load is
greatly influenced by the wind drag force over the tower.

3.2.1. DLC 6.1a
TurbSim provides an Extreme Wind Model (EWM) for every

wind turbine class, but it is only valid for 10-min simulations thus it
is not useful to simulate this DLC. The generation of turbulent wind
for EWM model is achieved for 1-hr simulations by setting the
IEC_WindType as “NTM” in TurbSim, and manually specifying the

Fig. 21. Analysis of the correlation for DLC 6.1a between yaw angle, wind/wave misalignment and the three key-design parameters; overturning moment at the seabed level, the
flapwise and edgewise moment at the root of the blade.
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desired turbulence intensity as 11% by using the parameter IECturbc
option.

As for the other DLCs, simulations are carried out with
0 and ± 8� representing the possible delay of a yaw controller. Also
the simulations are run in three blocks 0 and ±30� of wind/wave
misalignment. Note that since the foundation structure is a
monopile, the axisymmetry of the structure restricts the wind-
wave misalignment combinations. The near surface current is
increased to 1.2 m/s following the Extreme Current Model (ECM)
and the water level must be within the ExtremeWater Level Range
(EWLR), for this DLC the Highest Still Water Level (HSWL) is used as
it represents the highest water level within the range. The combi-
nations for this DLC lead to 54 simulations (6 seeds � 3 wind/wave
angle � 3 yaw angles). Fig. 21 shows the relevance of the yaw angle
and wind/wave misalignment against the overturning, flapwise
and edgewise moments. It allows one to realise that for the flap-
wise and edgewise moments the wind/wave misalignment does
not really have a relevant role, whereas the yaw angle does affect
the results. The pattern of the three yaw angles is repeated for each
wind/wave misalignment, the negative yaw angle leads to higher
loads in the three wind/wave conditions followed by the þ8� yaw
angle. It is also seen that the condition with lower loads corre-
sponds to 0�, except for the edgewise moment with �30� wave/
wind angle, where the highest load comes with the positive yaw
angle. The overturning moment behaves differently as it is affected

by both the wind/wave misalignment and yaw angle, with higher
loads observed at opposite signs of yaw and wind/wave angle.

The time-series of the main parameters corresponding to a seed
with �8� yaw angle and 30� of wind/wave misalignment are
plotted in Fig. 22. In this DLC the wind effect is considerably high,
although the peaks of the overturning moment occur when high
waves appear. The maximum of the time-series of Fig. 22 appears
after 2625 s of simulation, during the occurrence of a wave of
approximately 13 m height. Also, the oscillation frequency for the
edgewise moment is quite higher than the flapwise moment; both
are mainly only influenced by wind speed.

3.2.2. DLC 6.2a
This DLC aims to simulate a special event which is the loss of

network of the wind turbine; it means that if the turbine does not
have a battery backup of the yaw drive it will lose the control over
it. The way to model this extra condition is by running the simu-
lations for the full range of possible yaw misalignment angles,
which is ±180�, leading to a total number of 216 simulations (6
seeds x 12 yaw angles x 3 wind/wave angles). To modify the yaw
angle in FAST one has to change the initial conditions in ElastoDyn
by setting the parameter NacYaw to the desired angle, and simul-
taneously the YawNeut parameter in ServoDyn must be also set to
the same angle, otherwise the restoring spring would be acting to
rotate the rotor and nacelle towards the neutral angle.

Fig. 22. Time-series of different output parameters from seed 2 of DLC 6.1a, yaw angle of �8� and 30� of wind/wave misalignment.
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Figure 21:Analysis of the correlation for DLC 6.1a between yaw angle, wind/wave misalignment 
and the three key-design parameters; overturning moment at the seabed level, the flapwise and 
edgewise moment at the root of the blade.

Figure 22: Time-series of different output parameters from seed 2 of DLC 6.1a, yaw angle of 8° and 
30° of wind/wave misalignment.

for the edgewise moment is quite higher 
than the flapwise moment; both are mainly 
only influenced by wind speed.

DLC 6.2a
This DLC aims to simulate a special event 
which is the loss of network of the wind 
turbine; it means that if the turbine does 
not have a battery backup of the yaw  
drive it will lose the control over it.  
The way to model this extra condition is  
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by running the simulations for the full 
range of possible yaw misalignment angles, 
which is ±180, leading to a total number 
of 216 simulations (6 seeds x 12 yaw angles 
x 3 wind/wave angles). To modify the yaw 
angle in FAST one has to change the initial 
conditions in ElastoDyn by setting the 
parameter NacYaw to the desired angle, 
and simultaneously the YawNeut parameter 
in ServoDyn must be also set to the same 
angle, otherwise the restoring spring would 
be acting to rotate the rotor and nacelle 
towards the neutral angle.

It is important to highlight that when  
using FAST there is an instability that occurs 
for the NREL baseline turbine at around 
±30. This is described as an “aero-elastic 
interaction causing negative damping in 
a mode that couples rotor azimuth with 
platform yaw” [24].  
The current approach by the industry to 
deal with this problem is either to bypass  
it by choosing yaw errors that do not result 
in the instability or increase the structural 
damping in the blade edge/tower side-to-
side mode until the instability disappears.

It is important to highlight that when using FAST there is an
instability that occurs for the NREL baseline turbine at around ±30�

degrees. This is described as an “aero-elastic interaction causing
negative damping in a mode that couples rotor azimuth with
platform yaw” [24]. The current approach by the industry to deal
with this problem is either to bypass it by choosing yaw errors that

do not result in the instability or increase the structural damping in
the blade edge/tower side-to-side mode until the instability dis-
appears. In the present work, the first option is considered by
ignoring the case that causes the instability.

The 30� wind/wave misalignment seems to create a slightly
higher overturning moment for 60� yaw angle and therefore a

Fig. 23. Maximum and minimum values of all the seeds and mean of each yaw angle referring to the overturning moment at the seabed level (Nm) (top), rotor thrust (N) (middle)
and shear force at the tower top (N) (lower).

Fig. 24. Time-series of the overturning moment, wind speed and water surface elevation of a random seed representing the combination of 60� of yaw angle and 30� of wind/wave
misalignment.
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Figure 23: Maximum and minimum values of all the seeds and mean of each yaw angle referring to 
the overturning moment at the seabed level (Nm) (top), rotor thrust (N) (middle) and shear force at 
the tower top (N) (lower).

Figure 24: Time-series of the overturning moment, wind speed and water surface elevation of a 
random seed representing the combination of 60 of yaw angle and 30 of wind/wave misalignment.

In the present work, the first option is 
considered by ignoring the case that  
causes the instability.

The 30 wind/wave misalignment seems 
to create a slightly higher overturning 
moment for 60 yaw angle and therefore 
a random seed of this combination is used 
to study this DLC. The overturning moment 
at the seabed, the flapwise and edgewise 
moments at the root of blade 1, rotor 
thrust (in the direction of the mean wind, 
regardless of the yaw error) and shear force 
at the top of the tower are plotted in  
Fig. 23 for 30 wind/wave misalignment, all 
yaw angles with corresponding maxima for 
all the 6 seeds. The instability commented 
before is reflected in the variability of these 
three parameters at ±30 of yaw angle, 
although some of these values are not 
plotted here. The minima and maxima of 
the shear force values include structural 
oscillations of the rotor-nacelle weight/
inertia, but the weight/inertia should  
not impact the mean values much.  
As expected, the maximum tower shear 
occurs for 90 yaw error, where the 
incoming wind is normal to the chord 
when the blades are pitched to 90.  

FAST calculates the rotor loads for these 
cases; however a bigger part of the load  
is the direct wind load on the tower,  
which dominates the rotor loads during  
this condition for most yaw errors.  
The effect of tower drag loading is seen on 
the overturning moment at the seabed level. 
From Fig. 24, it is seen that the behaviour is 
similar to DLC 6.1a as largewave trains seem 
to dominate local maxima of the overturning 
moment, although the highest value occurs 
when a large wave and a wind speed peak 
occur simultaneously.

Discussion of results

Safety factors
This section aims to compare the results 
obtained in the previous sections, with 
a view to rank the considered DLCs, and 
hence identify the most severe DLC in 
terms of its effect on the support structure. 
For each DLC, the design load is deduced 
by applying recommended factors of safety 
on the characteristic loads obtained from 
the simulations. As specified in IEC 61400-
3 for DLCs with deterministic wind field 
and wave events, the characteristic value 
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Table 6: List of design load cases

DLC Characteristic load Safety factor Design load

Overturning moment 
(Nm)

Flapwise moment  
(Nm)

Edgewise moment 
(Nm)

Type value Overturning moment 
(Nm)

Flapwise moment 
(Nm)

Edgewise moment 
(Nm)

1.1 1.208E+08 1.721E+07 7.388E+07 Normal 1.25 1.510E+08 2.151E+07 9.235E+06

1.3 1.146E+08 1.548E+07 6.664E+06 Normal 1.35 1.547E+08 2.090E+07 8.996E+06

1.4 1.217E+08 2.019E+07 7.473E+06 Normal 1.35 1.643E+08 2.726E+07 1.009E+07

1.5 9.056E+07 1.310E+07 5.890E+06 Normal 1.35 1.223E+08 1.769E+07 7.952E+06

1.6a 1.310E+08 1.461E+07 6.294E+06 Normal 1.35 1.769E+08 1.972E+07 8.497E+06

6.1a 9.114E+07 9.631E+06 2.339E+06 Normal 1.35 1.230E+08 1.300E+07 3.158E+06

6.2a 1.164E+08 1.107E+07 2.238E+06 Abnormal 1.10 1.281E+08 1.218E+07 2.462E+06

6.2b 1.388E+08 1.807E+07 6.722E+06 Abnormal 1.10 1.526E+08 1.988E+07§ 7.394E+06

of the load effect shall be the worst case 
computed transient value.

If turbulent inflow is used together with 
irregular sea states, the mean value among 
the worst case computed load effects 
for different stochastic realisations shall 
be taken. If this is applied to the DLCs 
analysed within this report, DLCs 1.4 
and 1.5 are included in the first group, 
whereas for DLCs 1.1, 1.3, 1.6a, 6.1a and 
6.2a the characteristic load is obtained as 
the highest average (over 6 seeds) of all 
cases. Table 6 indicates the partial safety 
factors required for each DLC, stated in 
IEC 61400-3. For the ULS DLCs within 
power production situation the normal 
partial safety factor of 1.35 is assigned, 
except for DLC 1.1 in which 1.25 must be 
used as the loads are determined using 
statistical extrapolation. In the case of 
ULS parked DLCs a normal safety factor 
of 1.35 is required except for DLCs 6.2 
in which the loss of electrical network is 
combined with the 50-year return wind 
and wave conditions. As this combined 
event has a lower probability of occurrence, 
an abnormal partial safety factor of 1.1 
is assigned. Table 6 shows the obtained 

design values for the overturning moment 
at the mudline and flapwise moment at the 
root of the blade.

Structural response
The set of values of the overturning 
moment at the seabed level, flapwise  
and edgewise moments for all DLCs  
was created, sorted from the largest  
to the smallest and shown in Fig. 25.  
It is observed that DLC 1.6a leads to the 
highest design overturning moment of 
1.77E08Nm, followed by DLC 1.4 in 
which the result is 7.34% lower. The least 
demanding DLC is 1.5. For the edgewise 
and flapwise moments the ranking follows 
a very similar pattern, the DLC causing the 
highest design loads is 1.4 followed by 1.1 
and 1.3, although for the flapwise moment 
the difference between 1.4 and the others 
is much bigger (21.25%) than for the 
edgewise moment, where the difference  
is only 8.6%. 

It is useful to understand and compare 
the real influence and contribution of the 
hydrodynamic loading and the tower top 
Fx force to the overall structure response, 
as shown in Fig. 26. Firstly, it is interesting 

random seed of this combination is used to study this DLC. The
overturning moment at the seabed, the flapwise and edgewise
moments at the root of blade 1, rotor thrust (in the direction of the
mean wind, regardless of the yaw error) and shear force at the top
of the tower are plotted in Fig. 23 for 30� wind/wavemisalignment,
all yaw angles with corresponding maxima for all the 6 seeds. The
instability commented before is reflected in the variability of these
three parameters at ±30� of yaw angle, although some of these
values are not plotted here. The minima and maxima of the shear
force values include structural oscillations of the rotor-nacelle
weight/inertia, but the weight/inertia should not impact the
mean values much. As expected, the maximum tower shear occurs
for 90� yaw error, where the incoming wind is normal to the chord
when the blades are pitched to 90�. FAST calculates the rotor loads
for these cases; however a bigger part of the load is the direct wind
load on the tower, which dominates the rotor loads during this
condition for most yaw errors. The effect of tower drag loading is
seen on the overturningmoment at the seabed level. From Fig. 24, it
is seen that the behaviour is similar to DLC 6.1a as large wave trains
seem to dominate local maxima of the overturning moment,
although the highest value occurs when a large wave and a wind

speed peak occur simultaneously.

4. Discussion of results

4.1. Safety factors

This section aims to compare the results obtained in the previ-
ous sections, with a view to rank the considered DLCs, and hence
identify the most severe DLC in terms of its effect on the support
structure. For each DLC, the design load is deduced by applying
recommended factors of safety on the characteristic loads obtained
from the simulations. As specified in IEC 61400-3 for DLCs with
deterministic wind field and wave events, the characteristic value
of the load effect shall be the worst case computed transient value.
If turbulent inflow is used together with irregular sea states, the
mean value among the worst case computed load effects for
different stochastic realisations shall be taken. If this is applied to
the DLCs analysed within this report, DLCs 1.4 and 1.5 are included
in the first group, whereas for DLCs 1.1, 1.3, 1.6a, 6.1a and 6.2a the
characteristic load is obtained as the highest average (over 6 seeds)
of all cases. Table 6 indicates the partial safety factors required for
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DLC Characteristic load Safety factor Design load
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Flapwise moment
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Edgewise moment
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(Nm)

Flapwise moment
(Nm)

Edgewise moment
(Nm)
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Fig. 25. Ranking of all DLCs for the overturning moment at the seabed level and flapwise and DLC edgewise moment at the root of the blade.

A. Morat�o et al. / Renewable Energy 101 (2017) 126e143 141

random seed of this combination is used to study this DLC. The
overturning moment at the seabed, the flapwise and edgewise
moments at the root of blade 1, rotor thrust (in the direction of the
mean wind, regardless of the yaw error) and shear force at the top
of the tower are plotted in Fig. 23 for 30� wind/wavemisalignment,
all yaw angles with corresponding maxima for all the 6 seeds. The
instability commented before is reflected in the variability of these
three parameters at ±30� of yaw angle, although some of these
values are not plotted here. The minima and maxima of the shear
force values include structural oscillations of the rotor-nacelle
weight/inertia, but the weight/inertia should not impact the
mean values much. As expected, the maximum tower shear occurs
for 90� yaw error, where the incoming wind is normal to the chord
when the blades are pitched to 90�. FAST calculates the rotor loads
for these cases; however a bigger part of the load is the direct wind
load on the tower, which dominates the rotor loads during this
condition for most yaw errors. The effect of tower drag loading is
seen on the overturningmoment at the seabed level. From Fig. 24, it
is seen that the behaviour is similar to DLC 6.1a as large wave trains
seem to dominate local maxima of the overturning moment,
although the highest value occurs when a large wave and a wind

speed peak occur simultaneously.

4. Discussion of results

4.1. Safety factors

This section aims to compare the results obtained in the previ-
ous sections, with a view to rank the considered DLCs, and hence
identify the most severe DLC in terms of its effect on the support
structure. For each DLC, the design load is deduced by applying
recommended factors of safety on the characteristic loads obtained
from the simulations. As specified in IEC 61400-3 for DLCs with
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of the load effect shall be the worst case computed transient value.
If turbulent inflow is used together with irregular sea states, the
mean value among the worst case computed load effects for
different stochastic realisations shall be taken. If this is applied to
the DLCs analysed within this report, DLCs 1.4 and 1.5 are included
in the first group, whereas for DLCs 1.1, 1.3, 1.6a, 6.1a and 6.2a the
characteristic load is obtained as the highest average (over 6 seeds)
of all cases. Table 6 indicates the partial safety factors required for
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random seed of this combination is used to study this DLC. The
overturning moment at the seabed, the flapwise and edgewise
moments at the root of blade 1, rotor thrust (in the direction of the
mean wind, regardless of the yaw error) and shear force at the top
of the tower are plotted in Fig. 23 for 30� wind/wavemisalignment,
all yaw angles with corresponding maxima for all the 6 seeds. The
instability commented before is reflected in the variability of these
three parameters at ±30� of yaw angle, although some of these
values are not plotted here. The minima and maxima of the shear
force values include structural oscillations of the rotor-nacelle
weight/inertia, but the weight/inertia should not impact the
mean values much. As expected, the maximum tower shear occurs
for 90� yaw error, where the incoming wind is normal to the chord
when the blades are pitched to 90�. FAST calculates the rotor loads
for these cases; however a bigger part of the load is the direct wind
load on the tower, which dominates the rotor loads during this
condition for most yaw errors. The effect of tower drag loading is
seen on the overturningmoment at the seabed level. From Fig. 24, it
is seen that the behaviour is similar to DLC 6.1a as large wave trains
seem to dominate local maxima of the overturning moment,
although the highest value occurs when a large wave and a wind

speed peak occur simultaneously.
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This section aims to compare the results obtained in the previ-
ous sections, with a view to rank the considered DLCs, and hence
identify the most severe DLC in terms of its effect on the support
structure. For each DLC, the design load is deduced by applying
recommended factors of safety on the characteristic loads obtained
from the simulations. As specified in IEC 61400-3 for DLCs with
deterministic wind field and wave events, the characteristic value
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characteristic load is obtained as the highest average (over 6 seeds)
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Figure 25: Ranking of all DLCs for the overturning moment at the seabed level and flapwise and DLC 
edgewise moment at the root of the blade.
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to see how the largest negative values of 
the hydrodynamic moment at the seabed 
level are larger than the positive ones. 
However, this effect is rather positive 
for the structure as it opposes the main 
x-positive loading and helps damping the 
structure and reducing the overturning 
moment. On the other hand, it can be seen 
that DLCs 1.6a, 6.1a and 6.2a are more 
hydrodynamically loaded than the others, 
and despite having lesser tower top loading 
two of them (1.6a and 6.2a) are in the  
top 3 of the ranking. Therefore, the 
design of this structure is driven by the 
hydrodynamic loading.

Also, the position of DLC 1.4 for the 3 
studied parameters is remarkable, as the 
use of deterministic wind field captures two 

Conclusions

We have conducted a systematic 
comparative study of the power production 
and parked load cases proposed by the 
IEC 61400-3 as those load cases are most 
likely to cause design driving loads for 
OWT support structures. The analysis 
is conducted on a prototypical turbine 
mounted on a monopile structure.  
The metocean parameters are extracted 
from a well-known database. The key 
parameter for the design of the support 
structure is identified as the overturning 
moment at the mudline level, and for the 
blade design, the flapwise and edgewise 
moments at the blade root. The simulations 
are carried out using FAST. The structural 
response to different ultimate limit states 
is analysed and the DLCs are ranked 
based on these three parameters to 
provide guidance to other researchers and 
industry for designing these structures. 
The hydrodynamic loading is proven as 
the design driving load for the support 
structure as maximum overturning moment 
is reached in DLC 1.6a, whereas a wind 
gust together with a wind direction  
change is the situation causing both the 
highest flapwise and edgewise moments.  
Some complications derived from the code 
instabilities are addressed and solutions 
are proposed. The results of our work will 
be useful as starting points for detailed 
study of the relevant load cases, as well as 
to conduct reliability analyses for various 
limit states for the substructure. While 
we believe that the considered load cases 
in this study are comprehensive to cover 
substructure design, future work will 
address the transient load cases (faults, 
startup and shutdown). Future work 
will also shed light on the sensitivity of 
the conclusions of the present work to 
metocean conditions, water depths and 
monopile geometry.

negative effects at same time. First, the 
wind gust together with the delay on the 
pitch controller creates a large overturning 
and flapwise moment, and secondly, it 
shows how the wind rotation leads to 
the severest response of the edgewise 
moment. In addition, the effect of the 
pitch controller on the structural response 
and its role in driving the design loads 
must be carefully noted. The overturning 
and flapwise moments show a significant 
high correlation with the pitch angle in 
power production DLCs, meaning that 
sharp variations in the latter lead to critical 
design situations. Hence, improvements in 
the pitch controller such as individual pitch 
control [25,26] or anticipating the wind 
troughs [27,28] would directly diminish the 
design loads. 

each DLC, stated in IEC 61400-3. For the ULS DLCs within power
production situation the normal partial safety factor of 1.35 is
assigned, except for DLC 1.1 inwhich 1.25 must be used as the loads
are determined using statistical extrapolation. In the case of ULS
parked DLCs a normal safety factor of 1.35 is required except for
DLCs 6.2 in which the loss of electrical network is combined with
the 50-year return wind and wave conditions. As this combined
event has a lower probability of occurrence, an abnormal partial
safety factor of 1.1 is assigned. Table 6 shows the obtained design
values for the overturning moment at the mudline and flapwise
moment at the root of the blade.

4.2. Structural response

The set of values of the overturning moment at the seabed level,
flapwise and edgewise moments for all DLCs was created, sorted
from the largest to the smallest and shown in Fig. 25. It is observed
that DLC 1.6a leads to the highest design overturning moment of
1.77Eþ08Nm, followed by DLC 1.4 in which the result is 7.34%
lower. The least demanding DLC is 1.5. For the edgewise and flap-
wise moments the ranking follows a very similar pattern, the DLC
causing the highest design loads is 1.4 followed by 1.1 and 1.3,
although for the flapwise moment the difference between 1.4 and
the others is much bigger (21.25%) than for the edgewise moment,
where the difference is only 8.6%.

It is useful to understand and compare the real influence and
contribution of the hydrodynamic loading and the tower top Fx
force to the overall structure response, as shown in Fig. 26. Firstly, it
is interesting to see how the largest negative values of the hydro-
dynamic moment at the seabed level are larger than the positive
ones. However, this effect is rather positive for the structure as it
opposes the main x-positive loading and helps damping the
structure and reducing the overturning moment. On the other
hand, it can be seen that DLCs 1.6a, 6.1a and 6.2a are more hydro-
dynamically loaded than the others, and despite having lesser
tower top loading two of them (1.6a and 6.2a) are in the top 3 of the
ranking. Therefore, the design of this structure is driven by the
hydrodynamic loading.

Also, the position of DLC 1.4 for the 3 studied parameters is
remarkable, as the use of deterministic wind field captures two
negative effects at same time. First, the wind gust together with the
delay on the pitch controller creates a large overturning and flap-
wise moment, and secondly, it shows how the wind rotation leads
to the severest response of the edgewise moment. In addition, the
effect of the pitch controller on the structural response and its role

in driving the design loadsmust be carefully noted. The overturning
and flapwise moments show a significant high correlation with the
pitch angle in power production DLCs, meaning that sharp varia-
tions in the latter lead to critical design situations. Hence, im-
provements in the pitch controller such as individual pitch control
[25,26] or anticipating the wind troughs [27,28] would directly
diminish the design loads.

5. Conclusions

We have conducted a systematic comparative study of the po-
wer production and parked load cases proposed by the IEC 61400-3
as those load cases are most likely to cause design driving loads for
OWT support structures. The analysis is conducted on a prototyp-
ical turbine mounted on a monopile structure. The metocean pa-
rameters are extracted from a well-known database. The key
parameter for the design of the support structure is identified as
the overturning moment at the mudline level, and for the blade
design, the flapwise and edgewise moments at the blade root. The
simulations are carried out using FAST. The structural response to
different ultimate limit states is analysed and the DLCs are ranked
based on these three parameters to provide guidance to other re-
searchers and industry for designing these structures. The hydro-
dynamic loading is proven as the design driving load for the
support structure as maximum overturning moment is reached in
DLC 1.6a, whereas a wind gust together with a wind direction
change is the situation causing both the highest flapwise and
edgewise moments. Some complications derived from the code
instabilities are addressed and solutions are proposed. The results
of our workwill be useful as starting points for detailed study of the
relevant load cases, as well as to conduct reliability analyses for
various limit states for the substructure. While we believe that the
considered load cases in this study are comprehensive to cover
substructure design, future work will address the transient load
cases (faults, startup and shutdown). Future work will also shed
light on the sensitivity of the conclusions of the present work to
metocean conditions, water depths and monopile geometry.

Acknowledgments

This PhD research is funded by Lloyd's Register Group Services
Ltd., Aberdeen. Sriramula's work within the Lloyd's Register
Foundation Centre for Safety and Reliability Engineering at the
University of Aberdeen is supported by Lloyd's Register Foundation.
The Foundation helps to protect life and property by supporting

Fig. 26. Contribution of the hydrodynamic loading and tower top Fx.

A. Morat�o et al. / Renewable Energy 101 (2017) 126e143142

each DLC, stated in IEC 61400-3. For the ULS DLCs within power
production situation the normal partial safety factor of 1.35 is
assigned, except for DLC 1.1 inwhich 1.25 must be used as the loads
are determined using statistical extrapolation. In the case of ULS
parked DLCs a normal safety factor of 1.35 is required except for
DLCs 6.2 in which the loss of electrical network is combined with
the 50-year return wind and wave conditions. As this combined
event has a lower probability of occurrence, an abnormal partial
safety factor of 1.1 is assigned. Table 6 shows the obtained design
values for the overturning moment at the mudline and flapwise
moment at the root of the blade.

4.2. Structural response

The set of values of the overturning moment at the seabed level,
flapwise and edgewise moments for all DLCs was created, sorted
from the largest to the smallest and shown in Fig. 25. It is observed
that DLC 1.6a leads to the highest design overturning moment of
1.77Eþ08Nm, followed by DLC 1.4 in which the result is 7.34%
lower. The least demanding DLC is 1.5. For the edgewise and flap-
wise moments the ranking follows a very similar pattern, the DLC
causing the highest design loads is 1.4 followed by 1.1 and 1.3,
although for the flapwise moment the difference between 1.4 and
the others is much bigger (21.25%) than for the edgewise moment,
where the difference is only 8.6%.

It is useful to understand and compare the real influence and
contribution of the hydrodynamic loading and the tower top Fx
force to the overall structure response, as shown in Fig. 26. Firstly, it
is interesting to see how the largest negative values of the hydro-
dynamic moment at the seabed level are larger than the positive
ones. However, this effect is rather positive for the structure as it
opposes the main x-positive loading and helps damping the
structure and reducing the overturning moment. On the other
hand, it can be seen that DLCs 1.6a, 6.1a and 6.2a are more hydro-
dynamically loaded than the others, and despite having lesser
tower top loading two of them (1.6a and 6.2a) are in the top 3 of the
ranking. Therefore, the design of this structure is driven by the
hydrodynamic loading.

Also, the position of DLC 1.4 for the 3 studied parameters is
remarkable, as the use of deterministic wind field captures two
negative effects at same time. First, the wind gust together with the
delay on the pitch controller creates a large overturning and flap-
wise moment, and secondly, it shows how the wind rotation leads
to the severest response of the edgewise moment. In addition, the
effect of the pitch controller on the structural response and its role

in driving the design loadsmust be carefully noted. The overturning
and flapwise moments show a significant high correlation with the
pitch angle in power production DLCs, meaning that sharp varia-
tions in the latter lead to critical design situations. Hence, im-
provements in the pitch controller such as individual pitch control
[25,26] or anticipating the wind troughs [27,28] would directly
diminish the design loads.

5. Conclusions

We have conducted a systematic comparative study of the po-
wer production and parked load cases proposed by the IEC 61400-3
as those load cases are most likely to cause design driving loads for
OWT support structures. The analysis is conducted on a prototyp-
ical turbine mounted on a monopile structure. The metocean pa-
rameters are extracted from a well-known database. The key
parameter for the design of the support structure is identified as
the overturning moment at the mudline level, and for the blade
design, the flapwise and edgewise moments at the blade root. The
simulations are carried out using FAST. The structural response to
different ultimate limit states is analysed and the DLCs are ranked
based on these three parameters to provide guidance to other re-
searchers and industry for designing these structures. The hydro-
dynamic loading is proven as the design driving load for the
support structure as maximum overturning moment is reached in
DLC 1.6a, whereas a wind gust together with a wind direction
change is the situation causing both the highest flapwise and
edgewise moments. Some complications derived from the code
instabilities are addressed and solutions are proposed. The results
of our workwill be useful as starting points for detailed study of the
relevant load cases, as well as to conduct reliability analyses for
various limit states for the substructure. While we believe that the
considered load cases in this study are comprehensive to cover
substructure design, future work will address the transient load
cases (faults, startup and shutdown). Future work will also shed
light on the sensitivity of the conclusions of the present work to
metocean conditions, water depths and monopile geometry.
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Abstract

Currently, risk assessment plays an 
important role in the operation and 
maintenance (O&M) strategies of offshore 
wind farms. A comprehensive failure 
mode and effect analysis (FMEA) has 
been carried out to determine critical 
assemblies of a generic offshore wind 
turbine with an induction generator, three 
stage gearbox and monopile foundation. 
The main objectives of undertaking this 
comprehensive FMEA were to identify 
those failures with significant impact on 
the wind turbine operation and to identify 
or highlight areas of risk for maintainability 
and availability. The FMEA is validated with 
widely-used data available in the public 
domain, Lloyd’s Register’s experience of 
working with wind farm operators and 
Lloyd’s Register experience of working 
on reliability of the mechanical system of 
different industrial sectors for decades.  
The FMEA is further augmented 
and updated by the use of on-going 

measurements from operating wind farms. 
Yaw system, pitch system, power converter 
and gearbox have been identified in the 
FMEA as the most critical assemblies 
regarding risk to the turbine operation. 
Power converter analysis shows high 
failure rates and a large proportion of 
undetectable failures, resulting in the 
spending of maintenance resources on 
fault finding with corresponding increases 
in cost. New approaches are necessary 
to tackle electrical or electronic failures, 
especially on the power converter.  
To improve overall reliability, a method to 
estimate the remaining useful life (RUL) 
of a fully-rated converter in a variable 
speed wind turbine is proposed using 
data commonly available to offshore wind 
operators. Studies show that the economic 
impact is dominated by failures related 
to power electronic components such as 
IGBTs and capacitors due to their higher 
repair cost. Mathematical models have 
been developed to correlate variables 
obtained during turbine operation and 

environmental conditions with failure root 
causes to quantify wear with the aim of 
proposing maintenance actions based on 
the probability of failure.

Introduction

The power electronic converter has shown 
high failure rates. Failures of the power 
converter are increasingly becoming 
unacceptable due to turbine accessibility, 
power quality/grid compliance issues and 
lost production. More precisely, power 
converters have been identified as one of 
the most important causes of failure of 
variable speed offshore wind turbines [1]. 
The need for reliable power electronics 
is becoming critical for offshore wind 
operators. The assessment of component 
reliability is essential at the design stage as 
well as for evaluating the possibility of life 

extension. In both cases reductions in cost 
of energy may be realised. [2].

Damage accumulation or aging of power 
converter modules is due mainly to 
differing properties of adjacent materials, 
especially different coefficients of thermal 
expansion of adjacent layers, see Fig 1. 
Bond wire lift-off and solder delamination 
have been identified as the main failure 
modes [3]. Based on [4], the main source 
of stress giving rise to failures of power 
electronic components is temperature 
cycling. Fig 2 shows that 55% of the failure 
mechanisms  are triggered by thermal 
activity, followed by vibration with 20%. 

Two methods to predict power converter 
lifetime have been developed: 

Firstly, a simplified method to estimate the 
junction temperature cycles of IGBTs and 
Diodes “blind” to temperature variation 
history or order in which cycles occur.  
A simple fatigue calculation using junction 
temperature displayed in 1-dimensional 
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Table 1: Example of 1-dimensional Markov 
matrix of junction temperature

Junction temperature  
(cycle ranges)

N_cycles

[°C] [.]

16 1.21E+09

48 2.22E+08

80 9.87E+07

112 5.94E+07

144 3.95E+07

176 2.28E+07

208 1.51E+07

240 9.07E+08

 

 

 
Figure 1. Power converter module structural details 

[3][5]. 

 

Figure 2. Source of stresses with impact on electronic 
components [4]. 

Two methods to predict power converter 
lifetime have been developed:  

Firstly, a simplified method to estimate the 
junction temperature cycles of IGBTs and 
Diodes “blind” to temperature variation 
history or order in which cycles occur. A 
simple fatigue calculation using junction 
temperature displayed in 1-dimensional 
Markov matrix (see Table 1). In this approach, 
there are Markov matrices derived for both the 
historical and future periods.  The 1D Markov 
matrices for the future period are derived from 
simulated junction cycle temperature time 
series based on FAST simulations described in 
section 3. The total number of cycles for a 
certain period are used to estimate the 
expended lifetime using power cycling 
lifetime as a function of temperature cycling 
amplitude and the mean temperature 
information provided by the manufacturer and 
shown in Figure 17.  

Table 1. Example of 1-dimensional Markov matrix of 
junction temperature. 

 

Secondly, a systematic physics-based method 
has been proposed to predict the damage 
accumulation of power converter of offshore 
wind turbines. The total fatigue life is 
calculated in two steps (see : 

 Historical estimation of pre-existing 
damage, accumulated during 
operation. (diagnosis model) 

 Future estimation of simulated 
accumulated damage. (predictive 
model) 

 
Figure 3. Physics-based approaches to estimate 

accumulated damage. 

This paper explains the approach undertaken 
to assess critical assemblies of offshore wind 
farms and each block of the flow diagram 
shown in Figure 4, of condition estimation of 
power electronic components taking into 
account thermal cycling as the main source of 
stress in the predictive model.  

The paper is structured as follow: section 1 
explains the need of this approach for power 
converters, Section 2 describes the risk 
assessment of an offshore wind turbine. 
Section 3 and 4 describes the simulation in 

Figure 1: Power converter module structural 
details [3][5].

Figure 2: Source of stresses with impact on 
electronic components [4].
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Risk assessment 

The FMEA was performed for the 
functional modes of each system, 
subsystem, assembly and component 
following the British standard BS EN 
60812:2006. The main objectives of 
undertaking this comprehensive FMEA are 
to identify those failures with significant 
impact on the wind turbine operation  
and to identify or highlight areas of risk  
for maintainability and availability.  
The procedure allocates numerical values 
from 1 to 5 to each risk associated with 
a failure, using Severity, Occurrence and 
Detection as categories. For each category, 
higher values indicate higher risk.  
These are then combined into a Risk Priority 
Number (RPN), which can be used to analyse 
the system. By targeting high RPN values 
the most risky components and assemblies 
can be further studied. RPN is calculated 
by multiplying the Severity, Occurrence and 
Detection of the risk, as shown in Table 2.

The FMEA is conducted in accordance with 
the international standard IEC described 
in the British Standard BS EN 60812:2006 
“Analysis techniques for system reliability 

Markov matrices (see Table 1). In this 
approach, there are Markov matrices 
derived for both the historical and future 
periods. The 1D Markov matrices for the 
future period are derived from simulated 
junction cycle temperature time series 
based on FAST simulations described in 
section 3. The total number of cycles for 
a certain period are used to estimate the 
expended lifetime using power cycling 
lifetime as a function of temperature 
cycling amplitude and the mean 
temperature information provided by the 
manufacturer and shown in Fig 17.

Secondly, a systematic physics-based 
method has been proposed to predict the 
accumulation of damage within power 
converters of offshore wind turbines.  
The total fatigue life is calculated in two 
steps (see :

•	 Historical estimation of pre-existing 
damage, accumulated during operation. 
(diagnosis model)

•	 Future estimation of simulated 
accumulated damage. (predictive model)

This paper explains the approach 
undertaken to assess critical assemblies 
of offshore wind farms and each block 
of the flow diagram shown in Fig 4, of 
condition estimation of power electronic 
components taking into account thermal 
cycling as the main source of stress in the 
predictive model. 

The paper is structured as follows: section 
1 explains the need for this approach for 
power converters, Section 2 describes 
the risk assessment of an offshore wind 
turbine. Sections 3 and 4 describes the 
simulation in FASTv8 and the generation 
of future scenarios that a turbine may 
experience during its operating life.  
Section 5 describes the mathematical 
model of the squirrel cage induction 
generator. Finally, sections 6 and 7 explain 
the physics based approach for failure 
prognosis of power converters.

- Procedure for failure mode and effects 
analysis (FMEA)”. This standard provides 
procedural steps necessary to perform the 
analyses identifying appropriate terms, 
assumptions, criticality measures and failure 
modes [6]. 

The analysis consists of the following five 
main stages:

•	 Establishment of the basic ground rules 
for the FMEA/FMECA and defining 
scope. 

•	 Defining systems structure including 
information on different system 
elements with their characteristics, 
performances, roles and functions.

•	 Executing the FMEA using the 
appropriate worksheet with a pre-
defined system boundary and level of 
analysis. 

•	 Summarizing and reporting of the 
analysis to include any conclusions and 
recommendations made.

•	 Updating the FMEA as the new inputs 
are incorporated.

 

 

 
Figure 1. Power converter module structural details 

[3][5]. 

 

Figure 2. Source of stresses with impact on electronic 
components [4]. 

Two methods to predict power converter 
lifetime have been developed:  

Firstly, a simplified method to estimate the 
junction temperature cycles of IGBTs and 
Diodes “blind” to temperature variation 
history or order in which cycles occur. A 
simple fatigue calculation using junction 
temperature displayed in 1-dimensional 
Markov matrix (see Table 1). In this approach, 
there are Markov matrices derived for both the 
historical and future periods.  The 1D Markov 
matrices for the future period are derived from 
simulated junction cycle temperature time 
series based on FAST simulations described in 
section 3. The total number of cycles for a 
certain period are used to estimate the 
expended lifetime using power cycling 
lifetime as a function of temperature cycling 
amplitude and the mean temperature 
information provided by the manufacturer and 
shown in Figure 17.  

Table 1. Example of 1-dimensional Markov matrix of 
junction temperature. 

 

Secondly, a systematic physics-based method 
has been proposed to predict the damage 
accumulation of power converter of offshore 
wind turbines. The total fatigue life is 
calculated in two steps (see : 

 Historical estimation of pre-existing 
damage, accumulated during 
operation. (diagnosis model) 

 Future estimation of simulated 
accumulated damage. (predictive 
model) 

 
Figure 3. Physics-based approaches to estimate 

accumulated damage. 

This paper explains the approach undertaken 
to assess critical assemblies of offshore wind 
farms and each block of the flow diagram 
shown in Figure 4, of condition estimation of 
power electronic components taking into 
account thermal cycling as the main source of 
stress in the predictive model.  

The paper is structured as follow: section 1 
explains the need of this approach for power 
converters, Section 2 describes the risk 
assessment of an offshore wind turbine. 
Section 3 and 4 describes the simulation in 

 

 

FASTv8 and the generation of future scenarios 
that a turbine may experience during its 
operating life. Section 5 describes the 
mathematical model of the squirrel cage 
induction generator. Finally, section 6 and 7 
explain the physics based approach for failure 
prognosis of power converters. 

2. RISK ASSESSMENT  
The FMEA was performed for the functional 
modes of each system, subsystem, assembly 
and component following the British standard 
BS EN 60812:2006.  The main objectives of 
undertaking this comprehensive FMEA are to 
identify those failures with significant impact 
on the wind turbine operation and to identify 
or highlight areas of risk for maintainability 
and availability. The procedure allocates 
numerical values from 1 to 5 to each risk 
associated with a failure, using Severity, 
Occurrence and Detection as categories. The 
values of the ranking rise when the risk 
increases. These are then combined into a Risk 

Priority Number (RPN), which can be used to 
analyse the system. By targeting high RPN 
values the most risky components and 
assemblies can be further studied. RPN is 
calculated by multiplying the Severity, 
Occurrence and Detection of the risk, as it is 
shown in Table 2. 

The FMEA is conducted in accordance with 
the international standard IEC described in the 
British Standard BS EN 60812:2006 “Analysis 
techniques for system reliability - Procedure 
for failure mode and effects analysis 
(FMEA)”. This standard provides procedural 
steps necessary to perform the analyses 
identifying appropriate terms, assumptions, 
criticality measures and failure modes [6].  

The analysis consists of the following five 
main stages: 

 Establishment of the basic ground rules for 
the FMEA/FMECA and defining scope.  

 
Figure 4. Remaining useful life estimation flow diagram. 

 Defining systems structure including 
information on different system elements 
with their characteristics, performances, 
roles and functions. 

 Executing the FMEA using the appropriate 
worksheet with a pre-defined system 
boundary and level of the analysis.   

 Summarizing and reporting of the analysis 
to include any conclusions and 
recommendations made. 

 Updating the FMEA as the new inputs are 
incorporated. 

 

Table 2 shows that the four most critical 
assemblies are the power converter, pitch 
system, yaw system and gearbox. Power 
converter is considered a critical assembly due 
mainly to the unpredictability of electrical 
failures and impact of those failures on the 
turbine operation.  

Figure 4: Remaining useful life estimation flow diagram.

Figure 3: Physics-based approaches to estimate 
accumulated damage.
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Generation of operational 
conditions 

To simulate random processes a Markov 
Chain Monte Carlo (MCMC) tool is selected 
assuming stationary transition probabilities. 
A sequence of random elements of some 
set, such as wind speeds or load cases, can 
be defined by MCMC if the conditional 
distribution Xn11 given X1,X2…,Xn depends 
on Xn only [8]. Fig 5 shows a transition 
graph and transition matrix which are an 
example of a discrete MCMC where each 
event in the sequence only depends on 
the events occurring directly before. For 
instance, when the current state is load 
case 1 (LC1), there is a probability of 0.6 to 
move to LC2, then there is a probability of 
0.3 to stay in LC2, a probability of 0.1 to go 
back to LC1, a probability of 0.4 to move 
to LC3 and so on. Therefore it is possible 
to generate future scenarios of wind profile 
and operational conditions by applying 
MCMC with probability distributions of 
load cases and wind speeds (Fig 6). 

The simulation of each load case in 
FASTv8 gives the same outputs in the time 
domain which are related to structural 
loading, bending moments, and operation 
parameters such as rotational speed, wind 
speed and direction, shaft torques and 
power output.

Finally, the required inputs in the time 
domain, low speed shaft torque and 
rotational speed, for the remaining useful 
life estimation of the power converter are 
generated using MCMC. The IEC standard 
suggests simulation time for each load 
case, these time periods are concatenated  
in order to generate the whole period in 
the future for prediction purposes. 

Table 2 shows that the four most critical 
assemblies are the power converter,  
pitch system, yaw system and gearbox. 
Power converter is considered a critical 
assembly due mainly to the unpredictability 
of electrical failures and impact of those 
failures on the turbine operation. 

Wind profile and integrated 
dynamic turbine system

In order to assess the accumulation of 
damage within the power converter, 
assessed in the FMEA, it is necessary to 
realistically emulate the same operational 
conditions in terms of turbine structural 
and electro-mechanical behaviour, and 
wind profile. 

To achieve realistic results, load cases 
proposed by the IEC 61400-3 (power 
production category) are simulated using 
aero-hydro-servo-elastic software: FASTv8, 
developed by National Renewable Energy 
Laboratory (NREL). The standard proposes 
a number of design situations representing 
the various modes of operation that an 
offshore wind turbine would experience 
during its operational life; each design 
situation leads to a number of Design 
Load Cases (DLCs). The IEC standard 
distinguishes two types of load cases, 
ultimate and fatigue load cases and 
recommends appropriate load factors  
to be associated with these load cases  
to evaluate the structural integrity.  
The selected load cases are shown in  
Table 3. A turbulent full-field wind matrix 
is created by TurbSim [7] as an input to 
FASTv8. 

The analysis is based on the 3 bladed 
horizontal 3.6MW turbine model, variable 
speed control system, mounted on a 
monopile with a rigid foundation, induction 
generator, 3 stage gearbox and and fully-
rated power converter. Wind conditions are 
site specific. 

Table 3: Design load cases [9]. NTM (Normal 
turbulence model), NWP (Normal wind 
profile model)

Design situation DLC Wind 
condition

Power production 1.2 NTM

Power production plus 
occurrence of fault

2.4 NTM

Start up 3.1 NWP

Normal shut down 4.1 NWP

Parked (standing still  
or idling)

6.4 NTM

Parked or fault 
conditions

7.2 NTM

Transport, assembly, 
maintenance and repair

8.3 NTM

Table 2: Critical assemblies ranked by risk 
priority number

Assembly Risk Priority 
Number 
(RPN)

Frequency Converter 38.3

Pitch System 33.9

Yaw System 30.8

Gearbox 30.1

Nacelle Auxiliaries 29.0

Control & Comm. System 28.1

Generator 27.6

Main Shaft Set 27.0

Tower 26.0

Power Electrical System 25.0

Foundation 24.6

Cable 24.0

Blade 21.0

Hydraulics System 18.0

Auxiliary Electrical System 17.8

Transition Piece 17.3

Nacelle Structure 16.0

Hub 12.0

 

 

such as rotational speed, wind speed and 
direction, shaft torques and power output. 

Finally, the required inputs in the time domain, 
low speed shaft torque and rotational speed, 
for the remaining useful life estimation of the 
power converter are generated using MCMC. 
The ICE standard suggests simulation time for 
each load case, these time period are 
concatenated in order to generate the whole 
period in the future for prediction purposes. 

 
Figure 5. Discrete example of MCMC, transition graph 

and matrix. 

 
Figure 6. Example of probability distribution of load 

cases. 

Figure 7 shows an example of a future 
scenario that an offshore wind turbine would 
experience during operation in the next 150 
minutes.  

 
Figure 7. Example of future scenario generation. 

5. INDUCTION GENERATOR 
MODEL 
The details of the electrical drive to extract 
electrical variables are not usually modelled in 
FAST; instead, the focus is on getting the 
torque-speed curve correct, which effects 
turbine loads.  For an induction machine, the 
most sophisticated built-in model available in 
FAST is the Thevenin-Equivalent Circuit 
(TEC) model. The analysed turbine uses a 
squirrel cage induction generator (SCIG) 
therefore a model to extract voltage and 
current variables is proposed to complement 
FAST simulations.  

SCIG is a three-phase induction machine and 
has three windings in the stator and three 
windings more in the rotor, although, these can 
be imaginary.  Generators can be described 
with the same set of equation than motors, see 
Figure 8. In order to simplify the equations the 
following hypothesis is commonly used [10]: 

 Symmetric and balanced three-phase 
induction machine, with a single winding 
rotor (Squirrel cage simple) and constant 
gap.  

 Material is assumed to be linear, that is to 
say, the iron saturation is discarded. 

 The iron magnetic permeability is assumed 
to be infinite in front of the air 
permeability, which means that the 
magnetic flux density is radial to the gap. 

 All kind of losses in the iron are neglected. 
 Both the stator windings and the rotor 

windings represent distributed windings 
which always generate a sinusoidal 
magnetic field distribution in the gap 

LC1 LC2 LC3 LCx
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LC2 0.1 0.3 0.4 0.6

LC3 0.5 0 0 0.5

LCx 0 0 0 0
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FAST is the Thevenin-Equivalent Circuit 
(TEC) model. The analysed turbine uses a 
squirrel cage induction generator (SCIG) 
therefore a model to extract voltage and 
current variables is proposed to complement 
FAST simulations.  

SCIG is a three-phase induction machine and 
has three windings in the stator and three 
windings more in the rotor, although, these can 
be imaginary.  Generators can be described 
with the same set of equation than motors, see 
Figure 8. In order to simplify the equations the 
following hypothesis is commonly used [10]: 

 Symmetric and balanced three-phase 
induction machine, with a single winding 
rotor (Squirrel cage simple) and constant 
gap.  

 Material is assumed to be linear, that is to 
say, the iron saturation is discarded. 

 The iron magnetic permeability is assumed 
to be infinite in front of the air 
permeability, which means that the 
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 All kind of losses in the iron are neglected. 
 Both the stator windings and the rotor 

windings represent distributed windings 
which always generate a sinusoidal 
magnetic field distribution in the gap 

LC1 LC2 LC3 LCx

LC1 0 0.6 0 0

LC2 0.1 0.3 0.4 0.6

LC3 0.5 0 0 0.5

LCx 0 0 0 0

Figure 5: Discrete example of MCMC, transition 
graph and matrix.

Figure 6: Example of probability distribution of 
load cases.
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5.Induction generator model

The details of the electrical drive are not 
usually modelled in FAST. Instead, the 
focus is on getting the torque-speed curve 
correct, which affects turbine loads. For an 
induction machine, the most sophisticated 
built-in model available in FAST is the 
Thevenin-Equivalent Circuit (TEC) model. 
The turbine analysed uses a squirrel cage 
induction generator (SCIG) therefore a 
model to extract voltage and current 
variables is proposed to complement FAST 
simulations. 

SCIG is a three-phase induction machine 
and has three windings in the stator and 
three windings more in the rotor, although, 
these can be imaginary. Generators can be 
described with the same set of equations 
as motors, see Fig 8. In order to simplify 
the equations the following approximations 
are commonly used [10]:

•	 Symmetric and balanced three-phase 
induction machine, with a single  
winding rotor (Squirrel cage simple) and 
constant gap. 

•	 Material is assumed to be linear, that is 
to say, iron saturation is disregarded.

•	 The iron magnetic permeability is 
assumed to be infinite in comparison 
with the air permeability, which means 
that the magnetic flux density is radial to 
the gap.

•	 All kinds of losses in the iron are 
neglected.

•	 Both the stator windings and the rotor 
windings represent distributed windings 
which always generate a sinusoidal 
magnetic field distribution in the gap

From the equivalent circuit it is possible to 
derive the following equations:

Where s is the slip which represents the 
difference between rotational speed and 
magnetic field rotation speed. R and X 
are electrical resistance and inductance, 
respectively. Rated rotational speed, 
magnetic field rotation speed, resistances 
and inductances are provided by the 
manufacturer and used to calculate output 
voltage, current and power factor.

The mechanical input power (Pm) and 
stator power output (Ps) are computed 
based on the general relation between 
mechanical torque (Tm) and electrical 
power [11]:

Taking into account the SCIG efficiency ()

Therefore, AC voltage (V) and current 
(I) can be derived from the following 
relationships:

Where P is electrical active power and Q is 
reactive power.

6. Power losses calculation

IGBT and Diode power losses can be 
divided into conduction losses (Pc), 
switching losses (Psw) and blocking (or 
leakage) losses (Pb) which is normally 
neglected.

IGBT Conduction losses can be calculated 
as follow: 

Where uCE0 is the DC voltage source, rC is 
the collector- emitter on-state resistance, iC 
is the collector current as shown in Fig 9.

The same approach can be used for the 
anti-parallel diode:

The parameters rD and rC can be derived 
directly from the IGBT Datasheet (see 
Fig 10 and Fig 11). In order to take into 
account ambient and junction temperature 
changes in every simulation step, the uCE0 
and uD0 values are read from the diagram 
as temperature dependant extrapolating 
junction temperature values between 25oC  
and 125oC.
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Figure 8. Induction machine simplified equivalent circuit 

From the equivalent circuit it is possible to 
derive the following equations: 

𝑠𝑠 = 𝑛𝑛𝑠𝑠 − 𝑛𝑛𝑟𝑟
𝑛𝑛𝑠𝑠

 

𝑍𝑍2 = 𝑅𝑅2
𝑠𝑠 − 𝑗𝑗𝑋𝑋2 

𝑍𝑍𝑃𝑃 = 𝑍𝑍2𝑍𝑍0
𝑍𝑍2 + 𝑍𝑍0

 

𝑍𝑍𝑖𝑖𝑖𝑖 = 𝑍𝑍1 + 𝑍𝑍𝑃𝑃 

Where s is the slip which represent the 
difference between rotational speed and 
magnetic field rotation speed. R and X is 
electrical resistance and inductance, 
respectively. Rated rotational speed, magnetic 
field rotation speed, resistances and 
inductances and provided by the manufacturer 
and used to calculate output voltage, current 
and power factor.   

The mechanical input power (Pm) and stator 
power output (Ps) are computed are based on 
the general relation between mechanical 
torque (Tm) and electrical power [11]: 

𝑃𝑃𝑚𝑚 = 𝑇𝑇𝑚𝑚𝜔𝜔𝑟𝑟; 𝑃𝑃𝑠𝑠 = 𝑇𝑇𝑒𝑒𝜔𝜔𝑠𝑠 

Taking into account the SCIG efficiency (η) 

𝑃𝑃𝑠𝑠 = 𝜂𝜂𝑃𝑃𝑚𝑚 

Therefore, AC voltage (V) and current (I) can 
be derived from the following relationships: 

𝑉𝑉 = 𝐼𝐼𝑍𝑍𝑖𝑖𝑖𝑖;    𝑆𝑆 = 𝑃𝑃𝑠𝑠 + 𝑗𝑗𝑗𝑗 

Where P is electrical active power and Q is 
reactive power. 

6. POWER LOSSES 
CALCULATION 
IGBT and Diode power losses can be divided 
into conduction losses (Pc), switching losses 
(Psw) and blocking (or leakage) losses (Pb) 
which is normally neglected.  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑙𝑙𝑃𝑃𝑠𝑠𝑠𝑠𝑃𝑃𝑠𝑠 = 𝑃𝑃𝑐𝑐 + 𝑃𝑃𝑠𝑠𝑠𝑠 + 𝑃𝑃𝑏𝑏 ≈ 𝑃𝑃𝑐𝑐 + 𝑃𝑃𝑠𝑠𝑠𝑠 

IGBT Conduction losses can be calculated as 
follow:  

𝑢𝑢𝐶𝐶𝐶𝐶(𝑖𝑖𝑐𝑐) = 𝑢𝑢𝐶𝐶𝐶𝐶0 + 𝑃𝑃𝑐𝑐𝑖𝑖𝑐𝑐 

Where uCE0 is the DC voltage source, rC is the 
collector- emitter on-state resistance, ic is the 
collector current as shown in Figure 9.  

 

 

 
Figure 9. The circuit for the examination of the IGBT 

switching and conduction losses [13]. 

The same approach can be used for the anti-
parallel diode: 

𝑢𝑢𝐷𝐷(𝑖𝑖𝐷𝐷) = 𝑢𝑢𝐷𝐷0 + 𝑃𝑃𝐷𝐷𝑖𝑖𝐷𝐷 

The parameters rD and rC can be derived 
directly from the IGBT Datasheet (see Figure 
10 and Figure 11). In order to take into 
account ambient and junction temperature 
changes in every simulation step, the uCE0 and 
uD0 values are read from the diagram as 
temperature dependant extrapolating junction 
temperature values between 25oC and 125oC. 
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Figure 7: Example of future scenario generation.

Figure 8: Induction machine simplified 
equivalent circuit.

Figure 9: The circuit for the examination of the 
IGBT switching and conduction losses [13].
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To describe the temperature dependency 
of the curve for the conduction losses 
calculation in the IGBTs the coefficients 
(a=rc,b) can also be made temperature 
dependant [14]

Therefore, the relationship between 
collector current and voltage is given by:

With rC and rD derived from Fig 10 and 
Figure 11 are junction temperature 
dependant.

Based on [13], the switching losses in 
the IGBT and the diode are the product 
of switching energies and the switching 
frequency (fsw). This characteristic is given 
by manufacturers as is shown in Fig 12. 
As current values would be varying due to 
stochastic characteristics of the wind and 
turbulence intensity, the switching losses 
will be dependent on the input current 
using the slope in Figure 12 [15].

Finally, the total power losses in the IGBT 
and the diode can be expressed as the  
sum of the conduction and switching  
losses [5][13]:

7. Thermal model

Power losses have to be conducted through 
the connection layers and insulation layers 
to the heat sink as shown in Fig 1.  
The heat dissipated during forward  
on-state and blocking state and during 
switching is expressed by the difference in 
temperature between the layers described 
by the following equation:

As mentioned before, different materials 
used in power converter module 
construction (Table 2) have different 
thermal expansion coefficients. This feature 
of the physics is represented by the thermal 
resistance and thermal impedance of 
the material which comprises geometry, 
conductivity and heat transfer area.  
The thermal resistance can be calculated  
as follows:

Where d is material thickness, λ is heat 
conductivity and A is heat flow area.

Similarly to an electrical circuit, the 
thermal model of the power converters 
can be expressed by an equivalent circuit 
as shown in Fig 13. Static thermal model 
(Rth) without base plate. Here power 
loss is the input (representing the current 
in an electrical circuit), the difference in 
temperature is analogous to the drop in the 
electrical voltage and thermal resistance is 
analogous to the electrical resistance.

The temperature differences ΔT over the 
thermal resistances are calculated for 
constant power dissipation PT of the IGBT 
switches and Diodes inside the power 
module as follows:

After losses have been calculated, 
temperature during stationary operation, 
can be calculated with the aid of thermal 
resistances Rth, final values of the Zth curve 
given by manufacturers (Fig 14).

 

 

 
Figure 8. Induction machine simplified equivalent circuit 

From the equivalent circuit it is possible to 
derive the following equations: 
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𝑍𝑍2 = 𝑅𝑅2
𝑠𝑠 − 𝑗𝑗𝑋𝑋2 

𝑍𝑍𝑃𝑃 = 𝑍𝑍2𝑍𝑍0
𝑍𝑍2 + 𝑍𝑍0

 

𝑍𝑍𝑖𝑖𝑖𝑖 = 𝑍𝑍1 + 𝑍𝑍𝑃𝑃 

Where s is the slip which represent the 
difference between rotational speed and 
magnetic field rotation speed. R and X is 
electrical resistance and inductance, 
respectively. Rated rotational speed, magnetic 
field rotation speed, resistances and 
inductances and provided by the manufacturer 
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and power factor.   
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torque (Tm) and electrical power [11]: 

𝑃𝑃𝑚𝑚 = 𝑇𝑇𝑚𝑚𝜔𝜔𝑟𝑟; 𝑃𝑃𝑠𝑠 = 𝑇𝑇𝑒𝑒𝜔𝜔𝑠𝑠 

Taking into account the SCIG efficiency (η) 
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Where P is electrical active power and Q is 
reactive power. 

6. POWER LOSSES 
CALCULATION 
IGBT and Diode power losses can be divided 
into conduction losses (Pc), switching losses 
(Psw) and blocking (or leakage) losses (Pb) 
which is normally neglected.  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑙𝑙𝑃𝑃𝑠𝑠𝑠𝑠𝑃𝑃𝑠𝑠 = 𝑃𝑃𝑐𝑐 + 𝑃𝑃𝑠𝑠𝑠𝑠 + 𝑃𝑃𝑏𝑏 ≈ 𝑃𝑃𝑐𝑐 + 𝑃𝑃𝑠𝑠𝑠𝑠 
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Where uCE0 is the DC voltage source, rC is the 
collector- emitter on-state resistance, ic is the 
collector current as shown in Figure 9.  

 

 

 
Figure 9. The circuit for the examination of the IGBT 

switching and conduction losses [13]. 

The same approach can be used for the anti-
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The parameters rD and rC can be derived 
directly from the IGBT Datasheet (see Figure 
10 and Figure 11). In order to take into 
account ambient and junction temperature 
changes in every simulation step, the uCE0 and 
uD0 values are read from the diagram as 
temperature dependant extrapolating junction 
temperature values between 25oC and 125oC. 

 
Figure 10: IGBT output characteristics. Red lines 
are used for slope calculation and blue lines are 
curve fitting approximations [12].

Figure 13: Static thermal model (Rth) without 
base plate.

Figure 11: Diode output characteristics. Red lines 
are used for slope calculation and blue lines are 
curve fitting approximations [12].

Figure 12: Typical energy losses. e1 and e2 
represent slope [12].

 

 

Figure 10. IGBT output characteristics. Red lines are 
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Figure 11.  Diode output characteristics. Red lines are 
used for slope calculation and blue lines are curve fitting 
approximations [12]. 

To describe the temperature dependency of the 
curve for the conduction losses calculation in 
the IGBTs the coefficients (a=rc,b) can also be 
made temperature dependant [14] 

𝑟𝑟𝑐𝑐(𝑇𝑇𝑇𝑇) = 𝑎𝑎(𝑇𝑇𝑇𝑇) = 𝑎𝑎0 + 𝑎𝑎01𝑇𝑇𝑇𝑇 
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Therefore, the relationship between collector 
current and voltage is given by:  
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+ 𝑏𝑏01𝑇𝑇𝑇𝑇) 

With rc and rD direved from Figure 10 and 
Figure 11 are juction temperature dependant. 

Based on [13], the switching losses in the 
IGBT and the diode are the product of 
switching energies and the switching 
frequency (fsw). This characteristic is given by 
manufacturers as is shown in Figure 12. As 
current values would be varying due to 
stochastic characteristic of the wind and 
turbulence intensity, the switching losses will 
be dependent on the input current using the 
slope in Figure 12 [15]. 

 

Finally, the total power losses in the IGBT and 
the diode can be expressed as the sum of the 
conduction and switching losses [5][13]: 
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Power losses have to be conducted through the 
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heat sink as it is shown in Figure 1. The heat 
dissipation generated during forward on-state 
and blocking state and during switching is 
expressed by the difference of temperatures 
between the layers described by the following 
equation:  

 

As mentioned before, different materials used 
during power converter module construction 
(Table 2) have different thermal expansion 
coefficients. This feature of the physics is 
represented by the thermal resistance and 
thermal impedance of the material which 
comprises geometry, conductivity and heat 
transfer area. The thermal resistance can be 
calculated as follow: 

 

Where d is material thickness, λ is heat 
conductivity and A is heat flow area. 

Table 4. Material commonly used on power converters 
[5]. 
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Where d is material thickness, λ is heat 
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[W/(m*K)]
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Solders ~70
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AISiC (75% SiC) 180
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without base plate. Here power loss is the 
input (representing the current in an electrical 
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and thermal resistance is analogous to the 
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thermal resistances are calculated for constant 
power dissipation PT of the IGBT switches and 
Diodes inside the power module as follows: 
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Temperature calculation starts from the 
ambient temperature Ta outside to inside 
as shown in Fig 15.

When there is more than one heat source 
on the heatsink, all the sources are added 
up. Each loss of electrical power in the 
electrical circuit represents a source of heat 
which is input to the heatsink.

For example, for a power converter with  
6 IGBTs and 6 Diodes, the total loss is  
used to calculate the heatsink temperature, 
as follows:

Now the junction temperatures Tj for IGBTs 
and Diodes have been modified a new 
power loss has to be calculated as it is 
explained in Fig 16.

Temperature fluctuations experienced 
by the internal connections within the 
power modules produce ageing, through 
accumulating fatigue damage, caused 
by thermal stress cycles. As explained 
before, the fatigue of material is produced 
by thermal stress due to the different 
expansion coefficients of the connected 
materials or adjacent layers. During normal 
operation at frequencies of few Hz and 
especially at duty cycle operation, the 
internal connections of the layers in a 
power converter module will experience 
temperature cycling. At frequencies 
around 100Hz the temperature variation 
(ΔT) is small so low energy dissipation is 
counterbalanced by elastic deformation [5].

The rainflow cycle counting method 
is applied to extract tables giving the 
numbers of cycles and cycle ranges of 
the thermal cycles [4,16,17]. The rainflow 
counting method is adapted from material 
science and applied to power electronics 
[17]. This method identifies local highs and 
lows in the data as peaks and valleys where 
the range between them are all considered 
to be half cycles. The algorithm pairs the 
half cycles to generate complete cycles 
regarding a mean. The term ‘rainflow’ 
comes from a part of the method where 
cycles are completed using arrows which 
look like water dripping from a roof (a 
peak) [18].

A script for the ASTM E 1049-85 (2005) 
Rainflow Counting Method is used using 
[19] as reference.

Based on [2][5], an empirical correlation 
between number of cycles to failure Nf and 
temperature cycle range ΔTj is given:

Where:

•	 Nf represents the number of cycles to 
failure of the device.

•	 ΔTj is the junction temperature thermal 
cycle amplitude.

•	 Tjm represents the mean absolute 
junction temperature.
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Figure 17:Dependency of the power cycling 
value n for IGBT4 modules as a function of the 
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Figure 15: Temperature calculation process [5].

•	 A,  and Ea are constant values given  
by the manufacturer.

•	 kb represents Boltzman constant.

The proposed method to estimate the 
lifetime of power modules is based on  
Fig 17 which is provided by the manufacturer. 
Once temperature cycles are counted using 
the rainflow counting method, temperature 
cycling amplitude and the mean absolute 
junction temperature are calculated.

In Figure 17, an initial point is selected 
using the counted number of cycles and 
the calculated ΔTj. Then, the difference 
between final cycles to failure for the 
estimated mean junction temperature 
curve (blue, green, etc.) at the calculated 
ΔTj and the initial point of counted number 
of cycles would enable the remaining cycles 
to failure to be read from the graph.

IGBTs and Diodes junction temperature 
time series are analysed separately and 
then the lifetimes are combined using the 
Miner’s rule [2].

A cross-multiplication (or rule of three) 
between counted numbers of thermal 
cycles associated with a period of 
prediction (in minutes or hours) and the 
remaining cycles to failure would result in  
a predicted failure date.
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internal connections within the power modules 
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especially at duty cycle operation, the internal 
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variation (ΔT) is small so low energy 
dissipation is counterbalanced by elastic 
deformation [5].  

Rainflow counting method is applied to 
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of the thermal cycles [4,16,17]. The rainflow 
counting method is adapted from material 
science and applied to power electronics [17]. 
This method identifies local highs and lows in 
the data as peaks and valleys where the range 
between them are all considered to be half 
cycles. The algorithm pairs the half cycles to 
generate complete cycles regarding a mean. 
The term ‘rainflow’ comes from a part of the 
method where cycles are complete using 
arrows which look like water dripping from a 
roof (a peak) [18].  

A script for the ASTM E 1049-85 (2005) 
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Now the junction temperature Tj for IGBTs 
and Diodes have been modified a new power 
loss has to be calculated as it is explained in 
Figure 16.  

Figure 16: Process to calculate temperatures 
incorporating ambient temperature in each step [5].
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Conclusions

A comprehensive analysis and method 
are proposed to study the performance of 
power converters in offshore wind turbines 
from a reliability point of view. The FMEA 
has been a useful tool to analysis critical 
components in terms of risk to turbine 
operation and to identify components and 
their failure modes of fully rated power 
converters. The high RPN reflected the high 
risk to the overall cost of energy. This was 
because it is difficult to detect electrical 
failures in power converters. The result is a 
negative impact on maintenance activities.

A physics-based method has been 
proposed, to estimate accumulation of 
damage to IGBTs and Diodes and to 
predict the RUL of power converters. 
The simulations do not require a large 
computational effort, therefore the method 
is suitable for day-to-day use.

The RUL method could be used to  
inform decisions about maintenance,  
to optimise allocation of resources taking 
into consideration the weather conditions 
through the entire year. Unexpected 
failures result in significant losses of 
electricity production as well as increases  
in time to find failures. Both could be 
avoided if maintenance or inspection 
activities were to be scheduled based  
on the RUL estimation.
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Summary of findings

The Top 30 Chart represents the most 
significant of all the known failure 
mechanisms comprising a database, 
based both on observations and acquired 
knowledge.

FMEA provides the basis for the initial 
ranking, subsequently validated using 
information available in the public 
domain and Lloyd’s Register’s experience 
of working with wind farm operators. 
It is updated by the use of on-going 
measurements from operating wind farms.

Examples are given showing how the risk-
ranking may be used to identify systems for 
redesign, upgrade, condition monitoring 
or to optimise the maintenance plan for 
a wind farm, so as to reduce unnecessary 
tasks, prioritise the most urgent tasks, 

improve usage of vessels, crew and 
technicians, reduce cost of spare parts held 
and schedule preventative maintenance to 
minimise downtime and maximise revenue.

In order to ensure a logical and balanced 
treatment of failure mechanisms, a 
consistent risk based approach is proposed. 
Both quantitative and qualitative inputs 
may be combined, from disparate sources, 
relating both to common and rare failure 
scenarios. Bespoke software has been used 
to convert data into knowledge.

The Top 30 Chart is the basis for a more 
intelligent approach to many important 
decision processes such as those during new 
product design, sensor selection, condition 
monitoring software configuration, 
SCADA specification, O&M management 
specification, O&M task prioritisation.  
In addition, the risk ranking is expected to 

Top 30 Chart for 
wind turbine failure 
mechanisms

change over the life of the wind farm.  
Risk profiles may be updated, based on 
elapsed time, component usage, composite 
signals derived from operational data, 
experience of O&M technicians and managers.

Introduction to the Top 30 Chart

In 2014, almost 2500 offshore wind 
turbines were installed in Europe. This 
represents around 8GW of capacity 
connected to the grid [1]. Approximately 
30% of the Levelised Cost of Energy 
(LCoE) is associated with the reliability 
of the turbines and comprises material 
cost, labour and downtime concepts [2]. 
Acquired knowledge may be used to 
interpret the operation of the turbine under 
local conditions and to categorise failure 
mechanisms, consequences and probability. 
To achieve the industry target of a 40% 
LCoE reduction by 2020, automatic, 
intelligent systems are needed to minimise 
human intervention to the barest minimum 
during the operating life of wind farms. 
Furthermore, strategies must be established 
to maximise the value of operational data. 
The basis of these strategies has to be the 

risk to operation. Tasks, which make a 
minimal contribution to availability, may  
be neglected.

Database inputs – converting data 
into knowledge

The range of potential failure mechanisms, 
which may affect wind turbines, arises 
from a number of different sources and 
results in a variety of end consequences. 
Examples of the majority of these can be 
found in wind farm O&M procedures and 
from the practical experience of operators 
and O&M contractors. At one end of 
the spectrum it has been shown that for 
many tasks a reduction in frequency has 
insignificant effect on turbine availability. 
Also, better planning and anticipation of 
significant failures can result in the right 
technicians arriving at the turbines, with 
the right tools, spares and training.

Using a consistent risk-based approach,  
the knowledge database can include  
events which can be predicted or assessed 
to a high degree of statistical certainty  
and those which are relatively less-well 
known about.

Authors
Mark Springb, F Marco Sepúlvedaa, 

Peter Daviesb & Gerard Gaalb04

The first reference to help ensure subsequent decisions  
are rational and unbiased

Table 1: The basis of the risk priority number, used to compare failure modes in the FMEA

RPN = failure severity × failure frequency of occurrence × risk of going undetected

Failure severity (consequences) Failure frequency of occurrence Risk of failure going undetected

1 Wind turbine inoperable 
with destructive failure 
without warning

1 Failure is almost inevitable 1 Undetectable until  
failure occurs

2 Wind turbine inoperable 
with equipment damage

2 Fepeated failures with 
regular occurrence

2 Detectable during 3 month 
maintenance routine 
(average)

3 Wind turbine operable with 
significant degradation of 
performance

3 Occasional failures  
(irregular frequency)

3 Detectable by safety 
system when operational 
parameters are exceeded

4 Wind turbine operable with 
minimal interference

4 Rare failures  
(irregular frequency)

4 Early prognosis, detectable 
by control system during 
normal production

5 No effect on wind  
turbine operation

5 Failure almost never occurs, 
extremely unlikely

5 Detectable before the 
turbine starts production
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The following lists some key inputs to the 
knowledge database.

•	 1. comprehensive FMEA of a generic 
wind turbine, including all assemblies 
and sub-assemblies

•	 2. recognised and peer-reviewed long-
term reliability data (for instance from 
the EU Framework 7 Project, Reliawind)

•	 3. Lloyd’s Register experience built up 
from working with wind farm operators

 – a. expert knowledge of maintenance 
technicians, planners and managers

 – b. maintenance task reports, 
technicians’ logs, marine coordinators’ 
records, vessel skippers records, 
personnel tracking systems, Automatic 
Identification System records (AIS), 
showing vessel movements

 – c. reliability data from SCADA 
databases

•	 4. reliability data from other industrial 
sectors for similar components under 
equivalent conditions of operation

•	 5. on-going measurements and 
observations

Failure Modes and Effects Analysis 
(FMEA)
A FMEA has been undertaken for the 
functional modes of each system, 
subsystem, assembly and component 
following the IEC standard described 
in BS EN 60812:2006 [3]. Functional 
diagrams to represent redundancies 
and functional interdependencies of the 
components that allow the analysis of 
failure through the system are the result 
of the literature review and inputs from 
subject matter experts. The hierarchical 
structure proposed in the ReliaWind project 
and manufacturer information have been 
used to describe the sub-assemblies and 
components of the most common generic 
offshore wind turbine using a monopile, 
induction generator and three-stage 
gearbox [4], [5]. In order to complete the 
FMEA in the absence of expert opinion, 
generic failure modes listed by Tavner 
et al [6], [7] have been incorporated into 
the FMEA. Also incorporated into this 
FMEA are prevention methods listed by 
Karyotakis [7], responding to each failure 
mode identified. Market research has been 
conducted to identify methods available 
commercially. Condition Monitoring 
Techniques were selected regarding their 
availability in the market and assigned 

      

 

Criticality analysis takes into account the wider context of the wind farm, including 
environmental, reputational and financial consequences of failures.  This has been undertaken 
in addition to the FMEA described above. 

Above all, FMEA is an iterative process and results of practical experience with the operation of 
wind farms continue to enable the values allocated to each failure mode to be updated and the 
uncertainties to be reduced. 

 

Figure 1 Small section of the FMEA, given as an example of the structure 

 

Figure 2 The spread of RPN values for each of the 14 most significant assemblies 

RPN has been calculated for each of the 963 failure mechanisms identified.  Each failure 
mechanism has been associated with a sub-assembly.  Because there are a large number of 
failure mechanisms associated with each sub-assembly, they cannot all be shown in a single 
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Figure 2: The spread of RPN values for each of the 14 most significant assemblies.

Figure 1: Small section of the FMEA, given as an example of the structure.

to the components and assemblies, as 
in the critique by Tchakoua, Marquez 
and Hammed [8], [9] & [10]. Sensors and 
condition monitoring were recommended 
in order to improve of the detection part 
of the Risk Priority Number or RPN [9] & 
[10]. To improve consistency of analysis 
and reporting, the definitions given by 
Tavner were used for mean time to failure, 
availability, mean time to repair, logistical 
delay and other key quantities [11].

The basis of the FMEA is the RPN, defined 
as the product of three qualitative indices, 
each based on an assessment of risk by 
subject matter experts as indicated in  
Table 1. The comprehensive FMEA is 
divided in 18 main assemblies, 76 sub-
assemblies and 493 components. 963 
failure modes were identified and two 
analyses were performed, FMEA and 
criticality analysis. Additionally, the FMEA 
incorporates new capabilities such as the 

identification of components affected by 
consequential damage and identification of 
undetectable failures. A structured audit, 
categorising the provenance of the inputs, 
has enabled continuous improvement 
of the FMEA to be focussed to ensure 
consistency and to take advantage of new 
information. A sensitivity analysis has also 
been performed. An example of a small 
part of the FMEA is given in Fig 1.

FMEA is performed to improve the 
accuracy of failure prognosis. An innovative 
method has been developed for assessing 
uncertainties in the quantification of the 
three parts of the RPN. By scrutinising 
the sources of information used and then 
varying the three numbers, the range of 
possible values for the RPN indicates the 
sensitivity to errors or variability of the 
position of each failure mode in the overall 
ranking. The third component of the RPN, 
detection has been defined in terms of 
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table or chart.  The average RPN and standard deviation have been plotted in Figure 2 for each 
of the 14 most significant constituent subassemblies of the wind turbine. 

3.2 Comparison of FMEA with standard failure rates 

From the FMEA, the failure modes have been grouped so as to identify the corresponding wind 
turbine sub-assemblies.  These have been ranked by average RPN in order to compare with the 
failure statistics obtained in the ReliaWind project. 

 

 

Figure 3 Comparison between average RPN from the FMEA and failure rates from 
Reliawind 
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Reliawind 

prognostic horizon or advance warning 
as in Table 1, using information available 
publicly or from commercial projects 
regarding methodologies and systems 
for detecting failures. There are fewer 
uncertainties associated with the allocation 
of a rating for detection rating than severity 
and occurrence rating. In the longer 
term, the focus on detection enables the 
proposal, specification and detailing of new 
condition monitoring techniques.

Criticality analysis takes into account the 
wider context of the wind farm, including 
environmental, reputational and financial 
consequences of failures. This has been 
undertaken in addition to the FMEA 
described above.

Above all, FMEA is an iterative process and 
results of practical experience with the 
operation of wind farms continue to enable 
the values allocated to each failure mode to 
be updated and the uncertainties to  
be reduced.

RPN has been calculated for each of the 
963 failure mechanisms identified. Each 
failure mechanism has been associated 
with a sub-assembly. Because there are 
a large number of failure mechanisms 
associated with each sub-assembly, they 
cannot all be shown in a single table or 
chart. The average RPN and standard 
deviation have been plotted in Fig 2 for 
each of the 14 most significant constituent 
subassemblies of the wind turbine.

Comparison of FMEA with standard 
failure rates
From the FMEA, the failure modes have 
been grouped so as to identify the 
corresponding wind turbine sub-assemblies. 
These have been ranked by average RPN in 
order to compare with the failure statistics 
obtained in the ReliaWind project.

Risk-based approach to component 
reliability
Lloyd’s Register has demonstrated in 
other industrial sectors that reliable 

management of maintenance activities 
and prioritisation of tasks can be achieved 
by using a risk matrix as the the common 
format. Each component of the system 
or risk unit is placed on the risk matrix 
based on the probability of its failing and 
the consequences, should the component 
fail. The definition of what constitutes a 
risk unit is up to the user and can vary 
throughout the system dependent on 
significance to the overall operation. 
Examples might be the export cable and 
associated systems or a key circlip located 
within the pitch actuator. Lloyd’s Register’s 
Axxim software shows the overall health  
of the system or risk profile, by displaying 
the number of components at each 
location in the risk matrix (shown in  
Fig 4). The assessment of the risk profile is 
dynamic, being updated regularly during 
the operational life as remaining life or risk 
of failure changes: as frequently as once 
per hour or as intermittently as once a 
month depending on the usage and rate 
of degradation. The assessment of the risk 
of failure may change as failure models are 
improved and failure statistics accumulated. 
Being embedded within the computerised 
maintenance management system (for 
instance Maximo or SAP), Axxim software 
has direct access to data, for instance from 
the wind turbine SCADA system.

Examples of applications to wind 
farm operations

Lloyd’s Register’s experience working with 
operators of wind farms suggests that in 
many cases, the proportion of time spent 
responding to unexpected wind turbine 
failures and diagnosing the causes may 
be disproportionate (over 40%). It has 
become clear that a significant amount 
of time is being spent diagnosing faults 
on the turbine itself, (approx. 20%) The 
breakdown of hours related to all recorded 
maintenance tasks is shown in Fig 5.

Figure 3: Comparison between average RPN from the FMEA and failure rates from Reliawind.
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Fig 6 shows the breakdown of task 
duration for each turbine in the wind farm. 
Presenting the data in this way enables 
location-based patterns to be identified 
easily, leading to further investigation 
of the root causes. An example is the 
degradation of a component due to wind 
turbulence intensity which is higher within 
the wind farm than on the outer rows. 
Conversely, turbines in the outer rows 
will show earlier failures in cases where 
the component life is reduced by the time 
distribution of exposure different mean 
levels of drivetrain torque or accumulated 
energy generated (Fig 6, inset). Trends in 
failure rate or maintenance activity may 
be seen by scrutiny of the position of 
turbines along particular sea bed features 
or frequency of weather windows for 
safe technician transfers. A pattern has 
been seen suggesting a link between the 

tolerated for longer periods or neglected 
through the introduction of new 
redundancies at low cost. The benefit is to 
enable more tasks to be scheduled within 
a single turbine visit. The costs relating 

electrical string a turbine is connected into 
and failures of electrical components such 
as converters or switchgear as shown in  
Fig 6.

Prognostic horizons can be extended 
further by combining engineering models 
of component usage and degradation  
with statistical models of trends and 
patterns recognised through scrutiny of  
observations stored in the database.  
Such models of failure physics will be 
developed for an increasing proportion  
of the failure mechanisms identified.  
The same patterns may suggest root causes 
for further investigation. The benefit of 
extending the prognostic horizon is to give 
more time for planning, resourcing and 
prioritising maintenance tasks.

Many tasks contribute excessively to 
turbine downtime but may either be 

to many of these frequent failures of 
low-cost components may be reduced by 
design changes. Possible solutions include 
increasing the redundancy of wind turbine 
hardware or replacing with more expensive 
but more reliable components. Other tasks 
with significant, costly consequences can 
be scheduled further in advance by use 
of new condition monitoring. Use of a 
risk-based approach to the analysis of each 
specific maintenance task has been shown 
to provide the hard evidence that the 
cost of new condition monitoring will be 
offset by reduced downtime and increased 
production. It is important to remember 
that the introduction of new condition 
monitoring hardware will in itself increase 
the number of failure mechanisms to  
be considered.

      

 

3.3 Risk-based approach to component reliability 

Lloyd’s Register has demonstrated in other industrial sectors that reliable management of 
maintenance activities and prioritisation of tasks can be achieved by using a risk matrix as the 
the common format.  Each component of the system or risk unit is placed on the risk matrix 
based on the probability of its failing and the consequences, should the component fail.  The 
definition of what constitutes a risk unit is up to the user & can vary throughout the system 
dependent on significance to the overall operation.  Examples might be the export cable and 
associated systems or a key circlip located within the pitch actuator.  Lloyd's Register's Axxim 
software shows the overall health of the system or risk profile, by displaying the number of 
components at each location in the risk matrix (shown in Figure 1).  The assessment of the risk 
profile is dynamic, being updated regularly during the operational life as remaining life or risk of 
failure changes: as frequently as once per hour or as intermittently as once a month depending 
on the usage and rate of degradation.  The assessment of the risk of failure may change as 
failure models are improved and failure statistics accumulated.  Being embedded within the 
computerised maintenance management system (for instance Maximo or SAP), Axxim software 
has direct access to data, for instance from the wind turbine SCADA system. 

 

Figure 4 Screenshot from Lloyd's Register's Axxim software, showing a risk matrix 

4. Examples of applications to wind farm operations 

Lloyd’s Register’s experience working with operators of wind farms suggests that in many 
cases, the proportion of time spent responding to unexpected wind turbine failures and 
diagnosing the causes may be disproportionate (over 40%).  It has become clear that a 

      

 

significant amount of time is being spent diagnosing faults on the turbine itself, (approx. 
20%)The breakdown of hours related to all recorded maintenance tasks is shown in Figure 5. 

 

Based on these studies, Lloyd's 
Register recommends increasing 
the number of scheduled 
activities, consequently reducing 
unscheduled tasks and fault-
finding activities (around 6% total 
reduction) as well as increasing 
turbine availability.  For these 
studies, the FMECA has enabled 
many tasks, previously-
unidentified in the maintenance 
records, to be linked to recorded 
diagnostic activities. 

Figure 5 Breakdown of tasks by category 
 

Figure 6 shows the breakdown of task duration for each turbine in the wind farm.  Presenting 
the data in this way enables location-based patterns to be identified easily, leading to further 
investigation of the root causes.  An example is the degradation of a component due to wind 
turbulence intensity which is higher within the wind farm than on the outer rows.  Conversely, 
turbines in the outer rows will show earlier failures in cases where the component life is reduced 
by the time distribution of exposure different mean levels of drivetrain torque or accumulated 
energy generated (Figure 6, inset).  Trends in failure rate or maintenance activity may be seen 
by scrutiny of the position of turbines along particular sea bed features or frequency of weather 
windows for safe technician transfers.  A pattern has been seen suggesting a link between the 
electrical string a turbine is connected into and failures of electrical components such as 
converters or switchgear as shown in Figure 6. 

Prognostic horizons can be extended further by combining engineering models of component 
usage and degradation with statistical models of trends and patterns recognised through 
scrutiny of observations stored in the database.  Such models of failure physics will be 
developed for an increasing proportion of the failure mechanisms identified.  The same patterns 
may suggest root causes for further investigation.  The benefit of extending the prognostic 
horizon is to give more time for planning, resourcing and prioritising maintenance tasks. 

Many tasks contribute excessively to turbine downtime but may either be tolerated for longer 
periods or neglected through the introduction of new redundancies at low cost.  The benefit is to 
enable more tasks to be scheduled within a single turbine visit.  The costs relating to many of 
these frequent failures of low-cost components may be reduced by design changes.  Possible 
solutions include increasing the redundancy of wind turbine hardware or replacing with more 
expensive but more reliable components.  Other tasks with significant, costly consequences can 
be scheduled further in advance by use of new condition monitoring.  Use of a risk-based 
approach to the analysis of each specific maintenance task has been shown to provide the hard 
evidence that the cost of new condition monitoring will be offset by reduced downtime and 
increased production.  It is important to remember that the introduction of new condition 
monitoring hardware will in itself increase the number of failure mechanisms to be considered. 

      

 

 

Figure 6 Breakdown of maintenance tasks by category for the whole wind-farm 

5. Conclusions 

A methodology has been demonstrated which will be used to accumulate knowledge from 
disparate sources in order to improve the basis on which the Top 30 Chart has been 
constructed so that it becomes a resource which may be relied on by maintenance planners and 
operations managers.  Cost models are being refined and feedback sought from wind farm 
operators in order to improve the methodology described and also the fidelity of the knowledge 
stored in Lloyd’s Register’s database. 
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Conclusions

A methodology has been demonstrated 
which will be used to accumulate 
knowledge from disparate sources in 
order to improve the basis on which the 
Top 30 Chart has been constructed so 
that it becomes a resource which may be 

relied on by maintenance planners and 
operations managers. Cost models are 
being refined and feedback sought from 
wind farm operators in order to improve 
the methodology described and also  
the fidelity of the knowledge stored in  
Lloyd’s Register’s database.

Table 2: The Top 30 Chart, showing significant failures of wind turbine sub-assemblies

Assembly Sub-Assembly Component Potential Failure Modes Average of Risk Priority Number 
(RPN)

1 frequency converter converter power bus capacitor open circuit 60

2 frequency converter converter power bus generator side converter - diodes, 
thyristers or power module

line fault (ground, line to line) or open circuit 48

3 frequency converter converter power bus grid side converter - diodes, diodes, 
thyristers or power module

line fault (ground, line to line) or open circuit 48

4 frequency converter converter power bus grid side power module line fault (ground, line to line) or open circuit 48

5 frequency converter converter power bus inductor electrical failure or insulation failure 48

6 pitch system pitch drive motor (dc) brushes failure 48

7 pitch system pitch drive motor (dc) high friction 48

8 pitch system pitch drive pinion mechanical failure 48

9 pitch system pitch drive pitch bearing bearing collapse or separates 48

10 yaw system yaw electrical brake yaw electrical brake high friction, low friction, stuck off or stuck on 48

11 yaw system yaw mechanical brake yaw brake calipers stuck on 48

12 yaw system yaw mechanical brake yaw brake disc stuck off 48

13 frequency converter converter power bus branching unit electrical insulation failure 45

14 frequency converter converter power bus capacitor degradation/loss of capacitance 45

15 frequency converter converter power bus capacitor electrolyte evaporation 45

16 frequency converter converter power bus capacitor short circuit 45

17 frequency converter converter power bus capacitor short circuit 45

18 frequency converter power conditioning common mode filter - capacitors electrical failure 45

19 frequency converter power conditioning dc chopper dc-link failures (earth or short circuit fault) 45

20 frequency converter power conditioning generator side filter electrical insulation failure 45

21 auxiliary electrical system electrical services power point electrical failure 36

22 generator structural & mechanical bearings insulation failure 36

23 generator structural & mechanical shaft shaft scuffing 36

24 generator structural & mechanical shaft shaft scuffing total 36

25 pitch system pitch drive pitch bearing bearing stuck 36

26 pitch system pitch drive pitch bearing increased bearing friction, abrasion, scuffing 36

27 yaw system yaw mechanical brake yaw brake hoses abrasion 36

28 yaw system yaw mechanical brake yaw brake hoses blockage 36

29 yaw system yaw mechanical brake yaw brake hoses fatigue 36

30 yaw system yaw mechanical brake yaw brake hoses sudden external damage 36
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Assembly 
Risk Priority 

Number (RPN) 

Frequency Converter  38.3 

Pitch System 33.9 

Yaw System 30.8 

Gearbox 30.1 

Nacelle Auxiliaries 29.0 

Control & Comm. System 28.1 

Generator 27.6 

Main Shaft Set 27.0 

Tower 26.0 

Power Electrical System 25.0 

Foundation 24.6 

Cable 24.0 

Blade 21.0 

Hydraulics System 18.0 

Auxiliary Electrical System 17.8 

Transition Piece 17.3 

Nacelle Structure 16.0 

Hub 12.0 
Figure 7 The top 4 assemblies, ranked by average RPN, based on all identified failure 
mechanisms
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Figure 7: The top 4 assemblies, ranked by average RPN, based on all 
identified failure mechanisms.
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