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Abstract

Floating offshore wind (FOW) is a renewable energy source that is set to play an essential role in addressing climate change

and the need for sustainable development. However, due to the increasing threat of climate emergency, more wind turbines are

required to be deployed in deep water locations, further offshore. This presents heightened challenges for accessing the turbines

and performing maintenance, leading to increased costs. Naturally, methods to reduce operational expenditure (OpEx) are

highly desirable. One method that shows potential for reducing OpEx of FOW is LIDAR-assisted pitch control. This approach

uses wind velocity measurements from a nacelle-mounted LIDAR to enable feedforward control of floating offshore wind turbines

(FOWTs), and can result in reductions to the variations of structural loads. Results obtained from a previous study of combined

feedforward collective and individual pitch control (FFCPC+FFIPC) are translated to OpEx reductions via reduced component

failure rates for future FOW developments, namely in locations awarded in the recent ScotWind leasing round. The results

indicate that LIDAR-assisted pitch control may allow for an up to 5% reduction in OpEx, increasing up to 11% with workability

constraints included. The results varied across the three ScotWind sites considered, with sites furthest from shore reaping the

greatest benefit from LIDAR-assisted control. This work highlights the potential savings and reduction in the overall levelised

cost of energy for future offshore wind turbine projects deliverable through the implementation of LIDAR-assisted pitch control.

1



Received: Added at production Revised: Added at production Accepted: Added at production

DOI: xxx/xxxx

RESEARCH ART I C L E

The impact of LIDAR‐assisted pitch control on floating offshore
wind operational expenditure

Andrew J. Russell1 Jade McMorland2 Maurizio Collu2 Alasdair S. McDonald3

Philipp R. Thies4 Aidan Keane5 Alexander R. Quayle6 David McMillan7 James
Carroll7 Andrea Coraddu8

1Industrial Doctoral Centre for Offshore
Renewable Energy, School of Engineering,
King’s Buildings, University of Edinburgh,
Edinburgh, UK
2Department of Naval Architecture, Ocean and
Marine Engineering, University of Strathclyde,
100 Montrose St, Glasgow UK
3School of Engineering, King’s Buildings,
University of Edinburgh, Edinburgh, UK
4Faculty of Environment, Science and Economy
Engineering, University of Exeter, Penryn
Campus, UK
5Wood Renewables, Floor 2 St Vincent Plaza,
St Vincent Street, Glasgow, UK
6Flotation Energy Ltd, 12 Alva Street,
Edinburgh, EH2 4QG, UK
7Electronic and Electrical Engineering
Department, University of Strathclyde,
Glasgow, UK
8Faculty of Mechanical, Maritime and
Materials Engineering, Delft University of
Technology, 2628 CD Delft, The Netherlands

Correspondence
Andrew J. Russell,
Email: A.J.Russell‐1@sms.ed.ac.uk
Jade McMorland,
Email: jade.mcmorland@strath.ac.uk

Abstract
Floating offshore wind (FOW) is a renewable energy source that is set to play an essential role in
addressing climate change and the need for sustainable development. However, due to the increas‐
ing threat of climate emergency, more wind turbines are required to be deployed in deep water
locations, further offshore. This presents heightened challenges for accessing the turbines and
performing maintenance, leading to increased costs. Naturally, methods to reduce operational ex‐
penditure (OpEx) are highly desirable. One method that shows potential for reducing OpEx of FOW
is LIDAR‐assisted pitch control. This approach uses wind velocity measurements from a nacelle‐
mounted LIDAR to enable feedforward control of floating offshore wind turbines (FOWTs), and can
result in reductions to the variations of structural loads. Results obtained from a previous study
of combined feedforward collective and individual pitch control (FFCPC+FFIPC) are translated to
OpEx reductions via reduced component failure rates for future FOW developments, namely in
locations awarded in the recent ScotWind leasing round. The results indicate that LIDAR‐assisted
pitch control may allow for an up to 5% reduction in OpEx, increasing up to 11% with workabil‐
ity constraints included. The results varied across the three ScotWind sites considered, with sites
furthest from shore reaping the greatest benefit from LIDAR‐assisted control. This work highlights
the potential savings and reduction in the overall levelised cost of energy for future offshore wind
turbine projects deliverable through the implementation of LIDAR‐assisted pitch control.

K E YWORD S
LIDAR‐assisted pitch control, Floating offshore wind, Failure rates, Operational expenditure, O&M,
Wind turbine control

1 INTRODUCTION

Renewable energy plays a vital role in addressing the serious challenges of climate change and the need for sustainable development. Wind energy,
specifically offshore wind, is set to play an essential role in the deployment of clean energy sources globally. Offshore wind has seen significant
success in recent years, with 9.4 GW installed worldwide as of 20221. However, due to the increasing threat of climate emergency, there is a
heightened demand for further deployment of wind turbines. At present, bottom‐fixed wind (BFW) turbines are limited to a depth of water of 60
m 2. Wind Europe estimates that around 80% of Europe’s available wind resource lies within waters exceeding this depth3, and FOW provides a
viable solution for wind deployment in deeper areas.
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FOW technology benefits from the knowledge gained through the successful deployment of BFW, presenting a promising path towards com‐
mercially viable FOW projects. However, introducing floating systems brings new obstacles and limitations, primarily concerning the operational
phase of the project. Key challenges for the technology include wave sensitivity, maintainability, anchor and mooring cost/complexity, and turbine
motion, as identified by NREL4. With the increasing demand for FOW, deployment sites are being driven to greater offshore distances and depths,
with associated harsher environmental conditions and heightened accessibility challenges.
Recently, there has been growing concern about the finance and profitability of future FOW projects. Challenges such as the risk of new tech‐

nology, increased inflation rates globally, shortage of components/materials/vessels and lack of an established supply chain in remote deployment
areas are set to put an additional financial strain on future FOW projects. Therefore, it is vital to reap cost‐saving benefits where possible. O&M
can account for up to 30% of the total cost of energy for BFW sites, making it a key area for cost reduction. Recent estimates for FOW cost of
energy (CoE) indicate that OpEx for FOW projects could potentially exceed 40% due to challenges surrounding environmental conditions, turbine
motion and major component replacements5. However, there are a number of methods to reduce this impact and to allow effective, efficient and
economically feasible O&M campaigns for FOW.
The implementation of LIDAR‐assisted pitch control is one method that shows promise for reducing OpEx of FOW sites. This method uses

nacelle‐mounted LIDAR to gather wind velocity measurements upstream of the turbine, to enable feedforward control of FOWTs. This allows
FOWTs to actuate their pitch, torque or yaw control systems in advance of the wind’s impact. The greatest benefits delivered by LIDAR‐assisted
control have been achieved when assisting with blade pitch control in above‐rated wind speed conditions6, 7, 8, 9. One of the key deliverables
resulting from LIDAR‐assisted pitch control is reductions in the variations of structural loads. This is significant because this gives rise to more
consistent loads, which are predictable and uniform across the structure, resulting in reduced fatigue, failure rates and, consequently, lifetime ex‐
tension, which can lead to reduced maintenance activities and operational expenditure. This paper aims to use the loading standard deviation
reductions obtained from a previous study of LIDAR‐assisted pitch control9 to quantify how they translate to OpEx savings for FOW.
This paper is structured as follows. Section 2 provides a background overview of floating offshore wind and the O&M challenges specific

to the technology. Section 2 also briefly overviews the advantages of LIDAR‐assisted control within FOW. Section 3 provides a review of the
LIDAR‐assisted control strategy, implementation, and previous results. Section 4 introduces the O&M methodology for this analysis with details
of the vessel fleet, support structure, and case study locations. Section 5 provides the OpEx results using a bottom‐fixed wind farm as a baseline
comparison. Finally, Section 6 presents conclusions from the results and offers recommendations for future work.

2 BACKGROUND

2.1 Floating wind maintenance overview

It is widely cited that O&M costs can account for up to 30% of the total cost of energy within offshore wind10. Yet, recent studies have estimated
that, for FOW technology, this figure could increase to almost 40%5, highlighting the need for an effective O&M strategy. NREL identified wave
sensitivity, maintainability, anchor cost/complexity, mooring cost/complexity and turbine motion as the key challenges posed by FOWT sites11.
The deep depths of FOW sites pose challenges for conventional major component replacement vessels2 which are limited to 60 m depth. This

gives rise to the need for alternative methods such as floating‐to‐floating transfer, floating cranes, self‐hoisting equipment, and off‐site solutions
such as tow to shore. The limited availability of appropriate port and grid infrastructure hampers the wider adoption of FOW.Many European ports
and harbours lack the necessary capacity to handle the installation and maintenance demands of such assets, which becomes a growing concern
due to the rapid pace of BFW and FOW site deployment.
As sites move into deeper waters, the average distance to shore is also expected to increase. At present, the average distance to shore and water

depth of the current operational wind farms are 18.7 km and 14.6 m, respectively12. These are the source of some of the key challenges for the
technology. The increase in distance to shore is expected to have a significant impact on the accessibility of the sites. Accessibility is determined
based on both the weather conditions and the duration of suitable weather windows. The average distance to shore (mainland Scotland) of the
proposed ScotWind projects exceeds 70 km, with this further increasing for the FOW sites. Travel time to site, and the required weather window
increase with distance to shore. The weather window is the duration of access required to safely attend the site, complete the repair, and then
return to shore. As this duration increases, the access to the site decreases. Rowell et al.13 compared the accessibility of future ScotWind sites
against that of currently operating wind farms (e.g. Moray East). This work used significant wave height (Hs) as the limiting factor, which was kept
consistent for both FOW and BFW sites. The results indicated that accessibility for FOW sites will be challenging, particularly for those using a
crew transfer vessel (CTV) based approach.
In addition to the existing access limits, the wave and tidal‐induced motion of the turbine could potentially further limit turbine access. Turbine

motion is frequently referenced in scholarly works as a major obstacle in FOW O&M procedures14. Recent studies have analysed the potential
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impact of turbinemotionwithin a number of sea states15,16,17.Most of these studies have concentrated on ascertaining turbinemotion under severe
weather circumstances, aiming to establish the platform survivability and the impact of turbine motion on degradation and fatigue. Nevertheless,
the exploration of turbine motion for maintenance‐related oceanic conditions (e.g. situations where significant wave heights are below 4 meters18)
remains relatively constrained.
Whenmodelling O&Mprocesses, it is crucial to consider this additional motion in order to ensure the health and safety of technicians. Assessing

the workability of the turbine requires taking into account additional weather and environmental factors such as the peak wave period (Tp) and
the direction of the waves14. The movement of the turbine is also expected to affect the degradation rate of components, especially within the
drivetrain.

2.1.1 Workability

The concept of workability has been explored within the literature by CoreWind19 and Scheu et al. 20, identifying the workability index (WI) for
several different floating platform designs. Workability is a measure of how safe it is for technicians to perform maintenance on the asset in a
number of sea states, which are a combination of Hs, mean wind speed (U), and Tp. Currently, there is no definitive guidance to determine an
acceptable WI for offshore wind operations. This introduces a trade‐off between site accessibility and technician health and safety.
For one sea state condition, individual WIs from different motion directions (lateral, vertical, and rotational) are calculated and multiplied to

provide the WI of the specific Hs‐Tp combination. The resulting WI is calculated for each Hs‐Tp combination of interest. A WI of 1 indicates no
impairment of working conditions due to motion, a value of 0 means that work is not possible under the respective conditions. Time workable
conditions are determined based on the specific response amplitude operator (RAO) of the selected offshore wind structure, under a specific set
of Hs and Tp values. An acceptable motion threshold is then imposed based on the existing oil and gas threshold from Nordforsk21. This can then
be normalised to allow for comparisons through the use of a workability index (WI)

WI =
∑

Twci
Tt

(1)

where Twci is the number of workable hours and Tt is the total number of hours.
Scheu et al. 20 provided WI results for a 10 MWwind turbine mounted on four different platform designs (A, B, C & D). Designs A ‐ D include a

spar, tension leg platform (TLP), semi‐submersible and a barge design. However, the specific design details of A ‐ D were not disclosed. Workability
was found to be a slight limiting factor for sea states with aWI of ≤ 90%, and had a significant influence forWI < 60%. The concept ofWI for specific
platform designs was also explored within the CoreWind project19. This project examined the impact of two specific floater designs, ActiveFloat
(semi‐submersible) and WindCrete (spar). Both platforms were connected to a 15 MW‐rated IEA reference turbine22.
While existing guidance addresses safe human exposure, specific limits for a safe WI in offshore operations are lacking, though Scheu et al.20

categorised WI impact > 90% as slight, 60‐90% as significant and < 60% as major.

2.2 LIDAR‐assisted control

One method that shows promise for reducing OpEx for FOW is LIDAR‐assisted control. Nacelle‐mounted, forward‐facing LIDAR technology can
provide measurements of the incoming wind field, the characteristics of which can be used for feedforward turbine control. The greatest benefits
delivered by LIDAR‐assisted control have been observed when assisting with blade pitch control in above‐rated conditions6, 7, 8. In above‐rated
wind speed conditions, wind turbines aim to maintain the speed of rotation of the rotor at a setpoint. This is achieved through adjustment of the
blade pitch angle. Changes to the blade pitch angle result in changes to the angle of attack of the airfoil, and subsequently the lift and drag forces
acting on the blades. This causes the rotor’s rotation to accelerate or decelerate, bringing its rotational speed towards the setpoint.
Traditionally, turbines use feedback control of the generator speed to formulate pitch commands that seek to bring the rotor speed to its

setpoint. However, the drawback of this type of control strategy is that the wind turbine controller provides a delayed reaction to the incoming
wind. Feedforward control is able to overcome this drawback by enabling turbines to actuate their pitch systems in advance of the wind’s impact
upon the rotor, and consists of a further control loop in addition to the existing feedback control loop.
LIDAR‐assisted feedforward pitch control has demonstrated ability to enhance turbine performance through improved rotor speed regulation, and
therefore more stable power capture. It is also capable of reducing the variation in the structural loadings, which has the potential to reduce the
levelised cost of offshore wind energy by extending maintenance intervals and the lifetime of wind turbines. When deployed on FOWTs, it is also
able to reduce the variations in the motions of the platform and the tensions of the mooring lines6, 7, 8, 23, 24.
Furthermore, individual blade pitch control (IPC) can be employed, which can mitigate the cyclic loads experienced by wind turbines due to

variations in the wind profile across the rotor‐swept area caused by wind shear, wind veer and turbulence. This strategy provides individual pitch
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commands to each blade instead of the same command applied to all blades, as in collective pitch control (CPC). The concept of feedback IPC (FBIPC)
was first explored by Bossanyi et al25, and applied to floating turbines by Namik and Stol26. Alternatively, feedforward individual pitch control
(FFIPC), is able to deliver individual pitch commands in advance of thewind’s impact and has been studied using various implementations27, 28, 29, 30.
In previouswork, the benefits of LIDAR‐assisted combined feedforward collective and individual pitch control (FFCPC+FFIPC) for a 15MWfloating
offshore wind turbine were investigated9. Significant benefits to the turbine performance, loading and motion parameters were observed. Building
on the results of the previous work9, this paper aims to translate the reductions in the variations of the structural loads to component failure rate
reductions and, subsequently, investigate how these can lead to reduced OpEx.

2.3 ScotWind case study

TheUKGovernment has a binding goal of achievingNet‐Zero emissions by 2050, necessitating a fourfold increase in low‐carbon electricity capacity.
This entails reaching approximately 75 GW of offshore wind power by 2050, far surpassing the current UK pipeline of 38.5 GW. The government
has set a new target of 1GW floating wind capacity by 2030 and plans to invest £160 million in offshore wind infrastructure to achieve 40 GW of
offshore wind by 2030 31.
In the UK’s Round 4 Contract for Difference auctions, FOWprojects were included for the first time, with the TwinHub project being successfully

awarded 32. A recent restructuring of the scheme has separated offshore wind into its own category (Pot 3), while adding floating wind to Pot 2
along with other emerging technologies32.
In 2022 Crown Estate Scotland launched ScotWind Leasing, aiming to secure 8‐10GW of additional offshore wind capacity, raising the Scottish

target to 17‐19 GW, mainly by 2030‐32. The 2022 ScotWind leasing results exceeded expectations by awarding 11 floating projects with a
combined capacity of approximately 18 GW33, showcasing the rapid growth of the floating offshore wind industry and Scotland’s leading position
in this sector.
This work uses three of the recent ScotWind allocation sites as the basis of the case study: E1, NE1 and NE3. These sites have been selected

due to their spread of location, capacity and distance to shore. This study aims to assess how the cost‐saving benefits brought by LIDAR‐assisted
control differ for the different sites due to these variables. The location of these zones, with details of distance to shore and met‐ocean averages,
is provided in Table 1.

TAB L E 1 Case study ScotWind FOW regions with detail of O&M base, distance to shore and average Hs.

ScotWind site O&M Base Distance to Shore, km Average Hs, m

E1 Aberdeen 120 1.7
NE1 Lerwick 55 1.5
NE3 Wick 55 1.6

3 OPERATION ANDMAINTENANCE METHODOLOGY

OpEx is defined as the cost of the operational phase of a project34. This is one of the few costs which can be controlled once the FOW farm is
operational and is estimated to contribute up to almost 40% of the total cost of energy for future floating wind5.
The OpEx simulations within this work were performed using the Strath‐OWO&Mmodel35. This model has previously been validated and used

to assist in the development of maintenance campaigns for currently operational offshore wind farms36. This model has been adapted to account
for workability limits imposed based on the platform design, as discussed in Section 2.1.
The model uses a Monte Carlo time domain simulation approach and consists of four input modules: climate, vessel specifications and fleet

configuration, wind farm/turbine, and cost and failures. For this analysis, themodel has been adapted for FOWday‐to‐daymaintenance procedures,
excluding major replacement procedures. This model comprises of three main parts: climate modelling, turbine failure modelling, and resource and
cost modelling. Users input sample data, allowing the model to simulate wind speed and significant wave height time series over the defined wind
farm lifetime using a multivariate autoregressive model. These values play a crucial role in calculating energy production and losses, as well as
determining turbine accessibility for maintenance tasks.
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Within the current model35, access to site is limited by U and Hs, where the thresholds are vessel dependent. Within this adapted model, where
workability limits are imposed, the combination of Tp and Hs form the limiting criteria, dependent on the specific platform design. An example of
limitations imposed for Design A20 is shown in Figure 1.

F I GUR E 1 Limitations imposed on accessibility for specific Hs‐Tp combinations for Design A20.

3.1 Maintenance strategy

Within offshorewind,maintenance actions can be categorised asminor,major or replacement operations37,38.While there are significant challenges
surrounding the major component replacement for FOW turbines, this work focused on the impact of reduced failure rates on minor/major repairs,
which make up 90% of total failure rates37. Therefore, the use of a heavy lift vessel (HLV) was not included.
It was assumed that the cost of repair of components was identical for both BFW and FOW to allow for direct comparison. Each turbine had a 15

MW rating, based on the NREL 15 MW reference turbine22. All baseline failure rates, technicians required, time to repair and cost of components
for different turbine subsystems were taken from Carroll et al.37.
To allow for direct comparison between the ScotWind locations, each site had a capacity of 1 GW and followed the same maintenance strategy.

Due to the scale of the sites, and distance to shore, the case study utilised a service operation vessel (SOV)‐based maintenance strategy. Each site
had a dedicated SOV which was supported by 6 daughter craft. The SOV and daughter craft had a Hs limit of 3.5 m and 2 m respectively. Since
the goal of this study was to assess potential OpEx reductions via the implementation of LIDAR‐assisted control, the optimization of the vessel
fleet was not the focus. To ensure that maintenance activities were not hindered due to resource limitations, a set of 6 daughter crafts was chosen.
Scheduled maintenance was set to 60 hours per turbine per year. Maintenance activities were not limited by daylight working hours.

4 LIDAR‐ASSISTED CONTROL METHODOLOGY

The turbine studied within aero‐servo‐hydro‐elastic simulations was the IEA‐Wind 15 MW reference turbine, developed between NREL and the
Technical University ofDenmark (DTU), via the IEA, as defined byGaertner et al22. The turbinewasmounted on theUniversity ofMaine’s VolturnUS‐
S semi‐submersible39. The FOWT was simulated using NREL’s open‐source Fatigue, Aerodynamics, Structures, and Turbulence (FAST) code. This
software is classed as an aero‐servo‐hydro‐elastic tool for themodelling of full nonlinearwind turbinemodels. It allows for the intricate specification
of the turbine’s design, external environment (wind, wave and current conditions), and the controller design. OpenFAST is the latest iteration of the
FAST code and version 3.4 was used for this study, with modifications made to allow for LIDAR configuration simulation within the InflowWind
module, which are now present within OpenFAST, from version 3.5 onwards. The LIDAR measurements were interfaced to ServoDyn and sent to
the Reference Open Source Controller (ROSCO), defined in40, where v2.6 was modified to enable LIDAR‐assisted control. Full descriptions of the
modifications made to OpenFAST and ROSCO were disclosed in previous work9.
The modifications made to the OpenFAST and ROSCO source code enabled the simulation of a 5‐beam LIDAR, with 4 beams focused around

the rotor disk at 90‐degree azimuth increments at 50% rotor radial span, and one focused at hub height directly ahead of the turbine, as illustrated
in Fig. 2.
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F I GUR E 2 Illustrating a side view of the nacelle‐mounted LIDAR beam trajectories, marked by blue dashed lines, and their focal positions,
marked by red dots. Not to scale.

The LIDAR simulator returns the longitudinal wind velocity at the desired focal coordinates, which are averaged to provide a rotor effective
wind speed value to be used by the feedforward collective pitch controller. Due to its large rotor diameter (240 m), the turbine may be subject
to significant variations in structural loads due to differences in the wind profile across the rotor‐swept area. In order to mitigate these variations,
individual feedforward pitch control was also implemented within the ROSCO controller and worked by providing additional tuning to the pitch of
each blade depending on its azimuth position. Full explanation of the feedforward collective and individual pitch control theory can be foundwithin
the previous work 9. The combined feedforward collective and individual pitch controller (FFCPC+FFIPC) was found to deliver significant benefits
to the performance, motions and loadings of the FOWT compared to the baseline feedback‐only (FB) controller, the collective pitch controller
(FFCPC) and the FFCPC combinedwith a traditional feedback individual pitch controller (FFCPC+FBIPC) across the full above‐ratedwind spectrum,
as shown in Figure 3.

F I GUR E 3 Normalised values of σ for various turbine and substructure parameters when using FFCPC+FFIPC compared to the baseline feed‐
back controller (denoted by black lines at 1.00). Values shown are averaged values from four random seed 1‐hour simulations at each average wind
speed integer.
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From Figure 3, the addition of FFCPC+FFIPC was able to deliver significant benefits to turbine and substructure parameters across the above‐
rated wind spectrum. Key reductions were observed in the rotor speed and power, as seen in Fig. 3a, due to the superior blade pitch preparation
in advance of the wind impact. This resulted in up to 56% reductions in their standard deviations compared to the baseline. The superior turbine
performance had positive benefits on the bending moments acting on the turbine (Fig. 3b), with reductions in the standard deviations of over 15%
recorded in the rotor total load and the tower base fore‐aft bending moment compared to the baseline controller. The benefits to the loadings
were particularly relevant to this work, as the standard deviation reductions can lead to reduced failure rates and damage equivalent loads (DELs)
of the turbine’s components. Moreover, positive benefits were also observed in the platform motions (Fig. 3c), namely in pitch and surge, due to
the reductions in the variation in the thrust force acting on the turbine. These benefits also translated to the mooring line tensions at the anchors
and fairleads (Fig. 3d).

4.1 Failure rate determination

The results of the feedback‐only controller and the best‐performing feedforward controller examined in the previous work (FFCPC+FFIPC) were
post‐processed using MLife. MLife is a MatLab‐based tool created by NREL to post‐process results from wind turbine tests, and aero‐elastic,
dynamic simulations, including fromOpenFAST. MLife computes statistical information and fatigue estimates for one or more data files and follows
the techniques outlined in the industrial standards41. Essential details and equations detailing MLife’s operation are provided here. A complete
theory manual by Hayman42 outlining all details of MLife’s operation is also available for reference.
MLife works by accumulating fatigue damage due to fluctuating loads over the design life of a wind turbine, which are broken down into

individual hysteresis cycles by rainflow counting42. The damage is assumed to accumulate linearly with each cycle according to Miner’s Rule. The
total damage from all cycles is given by

D =
∑
i

ni
Ni(LRFi )

(2)

where Ni is the number of cycles to failure, ni is the cycle count and LRFi is the cycle’s load range about a fixed load‐mean value. The relationship
between the load range and cycles to failure (the S‐N curve) is modelled by

Ni =

(
Lult – |LMF|

1
2
(LRFi )

)m

(3)

where Lult is the ultimate design load of a component, LMF is the fixed load‐mean andm is theWhöhler exponent, which is specific to the component
under consideration. In this study, an m of 4 was used for steel components and an m of 10 was used for composite components.
As the simulations performed only cover a short period of the design lifetime, the time‐series damage‐cycle counts must be extrapolated over

the design lifetime. Equations 2 and 3 are rewritten to account for the accumulation of damage across the turbine lifetime42.

DLife
j =

∑
i

nLifeji

Nji
(4)

DLife =
∑
i

DLife
j (5)

Nji =

(
Lult – |LMF|

1
2
LRFi

)m

(6)

where DLife
i is the extrapolated damage over the design lifetime due to the jth time‐series, nLifeji is the extrapolated cycle counts andNji is the number

of cycles to failure.
To perform these extrapolations of the damage‐cycle counts across the lifetime of the wind turbine, MLife requires the wind speed distributions

of the sites. This enables MLife to model the wind with a Weibull distribution. TheWeibull parameters and average wind speeds inputted to MLife
for each of the ScotWind sites analysed are given in Table 2.
The wind speeds were then placed into bins, which were then assigned a probability of occurrence based on the Weibull distribution for each

site. The extrapolation was also affected by the turbine’s availability factor, A, where an availability of 1 indicates that the turbine is always online
and producing when the wind speed is between the cut‐in and cut‐out wind speeds. An availability factor of 0.95 was assumed for this study.

fLifej =
TLifeApvl

Tl
(7)
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TAB L E 2 Average wind speeds and Weibull parameters of the ScotWind leasing locations assessed in this study43

ScotWind site Average wind speed, ms–1 Weibull scale parameter C Weibull shape parameter K

E1 8.293 9.358 2.360
NE1 8.567 9.667 2.394
NE3 10.10 11.39 2.255

where TLife is the design lifetime period, Tl is the total elapsed time for all time‐series that have a mean wind speed falling in bin l and fLifej is the
extrapolation factor for time‐series j. The extrapolated cycle counts over the design lifetime are then obtained using

nLifeji = fLifej nji (8)

where fLifej is the ith cycle count for time‐series j. The lifetime damage is then accumulated for all cycles and time‐series such that

DLife =
∑
j

∑
i

nLifeji

Nji
(9)

As failure occurs when DLife equals one, the time until failure, TFail, is the ratio between the design lifetime and the accumulated damage.

TFail =
TLife

DLife (10)

The failure rate, λ, is the inverse of the time until failure.

λ =
1

TFail
(11)

4.2 Assessed parameters

OpenFAST allows for the output of time‐series data of numerous loadings applied to the turbine’s various subsystems. These include the rotor
blades, tower, shaft, bedplate and pitch bearings. The data acquired can be processed through MLife, which can return the damage, time to failure
and DEL occurring as a result of a particular load applied on the sub‐system. As the OpenFAST load outputs are defined at various cross sections
of the turbine, this process works well for structures composed of simple cylindrical shapes and isotropic materials such as the tower and shaft,
as S‐N curves are able to deliver a good indication of the time to failure at the cross sections of the components. Conversely, for non‐cylindrical
components, MLife is unable to accurately predict their times to failure as the S‐N curves cannot be applied to these components. A detailed finite
element analysis, with the load outputs from OpenFAST as an input, is required to determine the resulting state of stress for these components.
However, for the purposes of this study, the total aero/hydro‐dynamic and buoyant load‐induced bending moments on the rotor‐nacelle assembly
(RNA) was assumed to represent the forces acting upon the rotor blades, hub and pitch system, as defined by Dao et al.44. The approximately
15% reductions to the standard deviation of these loads (Fig. 3) were, therefore, used to estimate the reductions to the times to failure of the
components within the RNA.
Table 3 gives the OpenFAST outputs that represent the loadings applied to the relevant sub‐system. Time‐series data of these outputs obtained

from average turbulent wind speeds of 11 ms–1 to 25 ms–1 in intervals of 2 ms–1 were inputted to MLife for the turbine utilising the FB or
FFCPC+FFIPC controllers. For the FFCPC+FFIPC, the same data as was used for the FB when average wind speeds below 11 ms–1 were simulated
as this was below the rated wind speed (10.69 ms–1) and where the feedforward controller did not operate.

At each average wind speed integer from 3 ms–1 to 25 ms–1, four random seed 1‐hour simulations were performed. The turbulence was generated
under the normal turbulence model (NTM), turbulence intensity (TI) category B using TurbSim45. These conditions fall into design load case (DLC)
1.2, as defined in the industrial standards41. DLC 1.2 was used as this embodies the loads resulting from turbulence that occurs during the normal
operation of a wind turbine throughout its lifetime. The floating turbine was modelled in a water depth of 200 m, and under irregular waves. The
wind and waves were aligned in the same direction. The significant wave height (Hs) and peak spectral period (Tp) were adjusted to suit each
average wind speed integer, with values interpolated from those defined by Allen et al39, and shown in Table 4.
When analysing the time‐to‐failure data for the subsystems with multiple relevant loading outputs outlined in Table 3, namely the blade roots, a

first‐to‐fail approach was taken such that the loading with the lowest time‐to‐failure was used for comparison between the FB and FFCPC+FFIPC
control strategies.
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TAB L E 3 Turbine subsystems considered in this study and the OpenFAST outputs associated with them.

Sub‐system OpenFAST output Description Units

RNAa RtFldMxh Total rotor aerodynamic/hydrodynamic and buoyant load (moment in x direction) Nm
Tower base TwrBsMyt Tower base fore‐aft bending moment kNm

Blade roots
RootMxb# Blade edgewise moment at the blade rootb kN
RootMyb# Blade flapwise moment at the blade rootb kNm
RootMzb# Blade pitching moment at the blade rootb kNm

Moorings FAIRTEN1 Tension in mooring line 1 at the fairlead kN
ANCHTEN1 Tension in mooring line 1 at the anchor kNm

a RNA is assumed to represent the rotor blades, hub and pitch system
b# is the blade number from 1 to 3.

TAB L E 4 IEC DLC 1.2 NTM wind and wave conditions39.

Uhub, ms‐1 3 5 7 9 11 13 15 17 19 21 23 25
Hs, m 1.10 1.14 1.25 1.43 1.69 2.01 2.39 2.83 3.34 3.82 4.27 4.80
Tp, s 8.52 8.41 8.16 7.83 7.55 7.45 7.55 7.85 8.28 8.75 9.22 9.70

5 RESULTS AND DISCUSSION

Within this section, the reduction of failure rates through LIDAR implementation is discussed. The impact of these reductions is then quantified
through simulation of OpEx over a lifetime of a given site.

5.1 LIDAR‐assisted control failure rate reductions

The results of the MLife post‐processing using the data from the four random seed 1‐hour simulations are shown in Table 5. Results are presented
as normalised values of failure rate compared to the baseline feedback‐only controller.

TAB L E 5 Normalised values of failure rates for turbine subsystems resulting from the loads recorded by the OpenFAST simulation outputs
when using FFCPC+FFIPC relative to the baseline FB controller at each ScotWind site.

Normalised failure rate

Subsystem OpenFAST output Baseline E1 NE1 NE3

RNAa RtFldMxh 1.00 0.81 0.80 0.79
Tower base TwrBsMyt 1.00 0.73 0.72 0.70
Blade roots RootMyb#b 1.00 0.57 0.57 0.57

Moorings FAIRTEN1 1.00 0.92 0.91 0.90
ANCHTEN1 1.00 0.92 0.91 0.90

a RNA is assumed to represent the rotor blades, hub and pitch system
b# is the blade number from 1 to 3. Values are averages.

Table 5 indicates that the FFCPC+FFIPC strategy was able to deliver significant reductions to the failure rates of turbine subsystems at all of
the investigated sites. The reductions in the failure rate of the tower base may not be significant for O&M costs due to their relatively low failure
rate, but indicate potential for structure optimisation, whereby a thinner, lighter tower may be possible. The results also highlighted the promising
potential to enable failure rate reductions at the blade roots and in the mooring system. However, for the purpose of this study, the most significant
result was that of the rotor total load leading to failures in the RNA. For each of the sites, an approximately 20% reduction in the failure rate
resulting from the rotor total load was recorded. The results also indicated marginally greater reductions in the failure rate at site NE3 than at sites
NE1 and E1. This was due to its slightly higher average wind speed at the site (as shown in Table 2), meaning that more of its lifetime will be spent
with the feedforward controller operating in above‐rated wind speeds.
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5.2 Baseline comparison

As discussed in Section 5.1, the LIDAR simulations saw a reduction in degradation and failure rates for the RNA, tower base, blade roots and
moorings system. Within the literature surrounding offshore wind turbine failure rates, there is a variety of nomenclature used, making it difficult
to draw comparison between the results. In the review by Dao et al.44 the definition of RNA is made up of the subassemblies of blades, hub, air
brake and pitch system. These elements were matched to the failure rates for the subassemblies detailed in the work of Carroll et al.37. For all FOW
simulations, the failure rates for the RNA only are adjusted based on the normalised values presented in Table 5. The same failure rate reductions
were assumed to apply to all wind turbines within the array. All other failure rates are that of the BFW equivalent site37.
OpEx encompasses all expenses incurred from the moment of takeover, comprising both one‐time and recurring costs associated with the wind

farm, measured annually. These costs are split as direct and indirect costs. Direct costs are those which have a “direct” impact on the operation of
the site finances such as cost of repair, transport, staff and other fixed costs such as insurance. Indirect costs, such as lost production costs are more
difficult to predict, due to uncertainty in the prediction of unscheduled failures and metocean conditions. Lost revenue is viewed within industry
as an “opportunity cost”. An opportunity cost is defined as the revenue which could have been generated, had the turbine been operational.
The reduction in total OpEx, and the subcosts for a FOWfarmwith the reduced failure rates obtained from the implementation of LIDAR‐assisted

control are given in Table 6. This analysis is based on vessel limits only using the existing Strathclyde O&M model35.

TAB L E 6 OpEx savings breakdown based on reduction of failure rates.

E1 NE1 NE3

Lost Revenue 5.38% 8.58% 1.70%
Repair Costs 7.10% 10.3% 11.0%
Total OpEx 2.89% 4.29% 5.05%

The study’s outcomes indicate a notable 3 ‐ 5% reduction in operational expenditures (OpEx), displaying variability among different sites. Par‐
ticularly, NE3 emerges as the most advantageous, exhibiting the most substantial decrease in RNA failure rates compared to all other locations
(Table 5). This overall decline in OpEx is attributed to lowered lost revenue and repair expenses. Notably, fixed costs like transport, repair, and in‐
surance remain unaffected; however, there is potential for transport costs to be reduced by potentially decreasing the number of vessels due to
reduced required transfers.
These results are representative of the impact of the reduced failure rates on the WindCrete and ActiveFloat19 designs, where workability

would not impact operation using an SOV strategy with a Hs limit of 3 m.

5.3 Workability impact

As previously discussed in Section 2.1.1, FOW turbines are also subject to additional weather constraints due to human exposure to the motion
of the asset. As shown in Figure 1, workability limitations are unique to each platform design and limits access to the turbine during specific
combinations of Tp and Hs. Using designs A‐D from Scheu et al.20, the workability limitations are imposed on access to the site, in addition to the
existing vessel limits. As previously discussed, CoreWind19 also provides WI limitations for the ActiveFloat semi‐sub and WindCrete spar designs.
However, these limitations only exist for WI combinations of 3.5 m and above, which are already captured within the vessel limits; therefore, the
OpEx results will be unchanged. The methodology detailing the adaptations can be found in previous work46.
Within this analysis, the WI limitations are placed on both the FOW baseline comparison and the FOW with reduced failure rates due to

LIDAR‐assisted control implementation. It is assumed that any Hs‐Tp combinations <1 are inaccessible. The estimated OpEx savings are shown in
Figure 4.
Unlike the results with no consideration of WI, the highest OpEx savings is not consistent with the site with the highest reduction in failure

rates. Site E1 has the highest OpEx savings for all platform designs.
Site E1 experiences the highest OpEx primarily because it undergoes the most significant reduction in accessibility resulting from the incor‐

poration of workability limits. As a result, it reaps the most substantial advantage from the decrease in failure rates. This advantage translates
into a reduction in the necessary transfers and subsequently minimizes the demand for optimal weather conditions. This highlights that sites with
accessibility challenges, and therefore predicted high OpEx, can see the highest benefit from the addition of LIDAR‐assisted control.
The variability of the results for the 4 designs highlights the unique challenges of each specific design, and that there is no ”one‐fits‐all solution”.

As with the comparison in Table 6, for LIDAR‐assisted control with no WI considerations, the decrease in OpEx is attributed to the reduction of
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F I GUR E 4 OpEx savings resulting from reduced failure rates for FOW sites with imposed WI limitations.

repair costs and lost revenue. However, for all sites and all designs, the savings in lost revenue was the main contributor to these savings, due to
the challenges of accessibility and the link between access and OpEx 47.
When comparing the FOW with both LIDAR and motion limitations against the BFW equivalent for specific designs, in some cases, the total

OpEx for FOW motion limited with LIDAR failure reductions was less than that of the BFW with original failure rates and no motion limits. The
percentage savings in OpEx for NE1 and NE3 are detailed in Table 7.

TAB L E 7 Percentage savings in OpEx from FOW with WI limits and LIDAR failure rate reductions compared to the equivalent BFW baseline,
where ”‐” indicates that the BFW was cheaper than the FOW equivalent site. FOW was not more cost‐effective at E1 for any of the designs.

ScotWind site Design A Design B Design C Design D

NE1 ‐ ‐ 1.89% ‐
NE3 4.41% 4.97% 4.57% 0.39%

Site NE3 saw consistent savings across all designs, whereas NE1 was only more cost‐effective than BFW equivalent for Design C and E1 was
not found to be more cost‐effective for any of the designs.
FOW projects now face the challenges of existing commodity prices, inflation, and the trend of decreasing strike prices. This highlights that

while the sites face additional challenges due to location and motion, the results show that the implementation of specific technologies and control
strategies has the potential to bring certain aspects of the cost of FOW below that of BFW.

6 CONCLUSIONS

This work has highlighted the potential OpEx benefits from the introduction of a LIDAR control strategy for future FOW developments. While
implementing a LIDAR system incurs initial capital costs, its potential for substantial OpEx savings presents can justify the initial expenditure. In
addition to the OpEx saving, there is the additional benefit of the reduction in the number of transfers within a health and safety context. Reducing
the number of transfers, in turn, will reduce the total exposure to motion for technicians on FOW turbines, and therefore have a well‐being impact.
The reduction in transfers also allows for the vessel fleet to be optimised and potentially reduced, resulting in savings in transportation costs and
in vessel emissions.
The key findings from this work can be summarised as follows:

• The LIDAR‐assisted pitch control simulations performed within OpenFAST indicated the ability to deliver reductions in the failure rate of
components in the rotor nacelle assembly by 20%, the tower base by up to 30% and the blade roots by 43%. These translated to baseline OpEx
savings of up to 5%.

• FOW sites most impacted by the addition ofWI limits saw the largest OpEx savings from LIDAR integration due to the reduction in lost revenue.
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• For specific designs and sites, the overall OpEx for FOW sites with motion limits and LIDAR were more cost‐effective than the BFW equivalent
site.

Within this work, the focus has been surrounding the OpEx savings of the reduction of failures for the RNA for minor and major repairs using
an SOV vessel supported by a fleet of daughter craft. However, as highlighted, the moorings, blade root and tower also experience a reduction in
fatigue due to LIDAR control, and therefore, the potential OpEx savings highlighted here could be increased.
While minor/major repairs can account for up to 90% of the total failure rates, the cost associated with major component replacements makes

up a significant portion of the total OpEx for the full site lifecycle. It is expected that major component replacement for FOW has the potential
to be highly costly due to the time involved in a tow to shore operation, or the cost of specialist vessels for in situ maintenance. Therefore, the
reduction in failures for these maintenance events could have significant operational savings.
To summarise, the integration of LIDAR‐assisted control in floating wind turbine projects emerges as a promising solution to mitigate failure

rates and subsequently drive down OpEx. By accurately assessing environmental conditions and adjusting turbine operations in real‐time, LIDAR
technology offers a proactive approach to enhance overall system reliability. The quantification of OpEx reduction resulting from decreased failure
rates highlights the potential savings, and reduction in the overall levelised cost of energy for future FOW developments.
Further workmay seek to address the potential for structural optimisation of the turbine and substructure through the implementation of LIDAR‐

assisted control, as well as how nacelle‐mounted LIDAR wind measurement can help in understanding the loadings on FOWTs in their inactive
(feathered blades) state,
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