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Abstract

The cost of offshore wind energy can be reduced by incorporating control strategies to reduce

the support structures' load effects into the structural design process. While effective in reducing

the cost of support structures, load-reducing controls produce potentially costly side effects

in other wind turbine components and subsystems. This paper proposes a methodology to

mitigate these side effects at the wind farm level. The interaction between the foundation and

the surrounding soil is a major source of uncertainty in estimating the safety margins of support

structures. The safety margins are generally closely correlated with the modal properties (natural

frequencies, damping ratios). This admits the possibility of using modal identification techniques

to reassess the structural safety after installing and commissioning the wind farm. Since design

standards require conservative design margins, the post-installation safety assessment is likely to

reveal better than expected structural safety performance. Thus, if load-reducing controls have

been adopted in the structural design process, it is likely permissible to reduce the use of these

during actual operation. Here, the probabilistic outcome of such a two-stage controls adaptation

is analyzed. The analysis considers the structural design of a 10 MW monopile offshore

wind turbine under uncertainty in the site-specific soil conditions. Two control strategies are

considered in separate analyses: (a) tower feedback control to increase the support structure's

fatigue life and (b) peak shaving to increase the support structure's serviceability capacity.

The results show that a post-installation adaptation can reduce the farm-level side-effects of

load-reducing controls by up to an order of magnitude.
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1 INTRODUCTION

Support structures are a major contributor to the cost of offshore wind energy. Favored for their cost-efficiency, monopile foundations are

prevalent in the European offshore wind industry.1 The support structures' dimensions are governed by requirements regarding ultimate,

serviceability, and fatigue limit states. The environmental load effects in these limit states depend on the wind turbine's control system. It is

widely recognized that the fatigue load effects are governed by the global response characteristics which, in turn, depend on the turbine's closed

loop properties. Furthermore, the ultimate and serviceability load effects depend on the turbine's operational settings, such as the cut-out and

rated wind speed. A number of control strategies are available for reducing load effects in offshore wind turbine (OWT) support structures.2-7

However, regardless of the control strategy used, there are unavoidable adverse side-effects, such as wear and tear of various wind turbine

components, and power output degradation in terms of both quality and quantity.2,7 These side-effects may significantly reduce or even offset

the cost savings enabled by the load-reducing controls.
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The interaction between the foundation and the surrounding soil is a major source of uncertainty in estimating the safety margins of support

structures.8-14 In particular, uncertainty in the support structures' fundamental natural frequency presents a challenge in estimating their fatigue

life. The fundamental natural frequency is usually placed in the relatively narrow ‘‘soft-stiff’’ frequency range in between the rotor frequency

(1P) and blade passing frequency (3P).15 Any coincidence with the rotor excitation frequencies may cause a significant reduction in fatigue life.

Furthermore, due to increasing turbine sizes, the ‘‘soft-stiff’’ frequency range is falling closer to the wave excitation frequencies, thus making

fatigue life estimation even more sensitive to uncertainty in the fundamental natural frequency. There is also uncertainty about the magnitude

of responses. This affects not only the estimation of fatigue life but also the estimation of servicebility capacities which are defined in terms

of deflections and rotations (tilt) at the pile head and nacelle level.16,17 The fatigue and serviceability requirements usually lead to conservative

ultimate capacities.17 Moreover, since structural collapse is caused by failure of the foundation rather than the the surrounding soil, the ultimate

capacities are not very sensitive to uncertainties in the soil-structure properties.18

Although not yet in widespread commercial use, there are many examples of structural monitoring systems having been successfully employed

to estimate the modal properties of OWT support structures.19-27 Structural health monitoring has typically been proposed to enable improved

life-cycle maintenance and inspection management and early detection of deterioration phenomena, such as scouring around the foundation.

The data collected from such monitoring systems could also be useful for making turbine-specific adjustments to the controls. Supposing that

information about the true modal properties is available, the uncertainty in the structural safety margins is reduced. Since design standards

generally require conservative design margins, the true modal properties are likely to reveal better than expected structural safety performance.

Thus, if load-reducing controls have been adopted in the structural design process, it is likely permissible to reduce the use of these during

actual operation. This fact can be exploited by incorporating a post-installation adaptation of load-reducing controls into the structural design

process. For the majority of turbines, this would lead to a win-win situation where load-reducing controls have been used to reduce the support

structure's cost without having to be used in actual operation, at least not to their fullest potential.

The main contribution of this paper is to propose and analyze a post-installation adaptation of control strategies for reducing the cost of OWT

support structures. The overall objective is to increase the cost-efficiency of load-reducing controls by mitigating their adverse side-effects at

the wind farm level. Hence, the focus is on optimizing the use of existing control strategies rather than the development of new or improved

control strategies. A simulation study considering the structural design of a 10 MW monopile OWT under uncertainty in the site-specific soil

conditions is conducted in order to evaluate the proposed methodology. Two control strategies are considered in separate analyses: (a) tower

feedback control to increase the support structure's fatigue life and (b) peak shaving to increase the support structure's serviceability capacity.

The analyses are performed using the aero-hydro-servo-elastic simulation tool SIMA by SINTEF Ocean.

The paper is organized as follows: First, the controls adaptation procedure is formulated as a two-stage design problem in Section 2. Next, the

random field soil model and the soil-structure interaction model are presented in Section 3. Further, the simulation setup is described in Section

4. Then, the selection of characteristic soil properties are discussed in Section 5. Finally, the probabilistic outcomes of the two-stage controls

adaptation are analysed in Sections 6 and 7, before the paper is concluded in Section 8.

2 BACKGROUND AND PROBLEM FORMULATION

The structural design of an OWT is a partially iterative process, involving both the wind turbine manufacturer and foundation designer.18,28,29

While the support structures' dimensions are determined through an iterative process, current offshore wind projects use standard off-the-shelf

rotor-nacelle assemblies that offer limited possibilities for project-specific adaptations. A preliminary design for the rotor-nacelle assemblies

(RNA), including the controls, is decided upon in the early stages of the conceptual design phase. The suitability of the rotor-nacelle assemblies is

then reassessed on the basis of the actual project-specific data during certification at the end of the structural design process.29 Fischer et al29

demonstrated how the conventional design process can be modified to accommodate the adaptation of control strategies to reduce the cost of

support structures. As illustrated in Figure 1, the methodology proposed in the present paper extends the adaptation of load reducing controls to

a two-stage design problem.30 In the first stage, the support structures's dimensions and initial settings for the load reducing controls are chosen

based on prior information about the uncertain parameters. In the second stage, once more information become available regarding the uncertain

parameters, the settings for the load reducing controls are adjusted based on updated estimates of structural safety margins. A two-stage

formulation is applicable to design problems for which the uncertainties are related to manufacturing, fabrication, and construction, such as

uncertainty in the site-specific soil conditions, or certain structural parameters. In the case of temporal uncertainties, such as the environmental

conditions, turbine availability, or soil erosion and degradation, a multi-stage formulation is required for describing the design problem.

A general formulation of the two-stage design problem is given by

Minimize
x∈X

∶ CS(x) + E𝜉[CC(x, 𝜉)]

subject to∶ P[Gj(x, 𝜉) ≤ 0] ≤ Pj, j = 1,2, … m
(1)

where CC(x, 𝜉) is the solution of the second stage problem

Minimize
y∈Y

∶ CC(x, y(𝜉))

subject to∶ P[Gj(x, y(𝜉)) ≤ 0] ≤ Pj, j = 1,2, … m.
(2)

The first stage decision variables x ∈ X governs the support structure's dimensions and the initial settings for the load reducing controls. The

random variables 𝜉 are the uncertain data, which in the present case are parameters related to the soil conditions. The objective of the first stage
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FIGURE 1 Outline of the design process for an offshore wind turbine with a two-stage adaptation of load reducing controls. The outline is
based on information presented by Seidel et al,18,28 Fischer et al,29 and IEC 61400-331

problem is to minimize the total of the support structure's cost CS(x) and the expected cost of the control strategies adopted to reduce the

support structure's load effects E[CC(x, 𝜉)]. The dimensions of the support structure are constrained by the probabilities of failure P[Gj(x, 𝜉) ≤ 0]
which cannot exceed the target failure probabilities Pj. The required margin of safety must be fulfilled for all failure modes j = 1,2, … m. The

second stage decision variables y ∈ Y govern the settings for the load reducing controls once the uncertain variables have unfolded. The objective

of the second stage problem is to minimize the use of load reducing controls, while adhering to the required level of structural safety. The key

feature of the two-stage formulation is the interdependence between the first- and second stage in the design problem. Most importantly, in the

first stage, decisions should be made taking into account the probabilistic outcome of the second stage problem. Of course, the solution of the

second stage problem depends on the decisions made in the first stage.

The two-stage controller adaptation presupposes that information about the true modal properties becomes available once the turbines have

been installed. There are several examples where modal identification techniques have been successfully applied to wind turbines.19-27 The

modal properties are usually estimated from acceleration data collected at one or more vertical locations along the support structure. Collecting

acceleration data at several vertical locations makes it possible to estimate the mode shapes in addition to the modal frequencies and damping

ratios.23-25 Reassessing the structural safety margins requires accurate and reliable information about the modal properties. In general, the modal

properties estimated at discrete time instants, for instance, during rotor-stop events, are subject to considerable uncertainties.20,23,26,27 A system

for continuous monitoring should therefore be employed.20-25 An example of such a monitoring system was developed and tested in full scale by

Devriendt et al.24 Based on data collected from an idling turbine over a 2-week period, the modal properties of five fundamental modes were

identified. The applicability of the system was further proven by Weijtjens et al25 who employed data collected over a 2-year period to track

changes in the modal frequencies. As further explained in Section 3, the present work considers only uncertainty in the modal frequencies due

to the inherent variability in the site-specific soil conditions. It is generally more difficult to obtain accurate and reliable information about the

damping ratios than the modal frequencies. Furthermore, in order for the proposed methodology to be presented in a straightforward manner, it

is desirable to deal with only one uncertain parameter.

3 GEOTECHNICAL MODELS

A geotechnical design basis is established in the following. First, the different sources of geotechnical uncertainties are discussed, and the

procedure for generating random soil profiles is presented. Then, a random field model is constructed based on conditions at the Dogger Bank in

the North Sea. Finally, the soil-structure interaction model is presented.
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FIGURE 2 Random field model (adapted from Phoon and Kulhawy32)

3.1 Geotechnical uncertainties and random field modeling

Soil is a heterogeneous material with properties that vary verically and horizontally. The three primary sources of geotechnical uncertainty are

inherent variability, measurement uncertainty, and transformation uncertainty.32-35 The inherent variability of the soil properties is due to natural

heterogeneity resulting from continuous geological processes. In general, this source of uncertainty cannot be reduced by collecting more data

or performing more tests.35 Measurement and transformation uncertainties emerge from measurement errors, statistical uncertainty due to

limited amounts of information, and the correlation models used for transforming field or laboratory measurements into engineering properties.

These uncertainties depend on the quality of the equipment being used, procedural control, and the amount of data collected.32,35 In practice,

the uncertainties due to measurement and transformation errors are often embedded in the inherent variability under the assumption that their

contributions to the overall uncertainty are small.35 Furthermore, depending on the number of samples, the statistical uncertainty can be taken

into account in the estimation of the soil properties' mean value.35 Hence, only the inherent soil variability is modeled in the present work.

Inherent soil variability is usually modeled as random fields characterized by their mean, coefficient of variation (COV), and scale of

fluctuation.32-34 As illustrated in Figure 2, the spatial variability of a soil property 𝜉 can be decomposed into a mean trend 𝜇 and a fluctuating

component w, such that

𝜉(z) = 𝜇(z) + w(z) (3)

where z is the depth below the ground surface.32 Within a soil layer, the mean trend is often assumed either constant, or linearly varying with

depth. The vertical scale of fluctuation 𝛿 is the distance over which the soil property shows strong correlation. The distance 𝛿 is related to the

average distance between crossings of the fluctuating soil property and the mean trend.32,34

It is straightforward to generate a vertical sequence of correlated random soil properties from a random field with probability distribution

F𝜉(𝜉).10,12,36 For each random field realization, a vector U of uncorrelated standard Gaussian distributed variables Ui where i = 1,2, … , n is

generated. The dimension n corresponds to the number of depth increments in the soil-structure interaction model. The vector Y of correlated

standard Gaussian distributed variables Yi is then computed by Choleski triangulation of the positive definite correlation matrix 𝛒, such that

Y = TU, TTT = 𝛒 (4)

where T is the lower triangular matrix. The correlation matrix describes the vertical correlation structure of the random field, which is frequently

characterized by autocorrelation functions. Such functions describe the correlation between two points based on their vertical separation distance

(lag) and the vertical scale of fluctuation.34 Finally, the vertical sequence 𝛏 of correlated random soil properties 𝜉i can be computed by applying

the componentwise transformation given by

𝜉i = F−1
𝜉
(Φ(Yi)), i = 1,2, … , n (5)

where Φ(Yi) is the standard Gaussian probability distribution.

3.2 Random field model

A wind farm site at the Dogger Bank in the North Sea is used as a basis for establishing the random field model. The soil profile at the design

location consists of a surface layer of dense sand with underlying layers of stiff clays. Based on these soil conditions, a simple three-layered



SMILDEN ET AL. 5

TABLE 1 The three-layered random field model

Layer Depth Range, m Type Soil Property Distribution Mean 𝜇(z) COV, % Scale of Fluctuation 𝛿, m

1 0-5 Dense sand Friction angle 𝜙, deg Normal 40 15 0.5∕2.0∕5.0

Submerged unit weight 𝛾 , kN/m3 Deterministic 10 0 ∞
2 5-15 Stiff clay Undrained shear strength su , kPa Lognormal 75 40 1.0∕5.0∕10.0

Submerged unit weight 𝛾 , kN/m3 Deterministic 10 0 ∞
3 15-38 Stiff clay Undrained shear strength su , kPa Lognormal 75 + 3(z − 15) 40 1.0∕5.0∕10.0

Submerged unit weight 𝛾 , kN/m3 Deterministic 10 0 ∞

Note. The coefficients of variation and vertical scales of fluctuation are based on the guidelines for typical soil property variability by Phoon and
Kulhawy.32,33 The correlation lengths in bold are used in the analysis of the two-stage controls adaptation.

random field model is constructed. For geotechnical design in clay, the submerged unit weight 𝛾 and undrained shear strength su are typical

parameters used to describe the mechanical behavior of soil. Likewise, the mechanical behavior of sand is described by the submerged unit weight

and angle of internal friction 𝜙. Under the assumption of low variability, the submerged unit weight is treated as a deterministic parameter.32,33

Thus, only the undrained shear strength and the angle of internal friction are modeled as random fields.

The random field model is defined in Table 1. In the surface layer of sand, the mean and standard deviation of the random field are assumed

independent of depth. In the underlying layers of clay, the mean and standard deviation are assumed independent of depth in the upper layer, and

linearly increasing with depth in the lower layer. The coefficients of variation and vertical scales of fluctuation are selected based on the guidelines

for soil property variability by Phoon and Kulhawy.32,33 Here, the angle of internal friction is assumed normally distributed.35 Accordingly, the

componentwise transformation Yi → 𝜙i for the angle of internal friction is given by

𝜙i = 𝜇i + 𝜎iYi, i = 1,2, … , n (6)

where 𝜇i and 𝜎i are the means and standard deviations in the n depth decrements in the surface layer of sand. The undrained shear strength

is assumed lognormally distributed in the present work. The shear strength of clay stems from the sum of frictional resistance between soil

particles, which under the central limit theorem implies that the shear strength is asymptotically normally distributed.37 Nevertheless, in order to

avoid unphysical negative values, the undrained shear strength is usually modeled as a lognormally distributed variable.35 The componentwise

transformation Yi → su,j for the undrained shear strength is given by

su,i = exp(𝜇ln,i + 𝜎ln,iYi), i = 1,2, … ,m (7)

where 𝜇ln,j and 𝜎ln,j are the lognormal mean and standard deviation in the m depth decrements in the underlying clay layers.

The vertical autocorrelation structure of the random fields is assumed to follow a exponential decay model as described by Vanmarcke.34

Accordingly, the correlation 𝜌 between two points separated by a distance 𝜏ij = zi − zj is given by

𝜌ij = exp

(
−

2|zi − zj|
𝛿

)
, i = 1,2 … , p, j = 1,2 … , p (8)

where p is the number depth decrements in the respective soil layers. There is no correlation between the upper layer of sand and the underlaying

layers of clay.

3.3 Soil-structure interaction model

Laterally loaded piles, such as OWT monopile foundations, are often designed using the so-called p-y method, according to the recommended

practice issued by the American Petroleum Institute (API).38 In accordance with Winkler's foundation model, the lateral interaction between

the foundation and the surrounding soil is described by a series of uncoupled nonlinear springs. A set of p-y curves describes the nonlinear

relationship between lateral displacement y and soil resistance p. The appropriate choice of p-y curves depends on the type of soil and whether

the pile is subjected to static, dynamic, or cyclic loading.38,39 For piles in sand, the standards DNV-OS-J10139 and API-RP-2GEO 38 recommend

the p-y curves proposed by Murchison and O'Neill.40 For piles in clay, the standards unanimously recommend the p-y curves proposed by

Matlock41 for soft clays, while API-RP-2GEO recommends the p-y curves proposed by Reese and Welch42 for stiff clays. The present work uses

the p-y curves of Murchison and O'Neill40 for modeling the upper sand layer, and the p-y curves of Matlock41 for modeling the underlying clay

layers. Corrections for cyclic loading are applied in accordance with DNV-OS-J101.39

While the standards consistently recommend application of the p-y method, there are several known shortcomings to this modeling approach.

Without exception, the p-y curves are derived from field tests performed on flexible piles with length to diameter ratios well above those of

OWT monopile foundations. 11,13 Furthermore, while the p-y curves include corrections for cyclic loading, these are calibrated based on field

data collected from piles subjected to a low number of loading cycles compared with the cycle count over the service life of an OWT.11,13 The
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implications of these and other shortcomings of the p-y method are widely discussed in the literature on geotechnical modeling for OWTs.8,9,11,13,14

Although soil-structure modeling errors are a significant source of uncertainty, this is not taken into account here. First of all, there are currently

no statistical models available capable of reasonably capturing this uncertainty. Furthermore, Damgaard et al11 estimated the fundamental

bending frequencies of 54 OWTs based on 510 free vibration tests. Their results showed that the p-y method consistently underestimated the

fundamental bending frequencies compared with the full-scale measurements. Thus, neglecting soil-structure modeling uncertainty is expected

to yield conservative safety margins for the support structure. Since the difference between design and reality will be larger in practice, the

present study presents a conservative estimate of the effectiveness of the proposed methodology in reducing the farm-level side-effects of

load-reducing controls.

4 SIMULATION SETUP

The simulation setup is described in the following. First, the simulation model is described. Then, the procedure for the fatigue life analysis is

presented, including design load cases and environmental load cases. Finally, the procedure for the serviceability analysis is established, including

the estimation of 1-year loading conditions.

4.1 Simulation model

The OWT model is based on the DTU Wind Energy 10MW reference turbine43 which is placed on a monopile foundation with diameter 8.5 m. The

water depth is 25 m, and the penetration depth of the monopile is 38 m below the seabed. Monopile dimensions (diameter, thickness, penetration

depth) are selected based on considerations regarding natural frequencies, fatigue life, and overall loading levels. Basic control functions

(baseline controls) are implemented based on the DTU Wind Energy controller.44 Simulations are performed using the aero-hydro-servo-elastic

software tool SIMA by SINTEF Ocean. In SIMA, the structural components are modeled using nonlinear beam elements which account for large

deformations and nonlinear geometrical stiffness. Morison's equation and Airy linear wave theory are used to model the hydrodynamic loads.

The wave kinematics are integrated to the instantaneous free surface and the drag- and mass coefficients are taken as CD = 0.9 and CM = 2.0,

respectively.45 Blade element momentum theory is used to model the aerodynamic loads. Appropriate corrections for dynamic inflow, skewed

inflow, dynamic wake, tower shadow, tip loss, and hub loss are included in the aerodynamic load model.46 The JONSWAP spectrum with peak

enhancement factor given by the standard DNV-RP-C20547 is used to generate wave time series in SIMA. The Kaimal spectrum with exponential

coherence model is used to generate three-dimensional wind fields using NREL's Turbsim.48

Stiffness-proportional Rayleigh damping is used to take into account material, hydrodynamic, and soil-structure damping. The damping ratio

of the fundamental bending mode is taken as 1.1% where 0.5% is attributed to the material and hydrodynamic damping, and the remaining 0.6%
is attributed to the soil-structure interaction. The material and hydrodynamic damping is applied in all segments of the support structure while

the soil-structure damping is applied only in the foundation beneath the mudline. In addition to the structural damping, the support structure

is equipped with two tuned mass dampers, weighing 20 tonnes each. These damping devices are mounted in a perpendicular configuration

in the tower beneath the nacelle. When the dampers are tuned to the first fore-aft natural frequency they increase the damping ratio of the

fundamental bending mode by approximately 1.1%.

4.2 Fatigue life analysis

The lifetime accumulation of fatigue damage in OWT support structures is usually estimated from a limited number of short-term time domain

simulations. In order to reduce the computational effort, metocean data are lumped into environmental load cases. The number and resolution of

these environmental load cases must be sufficient to capture the fatigue contributions from the full long-term distribution of the environmental

parameters.49 Furthermore, design standards such as DNV-ST-49 require the consideration of design load cases covering all relevant combinations

of environmental conditions (wind, wave, ice), operating states (power production, idling, parked, start-up, shut-down, fault occurrences), and

accidental states (ship collision, fire).

A reduced set of design load cases is considered in the present work. The design load cases, summarized in Table 2, cover only the loading

conditions which contribute substantially to the lifetime accumulation of fatigue damage in the support structure. In accordance with the standard

DNV-ST-49 a conservative 90% availability is assumed for the turbine. The incidence of unavailability is an important consideration in estimating

TABLE 2 The reduced set of design load cases used for estimating the lifetime
utilization of fatigue damage in the support structure7

DLC Design Situation Description

1.2 Power production Normal operation without faults

6.4 Idling Idling outside the normal operating range

7.2 Parked with fault Parked/Idling with fault

Note. The design load cases are defined in accordance with the standard DNV-ST-0437.49
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TABLE 3 The reduced set of environmental load cases used for
estimating the serviceability utilization of the support structure

Environmental Parameters

Loading Condition V, m/s Hs, m Tz, s

One-year peak loading in rated conditions 11.0 4.3 7.0

One-year peak loading in cut-out conditions 25.0 7.6 9.7

Note. The environmental load cases cover the mean wind speed V, significant
wave height Hs , and wave zero-crossing period Tz .

the fatigue life of OWT support structures. Since the aerodynamic damping is negligible when the rotor is at standstill, unavailability occurrences

lead to a significant increase of wave-induced fatigue load effects.2,7 The effect of unavailability on the fatigue life can be reduced by so-called

active idling.2,7 When the turbine is in active idling, the blades are pitched only partly into the wind, causing the rotor to rotate at low speed

and hence produce aerodynamic damping. Here, the turbine is assumed capable of active idling 75% of the time it is unavailable following the

discussion by Smilden et al.7 While it has yet to become standard practice, active idling presents a promising cost reduction measure for future

generations of offshore wind turbines.

The environmental loads cases are established following the procedure described by Smilden et al.7 Metocean data for a wind farm site at

the Dogger Bank in the North Sea are obtained from a hindcast carried out by the Norwegian Meterological Institute.50 Fatigue equivalent

environmental load cases are constructed from the metocean data based on the long-term distribution of fatigue damage. The environmental

load cases cover the mean wind speed, significant wave height, wave peak period, and the wind/wave misalignment. The turbulence and the

wind shear are accounted for in accordance with IEC 61400-1,51 assuming Class B normal turbulence conditions. For each environmental load

case, time domain simulations with a total duration of 3600 seconds are performed.

4.3 Serviceability analysis

The serviceability limit state ensures that the deflections and deformations of the support structure during normal operation do not exceed the

tolerances for which the turbine can operate safely. For monopile OWTs, the serviceability criteria are often defined in terms of deflections and

rotations (tilt) at the pile head and nacelle level, including both the initial tilt after installation and permanent rotation accumulated over the

turbine's service life.9,17 The rotational requirements are usually the main concern as overturning moments are of greater importance than the

horizontal forces.17 Further, since the rotations at the pile head and nacelle level are closely related, the serviceability capacity of the support

structure may be expressed in terms of pile head rotation.16 Recommendations for the permissible pile head rotation are given in design standards

such as DNV-OS-J101.39 The tolerance for the total rotation is often on the order of 0.5◦, allowing for an initial rotation of 0.25◦ after installation

and 0.25◦ permanent accumulated rotation. Evaluation of the initial rotation is considered outside the scope of this paper. Hence, the tolerance

for the pile head rotation is taken as the remaining 0.25◦. There is currently no consensus and furthermore no available guidelines on how

to determine permanent accumulated pile rotation. A common and conservative approach is to evaluate the pile rotation under peak loading

conditions,9,14,17,52 which is the approach adopted here. It is assumed that permanent accumulation of pile rotation occurs during operation when

the mean pile rotation is significantly larger than zero. For further discussion on methods for estimating permanent accumulated pile rotation,

see Carswell et al.9 In accordance with the recommendations of the standard DNV-OS-J10139 for the serviceability limit state, extreme loading

conditions with a 1-year return period are used in the analyses.

The peak wind load with a n-year return period is expected to occur in near-rated conditions where the aerodynamic thrust is at its maximum.

In contrast, the n-year peak wave load—during power production—is expected to occur in near-cut-out conditions due to the monotonically

increasing relationship between wind speed and the significant height of wind-waves. In order to correctly estimate the n-year response, the

modified environmental contour method is employed.53 This method is a modification of the widely used environmental contour method.54

First, the characteristic wind speeds are selected deterministically as the wind speeds for which the peak wind and wave loads are expected to

occur. Then, for each characteristic wind speed, the n-year sea state contour is constructed using Rosenblatt's transformation. In the statistical

model, the significant wave height Hs is modeled as dependent on the mean wind speed V while the wave zero-crossing period Tz is modeled as

dependent on Hs. In accordance with the standard DNV-ST-49 a three-parameter Weibull distribution is assumed for Hs. Further, the conditional

distribution of Tz given Hs is assumed to be lognormal.55

The environmental load cases used for estimating the serviceability utilization of the support structure are presented in Table 3. The

environmental load cases cover the mean wind speed, significant wave height, and the wave zero-crossing period. Turbulence and wind shear

are accounted for in accordance with IEC 61400-1,51 assuming Class B normal turbulence conditions. Several combinations of environmental

parameters should in principle be considered for each loading condition. However, one set of environmental parameters is found sufficient for

the analyses performed here. As both wind and waves are random processes, the maximal pile head rotation is a stochastic variable. In order to

estimate the serviceability utilization, the maximum pile head rotation must be determined from time series of responses. The expected maximum

value of 10 one-hour time series is taken as the maximum pile head rotation.
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5 SELECTING CHARACTERISTIC SOIL PROPERTIES

Analysis of the two-stage controls adaptation requires selecting characteristic soil properties for use in the pre-installation prediction of the

structural safety margins. While several researchers have studied the effects of soil-structure uncertainty in a structural reliability context,8,10,12,56

there are few publications that deal with the selection of characteristic soil properties.52 In general, the appropriate choice of characteristic soil

properties depends on the type of support structure and limit state in consideration. According to the standard DNV-OS-J101,39 a tail quantile

in soil property distribution should be used if the limit state is governed by a small soil volume. Likewise, the soil property's mean value should

be taken as the characteristic value if the limit state is governed by a large soil volume. Furthermore, the characteristic values should be selected

as cautious estimates of the values governing the limit state in consideration. The geotechnical design of monopile OWT foundations involves a

rather large volume of soil. Consequently, the depth dependent characteristic soil property should be a cautious estimate of the mean trend. The

characteristic value 𝜉K is typically expressed as the mean minus the standard deviation multiplied with some factor 𝛾K ,35 such that

𝜉K,i = 𝜇i − 𝛾K𝜎i, i = 1,2, … , n (9)

where 𝜇i and 𝜎i are the means and standard deviations at the n depth decrements. The factor 𝛾K is selected based on the required level of

caution.35 Design standards, such as DNV-RP-C207,57 provide general guidelines on the selection of 𝛾K based on the number of observations

in the soil layers. These guidelines are appropriate under the assumption of negligible variance in the design-driving soil properties. This is

a reasonable assumption for piles under axial loading, for which the soil over the entire embedment length contributes to the load carrying

capacity.37 As the following analysis will show, this is not necessarily the case for laterally loaded piles such as monopile OWT foundations.

Figure 3 presents the distribution of the fundamental fore-aft natural period for different vertical scales of fluctuation. Only the fore-aft period

is presented here since the fore-aft and side-side bending modes have closely spaced periods with similar distributions. Since the natural periods

are bounded from below by those with fixed boundary conditions at the seabed, their distributions are negatively skewed.10,11,26 As expected,

the variance of the natural period depends on the vertical correlation length. Thus, for limit states that are closely correlated with the natural

period, neglecting vertical correlation does not yield a consistent level of safety.

Figure 4 presents the horizontally averaged soil properties for all outcomes of the natural period above the 95%-quantile and below the

5%-quantile. The random field realizations associated with natural periods in the tail quantiles deviate from the mean trend. In general, sand

provides greater soil-pile stiffness than clay. The angle of internal friction therefore exhibits larger deviations from its mean value than the

undrained shear strength. Furthermore, since the natural periods are governed by the soil-pile stiffness near the seabed and pile toe, larger

deviations are observed in the upper and lower depth ranges. It is clear that the natural period is not governed by the entire soil volume, but a

combination of the soil volumes near the seabed and pile toe. This needs to be taken into consideration in selecting characteristic soil properties.

Here, the characteristic soil properties are estimated based on the distribution of the natural period. Based on eigenvalue analysis, the factor

𝛾K is adjusted until the desired level of safety is achieved. Similar to the guidelines for limit states governed by a small soil volume,39,57 a 5%
margin of safety is adopted. Hence, under the assumption that the fatigue life and serviceability capacity monotonically decrease with increasing

natural period, the 95%-quantile is taken as the target natural period in the calibration of 𝛾K . The resulting factors 𝛾K are presented in Table 4

together with the means and coefficients of variation for the natural period. Note that there is not necessarily a one-to-one relationship between

the fundamental bending frequency and the fatigue life and serviceability capacity. Furthermore, ultimate limit states need also to be considered

in practice. It was found through initial analysis work that, for the present study, it was reasonable to make this assumption about the safety

margins of the support structure.

(A) (B) (C)

FIGURE 3 The distribution of the support structure's fundamental fore-aft period TΔ resulting from 10 000 random field realizations.
Correlation lengths 𝛿𝜙 = 2.0 and 𝛿su

= 5.0 [m] are used in the analysis of the two-stage controls adaptation



SMILDEN ET AL. 9

(A) (B) (C)

FIGURE 4 Horizontally averaged soil properties for all outcomes of the support structure's fundamental fore-aft period TΔ outside selected tail
quantiles in the distrubution of TΔ resulting from 10 000 random field realizations. Results are presented for random field realizations resulting in
natural periods below the 5%-quantile 𝛱% and above the 95%-quantile 95% . Correlation lengths 𝛿𝜙 = 2.0 and 𝛿su

= 5.0 [m] are used in the
analysis of the two-stage controls adaptation

TABLE 4 The characteristic soil factor 𝛾K calibrated to a 5% level of safety based
on the distribution of the support structure's fundamental fore-aft period T1

resulting from 10000 random field realizations. The means and coefficients of
variation for the natural period are also presented. Correlation lengths 𝛿𝜙 = 2.0
and 𝛿su

= 5.0 [m] are used in the analysis of the two-stage controls adaptation

Scale of Fluctuation

𝛿𝜙, m 𝛿su
, m Mean, s COV, % T1 (95% Quantile) 𝛾K (95% Quantile)

0.5 1.0 4.45 1.5 4.57 0.42

2.0 5.0 4.47 2.0 4.63 0.65

5.0 10.0 4.48 2.5 4.69 0.86

6 TWO-STAGE ADAPTATION OF A CONTROL STRATEGY FOR FATIGUE LOAD REDUCTION

The two-stage adaptation of a control strategy capable of increasing the fatigue life of support structures is analysed in the following. First, the

lifetime effects of the adopted control strategy are analyzed. Then, tradespace methodology is employed to establish a near-optimal strategy for

the second stage controls adaptation. Finally, the probabilistic outcome of the two-stage controls adaptation is analyzed.

6.1 First-stage controls adaptation

The first stage adaptation of a control strategy capable of increasing the fatigue life of support structures is performed in this section. Only a

brief analysis is included here as similar analyses can be found in the literature.2,7,29 In the first stage, decisions need to be made regarding what

control strategies to adopt to increase the support structure's fatigue life. A number of control strategies are available for this purpose. 2-5,7

A widely used strategy is to employ collective pitch control to increase the support structure's damping, often referred to as tower feedback

control.3,4 As collective pitch control only effectively reduces loads parallel to the wind direction, it may also be beneficial to increase the damping

in the cross-wind direction by either individual pitch control,2 or generator torque control. 2,3,5 The effectiveness of the various control strategies

depends on the type of foundation and the site-specific conditions, such as the water depth and the environmental characteristics.2,7

Here, only collective pitch control is adopted to increase the fatigue life of the support structure. Tower feedback control is implemented

via an auxiliary control loop, using the control scheme proposed by Smilden et al.58 The control scheme extends conventional tower feedback

control to provide both damping and stiffness to the support structure's fore-aft bending modes. The tower feedback control actions 𝛽TFC are

governed by the following control law:

𝛽TFC = − 1

F𝛽

A
(𝛂)

(KP(x − xref) + KD
.
x), F𝛽

A
(𝛂) = 𝜕FA

𝜕𝛽
|𝛂 < 0, (10)

where KP ≥ 0 is the proportional (stiffness) gain, and KD ≥ 0 is the derivative (damping) gain. The demanded pitch actions are scheduled by the

partial derivative from pitch angle to aerodynamic thrust F𝛽

A
(𝛂) < 0 where the vector 𝛂 ∈ R

4×1 consists of parameters governing the aerodynamic

loads. The reference tower displacement trajectory xref is generated by a reference model which estimates the wind-induced progress of the
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TABLE 5 Results for the first stage adaptation of tower feedback control to
increase the support structure's fatigue life

Fatigue Utilization Adverse Side Effects

Controller Adaptation D20-year
Max

, − ΔD20-year
Max

, % ΔDEL20-year
𝛽

, % ΔDEL20
Shaft, %

Baseline control 1.77 0.0 0.0 0.0

Tower feedback control 1.00 -43.5 +25.4 +6.6

Note. Normal operation without tower feedback control is referred to as baseline control.
The change in damage equivalent loads for the pitch actuator bearings and main shaft
are denoted by ΔDEL20-year

𝛽
and ΔDEL20

Shaft, respectively. Further, the support structure's

fatigue utilization and change in fatigue utilization are denoted as D20-year
Max

and ΔD20-year
Max

,
respectively. A normalization factor of 1.4 is applied to the results in order to achieve the
target fatigue utilization (D20-year

Max
= 1) only if tower feedback control is used.

tower displacement. Further, an extended Kalman filter is applied to calculate the required state estimates such as the tower displacement x and

the tower velocity
.
x. The tower feedback controller is operated with different sets of controller gains depending on the operational mode of the

turbine. In the partial load region, only derivative action is used, rendering the control scheme a conventional tower feedback controller. In the

full load region, tower feedback control with proportional-derivative action is used.

The additional costs of tower feedback control are primarily related to increased wear of various wind turbine components. In particular, it

increases the fatigue loads in the pitch system and drive-train module, including the gearbox assembly.7,58 Hence, the damage equivalent loads in

the main shaft and pitch actuator bearings are taken as parameters to evaluate the effects of tower feedback control. 7 The damage equivalent

loads in the main shaft are computed from the time histories of the shaft's torsional loading with rainflow counting of stress amplitudes. In the

case of the pitch actuator bearings, the fatigue damage is governed by the overturning moments in the actuator and the number of revolutions

for the bearing. The load distribution duration method is therefore used to compute the damage equivalent loads in the pitch bearings. For both

components, the slope exponent of the S-N curve is taken as 3 in the fatigue calculations.7

Table 5 presents the result of the first stage adaptation of tower feedback control. Tower feedback control significantly increases the fatigue

life of the support structure. Monopile OWT foundations are typically designed for a fatigue life of 50 years.16,17 Moreover, the standard

DNV-OS-C10159 requires a safety factor of at least 3.0 for offshore steel structures with non-accessible areas. In addition, a normalization factor

of 1.4 is applied to the fatigue damage in order to achieve the target fatigue utilization (D20-year
Max

= 1) only if tower feedback control is used.

Although there is a slight excess of fatigue life, the dimensions of the foundations are not further optimized. As expected, the fatigue loads in the

pitch actuator bearings and the main shaft are increased significantly as a result of the additional pitch activity.

Figure 5 presents the fatigue utilization of the support structure with and without tower feedback control. The maximum fatigue utilization

occurs in the cross-section located 4 m below the seabed. In this cross-section, the maximum fatigue utilization occurs in the southwest/northeast

direction due to a high incidence of wind and wind-generated sea from southwest.60

(A) (B)

FIGURE 5 Results for the first stage adaptation of tower feedback control (TFC). Normal operation without tower feedback control is referred
to as baseline control (baseline). A normalization factor of 1.4 is applied to the results in order to achieve the target fatigue utilization
(D20-year

Max
= 1) only if tower feedback control is used
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6.2 Second-stage controls adaptation

The procedure for the second stage adaptation of tower feedback control is established in this section. In the second stage, the aim is to reduce

as much as possible the use of tower feedback control while still adhering to the required level of structural safety. The second-stage controls

adaptation should be performed in a way that minimizes complexity and that leads to minimal adverse side-effects. A practical way of achieving

these objectives is to limit the use of tower feedback control to specific environmental conditions, here referred to as event-triggered tower

feedback control.7,61,62 The best choice of trigger criteria depends on the control strategy being used and how its desirable and undesirable

effects are prioritized.7,61,62 First, the triggering environmental parameters must be selected. It could be possible to collect information about the

sea state from a nearby wave buoy or a wave radar.25 Still, access to reliable and accurate estimates of the sea state parameters is a requirement

that might be difficult to fulfill. Moreover, in order to avoid chattering between different operating modes, it is desirable to limit the number of

triggering parameters. The mean wind speed is therefore taken as the only triggering parameter in the present work. Further, the wind speed

criteria for triggering tower feedback control are established using tradespace exploration as described by Smilden et al.7

It is unnecessary to perform a lifetime fatigue analysis for each combination of trigger criteria. Instead, a post-processing algorithm is applied

to compute the lifetime effects of temporarily enabled tower feedback control.7 First, lifetime fatigue analyses are carried out with and without

tower feedback control. Then, the results from two analyses are merged in combinations corresponding to different trigger criteria. In total, 2048

combinations of trigger criteria are possible from the grouping of the metocean data.

The tradespaces for event-triggered tower feedback control are presented in Figure 6. The effects of tower feedback control, both desirable and

undesirable, are sensitive to the soil conditions. This is expected as the magnitude of the support structure response depends on the global stiffness

and the degree to which the fundamental bending mode is excited. The scenarios with a single trigger criterion are highlighted in the tradespaces.

With respect to the pitch actuators, it is optimal to use trigger criteria of the type VTFC ≥ VLim
TFC

, meaning that tower feedback control is used for

wind speeds above VLim
TFC

. Notably, the opposite trend is observed for the main shaft, for which trigger criteria of the type VTFC ≤ VLim
TFC

are close to

optimal. It is clear that the best choice of trigger criteria depends on the priority of the adversely affected components. However, the tradespaces

reveal general patterns independent of the site-specific soil conditions. With regard to the second stage controls adaptation, it is therefore

reasonable to define a single set of trigger criteria. Here, the pitch actuators are given priority and trigger criteria of the type VTFC ≥ VLim
TFC

are used.

(B)(A)

(C) (D)

FIGURE 6 Tradespaces used for establishing the procedure for the second stage adaptation of tower feedback control. The tradespaces are
constructed by considering event-triggered tower feedback control with mean wind speed as the triggering parameter. Results are presented for
characteristic soil properties corresponding to 1% and 99% quantiles in the distribution of the natural period TΔ. The change in damage
equivalent loads for the pitch actuator bearings and main shaft are denoted by ΔDEL20-year

𝛽
and ΔDEL20-year

Shaft
, respectively. Further, ΔD20-year

Max

denotes the change in fatigue utilization for the support structure. The stars highlight the scenarios with a single trigger criterion VLim
TFC

. Trigger
criteria of the type VTFC ≥ VLim

TFC
(red stars), meaning that tower feedback control is used for wind speeds greater than VLim

TFC
, are adopted for the

second stage controls adaptation
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6.3 Probabilistic outcome of the two-stage controls adaptation

The probabilistic outcome of a two-stage adaptation of tower feedback control is analyzed in this section. Monte Carlo methodology is employed

to compute the probabilistic outcome of the post-installation adaptation of tower feedback control. First, a set of random field realizations is

generated. Then, for each realization, a simple optimization procedure is performed to maximize the trigger criterion VLim
TFC

and thereby minimize

the use of tower feedback control. The fatigue life criterion is required to be fulfilled only with a certain probability, thus making the optimization

problem chance constrained.30 In line with the previous discussion, the margin of safety is taken as approximately 5%. It is computationally

impractical to perform a lifetime fatigue analysis for each random field realization. Therefore, response surface methodology is employed in the

Monte Carlo analysis. In order to construct the response surfaces, lifetime fatigue analyses are carried out for selected quantiles in the distribution

of the natural period. Furthermore, the analysis considers both a one-to-one and an uncertain relationship between the estimated natural period

and the predicted fatigue life of the support structure. The one-to-one correspondence should be interpreted as an idealized situation. In reality,

there is still uncertainty regarding the support structure's fatigue life when the post-installation controls adaptation is performed. Most of this

uncertainty was present also in the pre-installation prediction of the fatigue life and need not be accounted for. The use of acceleration data

to estimate the natural periods introduces uncertainty that was previously not present and should hence be taken into account. The uncertain

natural period estimate T̂Δ is modeled as normally distributed with mean given by the true natural period TΔ, such that

T̂1 = T1 + 𝜖, 𝜖 ∼  (0, 𝜂̂𝜎T1
). (11)

It is useful to express the post-installation estimation uncertainty as a function of the pre-installation uncertainty in the natural period. The

standard deviation of the estimation error 𝜖 is therefore given by the standard deviation of the natural period 𝜎TΔ
multiplied by a factor 𝜂̂.

Figure 7 presents the outcomes of the post-installation adaptation of tower feedback control when there is perfect knowledge of the true

natural period (𝜂̂ = 0.0). In the idealized situation, there is approximately a 60% probability of tower feedback control being used (VLim
TFC

< 26 [m/s])

and a 5% probability of tower feedback control being used to the full extent possible (VLim
TFC

= 4 [m/s]). Natural periods in between the 40%- and

95%-quantiles lead to varying degree of tower feedback control, and maximum utilization of the support structure's fatigue life (D20-year
Max

= 1.0).

Clearly, as a result of the post-installation controls adaptation, the support structures' fatigue life is equalized over a range of natural periods.

This admits the possibility of decommissioning the turbines across the wind farm at the same time without wasting structural reserves. In effect,

the two-stage controls adaptation can also be viewed as a means of reducing conservatism in the design of the support structures.

Figure 8 presents the outcomes of the post-installation adaptation of tower feedback control when there is uncertainty about the true natural

period. As expected, estimation uncertainty lead to an increase in the incidence of tower feedback control. At the present level of uncertainty,

there are instances of tower feedback control across the whole range of natural periods. Nevertheless, the overall degree to which tower

feedback control is being used decreases with decreasing natural period. On average, a significant reduction in adverse side-effects is therefore

(A) (B)

(C) (D)

FIGURE 7 Monte Carlo outcomes of the two-stage adaptation of tower feedback control (TFC) when there is perfect knowledge of the true
natural period (𝜂̂ = 0.0). The results are generated from 10 000 random field realizations
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(A) (B)

(C) (D)

FIGURE 8 Monte Carlo outcomes of the two-stage adaptation of tower feedback control (TFC) when there is uncertainty about the true natural
period (𝜂̂ = 0.5). The results are generated from 10 000 random field realizations

TABLE 6 Probabilistic outcome of the two-stage adaptation of tower feedback control

Case Description ΔDEL20-year
𝛽

, % ΔDEL20-year
Shaft

, % P[VLim
TFC

= 4], % P[VLim
TFC

< 26], % P[D20-year
Max

> 1.0], %
Conventional one-stage adaptation 22.1 6.2 100.0 100.0 5.0

Two-stage adaptation 𝜂̂ = 0.0 3.0 2.3 5.0 58.4 5.0

Two-stage adaptation 𝜂̂ = 0.25 5.4 3.3 10.6 76.3 6.2

Two-stage adaptation 𝜂̂ = 0.5 8.8 4.4 22.0 88.2 6.2

Two-stage adaptation 𝜂̂ = 0.75 12.2 5.0 36.0 92.7 6.2

Two-stage adaptation 𝜂̂ = 1.0 15.1 5.4 52.8 94.4 6.2

Note. The average change in damage equivalent loads for the pitch actuator bearings and main shaft are denoted as ΔDEL20-year
𝛽

and ΔDEL20-year
Shaft

, respectively. Further, P[VLim
TFC

< 26] is the probability of tower feedback control being used and P[VLim
TFC

= 26]
is the probability of it being used to the full extent possible. The probability of the maximum fatigue utilization being exceeded
P[D20-year

Max
> 1.0] can be interpreted as the probability of failure. The results are generated from 10 000 random field realizations.

expected even in the presence of estimation uncertainty. Notably, there are very few instances of tower feedback control not being used at

maximum capacity for natural periods above the 95th-quantile.

Table 6 presents the probabilistic outcome of the two-stage adaptation of tower feedback control under varying levels of estimation

uncertainty. Furthermore, the average increase in the pitch bearings' and main shaft's fatigue loads is presented as a function of the level of

estimation uncertainty in Figure 9. In all cases, the post-installation controls adaptation leads to a significant reduction in the adverse side-effects

of tower feedback control. The proposed methodology adds complexity to the turbines' control and sensor systems, and to the structural design

process in general. A substantial reduction in the adverse side-effects of tower feedback control should be demonstrated in order to justify

this added complexity. Arguably, even when the estimation uncertainty is on the order of the pre-installation uncertainty in the natural period

(𝜂̂ = 1.0), the post-installation controls adaptation leads to a large reduction in adverse side-effects, particularly for the pitch actuators. Of course,

this result depends on how the different components are prioritized in the second stage controls adaptation.

7 TWO-STAGE ADAPTATION OF A CONTROL STRATEGY FOR SERVICEABILITY LOAD
REDUCTION

The two-stage adaptation of a control strategy capable of increasing the serviceability capacity of support structures is analyzed in the following.

First, the lifetime effects of the adopted control strategy are analysed. Then, the procedure for the second stage controls adaptation is established.

Finally, the probabilistic outcome of the two-stage controls adaptation is analyzed.
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(A) (B)

FIGURE 9 Probabilistic outcome of the two-stage adaptation of tower feedback control. The average change in damage equivalent loads for the

pitch actuator bearings and main shaft are denoted as ΔDEL20-year
𝛽

and ΔDEL20-year
Shaft

, respectively. The results are generated from 10 000 random
field realizations

7.1 First-stage controls adaptation

The first stage adaptation of a control strategy capable of increasing the serviceability capacity of support structures is performed in this section.

Unlike fatigue-reducing control measures, methodology for improving serviceability is not much discussed in the literature on wind turbine

control. While the support structures' fatigue life is governed by normal loading conditions, their serviceability capacities are determined by the

ability to resist tilting under certain loading conditions. Control measures for improving serviceability can therefore be targeted more directly at

the design-driving loads. Reducing the maximum aerodynamic thrust via so-called peak shaving is effective for reducing wind-induced overturning

moments in near-rated conditions.6,63 Thus, peak shaving provides a means of increasing the serviceability capacity of support structures.

Peak shaving is achieved by pitching to feather to reduce the rotor's aerodynamic efficiency in near-rated conditions. Implementing such a

control strategy is fairly straightforward and requires only a simple mapping from a selected peak shaving parameter to the rotor's collective pitch

angle.63 In the present work, the power output POut is taken as the peak shaving parameter and the demanded pitch angle 𝛽PS is calculated using

the following relationship:

𝛽PS = max(min(𝛽(POut;𝛽Max
PS ), 𝛽Max

PS ),0), 𝛽(POut;𝛽Max
PS ) = a(𝛽Max

PS )POut + b(𝛽Max
PS ). (12)

The level of peak shaving depends on the prescribed pitch angle 𝛽Max
PS

at which rated power is reached. Within the peak shaving region, the

pitch angle is adjusted as a linear function of the power output. For a given level of peak shaving, the constants a and b are selected with the

aim of minimizing adverse side-effects. A more favorable trade-off between load reduction and adverse side-effects can be achieved by using

a higher order peak shaving method, such as those described by Perley et al.63 However, given the relatively low potential for improvement,

further optimization efforts are considered outside the scope of this paper.

Since peak shaving is achieved by reducing the rotor's aerodynamic efficiency, it unavoidably leads to power losses that may significantly reduce

the lifetime energy yield. Support structures are typically reported to contribute approximately 20% to the cost of offshore wind energy.2,61

Thus, any percentage loss of power production revenue must be offset by a five-fold percentage reduction in the cost of support structures. The

lifetime energy yield is estimated from time histories of power output obtained from aero-hydro-servo-elastic simulations. First, the mean wind

speed data are grouped into intervals of 1 [m/s]. Then, for each interval, simulations of 3600 [s] duration are performed, taking the midpoint of

the interval as the mean wind speed. Turbulence and wind shear are accounted for in accordance with IEC 61400-1,51 assuming Class B normal

turbulence conditions. The negligible effect of wave loads on the power output is not accounted for in the analysis.

Table 7 presents the result of the first stage adaptation of peak shaving. The selected level of peak shaving leads to a significant increase in

the serviceability capacity. No strategies have been adopted to increase the serviceability capacity in near-cut-out conditions. The near-cut-out

serviceability capacity is therefore taken as the target capacity in near-rated conditions. Furthermore, a normalization factor is applied to the

results in order to achieve the target serviceability utilization (𝜃1-year
Max

= 1) only if peak shaving is used. As expected, peak shaving reduces the

lifetime energy yield. At the present level of peak shaving (𝛽Max
PS

= 6◦), the cost savings enabled by increasing the serviceability capacity are

unlikely to offset the loss of power production revenue.

Figure 10 presents the effect of the applied peak shaving strategy on selected wind turbine parameters as a function of wind speed. It is

apparent that peak shaving reduces the maximum steady-state thrust at the expense of power losses. Although these power losses are limited

to a relatively small range of wind speeds, they occur in wind conditions which contribute significantly to the lifetime energy yield. Their effect in

terms of lost power production is therefore considerable.

TABLE 7 Results for the first stage adaptation of peak shaving to increase the
support structure's serviceability capacity

Serviceability Utilization Adverse Side Effects

Controller Adaptation 𝜃
1-year
Rated

, – 𝜃
1-year
Cut-out

, – Δ𝜃1-year
Max

, % ΔP20-year
Out

, %

Baseline control 1.6 1.0 0.0 0.0

Peak shaving 1.0 1.0 −37.4 −2.1
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(A) (B)

FIGURE 10 The effect of the applied peak shaving (PS) strategy on selected wind turbine parameters as a function of wind speed. The wind
speed at which rated power is reached VR(𝛽Max

PS
) with the applied level of peak shaving (𝛽Max

PS
= 6◦) is indicated

(A) 1(B)

(C)

FIGURE 11 Trade-off between reduction of serviceability utilization in rated conditions Δ𝜃1-year
Rated

and power production change ΔP20-year
Out

. Results
are presented for characteristic soil properties corresponding to 1%- and 99%-quantiles in the distribution of the natural period TΔ

7.2 Second-stage controls adaptation

The procedure for the second stage adaptation of peak shaving is established in the following. For a given outcome of the site-specific soil

conditions, the required level of serviceability load reduction can be achieved by straightforward adjustment of 𝛽Max
PS

. The result is, of course, a

trade-off between serviceability load reduction and power production.

The trade-off between reduction of serviceability utilization in rated conditions and lifetime energy yield is presented in Figure 11. Increasing

the peak shaving yields diminishing returns in terms of serviceability utilization. There is clearly a threshold beyond which increasing the

serviceability capacity cannot justify the added power losses. Like tower feedback control, peak shaving is most effective when the soil-pile

stiffness is low. Due to the nonlinear behavior of the soil, reducing the overturning moment has a greater effect on the tilt angle when the

soil undergoes large deformations. Accordingly, the difference between the serviceability utilization in cut-out and rated conditions without

peak shaving decreases as a function of soil-pile stiffness. Notably, the cost of increasing the near-rated serviceability capacity to eliminate this

difference appears not to be very sensitive to variations the soil conditions. It is therefore reasonable to apply the same maximum level of peak

shaving (𝛽Max
PS

= 6◦) in the first- and second-stage controls adaptation.

7.3 Probabilistic outcome of the two-stage controls adaptation

The probabilistic outcome of the two-stage adaptation of peak shaving is analyzed in this section. The procedure for calculating the probabilistic

outcome of the post-installation adaptation of peak shaving is similar to that of tower feedback control. First, a set of random field realizations is

generated. Then, for each realization, an optimization procedure is performed to minimize the level of peak shaving and thereby the associated

power losses. Response surfaces are constructed by carrying out serviceability analyses under different levels of peak shaving for selected
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quantiles in the distribution of the natural period. Uncertainty in the estimates of the natural period is modeled following the approach proposed

in Section 6.3.

The outcomes of the post-installation adaptation of peak shaving when there is perfect knowledge of the true natural period is presented in

Figure 12. As expected, maximum peak shaving (𝛽PS
Max

= 6◦) is employed only if the natural period is at or above its 95%-quantile. Furthermore,

the natural period below which peak shaving is not used at all (𝛽PS
Max

= 0◦) falls at approximately the 70%-quantile. Instances of natural periods

in between these quantiles lead to varying degree of of peak shaving, and maximum utilization of the support structure's serviceability capacity

(𝜃1-year
Max

= 1.0). Figure 13 presents the outcomes of the post-installation adaptation of peak shaving when there is uncertainty about the true

natural period. Except for a few instances, maximum peak shaving is employed consistently for natural periods above the 95%-quantile. At the

present level of uncertainty, the natural period below which there are no instances of peak shaving is reduced to approximately the 5%-quantile.

Hence, the total incidence of peak shaving and its associated power losses is significantly increased compared with the idealized situation without

estimation uncertainty.

Table 8 presents the probabilistic outcome of the two-stage adaptation of peak shaving under varying levels of estimation uncertainty.

Furthermore, the mean change in the lifetime energy yield is presented as a function of the level of uncertainty in Figure 14. The post-installation

controls adaptation leads to a substantial reduction of the average power production losses. As expected, the incidence of peak shaving and the

mean change in the lifetime energy yield increases with increasing estimation uncertainty. Although the average power losses are reduced, they

might still be too large to be offset by the cost savings enabled by peak shaving. Nevertheless, the results highlight an important implication of

the proposed methodology. Since the adverse side-effects on average is reduced by up to an order of magnitude, a post-installation adaptation

of load reducing controls could enable the use of control strategies that were previously not economically viable. At least, it would enable using

control strategies to a fuller extent of their capabilities.

(A) (B)

(C)

FIGURE 12 Monte Carlo outcomes of the two-stage adaptation of peak shaving (PS) when there is perfect knowledge of the true natural period
(𝜂̂ = 0.0). The results are generated from 10 000 random field realizations

TABLE 8 The probabilistic outcome of the two-stage adaptation of peak shaving

Case Description ΔP20-year
Out

, % [𝛽PS
Max

= 6◦], % P[𝛽PS
Max

> 0◦], % P[𝜃1-year
Rated

> 1.0], %
One-stage adaptation −2.1 100.0 100.0 5.0

Two-stage adaptation 𝜂̂ = 0.0 −0.2 5.0 30.4 5.0

Two-stage adaptation 𝜂̂ = 0.25 −0.4 11.0 47.8 5.5

Two-stage adaptation 𝜂̂ = 0.5 −0.8 22.3 66.5 5.5

Two-stage adaptation 𝜂̂ = 0.75 −1.1 37.8 79.4 5.5

Two-stage adaptation 𝜂̂ = 1.0 −1.4 52.5 86.0 5.5

Note. The average change in the lifetime energy yield is denoted as ΔP20-year
Out

. Further, P[𝛽PS
Max

> 0] is the

probability of peak shaving being used and P[𝛽PS
Max

= 6] is the probability of it being used to the full extent

possible. The probability of the maximum serviceability utilization being exceeded P[𝜃1-year
Rated

> 1.0] can be
interpreted as the probability of failure. The results are generated from 10 000 random field realizations.
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(A)

(C)

(C)

FIGURE 13 Monte Carlo outcomes of the two-stage adaptation of peak shaving (PS) when there is uncertainty about the true natural period
(𝜂̂ = 0.5). The results are generated from 10 000 random field realizations

FIGURE 14 Probabilistic outcome of the two-stage adaptation of tower feedback control. The average change in power production is denoted

as ΔP20-year
Out

. The results are generated from 10 000 random field realizations

8 CONCLUSIONS

In this paper, the potential of making turbine-specific adjustments to the wind turbines' control systems after their installation was analyzed. The

analysis considered the structural design of a 10 MW monopile offshore wind turbine under uncertainties in the geotechnical properties. An

adaptation of the wind turbines' control system in two stages was proposed. In the first stage, carried out during the structural design process,

control strategies were adopted to reduce the support structure's load effects. In this stage, the structural capacities were uncertain due to

inherent variability in the site-specific soil properties. Under the assumption that the true structural capacities could be estimated once the

turbines were installed, the second stage controls adaptation was carried out. The objective of the second stage was to minimize the use of the

control strategies adopted in the first stage, while still adhering to the required level of structural safety. Two control strategies were considered

in separate analyses. In both analyses, the two-stage controls adaptation was analyzed using response surface methodology and Monte Carlo

simulations. The response surfaces were constructed from results obtained via aero-hydro-servo-elastic simulations.

The first control strategy under consideration was tower feedback control to increase the support structure's fatigue life. While effective,

the additional pitch activity led to increased fatigue loads for the pitch actuators and main shaft. As a procedure for the post-installation

controls adapatation, it was proposed to use event-triggered tower feedback control. Tradespaces revealed that the best choice of trigger

criteria depended on the priority of the adversely affected components. Nevertheless, since some general patterns were observed, it was found

reasonable to define a single set of trigger criteria independent of the site-specific soil conditions. Monte Carlo simulation of the two-stage

controls adaptation showed that the incidence of tower feedback control and its adverse side-effects was significantly reduced as a result of the

post-installation controls adaptation.
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The second control strategy under consideration was peak shaving to increase the support structure's serviceability capacity. Peak shaving

was effective for improving serviceability, but led to significant power losses. It was found unlikely that the cost savings enabled by the applied

peak shaving strategy could offset the loss of power production revenue without further actions being taken. Further, the trade-off between

serviceability load reduction and power production was analyzed in connection with the second-stage controls adaptation. Increasing the peak

shaving was found to yield diminishing returns in terms of serviceability utilization. As expected, Monte Carlo simulation showed that the

post-installation controls adaptation led to a significant reduction in the incidence of peak shaving and its associated power losses.
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