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Abstract
A CFD (Computational Fluid Dynamics) software is tested against the DANAERO database,
which consists of field experiments, wind tunnel tests and CFD simulations. The aim of the paper
is to verify FINE™/Marine in the context of wind turbines so as to use it in more advanced modelling, e.g.: 2D CFD for aerofoil with aerodynamic add-ons, 2D dynamic stall effects. Several aerofoil
thicknesses will be benchmarked. The results will be presented in the form of lift an drag coefficients
curves for the different sections. Simulations on a structured mesh showed a good agreement with
DANAERO’s CFD results. The next stage, after the verification of FINE™/Marine, will be to take
the simulation one step further and model the full wind turbine in 3D CFD.
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Introduction

In order to verify FINE™/Marine in the context of wind turbine aerodynamics, a Design of Experiment
(DoE) approach will be employed to help define the CFD domain boundaries. FINE™/Marine has already
been extensively been validated in 2D and 3D marine hydrodynamics applications [1, 2, 3, 4]. However,
it has not been used for 2D aerofoil aerodynamics. By applying a DoE approach, the authors will build a
robust test matrix which will provide the means to study the effects and interactions between the selected
factors. Then, once the domain is chosen, aerodynamic polars will be calculated using an unsteady 2D
CFD solver and compared against the reference CL and CD . The DANAERO database [5, 6] will be used
as the reference in this paper. The database is available since 2010 and comprises of field data, wind
tunnel data and simulation data. Troldborg et al.[7] have already compared the wind tunnel results with
EllipSys[8]. To verify FINE™/Marine, a goal of 2% difference with the wind tunnel results for the CL
in the linear region is set. This threshold has been chosen following a previous codes comparison where
seven CFD software were benchmarked against each other[9]. Four of the the software tested were within
a 2% accuracy, it seems to the authors an appropriate target to achieve with FINE™/Marine.

2
2.1

Simulation set-up
FINE™/Marine - ISIS-CFD

ISIS-CFD, developed by Centrale Nantes and CNRS and available as a part of the FINE™/Marine
computing suite, is an incompressible Unsteady Reynolds-Averaged Navier-Stokes (URANS) method.
The solver is based on the finite volume method to build the spatial discretization of the transport
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equations. The unstructured discretization is face-based, which means that cells with an arbitrary number
of arbitrarily shaped faces are accepted. A second order backward difference scheme is used to discretize
time. The solver can simulate both steady and unsteady flows. The velocity field is obtained from the
momentum conservation equations and the pressure field is extracted from the mass equation constraint,
or continuity equation, transformed into a pressure equation. In the case of turbulent flows, transport
equations for the variables in the turbulence model are added to the discretization.
The sections analysed in this paper were the aerofoils used to design the LM38.8 blade installed on the
DANAERO test turbine [10]. The sections name are listed in the Table 1 and plotted in Figure 1. The
Reynolds number in this benchmark is set at Re = 5E6 as it is the average Reynolds calculated along
the blade radius for an inflow of approximately 6.5m/s. The turbulence model used is SST k-ω [11],
the flow characteristics are representing the air at sea level at a temperature of 15◦ C, i.e.: ν = 1.81e−5
(dynamic viscosity [kg.m−1 .s−1 ]) and ρ =1.225 (air density[kg.m−3 ]). Regarding the simulation boundary
conditions, the aerofoil related surfaces were described as “no slip wall”. The free stream velocity condition
was imposed on the Inlet, Outlet and Top/Bottom and the Outlet was using the condition Prescribed
pressure. Finally, y+ = 0.15 was imposed on the aerofoil surfaces.
Table 1: Aerofoil analysed
Section ID
Section05
Section08
Section10

Aerofoil thickness
24%
19.6%
18.6%

Figure 1: All three DANAERO sections analysed. The marker (◦) represents the Section05, the marker
(4) represents the Section08 and the marker (+) represents the Section10.

2.2

Six Sigma - Design of Experiments

The Six Sigma purpose is to understand the relationship between factors and their possible interactions
in order to reduce variation in the outcome. The DoE is a standardised way of ordering possible combinations of several factors (parameters) and levels (values they can take) to compare the outcome with a
validation criteria. The validation criteria will be the calculated lift coefficient (CL ). Extrapolating on
the DoE results will allow the authors to decide on the appropriate calculation domain size.
In our case, several factors related to the flow model and turbulence model were already fixed and will not
be taken into account here. However, the domain boundaries for an infinite simulation remain unknown
and the test matrix will help us decide which domain size is the most appropriate. The term “infinite
simulation” here, means free from any interaction with external boundaries, e.g. the wind tunnel walls
are not simulated, therefore the aerofoil is considered at rest in the moving fluid.
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The factors chosen in this experiment are the Inlet position, the Outlet position (both together defining the domain length) and the Top/Bottom position (constituting the domain vertical dimension). All
factors are expressed in aerofoil chord length, defined between 0 and 1. The aerofoil leading edge is
positioned at the domain origin (0,0) with the trailing edge pointing towards the Outlet. Consequently
the Inlet is positioned in front of the leading edge and the Outlet behind the trailing edge while the
aerofoil chord is parallel to the Top/Bottom boundaries. The vertical dimension is symmetrical around
the aerofoil chord (See Figure 2). Since all aerofoils are all relatively thin, it is assumed that using the
outcome of the DoE will be valid for all studied sections. The section ran through the DoE is the Section05.

Figure 2: Factors definition applied to an arbitrary domain.
By using three factors with two levels each, the total number of possible combinations is 23 = 8. The
total number of cases possible are proportional to the power of the number of levels, i.e. if three levels
are utilised for the same three factors, the DoE will yield more detailed results but the numbers of cases
will increase drastically (33 = 27). To avoid running many unnecessary test cases, a centre point will be
added to the 8 cases. It will assess the non-linearity in the results for a lower cost. The Table 2a, shows
how the parameters must be set to run the DoE. The values 1 and −1 represent the low (Level 1) and
high (Level 2) levels for each parameters while the 0 represents the centre point case between the chosen
levels (see Table 2b). In order to asses the independence of the domain with the angle of attack, a DoE
for three angles of attack (α1 = 0◦ , α2 = 7◦ , α3 = 12◦ ) will be calculated. The test matrix will be run
once for each angle of attack. The results presented in section 3.1 will only show the outcome for α1 = 0◦ .
Table 2: Design of Experiments
(a) Test matrix
Test ID
1
2
3
4
5
6
7
8
9

Inlet position
-1
1
-1
1
-1
1
-1
1
0

Outlet position
-1
-1
1
1
-1
-1
1
1
0

(b) Factors levels
Top/Bottom position
-1
-1
-1
-1
1
1
1
1
0

Factor
Inlet position
Outlet position
Top/bottom position

Level 1
-20
20
-20/20

Level 2
-40
40
-40/40

Center point
-30
30
-30/30
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3
3.1

Results
DoE results analysis

The Figure 3 shows the main effects for each factor. The x-axis shows the different levels (centre point
included) for each parameter, while the y-axis shows the averaged CL response. The dotted line is the
average CL for all 9 cases. Each data point on any subplot is calculated by taking the average CL
corresponding to this factor level. For instance, the data point when the Outlet is at Level 2 is calculated
by averaging all the CL values for the test ID: 3, 4, 7 and 8. The Figure 3 is read as follow: for the first
subplot, the further from the origin the inlet position is the more the average CL tends to increase. For
the second subplot the line is almost flat, which means that the position of the Outlet doesn’t influence
the average CL . Lastly, the third subplot shows that the vertical dimension tends to reduce slightly the
CL with increasing size. The maximum effect from a factor upon the CL is seen for the Inlet position:
∆CL = 0.360 − 0.338 = 0.021, which is equivalent to a variation of 6%. Analysing those plots alone is
not enough, since we are averaging the test cases based on the factor, it may be possible that interactions
between factors play a more significant role than a factor alone. Moreover, the centre point (∗) is far
from the linear model, which indicates that some non-linearity exists. Again the analysis of interaction
between factors will help us define the non-linearity.

Figure 3: Main effects plot for all factors for α = 0◦ . The dashed line represents the average CL across
the test matrix. The (∗) represents the centre point case.
The Figure 4 shows the interactions between the factors. The x-axis shows the different levels (centre
point included) for each parameter. The y-axis shows the averaged CL response for this factor when only
a single other factor is considered. Looking at the first subplot, the interaction between the Inlet (marker
shapes • and 4) and Outlet position (line types and colours) is assessed. The lines are intersecting, it
indicates a strong interaction between the two factors, as it should be expected since they both define the
domain length where the wake is calculated. However, the two lines for the second subplot are parallel,
meaning there is no interaction between the Inlet position and the Top/Bottom position. The third
subplot shows also an intersection but not at the centre, closer to the Level 1 results; indicating that
there is also an interaction between the Outlet position and the Top/Bottom position.
Analysing those plots is not trivial: while looking more carefully at the results the authors found out
that the interaction between factors and the non-linearity seen in the main effect is explained by the nonsymmetrical chordwise dimension of the domain. Indeed, the test cases 2, 3, 6 and 7 are responsible for the
behaviour seen in Figure 4. This is an important conclusion: the unstructured mesh from FINE™/Marine
can behave unexpectedly if the domain is not symmetric. In particular, the automatic refinement process
may not refine properly small surfaces e.g.: trailing edge. The first cell is skewed and too small for a
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Figure 4: Interaction diagram for α = 0◦ . The dashed line represents the average CL across the test
matrix. The (∗) represents the centre point case. The (•) represent the considered factor at Level 1.
The (4) represents the analysed factor at Level 2. The solid and dotted line represent the Level 1 and
Level 2 of the other factor analysed.
proper viscous cells insertion. Therefore, acknowledging this new information and analysing the rest of
the plots, the domain dimensions chosen are:
• Inlet position: -40
• Outlet position: 40
• Top/bottom position: -40/40
Following the decided boundaries, the refinement strategies and the number of data point making the
aerofoil (384 coordinates points), the total number of cells in the Section05 calculation domain is 133516.

3.2

CFD calculated polars

The FINE™/Marine results were obtained using the same domain size for different aerofoil thicknesses.
The Figure 5, Figure 6 and Figure 7 show the comparison between the aerodynamic coefficients (CL and
CD ) calculated using FINE™/Marine, the wind tunnel reference and EllipSys.
The Figure 5 shows a perfect agreement between FINE™/Marine and the wind tunnel data in the linear
region (−10◦ < α < 9◦ ) for the CL curve. The stall and post-stall (α > 9◦ and α < −10◦ ) characteristics
however, are poorly captured. The simulation results overshoot the wind tunnel measurements. Both
CFD software tend to overpredict the overall CD value compared to the wind tunnel reference, the stall
points are also not well captured.
The Figure 6 exhibits a different behaviour from the Figure 5. The slope of the FINE™/Marine results is
not perfectly aligned with the wind tunnel results. Moreover, the CL value in the linear region is slightly
underpredicted. Looking carefully at the plot, it appears that the EllipSys simulations yields similar
results. The stall and post-stall characteristics are again poorly captured. Similarly to the Section05
results, the drag coefficient is overpredicted.
Similar to the Figure 5, the Figure 7 shows a good agreement between FINE™/Marine and the wind
tunnel data in the linear region (−10◦ < α < 9◦ ) for the CL curve. The stall and post-stall (α > 9◦ )
characteristics however, are poorly captured but it remains lower than the value simulated by EllipSys.
Again, the CFD software tend to overpredict the CD value compared to the wind tunnel reference missing
also the stall point prediction.
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Figure 5: DANAERO Section05: the blue (×) represent the FINE™/Marine results, the orange () the
DANAERO CFD reference and the black (+) are the DANAERO wind tunnel data results. Left: CL ,
right: CD curve.

Figure 6: DANAERO Section08: the blue (×) represent the FINE™/Marine results, the orange () the
DANAERO CFD reference and the black (+) are the DANAERO wind tunnel data results. Left: CL ,
right: CD curve.
The Table 3 shows the average deviation between the different sections analysed and the wind tunnel in the linear region (−10◦ < α < 9◦ ). The Section05, which was used in the DoE, shows the best
agreement. However, the results from the Section08 are outside the set tolerance of 5% defined. It is to
be noted that the differences calculated for FINE™/Marine are of the same order of magnitude than the
ones calculated for EllipSys.
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Figure 7: DANAERO Section10: the blue (×) represent the FINE™/Marine results, the orange () the
DANAERO CFD reference and the black (+) are the DANAERO wind tunnel data results. Left: CL ,
right: CD curve.
Table 3: Average CL deviation with wind tunnel reference in the linear region
Sections
Section05
Section08
Section10

4

FINE™/Marine difference with WT
−10◦ < α < 9◦
0◦ < α < 9◦
-0.6%
-0.3%
-8%
-6%
-0.8%
-0.7%

EllipSys difference with WT
0◦ < α < 9◦
-9%
-5%
-1%

Conclusion

A CFD software has been verified against a validated database. Despite not fully meeting the goal set in
the introduction, FINE™/Marine can be considered validated. The results show satisfactory results for
the Section05 and the Section10. In particular, the lift coefficient (CL ) is slightly better predicted than
EllipSys. The poorer results for the Section08 are to be put into perspective since the results are aligned
with the EllipSys reference. A dedicated calculation domain would have probably improved the calculated
coefficients. The stall overprediction of CFD simulations compared to wind tunnel experiments when
using URANS [12, 13] is well known. Using IDDES (Improved Detached Eddies Simulation) simulations
could be a solution for more a accurate stall prediction. However, due to high computational costs
inherent to it, it would be an expensive solution[14].
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simulations on 2D wind turbine airfoils
D V G Santos a,b, B Stoevesandt b,c, J Peinke a,b
a

Carl von Ossietzky Universität Oldenburg – Germany
b
TWiSt – Germany
c
Fraunhofer IWES – Ammerländer Heerstraße 136, 26129 Oldenburg, Germany
E-mail: daniel.von.glehn.dos.santos@uni-oldenburg.de
Abstract. This work is part of my PhD thesis, which focuses on computational fluid dynamics
(CFD) methods to investigate the characteristics of the flow around an airfoil under dynamic
stall. Since the results strongly depend on the turbulence characteristics, the approach to
turbulence modeling is of large importance. Currently, URANS simulations have been run for
a S809 airfoil and compared to modeled and measured data from the literature. Then, the same
setup was applied to a DU 91-W2-250 airfoil. This cases were set with Re of 10^6 and the
airfoil pitches around 0.25C with reduced frequency of 0.079, main angle of attack of 8° and
amplitude of ±10°. Both k-OmegaSST and Spalart-Allmaras turbulence models were tested
and the first one gave the best results, when compared to the literature data.
Keywords: Dynamic Stall, Wind Turbines, Aerodynamics, CFD

1 Introduction
Due to the turbulent nature of the flow, stall onset and therefore dynamic stall are hard to predict.
However, wind energy relies on good models for dynamic stall and the existing ones have not been
made specially for thick airfoils. Stall onset, separation and impingement points are difficult to predict
due to the dependency on wall turbulence. A wrong prediction of these points leads to a large
deviation in the aerodynamics of airfoils. And this large deviation can be harmful to the blade
structure by increasing fatigue loads [1] or by violent flutter led by the stall inception [2].
There have been some experimental investigations on dynamic stall lately. However, the information
of these experiments are usually limited, since only forces are measured. The physics of the flow,
which is important for the generation of a generalizable model, is however not taken into account.
Visbal [6] investigated the unsteady boundary layer on the leading edge of an airfoil while changing
the rotation of the blades using LES (Large Eddy Simulation). The simulations show that the local
effects of transition, separation of the boundary layer and compression are important in the
development of the dynamic stall vortexes. In the studied profile, the occurrence of vortexes was
closely associated with the detachment of laminar separation bubbles. For quantitative simulations
with Unsteady Reynolds Average Navier-Stokes Equations (URANS), the challenge is therefore to
map the laminar separation, which makes the use of a transition model indispensable.
In a comparison between simulations with URANS and measurements of Particle Image Velocimetry
(PIV), Buchner et al. [4] showed that many aspects of dynamic stall can be reasonably well described
with URANS. Also, Wang et al. [7] showed that URANS, especially with the k-Omega Shear Stress
Transport (STT) – as an improvement over the standard k-Omega turbulence model – is useful for the
fast design or research intension, when simulating dynamic stall.
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The NREL’s S809 airfoil was selected for the first URANS simulations because it is a very common
profile for wind turbines, it has a moderate thickness (21% relative thickness) and there are some
works in the literature that investigates its behavior under dynamic stall, both numerically – by Bangga
[3] – and experimentally – by Ramsay et al. [5]. Another profile used in this work is the DU 91-W2250, to which the same setup was applied.
In this work, URANS was used in order to provide some insights on the setup for further LES and
DDES simulations and also to evaluate how well it can represent the dynamic stall phenomena despite
its limitations.

2 Simulation Setup
The software OpenFOAM was used to conduct the simulations. First a steady case was run with
potentialFOAM solver and then it was used to initialize another 2-steps steady-state simulations with
simpleFOAM solver. The results from the 2-step steady-state simulation were then used as input for an
unsteady case with fixed angle of attack (AoA) through the solver pimpleFOAM. At last, this result
was used as initialization for the pitching airfoil case, also with pimpleFOAM solver.
This setup was approached with 2 different turbulence models: Spalart-Allmaras (SA) and kOmegaSST (SST).
The two-dimensional mesh (Figure 1a) has an O-grid shape with 256 points over the airfoil surface,
128 points in the normal direction, diameter of 50 times the chord length (C) and y+ equal to 1. The
total number of cells is 32512. The Reynolds number is 1 million and timestep is 0.002s.
For pitching the airfoil, the SolidBodyMotion function from OpenFOAM was used. In this case, an
oscillating rotating motion was imposed to the whole mesh with center of rotation at a quarter chord
position. It started from the mean AoA of 8°, pitching with amplitude of ±10° and reduced frequency
of 0.079.
The exact same setup was applied to the DU 91-W2-250 airfoil. The mesh used for the DU 91-W2250 airfoil is shown in Figure 1b.

(a)
(b)
Figure 1 2D O-grid over the (a) NREL’s S809 airfoil and (b) DU 91-W2-250 airfoil used in this
study.
The total duration of the simulation is 20 seconds, which corresponds to 5 complete cycles of 4
seconds. Only the last cycle i.e., from 16s to 20s, was used to compare the results.

3 Results
The results of the CFD simulations are presented in this section as plots of aerodynamic lift
coefficients (CL) over AoA. The results for the S809 airfoil from all sources i.e., the present work,
Bangga’s simulations and the experimental data, are plotted in Figure 2. The black and blue lines
represent the present work’s results for SA and SST, currently, the green and red lines represent the
results from Bangga and the black dots ate the experimental data.
From the plot, one can see that the simulations were able to capture the hysteretic behaviour of the lift
coefficient and also the sudden drop of CL after around AoA 15° during stall. It is noticeable that the
SST simulation provided the closest results to the experimental data. The SA simulation shows a
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damped shape, clear and without any oscillation, with a good agreement before stall point and
overestimation at the post-stall region.
When compared to the results from Bangga, the present work’s SST also shows better agreement with
the experiments than the SA-Bangga results, which were his best results.
The experimental data seems to have an offset of approximately 0.2 in the CL axis, but no explanation
about it was found in the paper.

Figure 2 Comparison of the dynamic lift coefficient CL over the angle of attack AoA for the S809
airfoil.
Figure 3 shows the results from the simulations generated with the setup applied to the DU 91-W2-250
airfoil. The black and blue lines represent SA and SST simulations, currently. Here, it is also
noticeable that the SA simulation has the same damped-like behaviour and overestimation in the poststall region. There is currently no experimental data available to validate these simulations, it will be
probably done with future LES studies.

Figure 3 Dynamic lift coefficient CL over the angle of attack AoA for the DU 91-W2-250 airfoil.
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4 Conclusion and further considerations
The aim of this paper was to develop a proper URANS setup for a 2D flow over a pitching NREL’s
S809 airfoil under dynamic stall conditions and validate it against numerical and experimental results
from the literature. Two different turbulence were tested: Spalart-Allmaras (SA) and kOmegaSST
(SST). The results were validated against experimental data from the literature [5] and then compared
to numerical simulations from Bangga [3]. The validated setup was later applied to a DU 91-W2-250
airfoil.
The S809 results revealed that the SST model better represents the phenomena when compared to the
SA model, which shows a somehow damped behavior and overestimation of the aerodynamic lift after
the stall region. The setup with SST model showed results closer to the experiments than the
numerical results from Bangga, especially in the post-stall region.
After validation, the setup was to the DU 91-W2-250 and the same damped-like behavior of the SA
was observed.
The next step, which is in progress, is the development of a very fine and well structured mesh to run
LES simulations.
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1

Introduction

Wind tunnel experiments with scaled wind turbine models at various sizes have been used in the past
to get valuable insights into wind turbine aerodynamics and the wake behaviour. They were further
used to test and validate algorithms for turbine and wind farm control. Most of these models feature
rather stiff blades, such as the carbon fiber made blades of the model wind turbine Oldenburg with 1.8
m diameter (MoWiTO 1.8) [1]. These blades have a much smaller tip deflection, normalized with their
length, than contemporary multi MW wind turbines. Due to this reduced deflection of the blades, fluid
structure interaction on the blade cannot sufficiently be studied. The present contribution’s objective
is to present the design procedure for a set of aeroelastically scaled blades for MoWiTO and evaluating
their behaviour under wind tunnel conditions.

2

Design and manufacture

The scaling approach for the blades is formulated on the preservation of the tip speed ratio, the Lock
number and the non-dimensional eigenfrequencies. The aerodynamic shape of the MoWiTO stiff blades’,
which have been designed with the target of maintaining the tip speed ratio of the 5MW NREL turbine
and the lift distribution of the reference rotor, is preserved.
For the chosen geometrical scaling ratio of 1/70 and for the time ratio of 50, a first flapwise eigenfrequency of 33 Hz and a total mass of approximately 50 g is desired. This is rather challenging to be
achieved. A new flexible and lightweight structural layout is adopted. The structure consists of a foam
core, two carbon spars and skin from carbon fiber layers. The final design was a compromise between the
scaling and strength requirements, dependent on manufacturing constraints. The weight of the externally
produced blades is approximately 82 g.

3

Simulation model and experiment

Next, the blades were deployed in an experimental campaign (Fig. 1a), which included PIV measurements
on the rotating blades and digital image correlation techniques to obtain the deflection of the rotor blade
during operation of the MoWiTO 1.8 with the new blade set [2]. Experiments were performed in tailored
turbulent wind conditions (Fig. 1b), which were generated with an active grid in the WindLab wind
tunnel of the University of Oldenburg [3]. Quantities such as the turbine’s rotor speed, the blade root
bending moments and the rotor thrust were measured using MoWiTO’s onboard instrumentation.
In order to evaluate the blades in comparison with the ideally scaled ones, a simulation model was
built in openFAST. The input for the aerodynamic model was the blade geometry and the aifoil polars,
while the structural model input was defined from scaling down the reference blades’ properties.
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Figure 1: (a) MoWiTO setup in the wind tunnel. (b) 2 Hz sinusoidal wind generated by the active grid.

4

Results and outlook

The first measurements are compared with the simulation results for the perfectly scaled model turbine
and previous measurements with the stiff blades (Fig. 2). The tip deflection under different wind
regimes is to be presented. The blade’s behaviour is to be evaluated in regard to the aeroelastic scaling
requirements and therefore, whether it allows the study of fluid structure interaction phenomena.

Figure 2: (a) Rotor thrust under the 2 Hz sinusoidal wind. (b) Blade root bending moments under
constant 6.1 m/s wind.
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Abstract
Since the 90s, smart rotor concepts have been investigated in order to control and reduce loads on
Wind Turbines (WT). Active Trailing Edge Flap (ATEF) has shown to be one of the most promising
concepts. ATEF unsteady aerodynamics and ATEF applications on load reduction have been extensively
investigated but until today no commercial WT is equipped with ATEF and furthermore only limited
field validations of ATEF models and applications have been performed.
The purpose of this industrial PhD project is firstly to validate and further develop the ATEF models
currently available in HAWC2 and BHawC aeroelastic codes. Secondly, to develop and validate control
strategies aiming the reduction of asymmetrical rotor loads and blade deflection. The validation is based
on the data obtained from the field tests of the full-scale ATEF prototype installed on a modern multimegawatt Siemens Gamesa WT. The knowledge developed in the PhD project will be extremely valuable
to the design of commercial WT equipped with ATEF.

Background
Active smart rotor concepts have been investigated since the 90’s as a mean to control and reduce loads
on Wind Turbines (WT) and thus reduce the cost of wind energy. Despite all the effort and more than
260 scientific papers published on the subject, until today no feasible applications have been developed
and installed on commercial WTs.
Among the several active smart rotor concepts investigated, Trailing Edge Flaps (ATEF) has showed to
be one of the most promising technologies. Several aerodynamic model approaches have been proposed
to describe the ATEF unsteady aerodynamics. Furthermore, a wide spectrum of load reduction strategies
based on ATEF have been studied, showing in most recent studies [1], [2], [3] and [4] a load reduction
of approx. 3-10% for main horizontal axis wind turbine components, allowing an approx. 5% increase of
the rotor diameter and 2-3% increase in AEP.
Validation of the fidelity level, accuracy and performance of the ATEF models has been conducted mainly
via numerical simulations, wind tunnel experiments and on outdoor rotating rig. As for field tests on
a full scale WT, only three are known: Sandia field test on a Micon 65/13 turbine (115kW) [5]; DTU
and Vestas test on a V27 (225kW) turbine [6], SGRE and DTU tests on a SWT-4.0-130 (4.0 MW) [7]
as part of the INDUFLAP2 project. The field tests confirmed the potential of ATEF in controlling the
aerodynamic loads but also showed the need of a further development and validation of the numerical
ATEF models.
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PhD Project Description
This industrial PhD project is a collaboration between DTU Wind Energy and Siemens Gamesa Renewable Energy (SGRE). SGRE and DTU Wind Energy have been collaborating for the development and
test of a prototype flap system for wind turbines since the project INDUFLAP2.
Firstly, the PhD project aims to validate and further develop the ATEF models of both the DTU aeroelastic code HAWC2 and the SGRE’s BHawC. The validation is based on the field data obtained from the
full-scale test of a modern multi-megawatt SGRE WT equipped with ATEF. The validation covers both
normal production conditions and off-design conditions like high yaw angle or high angle of attack.
The second objective of the PhD project is to carry out the development and field validation of load reduction strategies based on the developed ATEF models and aiming to reduce asymmetrical rotor loads
and blade deflections.
The overall objective is to validate ATEF aeroelastic models and load reduction strategies that will allow
to bring the ATEF technology into use in the next generation of commercial WT, contributing to reduce
the levelized cost of energy (LCOE) of wind power.
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1

Introduction

Stall-Induced Vibrations (SIV) are an aeroelastic instability that happen when large portions of a wind
turbine blade experience an angle of attack such that the slope of the lift coefficient is negative (∂CL /∂α <
0) [1]. With a rising necessity to design larger and more flexible wind turbine blades, SIV are an important
design consideration as the loads generated during the occurrence might severely damage the blades. The
severity of SIV depends on the blade design and inflow conditions.
Exploration of the design and inflow space that cause SIV has a high computational cost, since it
involves high fidelity aeroelastic simulations. The aim of this work is to formulate a framework based
on an aeroelastic simulator, a surrogate model and an optimizer that can automatically identify the
conditions that maximize SIV in a wind turbine with the minimal number of simulations. The framework
is based on a type of an optimization algorithm called Surrogate-Based Optimization (SBO), which makes
use of surrogate models to approximate to expensive objective functions in the design space and guide
the selection of new sample points towards the optimum [2].

2

Methodology, setup and SIV characterisation

In this work, the IEA 10 MW [3] turbine is chosen for investigation. The occurrence and characteristics of
SIV in this turbine are studied for a parked rotor with a 90 deg pitch angle, 0 deg azimuth angle (blade 1
pointing upwards) and constant wind conditions. The inflow conditions and simulation setup are similar
to the considerations in the AVATAR project [4], where the characteristics of SIV was studied on a large
wind turbine rotor. In this work, we have focused on the effects of wind speed and yaw angle on SIV,
therefore we have defined a first regular grid of inflow conditions. The aeroservoelastic tool HAWC2 [5]
is used to simulate the motion of the wind turbine.
The edgewise bending moment at the root of blade 1 is chosen as the response to characterise SIV. For
certain inflow conditions, the system is asymptotically stable. For some others the system is unstable,
and the response grows exponentially, until it stabilizes on a nonlinear limit cycle oscillation. The initial
part of the simulation is discarded to remove the effect of the initial condition. Then, the length of the
signal is truncated to limit the response to the linear range. The severity of SIV is estimated by band
pass filtering the response around the frequency of the first blade edgewise mode, and identifying the
damping ratio.
Different methods were attempted to identify the damping ratio. The classical logarithmic decrement
method and a variant, based on computing the slope of the straight line passing through the logarithm of
the signal peaks, the half power bandwidth, and fitting an Auto Regressive model. The results from the
different methods were found to be in good agreement with each other. The variation of the log decrement
method has been eventually chosen for its robustness. The key difference with respect to the classical
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Figure 1: Simulation grid and contour of damping ratio over iterations.
version is that it uses all peaks, as opposed to the classical one which uses only two. By indicating with
(ti , yi ) the time and value of the i-th signal peak, ω the mode frequency and ζ the mode damping ratio,
we can write
log(yi ) = −ζωti + c
(1)
where c is the line intercept. The mode damping ratio is finally computed with the least-squares method.

3

Optimization

We have identified the damping ratio for all points of the initial inflow grid, and then trained an Artificial
Neural Network (ANN) on it, so as to convert it into a continuous variable. The ANN is trained using
the TensorFlow library [6], with 2 hidden layers containing 8 neurons each. The ANN function is then
minimized to obtain the inflow conditions that leads to the minimum damping ratio (i.e. maximum SIV).
After the first optimization, new inflow conditions are defined around the one of the minimum damping
ratio, and the procedure is repeated. The grid and minimum damping ratio for the first two iterations is
shown in Fig. 1.
The improvement in the estimated minimum damping ratio due to the inclusion of the additional
simulations is nearly 1.12% measured in absolute value. It can be seen that the framework drastically
limits the number of simulations needed to find the most critical inflow condition.

4

Conclusion

In this work we have studied Stall-Induced Vibrations on the IEA 10 MW wind turbine. We have
developed a framework based on an Artificial Neural Network, that allows to find the most critical inflow
conditions with the minimum number of high fidelity simulations. Future works will regard the conversion
of the framework to OpenMDAO [7], and the application to Vortex-Induced Vibrations.
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Abstract

The simplest aerodynamic model of wind turbines is the blade element momentum theory, which
divides the blades into small elements. By the so-called “aerofoil assumption”, blade elements behave
as aerofoils in an unbounded flow. All horizontal axis wind turbine blades, however, have neighbours.
Hence, a more accurate two-dimensional representation for a horizontal axis wind turbine section is
an infinite cascade of identical, equispaced lifting bodies. In the present study, cascades comprised
of aerofoils at spacings typical of wind turbine applications are analyzed, and the force equations
used in the blade element momentum theory through their cascade counterparts are investigated.
Using the impulse form of the force equations, two exact equations for the components of the force
acting on a stationary cascade element in a two-dimensional, steady, incompressible flow are derived
as well. OpenFOAM software is used to simulate the flow through cascades of NACA 0012 aerofoils
at Reynolds number of 6 × 106 . The derived equations agree well with the body forces determined
directly from the OpenFOAM simulations for four spacing ratios. Examining the terms of these equations reveals the importance of the circulation, the viscous drag, and the displacement effect of the
body’s wake due to its finite width. It seems that the viscous effects must influence the circulation.
Also, for a very low tip speed ratio, the accuracy of the aerofoil assumption is assessed, and it is
observed that the lift and the drag forces are in good agreement with the experimental data for the
lift and the drag of a NACA 0012 aerofoil.

Keywords: Horizontal Axis Wind Turbine, Cascade, Impulse Equation, Steady Flow, Incompressible
Flow, Lift, Drag

1

Introduction

A cascade consists of an infinite number of identical bodies that are equally distant from each other
[1]. There are periodic boundary conditions between cascade bodies as well as blade elements of an
axisymmetric horizontal axis wind turbine (HAWT). Therefore, there is an equivalence between an axial
section of a HAWT and a cascade, as shown in figure 1. In this figure, an airfoil-shaped blade element is
indicated by red. Similar to the blade element momentum (BEM) theory, the cascade analysis gives the
force equations from the change in axial and angular momentums of the airflow. In the BEM theory, an
additional assumption is made that those forces are equivalent to the lift and the drag on a blade element
as an aerofoil at the same Reynolds number, Re, and the same angle of attack, α. This assumption is
called the “aerofoil assumption”. It has not been independently tested, and it is difficult to see how this
could be done experimentally for typical wind turbine blades spacings.
In a cascade of lifting bodies, the imposition of periodic boundary conditions causes a component of
the induced velocity (which is generated by the singularity) to lie on the y-axis. The sum of this velocity
in the y-direction and the wind velocity, U∞ , is the velocity at the body, W. U∞ is at a “geometric”
angle of attack, αg , to the chord line. The angle between U∞ and W is called the induced angle of
attack, αi . Also, α is the (effective) angle of attack between W and the chord line (figure 2). Therefore,
we have:
α = αg − αi .
(1)
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Figure 1: (a) Two-dimensional cascade of infinite bodies. (b) An annular section of a three-bladed HAWT
at an arbitrary radius, r. The figure in part (b) is adopted from [2].

For isolated aerofoils, αg = α. Using cascade analysis and the aerofoil assumption, the lift, L, and the
drag, D, exerted on a wind turbine blade element with the geometric angle of attack of αg and the wind
velocity of U∞ is equal to L and D on an aerofoil with the same shape but with α and W [1]. Figure
2 indicates that the angle between the force vector in the x-direction, Fx , and D (or the force vector in
the y-direction, Fy , and L), θ, is given by:
θ = 90 − β − α.

(2)

D and L are the drag and the lift per unit span, respectively. The drag coefficient, Cd , and the lift
coefficient, Cl , are defined as:
Cd =

2D
ρW 2 c

and

Cl =

2L
,
ρW 2 c

(3)

where c is the chord. The definitions of Cd and Cl here apply to cascade elements as well as aerofoils.
Once we know θ (or α), L, and D, we have:
Fx = L sin θ + D cos θ,

(4)

Fy = L cos θ − D sin θ,

(5)

where Fx and Fy are the x and y-components of the force on a blade element per unit span, respectively.
The spacing to the chord ratio for a B-bladed HAWT at radius r is S/c = 2πr/Bc, where B is the
number of blades, [3]. For a conventional HAWT with B = 3, S/c lies between 1.5 and 40 (table 3.3 of
[4]) and usually increases towards the tip. Since a large wind tunnel to test models of infinite cascades of
bodies with values of S/c typical of wind turbines does not exist, it is not possible to undertake realistic
experiments on cascades.
One of the basic force equations in aerodynamics is the Kutta-Joukowsky equation for a steady flow
around an aerofoil [2]:
L = ρU∞ Γ,
(6)
where ρ is the density, and Γ is the circulation. Γ around a closed curve, C, is equal to:


U · dl =

Γ=
C

Ω · n̂ dA,

(7)

S

where U is the fluid velocity vector, S is the surface whose boundary is C, dl is the infinitesimal displacement vector along the curve C, n̂ is the outward-facing unit normal to S, dA is the magnitude of the
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Figure 2: Representation of velocities, angles, and forces on a cascade element.

infinitesimal area vector normal to S, and Ω is the vorticity. The vorticity consists of the bound vorticity
and the wake vorticity, but only the bound vorticity contributes to the circulation. The Kutta-Joukowsky
theorem relates the force to the vorticity. For a two-dimensional, steady, unbounded, inviscid flow, the
drag is zero. Therefore, the Kutta-Joukowski theorem for an aerofoil indicates that the circulation does
not contribute to the drag, or conversely, the drag does not affect the circulation. Also, blade element
analyses usually ignore the contribution of the vorticity in the wake to the thrust (or Fx ). Limacher and
Wood [5] also ignored the effect of the vorticity in the wake when they proved the equivalence of the
thrust and the Kutta-Joukowsky theorem for wind turbines and gave the conditions for its validity. The
present work uses cascade analysis to assess the importance of the ignored vorticity term in the BEM
theory. Further, we consider the influence of the circulation, the viscous drag, and the displacement effect
of the body’s wake (the increase in the velocity outside the wake due to the finite width of the wake) to
the force components, which has not been done before.

2

Impulse Equation of the Fluid Force on a Body

Using the conservation of momentum and the Reynolds transport theorem, the equation of the force on
a stationary body submerged in a two-dimensional, steady, incompressible fluid flow can be written as
([6], equation (2.15)):

p
F
=
n̂ · (− I − UU) dA,
(8)
ρ
ρ
S

where U = (U, V ) is the velocity vector, p is the pressure, S is the closed external surface of the control
volume, CV, and I is the m × m unit tensor, where m is the dimension of the space. In this study, m = 2.
Using linear algebra techniques and employing the Navier-Stokes equation, Noca removed p from the
force equation to derive an impulse equation (equations (3.55) and (3.56) of [6]). For a stationary body
in a two-dimensional, steady, incompressible flow, this equation becomes:
F
=
ρ



n̂ ·

1 2

U I − UU − U(x × Ω) dA,
2

(9)

S

where x = (x, y) is the position vector. This equation excludes the pressure and includes the vorticity.
These changes make the force equation more tractable because measuring or calculating the pressure is
difficult and costly, but calculating the vorticity just needs the velocity field. Moreover, equation (9)
reveals the importance of the vorticity in the force equation.
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3

Equations of the Force on Cascade Elements

To derive the x and y-components of the force on cascade elements, we use the rectangular CV in figure
1 (a). We assume that there exists only one lifting body in the CV, and it is placed at y = 0. S1 is the
inlet boundary, and S2 is a face anywhere downstream. The top and the bottom boundaries are periodic,
so any contribution of the top boundary cancels the bottom boundary’s contribution in all derivations.
For such a CV, equation (8) becomes:
Fx
=
ρ



p
( + U 2 )dy −
ρ

S1

and

Fy
=
ρ



p
( + U 2 )dy
ρ

(10)

U V dy.

(11)

S2





U V dy −
S1

S2

These two equations are the conventional force equations in the x and y-directions for a cascade element.
At the inlet, the z-component of the vorticity vector, Ωz , is zero, so if the inlet velocity is U∞ =
(U1 , V1 ), the x and y-components of the force in equation (9) become:


1
Fx
= (U12 − V12 )S −
ρ
2


1 2 1 2
U − V + yU Ωz dy
2
2

(12)


U V − xU Ωz dy.

(13)

S2

and

Fy
= U1 V 1 S −
ρ


S2

From now on, we denote the x and y-components of the velocity vector at S2 by U2 and V2 , respectively.
By moving S2 far enough downstream, we can use the slender flow approximation, Ωz ≈ ∂U2 /∂y. Without
loss of generality, we can assume that y = 0 is at the centre of the wake. Using the conservation of mass,
the approximate form of equation (12) is:
Fx
1
2
≈ U12 − U 2 S +
ρ
2

δ/2

2

(U 2 − U22 )dy − Veb Γ +

1
2



v22 dy,

(14)

S2

−δ/2

where U 2 is the value of U2 outside the wake, and δ is the thickness of the wake at S2 . Veb = (V1 + Ve2 )/2
is the average vertical velocity at the body, where Ve2 is the average of V2 . Γ is the circulation of the
body, and v2 = V2 − Ve2 . Each of the four terms on the right-hand side of equation (14) has an interesting
interpretation. The first two terms show the displacement effect of the wake and the increase in the
velocity outside the wake due to the finite δ. The third term can be related to the x-component of the lift
on the body. It is one component of the Kutta-Joukowsky theorem and represents the contribution of the
bound circulation to the thrust. It is also similar to the induced drag in the lifting line theory of wings.
The fourth “quadratic” term arises from any non-uniformity of V2 over the outlet and the non-linearity
of the thrust equation. Limacher and Wood [5] ignored the effect of the first two terms and the last term,
so if their analysis is applied to a cascade, only the third term remains. One of the important reasons for
doing the present analyses is to see the importance of the terms that were ignored.
Equations (1.5) and (1.6) of [7] give:





U Ωz dy = 0

and

Ωz dy = 0,

(15)

S2

S2

which means that there is no flux of the vorticity from the outlet, so equation (13) becomes:
Fy
= U1 Γ −
ρ



u2 v2 dy,

(16)

S2
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e2 , and U
e2 is the average of U2 . From equations (4) and (5), D should contribute to Fy ,
where u2 = U2 − U
and equation (16) shows that Fy has a term that includes the circulation and a quadratic term, which is
shown later to be very small. Therefore, we come to the conclusion that the viscous effects must influence
the circulation.
If we ignore the vorticity in the wake and spatial variations in the velocities, equations (14) and (16)
and the velocity at the body can be approximated as:
Fy
≈ U1 Γ
ρ

Fx
≈ −Veb Γ,
ρ

and

W ≈ (U1 , Veb ).

(17)

From equations (4), (5) and (17), we have:
L = Fy cos θ + Fx sin θ ≈ ρU1 Γ

U1
Veb
ρW 2 Γ
+ ρVeb Γ
≈
= ρW Γ −−−−−→ ρU∞ Γ,
W
W
W
S/c→∞

(18)

which is the Kutta-Joukowsky equation for an aerofoil.

4

OpenFOAM Simulation

Since it is not possible to experimentally measure cascade behaviours for the range of S/c for a typical
HAWT, the flow was simulated using the OpenFOAM [8], which is a well-known open-source CFD
software. OpenFOAM calculates the values of Fx and Fy directly from the pressure and the shear stress
on the surface of the body. For the present simulations, Re = U1 c/ν was set to 6 × 106 to have a
turbulent flow over the whole body. The density and the kinematic viscosity were 1.225 kg/m2 and
8.58 × 10−6 m2 /s, respectively. With c = 1 m, U1 = 51.48 m/s.
In this work, all simulations were done using the Spalart-Allmaras model, one of the most common
RANS turbulence models [9]. The Spalart-Allmaras model is a one-equation model that is accurate
for simulations of flows around aerofoils in terms of the computed lift and drag and mean velocity
distribution in the wake [10]. The simpleFoam algorithm, which is used for simulating incompressible,
steady, turbulent flows, was chosen. A NACA 0012 aerofoil with α = 5◦ and α = 10◦ was simulated,
followed by the cascade simulations using the same aerofoil. To reduce the effect of boundary conditions –
zero gradient velocity and zero pressure at the outlet and zero gradient pressure and the defined velocity
at the inlet – the inlet and the outlet boundaries were set to 30c from the body. These boundaries were
parallel to the y axis. For the sake of brevity, we omit the details of the checks on the size of the domain,
the number of cells, and the requirement to have small values of y + on the body surfaces.
β in cascade simulations can be related to the tip speed ratio, λ, of wind turbines, and it decreases
as λ increases. Therefore, large β corresponds to small λ.

5

Cascade Simulation with αg = 0◦ and β = 90◦

This section describes the simulation of the flow through a cascade of aerofoils with αg = 0◦ , β = 90◦ ,
and S/c = 20. In this simple case, since there is no circulation, we can concentrate on investigating the
viscous effects on the thrust. The NACA 0012 is a symmetrical aerofoil, so it has no lift when α = 0.
Therefore, in the cascade simulation with αg = 0◦ , Ve2 = 0, and equation (14) reduces to:
Fx
≈
ρ

δ/2 

U2 +

U 2 − U1
2




U 2 − U2 dy.

(19)

−δ/2



From the OpenFOAM simulation, −Veb Γ and S2 v22 dy/2 normalized by U12 c/2 are 7.21 × 10−17 and
7.34 × 10−11 , respectively, so they are ignorable. We also normalize Fx /ρ and Fy /ρ by U12 c/2 and denote
them by Cx and Cy , respectively. The computed Cx from the simulation is 0.00821. Also, Cx from
equations (10), (12) and (19) is 0.00827, 0.00813 and 0.00817, respectively. According to McCroskey [11],
a good fit for the tripped data of Cd for an aerofoil with α = 0◦ and Re = 6×106 is Cd0 = 0.00823±0.0002,
and our result lies within this range. Cy is −2.62 × 10−6 and very small.
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Figure 3: (a) Comparison of Cx computed by the OpenFOAM (red crosses) and equations (10)
(green circles), (12) (yellow pluses) and (14) (blue circles), and the normalized terms of equation (14):
 δ/2
2
2
U12 − U 2 S/U12 c (orange triangles), 2 −δ/2 (U 2 − U22 )dy/U12 c (grey diamonds) and −2Veb Γ/U12 c (purple
squares), (b) Comparison of Cy computed by the OpenFOAM (red crosses) and equation (16) (blue
circles); evaluated at the outlet of the cases with αg = 10◦ , β = 80◦ and varying S/c.

For a single, non-lifting body, U 2 −−−−−→ U1 . Therefore:
S/c→∞

Fx
−−−−−→
ρ S/c→∞

δ/2

U2 (U1 − U2 )dy,

(20)

−δ/2

which is the conventional drag equation for an isolated, non-lifting body. This equation is derived in most
fundamental fluid mechanics books using the continuity and the momentum equations, e.g., equation
(2.84) of [12]. Cx from equation (20) is 0.00799 and very close to the simulation result.

6

Cascade Simulations with αg = 10◦ , β = 80◦ and Varying S/c

In this section, simulations of the airflow through a cascade of NACA 0012 aerofoils with αg = 10◦ and
β = 80◦ for varying S/c (5, 10, 20, 40) are discussed. The domain used for the simulation of the case
with S/c = 5 has parallel inlet and outlet boundaries and same-shaped top and bottom boundaries,
which are inclined in the direction of V so that the whole wake exits from the outlet boundary only. Cx
from equations (10), (12) and (14) for different values of S/c are compared in figure 3 (a). These three
equations agree with the direct determination of the body forces. This figure also shows that as S/c
increases, Fx and the circulation term in Fx decrease. Alternatively, with the decrease of S/c, the lift
vector turns to make Fx larger and Fy smaller, which is compatible with figure 3 (b). As S/c increases,
the circulation contribution to Fx (the purple squares) tends to zero and the sum of grey and orange
curves asymptotes to Cd for α = 10◦ . For example, for S/c = 40, the sum of these two terms is 0.01207,
which is close to Cd = 0.01320 for the single aerofoil with α = 10◦ . The order of magnitude of the
normalized non-linear term in equation (14) for all values of S/c is 10−6 or less, so this term is negligible
compared to the other terms and its values are not shown in figure 3 (a).
Figure 3 (b) shows that the values of Cy from equation (16) for the four values of S/c agree with the
direct determinations of Cy as well. This figure also shows the monotonic increase in Fy with increasing
S/c, which agrees with the theoretical results of [13]. For S/c = 40, the value of Cy is 1.03686, and it
seems that if S/c increases, this value tends to Cl of the aerofoil with α = 10◦ , which is 1.07399. Table
1 presents the normalized values of U 2 and Veb for the case with S/c = 20, as an example, in different
downstream distances (x = 1c, 2c, 5c, 10c, 20c, and the outlet). As we can see, the values of Veb are
approximately constant, which indicates that only the vorticity bound to the blade contributes to Γ.
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x = 1c

x = 2c

x = 5c

x = 10c

x = 20c

x = 31c (outlet)

U 2 /U1

0.98228

0.99497

0.99957

1.00018

1.00030

1.00031

2Veb /U1

-0.02498

-0.02498

-0.02497

-0.02497

-0.02497

-0.02497

0.70250

0.20087

0.01724

-0.00720

-0.01195

-0.01231

(U 2 − U22 )dy/U12 c

0.05345

0.02651

0.02425

0.02342

0.02357

0.02388

−2Veb Γ/U12 c

0.01247

0.01248

0.01247

0.01247

0.01247

0.01247

0.01287

0.00318

0.00033

1.34 × 10−5

9.69 × 10−8

7.24 × 10−8

0.78129

0.24303

0.05429

0.02870

0.02409

0.02404

2
U12 − U 2 S/U12 c

2

 δ/2

2

−δ/2


S2

v22 dy/U12 c

Cx (equation (14))

Table 1: U 2 /U1 , 2Veb /U1 , and normalized terms of equation (14) for different sections in the downstream
of the case with αg = 10◦ , β = 80◦ and S/c = 20. The computed Cx from the simulation is 0.02414.
This is also a consequence of equation (15). Table 1 also shows the normalized terms of equation (14) in
different sections at the downstream of the case with S/c = 20. It is observed that the farther from the
body, the smaller the non-linear term and the more accurate the value of equation (14).
For S/c = 5, 10, 20 and 40, using equations (3) and the equation of the velocity at the body, we
calculate Cd and Cl and compare these values to the experimental data available for the NACA 0012
aerofoil from [14] in figure 4. From this figure, it is observed that the aerofoil assumption works well
in our simulations. Note that the increase in the y-component of the velocity at the blade due to the
increase in α does not significantly affect the Reynolds number and Cd .

7

Conclusion

In this study, we investigate several aspects of the blade element momentum theory by simulating the
flow through two-dimensional cascades of bodies. From the impulse equation, equations of the force
components and their approximate forms, using the slender flow simplification, are calculated for a
cascade element. Then, these equations are compared with the direct determination of the body forces
from the OpenFOAM simulations. The agreement was excellent. From these equations, the role of the
vorticity components in determining the force is revealed. The approximate form of the impulse equation
shows the contribution of the viscous drag to the thrust and its influence on the circulation. Figure
3 indicates that none of the terms in equation (14) are negligible at any realistic S/c. However, the
Kutta-Joukowsky theorem, [5], as used in blade element momentum calculations of the wind turbine
performance, ignores the displacement and the viscous drag effects. Also, we show that the forces on a
cascade body at high pitch angles are accurately determined by assuming that the body is an aerofoil. As
the future work, we will study the accuracy of the aerofoil assumption for a cascade modelling higher tip
speed ratios (lower pitch angles). Moreover, unsteady cascade simulations will be undertaken to model a
change in the blade pitch of a horizontal axis wind turbine.
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Figure 4: Assessing the aerofoil assumption using a comparison between the simulation results for different
values of S/c, given in the legend, and experimental results from [14]. (a) Cd vs α. (b) Cl vs α. “Grit”
refers to the roughness used on the aerofoil model to induce transition.
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1 Introduction
Recent trend shows a significant shift towards larger wind turbines due to their better capacity
utilization. This inevitably leads to larger and more flexible structures. Thus, the safe operation of a
wind turbine becomes very important. Inspired from the idea of envelope protection control
implemented for helicopters (see e.g. [1]), a novel approach has been developed in the recent years [2]
in order to guarantee safe operation of a wind turbine in all conditions. These conditions are
characterised by extreme values of global loads, rotor speed, tower and blade oscillations.
Wind turbines are nonlinear and the operating points change with the wind speed. Moreover, quantities
such as tower clearance and hence, permissible blade deflections depend on the position of the blade,
i.e. blade azimuth angle. As the goal here is to avoid blade-tower collision, the use of an envelope based
on an adaptive estimator for an extended wind turbine model derived in the Section 3 is considered. The
envelope protection algorithm is briefly described in Section 2 and Section 4 gives a brief outlook on
the future work.

2 Envelope protection algorithm
The safe operating envelope is defined by the maximum permitted value of a protected criterion, e.g.
load, deflection etc. The approaching wind trajectory that will cause the criterion to reach the boundary
value without exceeding it is called the envelope wind speed. This envelope wind speed acts as the worst
case scenario and is determined by minimizing the area between the estimated value of the protected
criterion and its maximum value in a forward
looking prediction window. This optimization
problem as formulated in [2] is
min ∫ |(𝑦𝑚𝑎𝑥 − 𝑦(𝑡))| 𝑑𝑡

𝑣𝑤 (𝑡)

𝑇𝑤

s.t. : 𝑥̇ = 𝑓(𝑥, 𝑢, 𝜂),
𝑦 = ℎ(𝑥, 𝑢, 𝜂) ≤ 𝑦𝑚𝑎𝑥 ,
Fig. 1: The envelope protection control concept: The where 𝑦 is the protected criterion, 𝑦𝑚𝑎𝑥 is its
algorithm adjusts the blade pitch signal when the maximum permissible value and 𝑇𝑤 is the
blade gets too close to the tower.
prediction horizon. 𝑣𝑤 is the effective wind
speed 𝑓 and ℎ represent the turbine dynamics described in next section, where 𝑥 are the states, 𝑢 are the
inputs and 𝜂 is the reference value for the protection control action. The actual wind speed is then
compared with the worst case envelope wind speed and suitable control actions are taken if the former
exceeds the latter. For this work, tower clearance is the protected criterion and blade pitch actuation is
the control action. If the actual wind speed exceeds the envelope wind, the blade is pitched to feather in
order to reduce the flapwise blade deflection and to prevent an impending blade-tower collision. Fig. 1
shows how the envelope protection system would react in case of an extreme operating gust.
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3 Wind turbine model
A simplified model is developed that considers a two-mass system for the rotational dynamics given by
𝐽𝑟 𝜔̇ 𝑟 = −𝐶𝑑 (𝜔𝑟 − 𝜔𝑔 ) − 𝐾𝑑 (𝜗𝑟 − 𝜗𝑔 ) + 𝑇𝑎 , and
𝐽𝑔 𝜔̇ 𝑔 = 𝐶𝑑 (𝜔𝑟 − 𝜔𝑔 ) + 𝐾𝑑 (𝜗𝑟 − 𝜗𝑔 ) − 𝑇𝑔 .
Here, 𝐽, 𝜔, 𝜗, 𝑇, 𝐶 and 𝐾 are mass moments of inertia, rotation speed, rotation angle, torque, damping
and stiffness coefficients, respectively. Subscripts 𝑟, 𝑔, 𝑎 and 𝑑 represent rotor, generator, aerodynamic
and drivetrain, respectively. 𝜔𝑔 and 𝜗𝑔 are normalised using 𝑛𝑔𝑏 , the gear ratio. The flapwise blade
dynamics and the fore-aft tower dynamics are described by second-order systems:
𝐴𝑖 𝑥̈ 𝑏𝑖 + 𝐵𝑖 𝑥̇ 𝑏𝑖 + 𝐶𝑖 𝑥𝑏𝑖 = 𝑀𝑓𝑙𝑎𝑝𝑖 , and 𝑃𝑥̈ 𝑛𝑜𝑑 + 𝑄𝑥̇ 𝑛𝑜𝑑 + 𝑅𝑥𝑛𝑜𝑑 = 𝐹𝑡 .
𝑥𝑏𝑖 , 𝑀𝑓𝑙𝑎𝑝𝑖 , 𝐴𝑖 , 𝐵𝑖 and 𝐶𝑖 are the flapwise tip deflection, bending moment, modal mass, damping and
stiffness coefficient for the 𝑖 𝑡ℎ (i=1,2,3) blade, respectively. 𝑥𝑛𝑜𝑑 , 𝐹𝑡 , 𝑃, 𝑄 and 𝑅 are fore-aft
displacement, aerodynamic thrust force, modal mass, damping and stiffness coefficients of the tower,
respectively. Flapwise blade moment, flapwise force and edgewise blade moment variations for each
blade 𝛿𝑀𝑓𝑙𝑎𝑝𝑖 , 𝛿𝐹𝑓𝑙𝑎𝑝𝑖 and 𝛿𝑀𝑒𝑑𝑔𝑒𝑖 are mapped to flapwise relative wind speed 𝑣𝑓𝑙𝑎𝑝𝑖 and pitch angle
variations 𝛽𝑖 using linearized BEM theory neglecting wake and unsteady aerodynamics as in [3]. 𝑣𝑓𝑙𝑎𝑝𝑖
depends on translational and angular tower motion as well as blade effective wind speed 𝑢𝑖 by relation:
3𝑅
3
𝑣𝑓𝑙𝑎𝑝 = 𝑢𝑖 − 𝑥̇ 𝑛𝑜𝑑 + 𝑏 𝜃̇𝑛𝑜𝑑 , with 𝜃̇𝑛𝑜𝑑 = sin 𝜑𝑖 𝑥̇ 𝑛𝑜𝑑 .
𝑖

4

2𝐻

𝜃̇𝑛𝑜𝑑 is the blade azimuth (𝜑) dependant angular speed of the tower top. H and 𝑅𝑏 are hub height and
blade length, respectively. Consequently, aerodynamic torque and thrust variations are calculated as
𝛿𝑇𝑎 = ∑3𝑖=1 𝛿𝑀𝑒𝑑𝑔𝑒𝑖 (𝑣𝑓𝑙𝑎𝑝𝑖 , 𝛽𝑖 ), and 𝛿𝐹𝑡 = ∑3𝑖=1 𝛿𝐹𝑓𝑙𝑎𝑝𝑖 (𝑣𝑓𝑙𝑎𝑝𝑖 , 𝛽𝑖 ).
The above wind turbine model is linearized about the desired operating points and represented as a
discrete state-space system; 𝑥𝑘+1 = 𝐴(𝜑)𝑥𝑘 + 𝐵(𝜑)𝑢𝑘 , where 𝐴(𝜑) and 𝐵(𝜑) are system matrices,
𝑥𝑘 =[𝜔𝑟 𝜔𝑔 ∆𝜗 𝑥̇ 𝑏1 𝑥𝑏1 𝑥̇ 𝑏2 𝑥𝑏2 𝑥̇ 𝑏3 𝑥𝑏3 𝑥̇ 𝑛𝑜𝑑 𝑥𝑛𝑜𝑑 ]𝑇 and 𝑢𝑘 =[∆𝑢1 ∆𝑢2 ∆𝑢3 ∆𝛽1 ∆𝛽2 ∆𝛽3 ∆𝑇𝑔 ]𝑇 are state
and input vectors, respectively. Value at discrete time-step 𝑘𝑇𝑠 , where 𝑇𝑠 is the sampling time, is
denoted by the index k. The monitored criterion, tower clearance, can be estimated using the state
variables 𝑥𝑏𝑖 and 𝑥𝑛𝑜𝑑 .

4 Outlook
The estimator and envelope protection control will be tested in aeroelastic simulations using different
inflow conditions and disturbances such as turbine faults. Furthermore, wind tunnel experiments with a
scaled wind turbine model and field experiments are planned. For this, special attention will be given to
the real-time implementation of the protection algorithm, especially because of the strongly reduced
sampling time imposed by the fast dynamics of a wind turbine.
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Abstract

The effects of blockage and wake mixing are fundamental but still unresolved problems in the
aero/hydrodynamics of wind/tidal-stream turbine arrays. This paper aims to extend the linear momentum actuator disc theory (LMADT) to incorporate a large number of aligned or staggered turbine
rows with inter-turbine wake mixing. The extension is performed by utilising alternating inviscid and
viscous zones to calculate the flow around a turbine and to calculate mixing in the wake, respectively.
Using the extended model this study explores the power extraction of a multi-row turbine array for
a varying resistance coefficient. This exploration is performed for both aligned and staggered turbine
arrangements for a range of blockage ratios and wake mixing rates. Results highlight the importance of the combined effects of blockage and wake mixing, particularly for staggered turbine arrays.
The impact of the number of turbine rows and inter-turbine mixing rates on the maximum array
performance is also investigated.

Keywords: Actuator Disk Theory, Blockage Effect, Wake Losses, Optimal Turbine Arrangement

1

Introduction

The effect of different turbine arrangements for both wind and tidal farms has been the focus of many
studies, and is important in both current and future turbine array design and operation. The optimisation
of any one of these layouts will not necessarily be the same for another case. This is due to the range of
parameters that impact turbine dynamics, for example, environmental conditions, array size and interturbine distances. Thus, we have to consider many designs across the parameter space which can become
computationally extensive to perform.
To model all fluid dynamical features of a turbine array would require vast computational resources.
Therefore, in order to conduct optimisation of turbine array design across a large parameter space it is
useful to make simplifications to the system. One common simplification is to replace the turbine with
an actuator disk, which exerts a uniform streamwise resistance to the flow. The actuator disk model has
been extended in both tidal and wind turbine contexts. This paper particularly focuses on the additions
made by Garret and Cummins [1] (GC07) to model turbines in confined flows.
The foundation of the work in this paper comes from the expansions of GC07 made by Draper,
Nishino and Adcock [2] along with the study by Draper and Nishino [3] which compared the efficiency
of single row and two aligned or staggered rows of turbines. Their study [3] has shown that staggered
arrangements extract more power from the flow when compared to aligned arrangements, although they
do not perform as well as a single row with the same number of turbines. This study, however, did not
account for streamwise inter-turbine mixing as the upstream conditions for the second row of turbines
were determined directly from the downstream conditions of the first row. This paper aims to further
develop the aforementioned actuator disk model by introducing an extended analytical quasi-1D model
for a multi-row turbine farm with a perfectly staggered and aligned turbine arrangement.
To extend this model a series of alternating inviscid and viscous zones are introduced, with inviscid
zones surrounding a turbine row and viscous zones placed in between turbine rows, as seen in figure 1.
In practice the formulation for the inviscid region is similar to the formuation by Draper, Nishino and
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(b) Staggered arrangement

Figure 1: Diagram of four rows of (a) aligned and (b) staggered turbines. The dashed blue square
represents the local flow domain depicted in detail in figure 2.
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Figure 2: Diagram of the local flow domain for the (a) aligned and (b) staggered geometries.
Adcock [2] but the newly added viscous region acts to mix the wake and the bypass flows downstream of
a turbine. A full description of these regions is given in Section 2. This hybrid inviscid-viscous approach
was recently proposed by Nishino and Draper [4] for fully periodic arrays. In support of the hybrid
inviscid-viscous modelling approach the large-eddy simulations by West and Lele [5] showed the inviscid
process is dominant around the disk whereas the viscous process is dominant in the wake.
When examining the power extraction capabilities of a wind farm we often refer back to the seminal
studies by Lanchester, Betz and Joukowsky [6] who place the theoretical maximum power coefficient of a
wind turbine at 0.593. This limit however can be exceeded within an array of turbines when considering
certain array set-ups, like those considered in Nishino and Wilden [7] who placed a higher limiting Cp
value at 0.798 for a tidal array and a similar limit can be expected for wind [8]. This increase can be
attributed to the effect of local blockage. Even though many of the studies on turbine performance
in a channel are primarily targeted at tidal turbines, there is work to suggest that the confined flow
model would be applicable to wind as well. This is as, for particularly offshore wind farms, a strong
inversion layer in the atmospheric boundary layer (ABL) can act as a rigid lid confining the flow below
the inversion layer [9]. Even in cases where the stratification is not large enough to imply a rigid lid we
may still calculate an effective blockage ratio [2].
The paper is structured such that in Section 2 the theory is presented along with discussion and
validation of the assumptions made in the model. In Section 3 the results of the aligned and staggered
cases are discussed. A discussion on the implications of the theoretical predictions made in the model is
presented in Section 4, followed by conclusions in Section 5.

2

Theory

We consider many rows of equally spaced turbines, as depicted in figure 1. The rows are considered to
be infinitely wide; therefore we consider a local flow domain with symmetric boundary conditions for a
single turbine, as shown in figure 2. We consider a uniform inflow for the first row of turbines. The
turbines are positioned such that they are perfectly aligned or perfectly staggered. For the aligned case
each turbine sits directly behind its upstream turbine, as depicted in figure 1a. For the staggered case
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each turbine sits in the bypass flow of the upstream turbine, as depicted in figure 1b.
The velocity at a given streamtube cross-section is defined as a scalar times a reference velocity u
(e.g. for (0 ≤ α4 ≤ 1) we have that α4 u is the velocity at the end of near wake). Here the near wake is
defined to end at the end of the inviscid zone, at which the pressure has equalised across the local flow
domain [3], and far wake starts in the viscous mixing zone. Here the reference velocity u is taken as the
velocity upstream of the turbine. The value of u does not need to be specified as the outcome of our
analysis, such as power coefficient, will depend only on the velocity ratios between streamtubes.
We define the cross sectional areas as a scaler times the disk area A (e.g. β4b u has cross sectional
area Aβ4b = Rβ4b A). The disk is placed in a local flow domain of cross sectional area A/B where B is
the local (cross-sectional) blockage ratio. If the inflow is uniform (i.e. for aligned R = 1/B or φ = 1) we
get the classical problem from GC07.
The extension made in this model over previous similar models, such as [3][4], is the introduction of a
viscous mixing zone between each turbine row to account for wake mixing, as mentioned in Section 1. We
define this wake mixing rate by a constant parameter m (0 ≤ m ≤ 1), which determines the ’completeness’
of mixing within each viscous zone. We also assume that the narrow bypass flow immediately outside
the core flow is fully mixed with the main bypass flow. This is so that the flow will consistently recover
to the same number of streamtubes no matter how many turbine rows it passes through. This allows the
problem to be solved, even for a large number of rows, without extending the algebra for a high number
of streamtubes. The validity of this assumption will be explored in Section 2.2.

2.1

Formulation for the Staggered Case

Only the full formulation for the staggered case will be presented here to conserve space and as the
aligned case is simpler.
Application of the Bernoulli equation along the streamlines of the bypass flow immediately outside
the core flow and the main bypass flow, respectively, lead to:
p1 − p4 =

1 2 2
ρu (β4a − 1)
2

(1)

p1 − p4 =

1 2 2
ρu (β4b − φ21 )
2

(2)

Applying the Bernoulli equation to the bypass flow furthest from the core flow we obtain:
p1 − p4 =

1 2 2
ρu (α8 − φ22 )
2

(3)

Equating both (1) and (2) gives us:
2
2
β4b
= (β4a
+ φ21 − 1)

(4)

2
α82 = (β4a
+ φ22 − 1)

(5)

Equating both (1) and (3) gives us:

Conservation of mass across each streamtube gives us the following cross sectional area relationships:
Rα8 =

R2 φ2
;
α8

Rα4 =

φ1 ( B1 − (R1 + R2 ))
α2
1
; Rβ4b =
; Rβ4a = ( − (Rα4 + Rα8 + Rβ4b ))
α4
β4b
B

Conservation of mass across the entire flow gives us:
α4 =

R1 − α2 −

β4a ( B1

−

−β4a α2
R2 φ 2
φ1 1
α8 − β4b ( B

− (R1 + R2 )))

(6)

Again using the Bernoulli equation on the streamlines going through the turbine gives us:
1
p2 − p3 = p1 − p4 + ρu2 (1 − α42 )
2
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which in combination with (1) gives the following:
T =

1
2
ρAu2 (β4a
− α42 )
2

(7)

where static equilibrium across the disk has been used to write the disk thrust, T = A(p2 − p3 ). Finally,
conservation of momentum across the entire flow gives us:
T =

A(p1 − p4 )
B


1
− ρu A (R1 − α2 )(β4a − 1) + α2 (α4 − 1) + φ1 ( − (R1 + R2 ))(β4b − φ1 ) + R2 φ2 (α8 − φ2 )
B

(8)

2

This can be written as:
2
0 = (1 − B)β4a
−1

− 2B{α2 (α4 − 1) + (β4a − 1)(R1 − α2 ) −

(9)
1
α42
+ R2 φ2 (α8 − φ2 ) + φ1 ( − (R1 + R2 ))(β4b − φ1 )}
2
B

These can then be solved numerically, using inputs B, R1 , R2 , φ1 , φ2 and α2 , to recover the post-turbine
velocity profile. The power extracted by the turbine is then
1
2
P = T α2 u = α2 (β4a
− α42 ) ρAu3
2
We now define the local power coefficient, Cp∗ , as the following:
Cp∗ =

P
1
3
2 ρuav A

=

2
α2 (β4a
− α42 )u3
u3av

(10)

where uav is the average velocity over the cross sectional area. We will adopt the convention of replacing
2
our parameter α2 with a resistance coefficient for the turbine, k = (β4a
− α42 )/α22 . We also define the
∗
∗
∗
farm averaged Cp value, hCp i, which is the sum of Cp at each turbine divided by the number of turbines.
We then calculate β5 , α5 , α9 values using mixing between the streamtubes. We define the mixing rate,
m, such that at each cross-sectional region uout = muav + (1 − m)uin where uin is the velocity at the
start of the viscous zone, and uout is the velocity at the end of the viscous zone. Due to the assumption
that the bypass flow immediately outside the core flow is fully mixed with the main bypass flow we get
the following:
β5 = m(

uav
β4a R4a + β4b R4b
) + (1 − m)
u
R4a + R4b

Essentially this is a 3-input-parameter model consisting of B, k and m. It is also worth noting that
φ1 , φ2 , R1 and R2 are calculated within the model for each row.

2.2

Instant Mixing Assumption

There is an assumption in this model that the main bypass flow and the bypass flow immediately outside
the core flow is fully mixed before it reaches the next downstream turbine. To test this assumption
a comparison was made between an aligned case with a single core flow and bypass flow, as depicted
in figure 2, and an aligned case in which an additional bypass streamtube is preserved. For clarity, in
figure 2, the main bypass flow is the streamtube with velocity β4b u and the bypass flow immediately
outside the core flow is the streamtube with velocity β4a u. The formulation of the aligned case with
an additional bypass flow (double streamtube case) is similar to the staggered case. To showcase the
difference between the single and double bypass cases a comparison of hCp∗ i values for fixed k values for 4
turbine rows was constructed. The comparison as plotted in figure 4 shows the relative difference between
the two cases, calculated by (hCp∗d i − hCp∗s i)/hCp∗d i at each k value (where the d index indicates double
and the s indicates single). The significance of the difference between the double and single streamtube
cases varies with both blockage ratio and mixing rate. In figure 4 we observe differences up to 12%,
with lesser differences as blockage ratio increases. One consistency across all blockage values is that the
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Figure 3: Average local power coefficient hCp∗ i for four aligned rows of turbines at three different blockage
ratios: (a) B = 0.05, (b) B = 0.15, and (c) B = 0.2. The different colours correspond to different mixing
rates.
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Figure 4: Relative difference in hCp∗ i, calculated as in section 2.2, between the single bypass case and the
double bypass streamtube case for four rows of aligned turbines.
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Figure 5: Average local power coefficient hCp∗ i for four staggered rows of turbines at three different
blockage ratios: (a) B = 0.05, (b) B = 0.15, and (c) B = 0.2.
magnitude of hCp∗ i for the double streamtube case is always less than that of the single streamtube case
(i.e. hCp∗d (k)i ≤ hCp∗s (k)i ∀k ∈ [0, 16]). This means that the instant mixing assumption tends to over
predict hCp∗ i.
The k value at which the relative difference is maximised corresponds closely to the point at which
the hCp∗ i value is maximised. This is more prominent at lower blockage ratios and lower mixing values.
For the aligned case presented in the rest of the paper the double streamtube model is used. It
is reasonable to consider that the difference between single and double streamtube is greater than the
difference between double streamtube and more complex models with a larger number of streamtubes (i.e.
less instant mixing). In support of this a comparison has been made between β4a and β4b for the single
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and double streamtube cases. It was found that for the single streamtube case the difference between
4b
→ 1 instant mixing will have
β4a and β4b was greater than that of the double streamtube cases. If ββ4a
a negligible impact on the flow profile. To confirm this it would be useful to construct a model with an
additional streamtube (i.e. a triple bypass streamtube case).
The impact of instant mixing for the staggered case is assumed here to be similar to that of the single
streamtube for the aligned case. However, due to the staggered configuration the wake of a turbine passes
through two mixing zones before it encounters another turbine. For this reason it is likely that, for low
blockage ratios, the impact of instant mixing is reduced in the staggered case compared to the aligned.

3
3.1

Results
Aligned case
Combined effects of blockage and mixing on hCp∗ i

3.1.1

For the aligned case, as expected and can be seen from figure 3, there is an observed increase in hCp∗ i values
as the inter-turbine mixing increases. This is intuitive as each downstream turbine directly interacts with
a faster flow and thus be able to extract more kinetic energy. The effect of mixing rate on hCp∗ i appears
to have no great qualitative difference between each blockage ratio. For increasing blockage ratio there is
also an observed increase in hCp∗ i for a given mixing rate. This echoes the work of Garrett and Cummins
[1] who gave the analytical formulation for the maximum power coefficient for a given blockage ratio for

2
1
16
. It is worth noting as well that as B → 0 the
a single disk (m = 1 in this study) as CP max = 27
1−B
system approaches the unconfined case in which CP max = 16
27 , the Lanchester-Betz-Joukowsky limit.
Another feature that can be observed as blockage ratio varies is that the shape of the hCp∗ i curve,
in figure 3, alters. For lower blockage ratios there is a more pronounced peak hCp∗ i, compared to high
blockage ratio cases. It can be concluded from this that the operational range of k for optimal or nearoptimal hCp∗ i is much narrower for the low blockage ratio case, most notably with low mixing rate, when
compared to the high blockage ratio case. The optimal k value is also observed to reduce as mixing rate
decreases. In essence the change in optimal k value as mixing rate changes is down to the relationship
between u3 /u3av and the other terms in (10).
Effect of the number of rows on hCp∗ i

3.1.2
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Figure 6: The maximum hCp∗ i value achieved by a given number of rows with a fixed k value for the whole
array. The curves with crosses (x) and circles (o) are for the staggered and aligned cases, respectively.
Figure 6 shows how the maximum of the farm-average power coefficient, hCp∗ imax , approaches an
equilibrium value (for a given set of B and m) as we increase the number of rows from 1 to 12. It is
worth noting that systems with higher mixing rates are observed to converge earlier than those with low
mixing rates. There is, however, no significant impact of the blockage ratio on this convergence. This is
not to say there is no difference between the pre-converged hCp∗ i values at different blockage ratios. Note,
the plot for m = 1 has been omitted here as for both staggered and aligned arrangements it is in the
converged state immediately as they return to the GC07 case of a turbine in a channel of uniform inflow.
The maximum hCp∗ i value for the m = 1 case is exactly the first point in each of figures 6a, 6b and 6c.
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3.2
3.2.1

Staggered case
Combined effects of blockage and mixing on hCp∗ i

In contrast to the aligned case, the staggered case does not, for all three blockage ratios, attain a maximum
Cp∗ value when m = 1, as seen in figure 5. It is worth noting, however, that in figure 5a the difference
in maximum hCp∗ i between m = 1 and m = 0.9 is negligible. The optimal m can be seen as dependent
on the blockage ratio B. Higher blockage ratio cases tend to show lower mixing values as optimal. In
contrast, low blockage ratios tend towards the ordering observed for the aligned case in figure 3, with
hCp∗ (m1 )i < hCp∗ (m2 )i for m1 < m2 . This can be understood intuitively as the upstream turbine diverts
flow into the bypass flow and, unless the blockage ratio is negligibly small, the bypass flow speeds up,
allowing the downstream turbine to extract more energy. Therefore, in cases with lower mixing values
the higher velocity bypass flow approaching a downstream turbine is preserved, whereas a mixing value
of m = 1 leads us back to the GC07 case. Another contrast to the aligned case is that the optimal k
value required to maximise hCp∗ i increases as mixing rate decreases.
3.2.2

Effect of the number of rows on hCp∗ i

The effects of this enhanced bypass flow can further be seen in figure 6. There is a peak in maximum hCp∗ i
at two rows of turbines, and this peak is clearly more prominent in certain cases. As can be expected
intuitively, a greater peak is observed for lower mixing values as it preserves the higher velocity bypass
flow. As for the effect of blockage ratio it is expected that a higher blockage ratio will cause a greater
peak. This is as, by conservation of mass and momentum, the flow diverted into the bypass will have a
greater effect on the acceleration of the bypass flow.

4
4.1

Discussion
Implications of the Study

The theoretical analysis presented above is to model the ’internal’ sub-problem of a wider turbine array
modelling problem. Focusing on wind energy research, due to the complex multi-scale interaction between
wind farms and the atmospheric boundary layer (ABL) it is often necessary to split the problem into two
coupled sub-problems, the ’external’ problem and the ’internal’ problem [10]. The external problem is
primarily composed of meso-macroscale geophysical flows and wind-farm scale flow patterns. The internal
problem is primarily composed of turbine design, operating conditions and turbine arrangement. The
value of uav in this study, which is used to define the ’local’ (or internal) power coefficient Cp∗ , depends
on the external problem. The full effects of the external problem on the model presented here are outside
the scope of this paper. However, it is worth noting that the optimal k values to maximise the ’global’
power coefficient is expected to be lower than the values obtained in this paper as some decrease in uav
due to the global blockage effect is inevitable [10].
This study has primarily concerned itself with the differences in performance for an array consisting
of four turbine rows. Although the maximum hCp∗ i, and the corresponding optimal fixed k for the entire
farm, have been explored for varying number of rows, there is yet to be an assessment of varying k
operating conditions across the farm.
As mentioned in Section 2.2, it is assumed that the staggered case will be impacted by instant mixing
to a similar extent as the aligned single bypass case. For the staggered case, this assumption is expected
to hold best for low blockage ratios where the system behaves similar to that of the aligned case with
additional inter-turbine mixing. It is still unclear how the impact of instant mixing will be for the
staggered case at higher blockage ratios.
The use of actuator disc models for quantitative insight should be considered as, most likely, an upper
bound for the performance. This is as actuator discs are an approximation of ideal turbines and do not
include losses associated with, for example, tip and hub vortices generated by real turbine rotors.

4.2

Limitations and Future Work

One assumption made in this model that can be improved upon in future studies is that of the constant
mixing value m. Currently the value of m is not linked to the flow physics and the whole flow is mixed at
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the same rate. In reality different streamtubes would mix at different rates and this depends on factors
such as turbulent intensity and the velocity ratio between the flows.

5

Conclusions

In conclusion a study into the performance of an array of turbines with varying blockage ratios, local
resistance coefficients and inter-turbine mixing rates was performed using an extended inviscid-viscous
actuator disk model. The study is relevant to the design of both wind and tidal-stream turbine arrays.
It was shown that the performance of an aligned and staggered array is highly dependent on interturbine mixing rate, m, and blockage ratio, B. The greatest array performance was achieved at the
highest blockage ratio. The performance of an aligned array was also maximised for higher mixing rates,
with the GC07 case as the theoretical maximum. Although the low blockage ratio staggered case hCp∗ i
is maximised for high mixing rates, when blockage ratio is increased the lower mixing rates start to out
perform higher mixing rates. This is due to the effect of an accelerated bypass flow which is best preserved
for low mixing values. The second row of staggered turbines outperform all other turbine rows as they
benefit from the local inflow with highest velocity.
The validity of the instant mixing assumption utilised in the new model was also investigated for the
aligned case. It was found that the impact of the instant mixing assumption increases for low blockage
ratios and lower mixing rates. The impact decreases as more bypass streamtubes are explicitly calculated
in the model. The effect of instant mixing on the staggered arrangement is likely similar at low blockage
ratios to the effect in the aligned case. However, effect at high blockage ratios, at which lower mixing
rates are expected to be beneficial, is still unclear and will require further study.
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1

Introduction

In modern wind farms, turbines are typically placed together. Wake formulation downstream an individual wind turbine results in the aggregated interaction of wakes within the farm, leading to reduced
power production and increased structural loading in downstream rows. Towards the alleviation of these
detrimental phenomena, optimal control methods have been thoroughly investigated through various
researches.
Optimal control strategies present a great interest, as they have widely demonstrated an increase to
the overall farm efficiency when applied. Within this scope, Goit & Meyers [1] first introduced a dynamic
induction control approach, using a Large-Eddy Simulation (LES) framework, integrated with an adjoint
optimization method. In this work, wind turbines are represented as actuators that enact forces on the
flow field, influencing it in a way that results in the maximization of the total power produced. For this
reason, various models for representing wind turbines have been implemented. Initially, the LES tool was
forged with the actuator disk model, later to be extended to an actuator line model by Yilmaz & Meyers
[2]. Both models were employed for conducting optimal control studies and provided different control
strategies as results. While studies by Munters & Meyers [3] provided very satisfactory primal insights for
wind farm control, the latter model then revealed more realistic and interesting control techniques, based
on new wake mixing mechanisms. However, it is commonly acknowledged that the actuator line model,
although highly accurate, is also extremely computationally inefficient. The current study investigates
the advantage of employing a multi-rate integration scheme inside the LES framework, aiming to reduce
the computational cost of the method, while maintaining the accuracy.

2

Methodology

Multirate Generalized Additive Runge Kutta Methods (MrGARK) [4] are specific instants of generic
Runge Kutta methods. These methods are based on the ability of different components often evolving at
different time scales in dynamical systems. However, the former differentiates by dividing the Right Hand
Side (RHS) of a differential equation in two parts: one part representing the slow evolving component
and one part representing the fast evolving component. As a result, the former is integrated with a large
time step H, while the latter is integrated with a small time step h. The concept of MrGARK methods
resides on the fact that the partitions of the RHS are discretized with different time step sizes, but are
concisely coupled so as to properly advance in time.
In advance to employing the MrGARK methods for integrating the Navier-Stokes equations, a resembling case study is first examined. Numerous high order schemes have been formulated by Sarshar,
Roberts & Sandu [4], from which an explicit second order scheme (Ex2-Ex2 2[S]) and an explicit third
order scheme (Ex3-Ex3 3[S]) have been selected, both with telescopic properties.
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(a)

(b)

Figure 1: Error plots of study case variable a over a range of time steps H = [0.1, 20]. A fixed macrostep
time integration is carried out with varying multirate step ratios M using MrGARK Ex2-Ex2 2[S](a) and
Ex3-Ex3 3[S](b) methods.
The case study consists of a system of two first order ordinary differential equations (ODE). The
first ODE represents the fast motion of the blades and the fast forcing term that is included in the
Navier-Stokes RHS, therefore it entails solely a fast evolving component, denoted with CT . The second
ODE substitutes the momentum Navier-Stokes equations, by exploiting two RHS, accounting for the slow
evolving flow terms, defined as a, and for the fast evolving forcing terms CT .

3

Results and discussion

The performance of the schemes is tested through an error analysis. The error is computed using the L1
norm and the reference case consists of a typical fourth order Runge Kutta. The obtained results are
presented in Fig.1.
For both studies, a wide range of time steps H and multirate step ratios M have been used. From
the figures above it is evident that the numerical solution is calculated with high accuracy and that
the applied schemes follow a similar behaviour. The numerical order for both schemes matches their
theoretical orders for the tested mutlirate step ratios. However, the numerical order appears to deflect
from the theoretical pattern, at different combinations of H,M for each scheme. Finally, in contrast to a
single rate method, where M = 1, it is suggested that the feasible range of time step sizes that can be
used for the integration can be expanded, by applying the MRGARK methods.

4

Future Work

Having validated the performance of MrGARK methods through a case study, the next challenge involves
the implementation of these high order schemes for the integration of the Navier-Stokes equations and a
thorough stability analysis. An investigation on the separation of the blade motion and flow time scales,
as well as the computational gains that can be achieved are interesting subjects to be further studied.
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Abstract

Wake interaction is a key issue in wind farms as it is the main cause of power loss and dynamically
varying loads for the downstream turbines. To develop optimal control, It is necessary to properly
model the rotor wake and to understand the effects and the interaction of wakes based on models
tuned against experiments and numerical data. In this paper, a Gaussian Wake Model (GWM)
is proposed and coupled with OpenFAST, improving the accuracy compared with other models. A
GWM based platform, Floris, is used to simulate the wake and partial wake conditions and is coupled
with OpenFAST. The OpenFAST aerodynamic module is adopted to calculate the rotor aerodynamics
on the actual rotor flow field, in which the action of wake is revealed. With the designed layout, wake
interaction changes with wind direction. The simulations show how the wake causes a significant
decrease on torque and power generation. The relationship between these losses and the particular
configuration provides fundamental information on how to use yaw control for a wake redirection
strategy which maximizes the power.
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1

Introduction

Wind energy is a relatively new research field. For many years it has had a marginal place in the
global energy production scenario and because of the limited resources invested it slowly advanced by
taking ideas from the aerospace world. The fossil fuels crisis and the growing awareness of climate
and sustainability issues drastically changed the situation. Now wind energy is an exciting, flowery
multidisciplinary field employing experts in aerodynamics, materials, monitoring and diagnostics, electric
and control systems.
One of the main issues when dealing with wind turbines is their positioning. There is a lot to things to
take into account such as the vicinity to human settlements, the nature of the ground, the wind uniformity
and intensity, the feasibility of efficient energy storage and transmission. It turns out that there is actually
a very limited amount of onshore sites meeting all of these requirements and this constraint is actively
dictating the new research trends in the field. If we want to exploit favourable sites we can think of
building bigger turbines and or clustering them. We can also think of going offshore. Each one of this
ideas introduces new, big challenges. Bigger rotors means longer, more flexible blades with structural and
fatigue issues, clustering means having to deal with optimizing the layout, to begin with, going offshore
means to consider new loads and new sources of instability.
If all of this challenges have been extensively tackled in the last couple decades what could really be a
game changer and break down the LCOE for this technology is control. At the turbine level the control
system guarantees a smooth power output and may optimize it at lower wind speeds. At the wind farm
level though, the power production can be increased of the order of 10 % (taking greedy control as a
baseline) even with the simplest static techniques.
The key instrument for developing and testing such techniques is the modeling of wake interaction.
Currently, a lot of study is dedicated to the development of wind plant models having different levels of
complexity and fidelity, based on the purposes for which they are used. Wind plant models have very
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different levels of complexity and fidelity and may have different purposes. Among these models, there
are on one side high fidelity wake models which are particularly suited for model validation since they
are able to grasp the physics behind the phenomenon represented and on the other side engineering and
analytical models, that give a more rough estimation of the flow field or turbine performance, but are still
valuable for the evaluation of turbine performances. Control oriented model are necessarily low fidelity
since they have to be very quick to run in real-time if needed and dynamically optimize power extraction
and loads.
An example of open-source control-oriented software is Floris, developed by NREL. It relies on the
Bastankhah and Porté-Agel [1, 2] GWM and is able to fully characterize the flow field developed in a wind
farm, considering steady-state environmental conditions. To work, this tool requires only four parameters
determined experimentally and some inputs from the user related mainly to the farm geometry and the
free stream wind. What we tried to do with this work was to position ourselves a bit further from the
basic Floris on the spectrum that goes from very low fidelity models to CFD.
We will present a low-fidelity model based on the GWM and Floris. What makes it more advanced
is that the GWM will be embedded and working in the OpenFAST framework coupled to the BEMT
aerodynamic model of the turbine. The main difference with Floris is the capability of this new tool to
model the wake generated by the machines keeping into account for the CT and AIF developed on the
whole plane of the rotor and calculated at runtime from the aero-elastic solver OpenFAST, and not only
in a single point (at hub-height by means of pre-tabulated values like the CP − T SR or the CT − T SR
table (like Floris does). This allows for a more accurate description of the wake. The proposed tool allows
also for a characterization of the loads acting on the machines when they work in complete or partial wake
condition under the assumption of steady-state environmental conditions. In addition to this, the model
can be used to develop and test new control logics at wind farm level in order to maximize the power
extraction under the hypothesis of steady-state flow condition but retaining the dynamics of the turbines
(thanks to OpenFAST). It is also possible to investigate both the loads and the power extraction when
the turbines are working in a yawed condition. Indeed, this new tool is particularly suited for research
on wind farm control logics using wake steering methods, like the one proposed by van Dijk et al. [3] and
Martinez et al. [4], Axial-Induction based methods, like the one presented by van Wingerden et al. [5],
or a combination between them like in the work of Bossanyi et al. [6].
The paper is organized as follows. At first, there is an overview on the GWM and the analytical
changes that have been made to it. Then there’s a chapter dedicated to the implementation of the new
GMW in the OpenFAST framework. Lastly, there is a presentation of a simulation carried out with the
new developed tool and a discussion about the results and the future work.

2
2.1

Gaussian Wake Model
GWM Overview

One of the analytical models that can be used to characterize the wakes developing in a wind farm is the
Gaussian Wake Model (or GWM) firstly proposed by Basthankhah and Porté-Agel [1, 2] and successfully
implemented in the NREL’s software FLORIS. The authors derived the wake model by performing a
budgeting analysis on Reynolds Averaged Navier-Stokes equations (RANS). In this way, they were able
to identify and to retain in the RANS equations the terms having the biggest impact on the wake’s
behaviour and to discard the other negligible terms. At the end of this process, the authors obtained two
conditions that are used to obtain an expression for two fundamental terms of the model that are the
wake deficit and the wake deflection as function of downstream position (with respect to the hub center
point of the considered turbine).
For the wake deficit profile in wind speed (with respect to undisturbed wind), as it can be easily
inferred from the title of the model, Basthankhah and Porté-Agel chose a gaussian shape; this choice
was validated by further studies carried out by the authors, with the only limitation of having a relative
angle between the free wind direction and the rotor plane of the turbines comprised in the range of [-30,
+30] degrees. Out of this range, the gaussian shape is no more representing adequately the phenomenon.
Another fundamental point described by the GWM is the wake deflection generated when the turbines
are operating misaligned with respect to the undisturbed wind direction.
An important feature of the model is the separation of the wake in two main zones depending on the
downstream distance from the turbine’s rotor hub. The former is the near-wake region, while the latter is
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the far-wake region. It is in this region that the authors assumed valid the hypothesis of gaussian shape
for both the wake deficit in wind speed and the wake deflection. Their expression is reported in Eqn. (1)
and Eqn. (2).
2

−(y−δ)
−(z−zh )
ū(x, y, z)
2
= 1 − C(x)e 2σy e 2σz2
u∞
2

2

2

−(y−δ+σy )
−(z−zh )
θ(x, y, z)
2
2σy
e 2σz2
=e
θm

and θm =

(1)
θc
e−0.5

(2)

where ū represents a time averaged velocity in a downstream location with respect to the considered
turbine, C(x) represents the normalized velocity deficit at the wake center in various downstream positions, δ represents the wake center deflection, zh represents the hub height of the considered wind turbine,
σy and σz represent the wake width in y and z direction, u∞ represents the undisturbed fluid velocity
and θc represents the wake skew angle of the wake center as function of the downstream distance.
For what regards the wake width, σy and σz , a linear formulation dependent on the downstream
distance is proposed:
x − x0
σz0
σz
= kz
+
d
d
d
σy
σy0
x − x0
= ky
+
d
d
d
ky = kz = ka I + kb

and

σy0
σz0
=
cos γ
d
d

and ka = 0.38371, kb = 0.003678

(3)
(4)
(5)

where d represents the turbine’s diameter, x0 the downstream distance at which there is the onset of
the far wake zone,σy0 and σz0 represent the wake width at the onset of the far wake zone, kz and ky are
two constants hypothesized as linearly dependent from the wind turbulence intensity I, kz and ky are
two constants determined experimentally and γ is the yaw angle of the turbine relative to the free-stream
wind direction.
It is at this stage that the authors used the two conditions coming from the budgeted RANS equations
(both in stream-wise and span-wise direction) to retrieve an expression for the wake center deflection δ
and for the normalized velocity deficit at the wake center C(x) as function of downstream position. The
analytical expression for this functions can be found in Basthankhah and Porté-Agel’s papers [1, 2].
To close the model, since all the functions obtained are strongly dependent on the onset of the far
wake region, it is necessary to characterize it.

2.2

Determining the parameters in the far wake region

A relationship between the CT and the a (AIF) of the turbine is needed; Basthankhah and Porté-Agel
proposed a simplified, analytical formulation:
CT ' 4a(1 − a cos γ)

and a '

p
1
(1 − 1 − CT cos γ)
2 cos γ

(6)

This analytical formulation, as will be seen in Sect. 2.4, is fundamental in the formulation of the
GWM since all the principal model parameters are depending on it. In the Floris software, to run the
model, a CT − T SR and a CP − T SR table are required as input parameters. Thanks to them, the AIFs
of the simulated turbines are derived by means of Eqn. (6), using the input Wind Speed to define the
TSRs at which the machines are operating (T SR → CT → AIF).
Continuing with the GWM, by applying the definition of AIF and by applying the Bernoulli equation
between an upstream (undisturbed wind) section and the rotor section of the turbine and between the
rotor section and a downstream section, it is obtained:
uR
C cos γ
√T
=
u∞
2(1 − 1 − CT cos γ)

and

p
u0
= 1 − CT
u∞

(7)

where uR is the wind speed at the turbine’s rotor plane.
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From this considerations, the theoretical value of the deficit at the rotor plane section C0 , a parameter
on which C(x) is relying (please make reference to Basthankhah and Porté-Agel [1, 2] for the complete
dissertation), can be expressed as:
p
u0
(8)
C0 = 1 −
= 1 − 1 − CT
u∞
Furthermore, assuming a constant velocity equal to u0 in the the near wake zone, or ”potential core”
of the wake, and applying the budgeted RANS conditions at section x = x0 and using Eqns. (7) it is
possible to conclude that:
s
r
√
1 + 1 − CT cos γ
1
σz0
√
'
=
(9)
d
8
8(1 + 1 − CT )
Passing to the wake deflection and using the Burton’s approximation [7] to describe the flow skew
angle with respect to the rotor’s axis χ and by substituting the AIF with Eqn. (6) it is obtained that the
θ angle (useful for estimating the flow angle at rotor disk) is:
θ'

p
0.3γ
(1 − 1 − CT cos γ)
cos γ

(10)

Eqn. (10) is used to define the parameter θc0 (the flow skew angle at the onset of the far wake region,
where x = x0 ). From this consideration, it is easy to see how the wake deflection δ0 at x = x0 can be
expressed as:
δ0 = x0 tan θc0 ' x0 θc0

(11)

The last expression to be determined is x0 , the downstream distance at which there is the onset of the
far wake region. To determine this unknown, the authors adopt a model from Lee & Chu [8] suggesting a
proportionality between the change in width of the shear layer σy0 to the velocity difference between the
potential core of the wake and the unperturbed surroundings. They also recognized a proportionality of
σy0 with the incoming turbulence I that enhances flow entrainment and the growth of the shear layer.
So, by carrying out further analysis and manipulation on the model’s equations, they were able to define
x0 as:
√
x0
cos γ(1 + 1 − CT )
=√
(12)
√
d
2[4αI + 2β(1 − 1 − CT )]

2.3

Additional Considerations

The GWM model described above is used to reproduce the wake generated by a single turbine. In
general, when considering wind farms, interaction between wakes may happen and we must able to
correctly reproduce them in the model. Just think of the case where more turbine are aligned to the
wind direction; it is clear that, if the rotors are not extremely far one from the other, the waked flow
field acting on a generic downstream rotor is the result of a composition of the wakes generated by some
of the upstream turbines as it is possible to see in Fig. 1 obtained using NREL’s Floris [9].
In this subsection, the methods used to keep into account for this phenomenon are exactly the ones
proposed in the open-source NREL’s Floris software. The correction used for the wind velocity was
developed by Katic et al. [10] and proposes a superimposition of the local wakes to estimate the wake
deficit on the n + 1 downstream turbine while Crespo et al. [11] propose a correction for the added
turbulence due to the wake generation and mixing with the free-stream velocity:
v
u n
uX
x
∆u2i and I+ = CI Aol,% aei 1 I0e2 ( )e3
(13)
∆un+1 = t
Di
i=1
where I0 is the ambient turbulence intensity referred to the free stream condition, CI , e1 , e2 and e3 are
parameters to be determined experimentally, Aol,% represents the ratio of overlapping area between the
rotor diameter of a turbine and the wake area generated by upstream machines, Di , ai and I0 represent
respectively the rotor diameter, the Axial Induction Factor AIF and the incoming turbulence intensity
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Figure 1: Wakes’ superimposition in the layout used for this study, considering wind blowing from west
direction (Image taken from NREL’s Floris)
on the i-th considered machine. Also for the turbulence intensity I, due to the wake’s superposition, a
correction by Niayifar et al. [12] was implemented:
v
u n
uX
2 + I2
I+,i
(14)
I=t
0
i=1

2.4

Changes to the GWM and OpenFAST implementation

The GWM as presented makes reference to the original formulation of Basthankhah and Porté-Agel [1, 2].
Instead, the GWM used in this study has been changed to be implemented in OpenFAST (actually it is
the C++ API of OpenFAST since it allows to run more turbine instances at the same time) [13] as an
user-defined wind module written in Fortran in the file IfW_UserWind.f90.
The major change in this version is that both the CT and AIF can be retrieved directly from OpenFAST as outputs of the AeroDyn module (performing the BEMT calculations on the aerodynamics of
the turbine) of each simulated turbine composing the farm. We can treat OpenFAST as a black box that,
given certain inputs is capable of output certain quantities like CT and AIF, that are needed to run the
GWM model. So, the analytical formulation in Eqn. (6) and all the mathematical steps deriving from it
should be discarded when using OpenFAST; this means that Eqn. (7) has to be changed into:
s
uR
σz0
1
1−a
√
= 1 − a and
=
(15)
u∞
d
2 1 + 1 − CT
while Eqn. (10) is changed into:
θ = 0.6aγ

(16)

p
√
x0
cos γ (1 − a)(1 + 1 − CT )
√
=
d
4αI + 2β(1 − 1 − CT )

(17)

and finally Eqn. (12) is written as:
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After applying these corrections to the GWM, the model is finally ready to be embedded in the
OpenFAST framework.
The implemented function in IfW_UserWind.f90 basically executes this task: given as input an array
of positions near the rotor of each turbine (needed to solve the aerodynamics (BEMT) of the machine),
the routine returns as output a matrix of values containing the wind speed in the three directions x, y
and z for the selected positions.

Figure 2: A schematic representation of how the GWM model is intended to work in the OpenFAST
framework
In the main function, in addition to the GWM implementation, it was necessary to describe the freestream wind acting on the first upstream turbine; to do so, the model chosen was the logarithmic profile
of wind described in the EUROCODE [14].
In Fig. 2 a schematic representation of how the main routine is intended to work, when coupled with
the OpenFAST framework, is presented.
For a generic time step, starting from the most upstream turbine, the wind routine evaluates the
free-stream wind speed acting on it; then, the wind velocities are passed to the AeroDyn Module to solve
the aerodynamics of the machine (using the BEMT model). After this passage, AeroDyn produces as
output the CT,i value for the current turbine together with the AIF values at specific blades’ section
alocal,i (r).
Then, once all the remaining calculations for the current OpenFAST instance (the current turbine)
are over ,the next instance of OpenFAST, simulating the first downstream turbine (or another upstream
turbine depending on wind farm layout and wind direction) is called to perform all its tasks. Once
again, the user-specified InflowWind routine evaluates the wind speed acting on the positions required
by OpenFAST that, this time, are affected by a certain wake deficit defined accordingly to the model.
To perform such task, the CT,i−1 and AIF ai−1 averaged on the rotor plane of the upstream turbines are
needed. As before, the obtained values will be passed to the AeroDyn Module of the current OpenFAST
instance to obtain the CT,i and alocal,i (r).
This procedure is carried out for every turbine in the farm at every time step of the simulation.
The routine as written gives also the possibility to linearly interpolate the wind input parameters of the
simulated wind farm (like the wind speed, direction, surface roughness, etc.).

3

Numerical Setup of GWM and OpenFAST

OpenFAST is a widely used open-source software for wind turbine simulation which was developed by
the National Renewable Energy Laboratory (NREL). There are many modules that can be combined
depending on what kind of simulation we want to perform. We can include the effects of aerodynamics,
servo-dynamics, and elasto-dynamics. In this paper, the proposed Gaussian Wake Model is applied as
inflow wind to improve the wind turbine control. Thus, two primary modules are utilised: inflow wind
and wind farm layout.
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For this study, the reference turbine model is the NREL 5MW. It is not an actual turbine but its
characteristics make it suitable to support concept studies and model assessments. It has a diameter of
D = 126.0 m and a hub height zh = 90.0 m.

3.1

Inflow Wind

In the inflow wind module, the user-defined input file is coded in Fortran language. The main reason
for using this language is its quickness. Floris is another NREL developed open-source platform. It is
applied to realise the GWM and pass the result to the OpenFAST.
Given a certain height z, the turbulence intensity and the wind speed are calculated with the following
equations:
z
(18)
u∞ (z) = Vb kr ln( ), zmin ≤ z ≤ 200m/300m
z0
u∞ (z) = u∞ (zmin ),
z < zmin
(19)
z0 0.07
)
(20)
kr = 0.19(
0.05
1
I0 =
(21)
ln( zz0 )
where z0 is the surface roughness, Vb is the basic wind velocity, zmin ∈ [1 − 10] m is the minimum height
at which the hypothesis of logarithmic profile is verified and kr is the terrain factor.
Firstly, the free-stream wind is combined with GWM at the upstream wind turbine. There is an
appropriate model for free-stream wind provided by the the EUROCODE [14].The input parameters of
the free-stream logarithmic profile are shown in Tab. 1:
Wind Magnitude Parameters
Vb
[m/s]
5.85
z0
[m]
0.005
zmin
[m]
10.0
kr
0.1617
[m/s]
9.2694
u∞ (z = zh )
u∞ (z = zmin ) [m/s]
7.1900
I0 (z = zh )
0.1020
Table 1: Wind Magnitude Input for the OpenFAST simulation
With the inflow kept constant we set the different wind directions to analyze the performance of the
waked turbines. The initial parameters are shown in Tab. 2:
Wind Direction Parameters
tend [s] θw,start [deg] θw,end [deg]
50.0
270.0
270.0
100.0
300.0
300.0
Table 2: Wind Direction Input for the OpenFAST simulation
Finally, as previously explained, the Bastankhah and Porté-Agel [1, 2] GWM takes the parameters
shown in Tab. 3:

3.2

Wind Farm Layout

The considered wind farm as a 3x2 layout. The initial wind direction is 270 degree, i.e. the wind comes
from west. The positions of the 6 NREL 5MW turbines are shown in the Tab. 4, where the diameter of
blades is D = 126.0 m, and the hub height is zh = 90.0 m, as previously specified.
In this layout, when the wind direction is blowing from west, turbines in the second row are affected
by the wake generated by the first row ones and the ones on the third row by a superposition of the wakes
coming from first and second.
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BPA-GWM Parameters
ka
0.200
kb
0.003
0.48
α
β
0.077
0.8
CI
e1
0.73
e2
0.1
-0.275
e3
Table 3: Bastankhah and Porté-Agel [1, 2] GWM Parameters for the OpenFAST simulation
Wind Farm Layout
x [m]
y [m]
z [m]
T1
0
363.51
90
T2
630
363.51
90
363.51
90
T3 1260
T4
0
-363.51
90
630
-363.51
90
T5
T6 1260 -363.51
90
Table 4: Reference 3x2 Wind Farm geometric configuration

3.3

General Modules Setup

After setting the inflow and the layout we should set the modules accounting for the turbines dynamic
response. The input file ElastoDyn contains the model for the structural behaviour of the machine. The
rated angular speed of the turbine is set to θ˙r = 12.1 rpm. The wind speed considered in the simulations
is lower than the rated one, u∞,rated = 11.4 m/s. It takes a certain time, about 50.0 s, for a steady state
model to get the equilibrium point.
ElastoDyn is also used to simulate the aerodynamics nearby the turbine. If we turn on the Yaw DOF,
the wake steering can improve the performance of power generation. We have to take into account the
fact that changing the yaw angle causes different the wind magnitude on the x − axis direction.
The input file AeroDyn v15 is responsible for controlling the simulation. A classical BEMT model
and the relative parameters are applied in this module. The maximum number iterations, nit = 10000,
actives convergence of the AIF and TIF in the simulation. In this input file, Glauert tip loss and hub loss
correction are implemented. The unsteady Beddoes-Leishman model with the Minnema-Pierce variant
is also used for blade aerodynamics.

4
4.1

Simulation and Result
Simulation With 270 Degree Wind Direction

Fig.3 shows the wind velocity at different rows. First, second and third row of turbines are represented
by red line, yellow line, and blue line respectively. The first row sees the uniform free-stream wind at
9.4 m/s. On the second row, the yellow line, we see a sharp decrease (about 17%) as effect of the wake
from the upstream row. A slight additional decrease (about 7% ) is experienced by the third row, as
shown by the blue line.
Torque and power of the turbines are shown in Fig.4 and Fig.5. Between the first row and last two rows,
there is a obvious decrease on torque and power, consequence of the less energetic flow investing them.
Specifically, torque and power generator have about 30% and 31% reduction respectively. Analogously
to what happened for the wind speed in Fig.3, machines at second and third rows have closer outputs,
about 5% decrease for both torque and power generation. This means that the wake from the closest
upstream turbine takes primary effect in this wind farm layout.
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Figure 3: Wind velocity at different turbines against 270 degree wind direction

Figure 4: Toque of different turbines against
270 degree wind direction

4.2

Figure 5: Power generation of different turbines
against 270 degree wind direction

Simulation With 300 Degree Wind Direction

In this second simulation, the wind direction changes from 270 degrees to 300 degrees, i.e. there is a
30 degrees shift for each wind turbine. In this case, turbine 1 and turbine 6 align. With the proposed
GWM, the diameter of the wake is too small to act on downstream turbines that do not align on the wind
direction. Thus, only turbine 6 is affected by the wake from the turbine 1, other turbines are impacted
by free-stream wind and their performances are not affected by waked conditions.
The incoming wind velocity on the different turbines is shown in Fig.6. Turbines 1 to 5 have same
constant wind speed with the first row in Fig.3. Turbine 6 sees a lower velocity because of the influence
of the wake. Because the high distance between the upstream turbine (1) and the downstream one (6),
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Figure 6: Wind velocity at different turbines against 300 degree wind direction

Figure 7: Toque of different turbines against
300 degree wind direction

Figure 8: Power generation of different turbines
against 300 degree wind direction

the influence of wake becomes smaller with respect to the previous simulation and wind speed decreases
of 7% only.
Fig.7 and Fig.8 show the torque and power generation for this case. As expected, the outputs of
downstream turbine are larger than those of the last two rows in the previous simulation. Turbine 6 has
a 16% reduction on torque and a 17% reduction on power generation. Comparing the result in these
two simulation, again, the distance between upstream turbine and downstream turbine appears to play
a critical role.
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5

Conclusion and Future Work

In this paper, the GWM originally proposed by Bastankhah and Porté-Agel [1, 2] has been changed in
order to be coupled to OpenFAST. To accomplish this task, a user defined InfloWind routine has been
written in Fortran language. To test the new wind model, a simulation was performed using a 3x2 layout
in two different wind configurations. The first, with the wind blowing from 270◦ and the second with
the wind blowing from 300◦ . From these simulations, it is possible to see that the model is working as
expected (lower wind speed on downstream turbines and, when the wind is rotated of 30◦ from the west
direction, the wake generated by the Turbine 1 is covering the rotor of Turbine 6).
The newly proposed tool (OpenFAST coupled to the GWM) is a refinement of NREL’s FLORIS, since
now the AIF and CT of the various turbines are obtained form an aero-elastic code (able to evaluate AIF
and CT on the whole rotor) and no more from a CT − T SR table. However, further improvements can
be made to this software; among them, the most important are a wake transport model (that could be
implemented to have a more realistic simulation) and a more detailed turbulence model. Adding these
two model to the tool, would lead to the creation of a more complete software that could be used for
real-time control (or for estimation purposes) of wind farms.
For what regards future work, the coupling between the GWM and OpenFAST offers many new
research opportunities.
Of course, since the tool is new, much more simulations with different wind farm layouts and wind
input parameters can and will be performed. Moreover, it could be possible to use the tool to investigate
different layout configurations for new wind farm sites in order to reduce the rental cost for the owner
while maximizing the power extraction from the machines. Another possibility, instead, could be to use
it on already existing wind farms to perform studies on power maximization (i.e.: finding the optimal
yaw angle set-points of the farm using the wake steering method), load minimization or multi-objective
optimization in general (i.e.: combining load minimization and power maximization).
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1

Introduction

The numerical model developed, presented and validated in [1] provided accurate predictions on the
modelled VESTAS V100 wind turbine dynamic response. However, being able to correctly estimate
fatigue damage and evaluate in real time the remaining fatigue lifetime is crucial to better operator any
wind turbine.
To provide accurate fatigue damage estimations for the design lifetime of any wind turbine, 2 major
aspects must be taken into consideration. On one hand, the fatigue damage for different operating
conditions must be properly computed. On the other hand, the prevalence of every wind conditions over
the design period must be estimated. In this work, only the first issue will addressed and the predictions
of the numerical model are tested against real experimental data.

2

Method and Results

To evaluate the accuracy of the model’s prediction, firstly a reference value must be obtained from the
experimental bending moments data described in detail in [2]. Knowing the geometrical properties of
the instrumented section, the stress history was obtained and the fatigue damage was computed from
Eurocode S-N curves for a type 80 detail presented in Figure 1 for every recorded time series. The
experimental data was then divided in bins according to the recorded mean wind speed and turbulence
intensity and a representative damage computed for each from the average of all time series within the
bin, as represented in Figure 1.
SN curved used
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Figure 1: Eurocode 80 MPa detail fatigue curve used (on the left) and the symmetric value of the
logarithm of the mean fatigue damage (on the right).
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Figure 2: Comparison of simulated and experimental fatigue estimations for different mean wind speeds
and turbulence intensities.
In parallel, 100 simulations for the corresponding mean wind speeds and turbulence intensities were
computed with FAST model described in [1]. Having the numerical bending moments time series generated, the numerical fatigue damage estimations were computed in the same way as the experimental
values.
The obtained fatigue evolution with the wind speed for all the tested turbulence intensities can be
found in Figure 2, where the results for both experimental and numerical data are plotted together for
each TI and good agreement is found for most mean wind speeds and turbulence intensities.

3

Conclusions

From the presented results, the model appears to be able to correctly estimate the fatigue damage for the
modelled wind turbine. In future works, this model may be used to estimate the lifetime fatigue damage
under design conditions.

Acknowledgements
The support of EDP Renewables and VESTAS in greatly acknowledged. This work was financially supported by: PhD Grant SFRH/BD/138980/2018, Base Funding UIDB/04708/2020 of the CONSTRUCTInstituto de I&D em Estruturas e Construções and the project PTDC/ECI-EST/29558/2017, funded by
national funds through the FCT/MCTES (PIDDAC).

References
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1 Introduction
Nowadays, most of the Transmission System Operators (TSOs), such as ONS (Brazil, [1]) and UTE
(Uruguay, [2]), etc., request to the project owner of each Wind Power Plant (WPP) a simplified Wind
Turbine Generator (WTG) model, known as RMS model. In addition, some TSOs also request a more
detailed WTG model, known as EMT model. These RMS and EMT models are used to accomplish
typical and specific electrical studies at the Point of Common Coupling (PCC) of the WPP. These
studies, comprising the WTG steady and transient states, are needed to ensure the stability and
reliability of the WPP into the electrical system [3]. The following studies are applied to EMT models:
− Analysis of balanced and unbalanced short circuits in the electrical system.
− Analysis of transformer or connection line energizations.
− Analysis of Transient Recovery Voltages (TRV) in switches.
Usually, such WT models must be validated against field data. The RMS models are validated
according to well-known criteria from the IEC international Standards [4]-[6]. The EMT models could
be validated as the RMS models, because there are no international Standards for validating the EMT
models. Most of the TSOs admit the RMS and EMT models validated as RMS ones. However, some
TSOs, such as UTE (Uruguay, [2]), only accept the EMT model validated according to other criteria
(referred as visual approach in this paper) more focused on the proper fitting of instantaneous
electrical responses.
This paper attempts to emphasize the extended complexity of such visual approach for the EMT model
validation and the need to release at least one international Standard focused on EMT models similar
to the Standards for validating the RMS models. Meanwhile, to obtain the EMT model acceptance
from this visual approach, it is needed to improve the detail level of the WTG modelling and the
electrical network.
In this paper, the WTG user model (see Fig. 1a) and the network (see Fig. 1b) implemented in ATP/
ATPDraw for validation purposes, has been developed with the required detail level in order to fulfill
the additional requirement of matching the instantaneous response of the WTG.
The test considered for this validation is a three-phase voltage dip at full load operation of the WTG.
The graphical results from simulation and test are compared (see Fig. 2) for both RMS variables
(voltage, active / reactive powers) and instantaneous signals (voltage and current). Then, it is included
a summary of main comments for each variable of the test performed at MV side:
- Pre-fault: No comments for the RMS variables of powers, voltage and current (P & Q, V & I).
- Fault: Very similar trend with a small difference at the first transient zone (P & Q, V).
- Post-fault: Very similar trend with a very small difference after the recovery (P & Q).
Finally, the validation results are satisfactory as shown in the graphical responses (see Fig. 2) of the
WTG during the considered test.
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a)

b)

Figure 1 a) Configuration of a Type 3 WT generator; b) Simplified schematic of the electrical circuit.

Figure 2 Results. RMS: Voltage, Active/Reactive powers; Instantaneous 3-phase voltage and current.
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M Böhma and P Schaumanna
a

Institute for Steel Construction, Leibniz University Hannover/ ForWind

E-mail:

boehm@stahl.uni-hannover.de

Keywords: offshore wind, foundations, suction bucket, buckling, geometric imperfections

1

Introduction

Suction buckets are large cylindrical shell structures used as foundation for offshore wind turbines. Due
to the low noise emission during installation as well as the possibility of removal from the seabed, they
are considered as a promising environmentally friendly alternative to the common pile foundations of
offshore wind turbines. They are embedded in the seabed using a pressure difference (suction) between
the inside and the outside of the skirt. This pressure difference leads to a high risk of buckling during
installation.
The aim of this work is to reduce uncertainties in the determination of the critical buckling load.
A substantial part of the disagreement between theoretically and experimentally determined buckling
resistance of cylindrical shells is due to geometric imperfections. In civil engineering, it is common to
introduce imperfections based on the linear buckling modes. However, previous work on suction buckets
revealed that it is not possible to identify the “worst” imperfection shape based on only one linear buckling
mode [1, 2]. On the contrary, measured imperfections are dissimilar to linear buckling modes and it is
likely that at least the superposition of several imperfection shapes and amplitudes has to be considered.
Promising approaches include the representation of imperfections with homogeneous random fields [3] or
as Fourier series where the Fourier coefficients of are treated as random variables [4].

2

Current Work

Due to the random nature of the imperfections, an extensive probabilistic study is planned within this
project. Hence, a robust and reliable finite element (FE) model which can be automatized for sensitivity analysis and Monte Carlo simulation is designed. The bucket is modelled with geometric nonlinear
quadrilateral shell elements and using the material properties of structural steel S355. Geometric imperfections are modelled as nodal deviation in the out-of-plane direction. The soil is modelled using
brick elements, employing the material properties of dense sand with a Mohr-Coloumb model as shown
in Figure 1. The nonlinear post-buckling problem is solved using an arc-length static analysis. Further,
an abortion criterion for the FE-simulation needs to be formulated, which avoids branch switching if the
solver encounters an equilibrium state in the post-buckling path. The numerical model will be validated
with large-scale experimental tests. After successful validation, the complexity of the numerical model is
gradually reduced to allow for efficient simulation while maintaining essential mechanical properties.

3

Outlook

The generation of the numerical model is automatized to assess a sensitivity anaylsis of geotechnical
and structural parameters and conduct a probabilistic analysis of the critical buckling load considering
stochastic imperfection patterns.
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Figure 1: Numerical model, exhibiting plasticity in the soil (left panel) and structural stress in the perfect
shell after reaching the critical buckling pressure (right panel).

The influence of the geotechnical and structural parameters on the critical buckling pressure are
quantified by a sensitivity analysis. Material parameters like Young’s modulus, angle of internal friction
and cohesion are examined. For this purpose, a suitable sampling strategy (e.g. Latin Hypercube
or importance sampling) has to be elaborated to obtain a sufficient significance level. Further, the
sensitivity of these parameters on the critical embedment depth, at which buckling is most likely to
occur, is evaluated. In the following studies, only the most important input variables are assumed as
statistically distributed.
Due to the non-linearity of the problem, the probabilistic analysis will be carried out by applying
Monte Carlo simulations (MC), and, if applicable, enhanced MC, multilevel MC and multi-index MC or
an efficient sampling technique, e.g. hierarchical sequences. Further, the applicability of other stochastic
methods such as response surfaces, perturbation methods and meta-models is also examined. Measured
data from the physical experiments and data obtained by other researchers will be evaluated to find an
adequate representation of the initial stochastic imperfection patterns of large steel shell structures and
to infer the statistical properties needed for their description.
The probabilistic study will help understanding the main influences on the stability of suction buckets and minimize the uncertainties in the assessment of structural integrity regarding the installation
procedure. This work will thus contribute to optimizing the design and minimizing the costs of bucket
foundations. A further target of the project is to advance existing practice-oriented verification methods regarding the buckling of suction buckets and to provide recommendations for suitable imperfection
patterns.

Acknowledgements
The work presented in this contribution was carried out within the joint project ProBucket. The authors
kindly acknowledge the financial support provided by the German Federal Ministry of Economics and
Technology (FKZ 03EE3033B). The technical support provided by the project partners is also gratefully
acknowledged.

References
[1] Madsen S, Andersen L and Ibsen L 2013 Engineering Structures 57 443–452 ISSN 0141-0296
[2] Gottschalk M 2017 Zur Beultragfähigkeit von Suction Buckets Doctoral thesis Leibniz University
Hannover
[3] Schenk C and Schuller G 2003 International Journal of Non-Linear Mechanics 38 1119 – 1132 ISSN
0020-7462
[4] Elishakoff I and Arbocz J 1982 International Journal of Solids and Structures 18 563 – 585 ISSN
0020-7683

61

16th EAWE PhD Seminar on Wind Energy
14 – 16 December 2020
Online Event

Building an Updatable Integrated Model of an Offshore
Wind Turbine with a Reduced Soil-Model Using the
Open-Source FEM Software OpenSees
Javad Fattahi a,b, Bruno Stuyts a,b,c, Carlos Sastre Jurado a,b, Wout Weijtjens a,b,
and Christof Devriendt a,b
a

Offshore Wind Infrastructure (OWI-Lab)
b
Vrije Universiteit Brussel (VUB)
c
Ghent University

E-mail: seyed.javad.fattahi@vub.be
Keywords: Offshore Wind Turbine, Monopile Foundation, Numerical Modeling, Model Updating,
Dynamic Analysis

1 Introduction
The growing demand for renewable energy has led to a substantial increase in the construction of
offshore wind turbines (OWT). It can be expected the rising trend continues because the European
Union predicts to generate about 100 GW of electricity from OWTs by 2030 [1]. Conventional fixed
foundations found for OWTs are monopiles, gravity-based, jackets and suction caissons of these the
monopile is still most widely used [2].
On the other hand, the design of recent monopile foundations is driven by the interaction
between structural dynamics and the loads (e.g., wave-loading); hence, fatigue plays a vital role in
designing OWTs. Therefore, the inability to accurately predict real-world dynamics from soil
investigations leads to an erroneous estimation of consumed fatigue life and, consequently, a suboptimal design and higher cost of the monopile foundation [3].
In essence, any little improvement in the output of the current finite element model of OWTs
provides a potential way to reduce offshore wind energy costs. Today we see an industry-wide
mismatch between design expectations and the as-built dynamics of OWTs installed on monopile
foundations, in particular an underestimation of the first resonance frequency. The likely cause is that
monopiles for OWTs are relatively short and large diameter piles, length-to-diameter ratios (L/D) less
than 12 and diameters between 3.5 and 7 m, subjected to strong cyclic lateral loading. The industry has
ventured outside the geotechnical design codes for offshore Oil and Gas [4],[5]. Because traditionally,
the p-y curve method, which is employed for analyzing pile deflections, was developed for smalldiameter long (with generally L/D > 12). Also, in this method, the load rate's effect was not considered
[6].

2 Objective
The OWI-Lab Soiltwin project’s objective is to improve the fatigue design of offshore
monopiles through better modelling the soil-pile interaction. The project aims to update these models
based on in-situ measurements over an entire fleet of OWTs on monopile foundations. Therefore, the
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project aims to create an updatable ‘digital twin’ FE model for each OWT within the offshore
windfarm. Consequently, a novel fleet-wide model updating strategy will be developed.

3 Methodology
The finite element model updating technique could facilitate the correction of invalid initial
conditions/parameters, which are inevitably assumed during the creation of a numerical model due to
parameterized soil-structure systems [7]. Additionally, the reduced soil-model will be compared with a
commercial package, both calibrated and validated against a unique dataset of monitoring data, which
includes both geotechnical and structural measurements.
A model in the loop monitoring scheme (Figure 1) is obtained, in which abstract monitoring data
such as a resonance frequency is translated into actionable data, e.g., a scour depth or confirm the
passing of a sand-dune, which is a local phenomenon that affects adjacent turbines.

Figure 1 Schematic representation of the model in the loop
The results of this approach can also be served to quantify the stiffness of the soil. Through the
obtained soil stiffness, a comparison can be made with design. Simultaneously the model will quantify
the variation in soil conditions and assess the severity in the frame of system health monitoring.

Bibliography
[1]
[2]
[3]
[4]
[5]
[6]
[7]

E. P. P. Soares-Ramos, L. de Oliveira-Assis, R. Sarrias-Mena, and L. M. Fernández-Ramírez,
“Current status and future trends of offshore wind power in Europe,” Energy, vol. 202, p.
117787, 2020, doi: 10.1016/j.energy.2020.117787.
Y. Xu et al., “Support condition monitoring of offshore wind turbines using model updating
techniques,” Structural Health Monitoring, vol. 19, no. 4, pp. 1017–1031, 2020, doi:
10.1177/1475921719875628.
D. Kallehave, C. L. Thilsted, and A. Troya, “Observed variations of monopile foundation
stiffness,” in Frontiers in Offshore Geotechnics III: Proceedings of the 3rd International
Symposium on Frontiers in Offshore Geotechnics (ISFOG 2015), 2015, vol. 1, pp. 717–722.
L. C. Reese, W. R. Cox, and F. D. Koop, “Analysis of laterally loaded piles in sand,” Offshore
technology in civil engineering hall of fame papers from the early years, pp. 95–105, 1974.
P. Doherty and K. Gavin, “Laterally loaded monopile design for offshore wind farms,”
Proceedings of the Institution of Civil Engineers-Energy, vol. 165, no. 1, pp. 7–17, 2012.
M. Bayat, L. v. Andersen, and L. B. Ibsen, “P-Y-Ẏ Curves for Dynamic Analysis of Offshore
Wind Turbine Monopile Foundations,” Soil Dynamics and Earthquake Engineering, vol. 90,
pp. 38–51, 2016, doi: 10.1016/j.soildyn.2016.08.015.
M. Bruns, B. Hofmeister, D. Pache, and R. Rolfes, “Finite Element Model Updating of a Wind
Turbine Blade—A Comparative Study,” EngOpt 2018 Proceedings of the 6th International
Conference on Engineering Optimization, pp. 569–580, 2019, doi: 10.1007/978-3-319-977737_51.

63

16th EAWE PhD Seminar on Wind Energy
14 – 16 December 2020
Online Event

Monitoring and advanced numerical modeling to evaluate the
behavior of onshore wind turbine foundations
Mário Sobrinhoa, Mário Pimentela, Filipe Magalhãesa
a

CONSTRUCT, Faculty of Engineering (FEUP), University of Porto, Portugal
mario.sobrinho@fe.up.pt
Keywords: Wind turbine, Foundation, Non-linear finite element analysis, Monitoring

1 Introduction
Onshore wind turbine foundations are generally in reinforced concrete and most of the designs rely on
linear elastic analyses, neglecting the effect of material non-linear behavior. Non-linear finite element
analysis can be a powerful tool to optimize the solutions, reducing costs and CO2 emissions. An
appropriate monitoring campaign can deliver critical information on the real behavior of the foundation
and wind turbine, providing the data for calibration of accurate structural models.
At the same time, many wind farms are reaching the end of design lifetime. The life extension requires
the risk assessment for major components of wind turbines. In the specific case of foundations, the most
used solution to connect the tower to the foundation, proved to be problematic, being commonly
observed relative movements of the tower against the foundation [1][2]. Those movements can be
explained by the development of gaps in the connection. Those gaps induce a non-linear behavior in the
rotational stiffness at the tower base that has impacts on other structural elements, that are still not fully
understood. Currently, maintenance operations are costly and decided on a case-by-case basis, in a
process where wind farm owners do not have the technical information to decide wisely.

2 Objectives
The present research is focused on the investigation of the behavior of onshore wind turbine foundations
under operational load conditions and extreme load events. For that, a monitoring system was designed
and implemented to evaluate the behavior of wind turbine and foundation during operation and advanced
non-linear models are being developed to interpret the experimental data.
In parallel, it will be analyzed the behavior of an existing wind turbine with relative movements between
the steel tower and the concrete foundation. The results from the monitoring system developed to capture
this behavior will be compared with the outputs of advanced non-linear models developed for this
purpose. The present PhD is a initial phase of development.

3 Numerical models under development
Two foundations were modeled considering two different types of connection between the steel tower
and the concrete foundation: one resorts to an anchor-cage constituted by post-tensioned vertical bolts
fixing the flange of the steel tower to the flange embedded in the concrete footing (Figure 1 (a)); in the
other, the steel tower is directly embedded in the concrete footing (Figure 1 (b)). The “anchor-cage”
solution is prestressed (active) and the bolts can be re-stressed at any time during their lifetime. The
flow of forces is clear, and this type of foundation has shown good behavior. On the other hand, the
solution with embedded tower relies on a more complex stress path inside the concrete mass and the
stresses can only develop upon deformation of the steel and surrounding concrete (passive solution).
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(a)
(b)
Figure 1 (a) foundation with the “anchor cage” solution; (b) foundation with the tower embedded in
the concrete
Wind turbine foundations were modeled using non-linear three-dimensional numerical models that
includes: (1) the effects of soil nonlinearity under cyclic loading [3]; (2) the effect of the nonlinearity of
reinforced concrete using total strain crack models [4]; (3) the nonlinearity of the interface tower/slab
foundation.

4 Monitoring system under installation
A monitoring system was designed and is being implemented to evaluate the behavior of the wind
turbine and foundation, during operation. Six pressure cells were placed below the slab foundation, in
contact with the rock mass, and four load cells were placed in the anchor bolts. Two cross-sections of
the steel tower were equipped with four strain gauges each, allowing the calculation of the bending
moment and shear force at the base of the tower. The system also includes four accelerometers for
continuous monitoring of the natural frequencies and one clinometer at the top surface of foundation.
All the monitoring devices are connected to a central acquisition unit and the system is expected to
operate continuously during a minimum period of 1 year. The monitored data is to be compared with
the results obtained with a detailed 3D non-linear finite element model of the foundation.

(a)

(b)
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(c)
(d)
Figure 2 (a) Pressure cells installed in the foundation bottom surface. (b) Load cell installed in the
anchor bolts. (c) Accelerometer installed in the steel tower. (d) Strain gauges installed in the
steel tower

5 Future work
Numerical models will be validated using the monitoring results. These models will serve to: (1)
quantify the stresses induced in the slab/foundation elements; (2) evaluate the soil properties beneath
the foundation due to cyclic loading effects; (3) quantify the rotational stiffness of the foundation
according to the bending moment applied, including effects resulting from the existence of gaps between
the steel tower and concrete foundation; (4) evaluation of simplified strategies for modeling the
structural behavior of the slab foundation and design methods systematization; (5) assessment of
acceptable effort redistribution that may lead to optimized solutions.
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1

Introduction

Wind is one of the most promising Renewable Energy Sources being currently exploited, however, most of
its productive potential lies at high altitudes where it is stronger and more consistent, not being affected
by surface roughness. Conventional wind energy conversion systems are limited to a certain altitude
due to physical, economical and logistical reasons, since to reach these altitudes there is the need for
an increasing amount of resources and structure dimension, leaving unexplored these altitudes with high
production potential.
In order to reach higher altitudes, several different concepts of Airborne Wind Energy Systems
(AWES) are being developed. AWES are characterized by a light structure, being, therefore, resourceefficient and able to operate at large altitudes. Among the different AWES concepts (lighter-than-air
systems, rotary kite systems, etc.), the ones that are demonstrating to be the most promising are Kite
Power Systems. These are based on tethered kites, with flexible or rigid wings, that can be generally
divided into Ground Generation Systems or On-board Generation Systems, depending on where the conversion from mechanical to electrical energy takes place, respectively on a generator placed on the ground
or on board of the aircraft [1].
This area of research holds several open questions, some regarding challenging optimisation and
control issues. In order to respond to these problems, the University of Porto has been working on the
project UPWIND in the area of AWES which is focused on developing a rigid-wing ground-generation
prototype and tackling problems regarding three main topics: Identification, Modelling and Estimation;
Optimisation and Control; and Multiple Kite Systems.
This presentation starts from a general explanation of Airborne Wind Energy, the different concepts
in development as well as the current state of the industry, and it will then part to a brief presentation
of the UPWIND Project, its goals and developed work.

2

The Concept

The kite power system currently being explored by UPWIND is a Ground Generation system, usually
known as Pumping Kite Generator (PKG). This concept relies in an airfoil or kite connected to a tether
which is coiled around the shaft of a generator on the ground. Its operative process relies on the conclusions reached in [2] that state that the maximum mechanic power withdrawn from a tethered kite is
achieved during a crosswind flight. Therefore, a PKG operation comprises two phases, a power productive
reel-out phase and a power consuming reel-in phase.
During the first phase, the kite is controlled to move in a fast crosswind motion, maximising the tether
tension force, reeling out the tether and forcing the generator to produce electricity.
When the tether reaches a maximum length, in the second phase, the kite is controlled to minimise
the tether tension force and the generator, acting as a motor, reels the cable back in.
The overall energy balance is kept positive due to the power production maximisation during the
reel-out phase and minimisation during the reel-in phase.
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3

UPWIND [3]

A system such as this raises several questions that are yet to be answered.
Firstly, there is the need to provide a detailed modelling and identification of the system. We aim at
using Moving Horizon Estimation techniques to estimate the system parameters and variables.
It is also required to define a path which maximises power production, thus Optimal Control can be
a tool to find that path in order to later parametrise it and use it as a reference for a path-following
controller.
In order to guarantee a stable and optimal operation for the kite, so it not only functions autonomously
and reliably but it produces the most possible power, it is required advanced control and optimisation
techniques, such as Model Predictive Control. These techniques will be applied and tested both in
simulation and in physical prototypes in order to thoroughly assess their performances.
A large open research question is the use of several kite systems within a wind farm. This holds
several challenges such as the layout of the units in a given land area, in order to reduce the terrain
usage, while guaranteeing that there are no collisions among kites.
The different research objectives and challenges that are being pursued by the UPWIND project can
be summarised by three main different topics:
• Identification, Modelling and Estimation of AWES
• Optimisation and Control of AWES
• Multiple Kite Systems
This presentation will attempt to introduce briefly the general area of AWES and the current challenges
facing the development of this technology. It will then present the UPWIND project, both what has been
done within this project and what we are planning to work on in the future.
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Abstract
This paper presents the current status of an ongoing study about the development of a 4 degrees of
freedom model for flexible kites that is well suited for validation purposes. Such simple model has the
potential to fulfill the demand for a validated model for energy production assessments. By applying
the model in an optimal control problem that fits the simulation to flight data, model deficiencies
can be easily identified. The path found by the optimisation is in good agreement to flight data of
Kitepower B.V. and shows that the dynamics of a flexible kite can be well described using the yawing
motion as the only rotational degree of freedom.
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1

Introduction

Motivated by the vivid development of technology demonstrators, there is a high demand for validated
models to assess the power output of airborne wind energy (AWE) systems and their potential contribution to the energy mix. Numerous models have been developed with varying complexity that can be used
for this purpose. Examples are quasi-steady approaches [1, 2, 3] or dynamic models [4, 5, 6] of varying
level of detail, accuracy and computational effort. The degree to which these models are validated is
generally limited to specific wind conditions. No commercial systems are in operation yet. Consequently,
little operational data are available for validation purposes. Moreover, the data that are available includes only little information about the wind field, which poses major challenges for the validation of
these models.
In earlier work [7], a preliminary validation was performed on the quasi-steady model using flight data
of the company Kitepower B.V., which employs a flexible kite, pumping AWE system. The flight path
is highly idealised in this type of model, which makes it problematic to directly compare the simulation
results to the time series of the flight data. Dynamic simulations resolve the flight path and are better
suited for comparing to flight data. Malz [8] uses the simple 6 degrees of freedom (DOF) dynamic model
proposed by Gros [9] in an optimal control problem to fit a simulated flight path to flight measurements
of the rigid wing AP2 prototype of Ampyx Power. The current state-of-the-art is lacking a dynamic
flexible kite model that is as thoroughly validated as the latter rigid kite model. This work presents the
formulation of the 4 DOF model for flexible kites, which enables the same validation approach.

2

Flexible kite model derivation

Rigid kites use a yawing and rolling motion to initiate a turn, whereas flexible kites predominantly use
yawing. Therefore, we hypothesize that the dynamics of a flexible kite system can be well described using
merely 4 DOF (3 translational + yaw), instead of 6, as is often used for rigid wing systems. The Cartesian
formulation of the model proposed by Gros [9] reduces the nonlinearity of its equations compare to using
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spherical coordinates and makes the model well suited for optimisation. The 3 Cartesian coordinates
of the kite position together with the 3 x 3 direct cosine matrix (DCM) yield a total of 12 generalised
coordinates. We assume that the vertical axis of the kite is aligned with the straight tether, thereby the
pitch and roll angle are fully defined by the position of the kite. Due to this assumption, the DCM can
be constructed using only the sine and cosine of the yaw angle and the kite position and leaves us with
5 generalised coordinates:

 

−1
x · z · (l · l0 )
−y/l0 x/l
cos ψ − sin ψ 0
cos ψ 0 ,
R = y · z · (l · l0 )−1 x/l0 y/l  ·  sin ψ
(1)
0
0
0
1
−l /l
0
z/l
p
in which x, y, and z are the Cartesian coordinates of the kite position, l is the tether length, l0 = x2 + y 2
is the tether length projected onto the ground plane, and ψ is the yaw angle of the kite. Note that the
nonlinear sine and cosine operations can be left out of the model equations by including the sine and
cosine of the yaw angle as separate generalised coordinates. The related states are kept consistent due
to the formulation of the model equations. For more details on the model we refer to the derivation of
Gros [9]. For simplicity the yaw dynamics of the kite are not resolved in this study, instead the yaw rate
is directly imposed as a control variable in the state-space representation. The state and control vectors
read as:

x= r

v

sψ

cψ

T

,


u = ψ̇

¨l αd

T

,

(2)

in which r is the kite position, v is the kite velocity, sψ and cψ are the sine and cosine of the yaw angle,
and αd is the depower angle. The latter control variable accounts for the actuated lowering of the angle
of attack of the wing in the retraction phase [10, 7].
Since the yaw rate is imposed, we do not need to consider the aerodynamic moments acting on the
kite in the model equations. Additional to the lift and drag forces, a side force is acting on the kite
that accounts for most of its steering capabilities. The side force is a linear function of the side force
coefficient, which scales linearly with the side slip angle:
CS = −β

,

(3)

in which β is the side slip angle experienced by the kite in radians.
The lift and drag coefficients are commonly modelled as functions of the angle of attack. At the
current preliminary stage of this study, the lift and drag coefficients are assumed to be constant during
the reel-out and reel-in phases and only change when switching flight phase.

3

Optimal control problem for validation

An optimal control problem is formulated to find the control input which yields the best fit of the
simulation to flight data. Flight test data of a single pumping cycle (reference cycle in [7]) flown on
8 October 2019 of the company Kitepower B.V. is used. For this specific experiment the development
system was equipped with the old 25 m2 leading edge inflatable V3 kite. Representative lift and drag
coefficient values of the kite are listed in Table 1 and follow from the preceding validation study [7].
Consult the latter study for more specifics about the flight test.

CL
CD

Reel-out
0.71
0.18

Reel-in
0.39
0.12

Table 1: Representative lift and drag coefficients during the reel-out and reel-in phases of the old V3 kite
of Kitepower B.V. [7].
The cost function of the optimisation is the sum of the weighted squared errors of the kite position,
velocity, yaw angle, and tether force time series. The weights allocated to each of the properties are listed
in Table 2. The control input during the ∼2 minute pumping cycle is discretised in 125 intervals. Within
each interval, the control input remains constant. Note that a discrete yaw rate signal is physically not
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possible. However, by limiting the allowable step size, the optimisation still produces nearly realistic
results. The optimisation searches the control input that minimises the cost function while satisfying the
model equations. The problem is solved using the CasADi [11] library and its direct collocation method.
The evolution of each state within each control interval is approximated by a Lagrange polynomial using
a Radau scheme of degree 3.
For the model validation, Malz [8] introduces the horizontal wind speed components as states. Here,
for this preliminary analysis, we assume the wind speed is constant at 10 m s−1 .

4

Results

Finding a good starting point for the optimisation is a challenging task. After a good starting point is
obtained by trial and error: the optimisation converges rapidly with low computational effort. Table 2
dissects the different contributions to the cost function at the optimal solution and shows that the tether
force error contribution is largest. Figure 1 reveals a good match between the control input from the flight
data and the optimal solution. At the end of the reel-in phase, the optimal yaw rate shows excessive
variations and thereby prevents the kite of overshooting the ground station. The resulting excessive
steering is believed to be caused by underestimating the drag coefficients for this part of the pumping
cycle. Although also the optimal reeling acceleration shows some excessive variations, the general trend
is in fair agreement with the measurements.
Figures 2 and 3 show that the optimal solution improves the match between the simulation results and
flight data substantially relative to the starting point and show no indications of major model structure
deficiencies. From this observation, we can conclude that the dynamics of a flexible kite can be well
described using merely 4 DOF for this pumping cycle.
Figure 4 shows that the mismatch between the measured and simulated tether force is a little more
substantial. The mismatch can to a large extent be explained by the wind speed modelling. The tether
force is scaling quadratically with the wind speeds and thus is very sensitive to the wind speed. The work
of Malz [8] reports a wind speed range of 7 m s−1 within a pumping cycle. Therefore we can conclude that
assuming a constant wind speed in the current modelling approach is too simplistic. During the reel-out
phase, the angle of attack of the optimal solution is in good agreement with the measured angle of attack
(fluctuating around 10 degrees [7]). During the reel-in phase, the angle of attack is substantially higher
than the measured angle of attack (roughly 4 degrees [7]). This mismatch is believed to be caused by
not accounting for tether sag in the model: in reality tether sag lowers the angle of attack. The side slip
angles found are in good agreement with the experiment of Oehler [10] which reports that angles up to
ten degrees are common.
Error
Kite position
Kite velocity
Reeling speed
Yaw angle
Tether force
Penalty
Excessive reeling acceleration variations

Weight
0.3
1
5.5
1
0.007

Squared weighted errors
808
977
788
13
1392
Value
132

Table 2: Cost function contributions at the optimal solution.
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Figure 1: Control input (yaw rate and reeling acceleration) from the measurements and that of the final
solution of the optimisation. The reel-out and reel-in phase take place between 15–89 s and 94–121 s,
respectively. The grey and blue shade indicate right and left turns, respectively.

Figure 2: Time evolution of the states and related properties from the flight data and those of the starting
point and final solution of the optimisation. The reel-out and reel-in phase take place between 15–89 s
and 94–121 s, respectively. The grey and blue shade indicate right and left turns, respectively.
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Figure 3: Flight path of the reference cycle from the flight data and that of the starting point and final
solution of the optimisation.
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Figure 4: Time evolution of inflow angles at the kite of the optimal solution and the tether force from
the flight data and optimisation solution. The reel-out and reel-in phase take place between 15–89 s and
94–121 s, respectively. The grey and blue shade indicate right and left turns, respectively.

5

Conclusions

We have presented the formulation of a simple 4 DOF model for flexible kites that is well suited for
optimisation due to the reduced nonlinearity of its equations. The model is successfully used in an
optimal control problem for identifying potential model deficiencies by fitting the simulation to flight
data of Kitepower B.V. The optimal path found by the optimisation shows that the dynamics of a
flexible kite can be well described using the yawing motion as the only rotational DOF. The mismatch
between the measured and simulated tether force is believed to be caused by the steady wind assumption.
In future work, enhancements to the wind speed modelling will be investigated. Furthermore lift and
drag curves will be implemented, thereby making the aerodynamics dependent on the angle of attack.
This requires that the effect of tether sag on the angle of attack is quantified and corrected for in the
model.
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1

Introduction

As a response to the high demand of cost-effective renewable energy, the wind energy industry steadily
increases the size of wind turbine generator (WTG) rotors. Larger rotors reduce the cost of wind energy thanks to the increase of blade swept-area. Among the challenges which accompany cost reduction
stands the transportation of supersized WTG blades. Fig. 1 shows the transportation of two of the
current largest WTG blades. Recently Berkeley [1], described and assessed proposed strategies for transporting supersized WTG blades. These strategies include on-site assembling of segmented blades, on-site
manufacturing, constraining blade dimensions according to road/rail restrictions, alternative means of
transport (e.g. airships) and controlled blade bending to reduce blade dimensions during transportation.

(a) LM88.4 P

(b) LM107.0 P

Figure 1: Transportation of large wind turbine blades.
Flexible hinges are morphing structures which embed localised compliance to thin-walled structures
to achieve folding without the use of conventional folding mechanisms. The benefit of flexible hinges are
currently exploited in aerospace deployable booms with circular cross-section [2]. Considering aerofoil
cross-sections, Lachenal et al. [3] developed and tested a deployable wing concept whose folding process
is shown in Fig. 2. These morphing structures have potential to enable the controlled bending of WTG
blades as a practical solution to the transportation of supersized WTG blades. This solution eliminates
the drawbacks of hinged mechanisms, i.e. additional weight, lubrication systems and increased system
complexity. The key to the hingeless folding of flexible hinges is a structural instability characteristic of
thin-walled structures under bending known in literature as the Brazier effect [4].
As such, considering the application of a large WTG blade made of composite material with an
embedded flexible hinge, the minimisation of the folding load plays a key role in design. The minimisation
reduces induced stress during the folding process and ensures minimum required actuation loads for

77

16th EAWE PhD Seminar on Wind Energy
14-16 December 2020
Online Event

Figure 2: Folding process of Lachenal’s et al. conceptual deployable wing [3].
folding. Recently, Bowen et al. [5] found an analytical solution to obtain the optimum layup that
minimises the load necessary to fold composite laminated tubes with circular cross-sections. However,
a knowledge gap exists for the case of aerofoil cross-sections. With the aim of obtaining engineering
knowledge for preliminary design and considering the extensive available research for circular crosssections, the objective of this work is to explore whether the optimum laminate for circular cross-section
also applies for aerofoil cross-sections. Numerical results for aerofoils characteristic of WTG blades are
obtained through geometrically nonlinear finite element analysis. Careful assessment of these results
show that the folding load for flexible hinges with aerofoil cross-section can be optimised and predicted
using identical stiffness properties, i.e. longitudinal stiffness and circumferential bending stiffness, as in
the case of circular cross-sections. These findings are explored in detail including additional notes on
local buckling which is also characteristic for these structures and interacts with Brazier instability.
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1

Introduction

In recent years, the increasing exploitation of land-based areas for the construction of wind farms has
reduced the capacity to build very large wind plants, thus forcing the exploitation of new resources in
the deep sea . Due to the excellent wind conditions in deep seas, floating wind turbines (FWT) promise
to be a favorable alternative to fixed-bottom offshore wind turbines. As a matter of fact, it is already
shown that floating wind energy represents a huge potential for Europe to achieve its renewable energy
goals [1].
The support structures for floating applications are more expensive than the fixed-bottom ones within
the commonly exploited water depths, as much as triple the cost of its counterpart [2]. However, the
levelised cost of energy (LCOE) of FWTs is less sensitive to the increasing depth of installation [3], thus
indicating that FWTs would be the optimal choice beyond a certain threshold of water depth. At the
same time, the design driver of a FWT, as well as the land-based one, is the LCOE reduction. Given
the fact that FWTs are highly complex systems, this requires an integrated multidisciplinary design
optimization as exemplified in [4].
Although there have been significant developments of FWT concepts both in the research and industrial area in recent years, there are still number of issues to be investigated to make floating wind turbines
competitive in the energy market. To that end, FLOAWER (FLOAting Wind Energy netwoRk [5]) is
formed to tackle various tasks related to floating wind. As a part of FLOAWER project, this work will
focus on integrated design of FWTs with the aim of minimizing LCOE. Since the present research is at
a very early stage, this abstract gives only a brief description of planned approach to be followed in the
upcoming years, which can be found in the next chapter.

2

Methodology

The starting point of this research is based on the more than ten years experience of the research group in
the development of technologies for the integrated design of wind turbines. Within this research topic, an
in-house design optimization software Cp-Max (Code for Performance Maximization) has been developed.
In Cp-Max, the wind turbine model is defined and simulated by the aero-servo-elastic multibody solver
Cp-Lambda (Code for Performance, Loads, Aeroelasticity by Multi-Body Dynamic Analysis). Recent
design studies performed with Cp-Max and hereby applied simulation procedures are documented in [6]
and the references therein. Over the past years, Cp-Max has been continuously developed and validated
in the context of many research projects. Nonetheless, the use of this software is limited to onshore
applications and offshore monopile structures. Therefore, the primary task of this research work is to
implement an offshore/floating subroutine into the existing code. At this point, different strategies arise
to realize a physical model of a FWT. The first is to use the already developed and tested hydrodynamic
codes such as HydroDyn module of OpenFAST by NREL and create an interface between HydroDyn
and Cp-Lambda. The second, which is a more challenging approach, is to extend Cp-Lambda with
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hydrodynamic models. In order to verify the accuracy of the methods used, ideally, both should be
followed and verified against each other iteratively until a realistic simulation set-up is found. Simulation
results from baseline turbine configurations will be also compared with the literature.
Unlike the fixed-bottom structures, for FWTs there is not a standard foundation design that is used
almost exclusively. In consequence, the geometry of the floating bodies needs to be parametrized in such
a way that all introduced floater designs (e.g. spar-buoy, tension leg, semi-submersible, barge) can be
accounted for. Since high fidelity fluid dynamics simulations cannot be afforded in a design optimization
loop, input geometry should be simplified as much as possible.
Cost models that are used within Cp-Max will be extended with the ability to assess floating platform
cost contributions. Moreover, these cost models should take into account the rapid advances in the FWT
technologies which are predicted to provide a notable reduction of LCOE in the next years [7].
Following the completion of FWT optimization routine, a set of design studies is going to be conducted.
A comparative analysis between different turbine configurations will provide insights about the design
space for each subsystem. For example, vertical axis wind turbines may have an advantage over horizontal
axis configuration to reduce the platform costs, mainly due to their lower center of gravity [8]. These
investigations will light the way for future design guidelines and a better understanding of the integrated
system behaviour of FWTs.
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1 Introduction
Wind energy has experienced a truly remarkable evolution during the last two decades in terms of
installed capacity and technological developments. In the EU, wind was the fastest growing energy
source between 2005 and 2017, surpassing coal in 2016 as the second largest total installed power
generation capacity [1]. Although at a different pace, the installed capacity is expected to continue to
grow [2]. However, wind turbines were designed to operate 20 years, so it is estimated that about one
half of the accumulated capacity currently installed in the EU will reach the end of design life in 2030
[2]. It is therefore essential to create a regulatory framework that defines the rules for the actions to be
taken when the expected design life of the structures is exhausted.
Considering this background, the main goal of the WindFarmSHM research project is the development,
validation and optimization of new methodologies to continuously assess the structural elements of wind
turbines: tower, blades and foundation. This implies the development of algorithms for data processing
in order to: i) Evaluate the remaining fatigue life of the main structural components based on the direct
measurement of strains with strain gages and ii) Extrapolate the results obtained for instrumented wind
turbines to non-instrumented wind turbines of the same wind farm, using SCADA data. As a first step,
this work briefly describes the methodology for the experimental estimation of the bending moments
applied in the tower. These results are the input for the fatigue assessment of the tower, being some
preliminary results of this step also presented.

2 Tower strains and fatigue assessment
The monitoring system installed on the tower for forces characterization is composed by 6 2D rosette
strain gages, 4 temperature sensors and 3 clinometers connected to a central acquisition system, then
linked with a modem for remote access to the data. Having in mind the evaluation of the static bending
moments diagrams along the tower, the six strain gages are distributed in two tower sections: one with
four sensors at 6.6m from the tower base and another section with 2 sensors at 7.8m from the tower
base.
Strain gauges are very sensitive sensors and many factors can easily preclude accurate measurements.
So, the experimental determination of bending moments in the tower requires the acquired raw data to
be pre-processed to obtain the real deformation. Thus, special attention is given to tuning of the strain
signals processing, which includes temperature effects compensation and signal calibration according
to IEC 61400-13 [3]. Figure 1 a) shows the 10 min average bending moment at the tower base for the
fore-aft direction versus the 10 min average wind speed provided by the SCADA system during normal
operation, considering different turbulence intensities.
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b)

a)

c)

Figure 1 (a) 10min average bending moment at the tower base for fore-aft direction versus the
10min average wind speed during normal operation, considering different turbulence intensities;
(b) Total fatigue damage accumulated for different sectors of the instrumented section; (c)
Capture matrix (− log10 𝐷𝑎𝑚𝑎𝑔𝑒) and damage distribution for the selected cell of the matrix.
(results obtained for the period from February 2019 to April 2020)
The fatigue assessment of the tower was performed by combining S-N curves and rainflow counting
algorithm. The rainflow cycle-counting algorithm translates the hysteresis loops experienced by the
material during the loading history into a stress histogram. The Palmgren-Miner linear accumulation
damage rule is used to calculate the total damage and this analysis is performed around the section (every
5°) considering alternative windows length: for every day and for every 10 minutes period (Figure 1 b)).
The fatigue resistance of the critical detail is given by the S-N curves provided in EC3 [4] (detail
category is 80).
Figure 1 c) shows the capture matrix for normal operating conditions, giving average damage values
for different combinations of wind speed and turbulence, showing that higher damage is correlated with
higher wind speed and higher turbulence intensity.
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1 Introduction
While the first offshore wind farms in Belgium are in the early phase of their design lifetime1, the
offshore wind industry is increasing its focus on the opportunities for lifetime extension.
The lifetime assessment of offshore wind farms based on supervisory control and data acquisition
(SCADA) data has been subject of earlier research at OWI-lab. [1] The current research work is a
continuation of this work within our recently approved Supersized 4.0 project.
The Supersized 4.02 project [2] will focus on monopile substructures for +7MW wind turbines and
supplements the SCADA data with structural health monitoring (SHM) data, including the use of novel
SHM technology such as IoT sensors and advanced data-analysis, supplemented with relevant project
specific information from design, construction and operations and maintenance (O&M) phases. The
present work, and one of the main deliverables of Supersized 4.0, has the objective to respond this
increasing interest from the industry by developing a certifiable data-driven lifetime extension
methodology and corresponding toolbox for the substructure.
While this research is based on a collaboration of the Belgian offshore wind industry and academic
institutes, its relevance and application is industry wide.
A broad literature review has been initiated to explore current practices and ongoing research in the
domain of lifetime assessment and monitoring of offshore foundations. The literature review allows to
identify the opportunities for improvement to the current practices. These improvements can be taken
into account as targets for the present research within Supersized 4.0.

2 Literature review
The nature of this research requires a thorough literature review. In the first 3 months of research,
the literature review focused on the relevant offshore wind industry standards and guidelines,
exploration of ongoing research projects and industry applications in view of lifetime.
1

In Belgium the offshore wind has been operational since 2008, C-Power phase 1. The first wind farm with relevance for the
current research has been commissioned in 2018.
2

Supersized 4.0 research project concerning “Smart O&M for a fleet of supersized wind turbines in an industry 4.0 context”.

84

16th EAWE PhD Seminar on Wind Energy
14 – 16 December 2020
Online Event

2.1

Literature in relation to the evaluation of lifetime for extension of lifetime.

First source of literature, when aiming for a certifiable method for the lifetime assessment of offshore
structures, are the publications from regulatory institutes, also referred to as certification authorities,
such as DNVGL, BV, UL, TÜV Süd [3-4,12, 13]. The referenced guidelines published by certification
authorities provide in essence similar recommendations. The guidelines’ approach for lifetime
assessment is currently based on an analytical and practical part. The essence of the approach is to update
the input – and design methods - of the analytical or numerical models in order to re-evaluate the
(certified) design. The updated inputs are a result of in-depth design and as-built documentation reviews,
updated environmental and operating conditions (EOC) and observations from periodic inspections. In
relation to the subject of this research the guidelines lack a data-driven lifetime assessment approach,
yet do not exclude the use of condition monitoring for the lifetime assessment. The legal obligations,
market expectations and requirements for certification for extended lifetime are not conclusive.
The industry’s focus concerning lifetime, has been mainly on the wind turbine generator and
components (such as bearings, blades, generator components) to achieve optimization of power
production and lifetime assessment of these turbine components. This includes the monitoring and
assessment of performance and condition data (typically collected in the SCADA system). There is a
potential spill-over between an industry-wide recognized data-driven lifetime assessment of turbine
components and substructure and therefor this industry practice is – and will in the future be - consulted.
A near future publication which could provide valuable insights in best-practices is the IEC61400-28
standard. [11-18-30]
In relation to the substructure, the existing model-driven engineering tools are being further exploited
to find a response to the industry’s requests in relation to lifetime. Examples of these tools are the use
of detailed finite element analysis (FEA) and (true) digital twins of the structure. The supplementary use
of structural health monitoring data in these model-driven approaches is getting increased attention. [67-8] While the data-driven approach as independent, yet complementary tool to model-driven
approaches, remains an area for exploration and therefor the subject of this research.
In 2019 The Carbon Trust and its Offshore Wind Accelerator (OWA) partners ordered a desktop
study which is collecting the state-of-the-art concerning structural health monitoring and lifetime
assessment in view of lifetime extension of offshore wind substructures. The result is a comprehensive
publication3, including the review of current - and future innovative - technologies, applicable standards,
analysis methods and concludes with a holistic lifetime extension framework. The framework – as is the
entire document – is written from the perspective of the wind farm owner. Purpose is that it can be
consulted by OWA partners’ asset engineers and managers to support them in the process of datacollection, re-assessing the remaining lifetime of the substructure and the commercial evaluation
thereof. [5] Important to note is that the publication is not linked to regulations or standards and thereby
a non-binding document.
In comparison to the current practices and lifetime extension framework explained in [5], the research
within Supersized 4.0 aims at truly data-driven approach, centralizing the use of measured EOC and
structural conditions, with a reduction of the retrospective in-depth documentation review. The
publication [5] is a valuable source of information. Especially to benchmark our data-driven lifetime
assessment methodology within Supersized 4.0 - with the current industry perception of the topic - such
our research is recognizable for the industry.
In parallel with The Carbon Trust, several research and development projects on the topic of lifetime
assessment and research domains related to lifetime consumption such as corrosion, fatigue, soil
conditions are ongoing. (see Table 1) To the knowledge of the author at time of writing this extended
abstract the following research projects are considered relevant to follow, yet not coincidental nor
3

The contents of this publication [5] may not be provided to any third parties. The author of this abstract could consult the
publications since the Vrije Universiteit Brussel is one of the publishing contractors on behalf of The Carbon Trust.
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conflicting, in relation to the subject of the research within Supersized 4.0. The below listed projects are
in essence related to either optimizations in the operations and maintenance phase by a data-driven
decision tool (short term), investigating the lifetime of wind turbine generator components or focusing
on a supporting research domain related to lifetime consumption. Within Supersized the objective is to
liaise with peer-research projects as listed below.
Table 1: Overview relevant peer R&D projects.
A further description of the below research projects can be consulted in the references.

Project name
LifeWind

IEA Task 42

H2020
AWESOME
H2020
ROMEO

O&O
Nobelwind

MAXWind

SoilTwin
C-FLO

Brief description
Focus of study is the wind turbine generator and components.
Objective is to demonstrate procedures, relying on all available data
incl. SHM, that can quantify the risk of failure, the remaining
structural reliability and the maintenance costs upon extending the
life of operational (in Denmark) wind turbines nearing their end of
certified life. LifeWind has made recommendations for the IEC
[11] technical specification on Lifetime extension which is
expected in 2021.
2017-2020
The coordination of international research activities towards the
assessment of remaining operational life of wind turbines near the
end of the certified design life and identification of strategies for
extending the useful life. No publications encountered.
2019-2022
Particular interest in workpackage 8 in relation to SHM for wind
turbine extended life operation. Resulting in publication of the
doctoral thesis by Ziegler.
2015-2018
Research objective is to develop reliable O&M decision tools and
strategies. Including the use of novel SHM technology such as an
IoT platform, data-driven analysis for failure diagnosis. To the
knowledge of the author, the focus is on short term (O&M)
assessments and not on lifetime extension of substructures.
2017-2022
Research and development project in collaboration with a Belgian
wind farm operator. Topics of the project included the use of optical
stain gauges, validation of virtual sensing, monitoring of bolted
connections, fleet wide assessments using SCADA data.
2016-2019
Research with focus on fatigue and corrosion modelling with the
goal to have an improved estimation of the remaining life of inservice
wind
turbines.
2020-2024
Development of a soil model which allows for a more accurate
frequency analysis.
2020-2022
Corrosion fatigue life optimization by development and calibration
of corrosion fatigue models. The aim is an optimization of design
and
maintenance
of
monopiles.
2019-2022

References
[5] [18] [30]

[31]

[5] [14]

[5] [20] [24]

[5] [32]

[28]

[29]
[26]
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Monitor JIP
SLIC

Development and validation of an effective SHM system and data- [5] [27]
analysis
methods.
2016 – 2018
Fatigue and crack propagation curves have been re-evaluated based [5] [37]
on experiments. Samples, in both in-air and seawater conditions,
have been subjected to loads which are comparable to the loads
experienced
by
offshore
wind
turbines.
2015-2020

Lifetime assessment of monopiles has been subject of recent academic research activities. In 2018
the Ziegler’s thesis has been published. Ziegler’s research was part of the H2020 AWESOME project.
The research involved a.o. a novel fatigue load monitoring concept which has been validated with reallife measurements. The damage equivalent fatigue loads along the entire monopile have been predicted
based on the extrapolation of strain measurements at one level. [14]. Similar work, so called virtual
sensing strategies, has been performed by researchers within OWI-lab [40] [41] and Aarhus University
[42]. The lifetime assessment of offshore wind farms based on supervisory control and data acquisition
(SCADA) data has been subject of earlier research at OWI-lab by Noppe [1] and ongoing research by
Santos [43].
The topic of lifetime assessment is relying on several research domains. A provisional list of research
domains which are of interest is given below. The in-depth review of academic publications has been
limited to this day. For completeness and future reference, the to-date encountered publications are
referenced.
- Fatigue capacity of steel offshore structures
o Re-evaluation of the fatigue thickness effect for thick specimen [21]
o Re-evaluation of fatigue and crack propagation performance [36] [37]
o Measurement based fatigue damage extrapolation [38] [39]
- Corrosion
o Performance of corrosion protection systems in relation to lifetime extension [23]
o Corrosion fatigue behavior [19] [25] [26] [28]
- Soil – structure interaction [29]
o Fatigue influence of pile head rotations [33]
o Fatigue influence due to changes stiffness as a result of cyclic loading [33] [34]
- Scour protection influence to dynamics [35]
- Operational Modal Analysis techniques [22]
o Damage identification [20] [24]
o Virtual sensing [40]
- Structural reliability [44]
- Machine learning [24] and also subject of other work packages within Supersized 4.0.

2.2

Literature in relation to structural health monitoring technology

A focal point of reference for the structural health monitoring industry is the SAMCO Network
(Structural Assessment, Monitoring and Control). A thematic network, funded by the European
Commission, 2001-2005. Although the available SAMCO publications [15-17] date from 2006, these
are still a reference for the industry. SAMCO publication [17] is referenced in the VDI 4551:2020 [10]
and the methodologies are recognizable in the current regulations. The application of novel structural
health monitoring technology in Supersized 4.0 is in accordance with the SAMCO vision towards and
beyond 2020. [15]
The earlier referenced publications by The Carbon Trust [5] and the publicly available deliverables
from ROMEO project provide a comprehensive overview of the current monitoring technology,
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including innovative techniques which are already (widely) applied in the industry and innovations
which are incubating and expected to be market mature within the next years.
- Typical
structural
health
monitoring
setup
consists
of:
Accelerometers (in WTG tower and foundation), strain gauges (incl. temperature measurement)
typically at the interface level, inclinometers, supplemented with corrosion monitoring (e.g. ER
probes or reference cells) and environmental monitoring equipment if required.
- Recent
innovations
applied
in
the
industry
involve
amongst
others:
The use of strain gauges made out of fibre glass (such as fibre bragg grating, FBG), big data
handling in cloud-based solutions, digitalization of inspection records.
- Innovations
for
the
near
future
are
amongst
others:
The further development of FBG, introduction of IoT sensors in the monitoring setup and
advanced data-analysis and operational modal analysis techniques leading to virtual sensing,
fleet-wide extrapolations, machine learning also referred to as artificial intelligence.
In 2020 the Verein Deutscher Ingenieure (VDI) published the updated standard VDI4551. [10]
From the current set of regulations (codes, standards, guidelines), [10] is the most relevant standard in
relation to good practice for structural health monitoring of offshore wind substructures. It contains
recommended practices for the hardware, data-analysis and the roles of responsibilities for asset owners
and measurement equipment providers. Important to note in relation to certification is that the VDI is a
non-binding document as it is not (yet) linked to any regulation such as DNVGL or BSH. It is expected
that the VDI 4551 will be integrated in the next version of the DIN 18088-6 (periodic inspections),
which is expected in 2022-2023.

3 Conclusions and way forward
3.1

Opportunities for improvement to the current practices

The literature study allowed to determine a couple of opportunities for improvement to the current
practices. This exercise is of added value for the determination and future evaluation of the research
objectives for a data-driven approach within Supersized 4.0.
Table 2: Determined opportunities for improvement and corresponding ambition how to respond to them by the present
research.

OFI to the current practice
Improvement in Supersized 4.0
Holistic approach subject to interpretation and Development of a roadmap based on datawithout clear acceptance criteria
analysis techniques for various lifetime
consuming elements and alignment on designdriven and data-driven alarm levels
Reactive approach for decision support
Proactive approach by planning the lifetime
assessment evaluations as from development /
design phase
Risk of pitfalls and “blackboxes” when relying on Recording the actual behaviour of the structure as
project documentation packages
basis for the assessment, supplemented with
relevant design and operational information
which is agreed during the planning of the works
Gap of data-driven approach in regulations
Implementing state-of-the-art fundamental R&D
know-how - with consideration of its relevance in
offshore wind structures lifetime consumption –
in the data-analysis toolboxes.
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Improvements to the current definition and Using the recorded data to develop an empirical
application of digital twin modelling.
digital twin of the structures for lifetime
- Indirect approach to get the stain histories assessment exercises.
which are important for a fatigue and thus - SHM and data-analysis is a direct method to
lifetime assessment
get to the required information for lifetime
- Extensive work to clarify uncertainties in
assessments
digital twin model calibrations
- Bypass uncertainties by monitoring of the
- Digital twin modelling expected to be a
as-is configuration
man-hour consuming activity
- Using mainly computer processors are used
instead of human processors / man-hours
- The structural model-driven assessment
expected to be complementary with the
empirical model.

3.2

Way forward

Based on the literature review, a framework and decision model for the data-driven lifetime analysis
will be developed . The framework will be a gradual process going from specifying the needed
information, ensuring the collection of this data, performing an initial assessment concerning the
potential for lifetime extension, continuous follow-up, followed by a detailed assessment aiming for a
quantification of the lifetime with certain probability.
The decision model will provide structure to investigate lifetime consuming elements and evaluate their
impact towards a potential lifetime extension. Further advanced data-analysis work would be required
to quantify this potential.
Continuation of the literature review in the domains on which the data-driven lifetime assessment
framework is relying is necessary. Essential in this is to obtain mutual acquaintance – and collaboration
- with researchers in these supporting domains.
Many of the technical solutions for the objective in this research are believed to be currently available
or in research phase, one of the keys will be the collaboration to fit these into the process towards a datadriven lifetime extension methodology.
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1

Introduction

Analysis of data from supervisory control and data acquisition (SCADA) systems to monitor wind turbine
condition has attracted considerable research interest in recent years. Most approaches utilize time series
data from sensors placed all over the turbine and apply methods from the machine learning (ML) domain
for early failure detection (compare [1]). Besides, SCADA systems usually produce log-files which contain
information about operation conditions or control events but also warning and alarm messages in case
sensors measurements come close to or exceed pre-defined limits. In the condition monitoring context, this
data is also of high value and has been used to filter and annotate sensor time series [2], identify messagepatterns related to failures ([3], [4], [5]) and predict unplanned stoppages directly from the log-messages
([3]). However, most of these approaches use time-sequence or probability-based analysis rather than ML
methods. One reason is that a ML model usually requires a numeric vector representation of fixed size
as input. The challenge of finding such representations for symbol sequences of variable length is well
known in the ML domain, especially in natural language processing (NLP). Within this study, we extend
the Correlated Occurrence Analogue to Lexical Semantic (COALS) algorithm by incorporating temporal
information (COALS-t) and apply it to SCADA log-data. We demonstrate that the method can find
meaningful representations of SCADA log messages and message sequences. This enables the application
of off-the-shelve ML methods. The approach will be illustrated using multiple years of operational SCADA
data from several turbines. The remainder of the paper introduces the SCADA data set (section 2) and
the methods being applied (section 3) before presenting and discussing the results (sections 4 and 5).

2

SCADA log data

Format and content of SCADA log files vary for different manufacturers and systems. What they have
in common, however, is a tabular structure in which operational events are logged in temporal order.
Each event is assigned a starting time which often is accompanied by additional temporal information,
such as an event end time or the time of an event-related turbine restart. Apart from the mandatory
temporal information, events are usually characterized by an event identifier, mostly a system-specific
multi-digit event code, and a short event description which gives high-level information about the nature
of the event and therefore helps operators, maintainers and analysts to partially decode the cryptic
event-ids. Other columns of the log file might contain a classification of the event into different severity
categories (information, warning, alarm, fault), assign the event to a certain turbine sub-assembly or
provide information on the current operational status of the turbine. Due to the wide range of potential
log configurations and formats this study will focus on representations derived from basic information
which can be found across almost all SCADA log files, namely start-timestamp, message-ids and message
description.
For the analysis, we use data SCADA data from a wind farm consisting of 5 geared 2 MW turbines
with asynchronous generators. Over 2 years 313,590 log messages were generated by the wind farm’s
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Table 1: Summary statistics of wind farm log count

Table 2: Exemplary excerpt from log files.

SCADA system which corresponds to an average of around 3 messages per 10min interval (compare
Table 1). However, in some 10min intervals, up to 610 messages were triggered. These numbers are in
line with earlier count-based analysis of WT SCADA logs (compare [4]). The log data format contains
a single (start) timestamp and a description of each message from which a unique message-id can be
derived (compare Table 2).

3

Methods

We first introduce the NLP tools used in this study, then discuss their application to the given data format.
Therefore, we will generally talk about the representation of log-instances and afterwards emphasize the
different implications for event ids or event descriptions. Finally, we introduce some metrics to evaluate
the representations.

3.1

Methods to find log-message vector representations

A rather straight forward representation of a non-numeric data instance is a so-called one-hot-encoding.
For a fixed set of unique instances M = (m1 , m2 , ..., mN ) each instance is represented by a binary N dimensional vector ROH-m with all but one entries being set to zero. The non-zero entry at position i
uniquely identifies the instance m (compare (1)). This generally enables the application of ML-algorithms
and it has been applied in the context of SCADA log processing (e.g. in [3] to detect pitch faults based on
SCADA-logs and in [5] for alarm clustering). However, the method creates overly sparse high-dimensional
representations which at the same time do not contain any information about relations between instances.
This points towards a powerful concept in NLP which is to describe an instance with the help of its
surrounding.
(
1 if m = mi
ROH−m = [r1 , r2 , ...rN ] with ri =
(1)
0, otherwise
Within this study, we adjust and apply the Correlated Occurrence Analogue to Lexical Semantic
(COALS) algorithm [6], a method from the Latent Semantics Analysis (LSA) family. It extracts vector
representations by singular value decomposition (SVD) of a normalized instance co-occurrence matrix
(compare 1). We propose to incorporate the temporal information contained by each log entry’s timestamp into the co-occurrence matrix by adding up processed timestamp differences between neighbouring
log messages instead of the commonly used counts (compare Figure 1). The inversion of the time-difference
keeps the co-occurrence matrix intuitive with large entries representing high similarity (compare eq. (2)).
Additionally, the parameter  prevents numeric instability and acts as a bandwidth parameter which
controls for how aggressive time differences are taken into account. Also, this allows for the window
size to be selected rather large because the time-differences serve as a natural weighting factor (in NLP
the window size is often a one-digit number since sentences usually don’t stretch across thousands of
words). The subsequent normalization and decomposition procedure remains as described in [6]. For the
remainder of the paper, we refer to this procedure as COALS-t.
∆countt =

1
∆tsec + 

(2)
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Figure 1: Exemplary sequence of log messages (left) with construction of traditional count-based cooccurance matrix (center) and the proposed time-based co-occurance matrix (right).

3.2

Methods to find log-message sequence representations

In NLP series of words add up to sentences and then to documents which represent natural sequence
structures to be analysed. In the log-analysis context, the question of how to properly define the length
of a log-sequence is less trivial. When having in mind potential fusion of SCADA sensor and log data
10min intervals seem to be a reasonable choice allowing simple temporal synchronization between the two
data formats. For other applications, event-based sequence selection might be more suitable (compare
e.g. [5]). While the optimal choice of sequences will always be problem-specific, the methods to transform
them into vector-representations are mostly independent from the actual sequence length.
A relatively simple but often sufficient representation of instance sequences is the so-called bag-ofwords (BOW) or term-frequency approach. The sequence representation RBOW is constructed by simply
summing up all vector representations Rk of a sequence S = (R1 , R2 , ...RK ) (compare (3 - left)). Despite
ignoring the order of instances the method was often reported to be surprisingly effective, especially in
text classification [7]. For our application both, the one-hot as well as COALS-t representations can
be processed this way. An extension to the idea of a simple BOW sequence is to weight the individual
instance representations Ri with their inverse sum of overall occurrences NRk (compare 3 - right). This
incorporates the idea from information theory that rare instances contain more information and are
therefore weighted higher. Such term-frequency inverse-document-frequency (TF-IDF) representations
have been successfully used in the context of information retrieval and will be applied for log-sequences
within this study.
RBOW =

K
X

Rk

and

k=1

3.3

RT F IDF =

K
X
Rk
NRk

(3)

k=1

Evaluation of log-representations

Before applying the individual NLP tools used in this study, lets quickly emphasize the goals we have in
mind when applying them. The aim is to construct a dictionary which maps each log-instance or logsequence to an M-dimensional real-valued vector. Additionally, we aim for the vector to implicitly contain
information about the nature of the respective instance which facilitates solving a downstream task. This
means one way to evaluate each set of representations is to evaluate their corresponding performance
on the specific task. However, in this study, we discuss representations generically which makes such
an extrinsic evaluation infeasible. Therefore, we focus on so-called intrinsic evaluation which tests the
representations for coherence with our intuition. In our example, this would mean that syntactically or
semantically similar events are grouped closer together in vector space than their unrelated counterparts.
Put concretely, we evaluate log-message-representations for the intuitive principles shown in Table 3 and
compare distances between those grouped examples against distances to other message representations.
For the evaluation of the log-sequence representation we rely on the same intuition: we assume that
message sequences that proceed the same error message look more similar than the sequences proceeding
other error messages. We therefore evaluate and compare the similarity of sequences consisting of the
messages triggered in a 10-minute window before the respective error message.
Similarity in vector space is measured utilizing different distance metrics which can be applied to
both, log-embedding and log-sequence-embedding evaluation. For binary comparisons of representations,

94

16th EAWE PhD Seminar on Wind Energy
14-16 December 2020
Online Event

Table 3: Examples for different categories of SCADA log-message similarity

we apply the popular cosine similarity (compare 4). Additionally, we project the high dimensional
vector representations into a two dimensional plain which allows for visualization and interpretation of
the respective distances between individual instances. It must be noted that during the dimensionality
reduction some information will be lost but the most prominent characteristics are usually preserved. In
this study we apply t-SNE, a non-linear dimensionality reduction technique designed to preserve similarity
information from the high dimensional space [8].
n
P

similarity(Ra , Rb ) =

Rai ∗ Rbi
Ra ∗ Rb
s
= s i=1
||Ra || ∗ ||Rb ||
n
n
P
P
Rai 2 ∗
Rbi 2
i=1

4
4.1

(4)

i=1

Results
SCADA-log messages representations

In this section, we focus on the analysis and comparison of the log-message representations. Since one-hot
representations do not capture any inter-message relations we focus on the representations yielded by the
COALS-t method. We chose a 10-dimensional vector representation obtained with a window size of 100
to either side of the central log-message and a temporal bandwidth  of 1000.
Firstly, we will look at the representations of messages from the syntactic twins category. It must
be noted that the method was not given any syntactical information about the messages itself. Similar
vector representations of syntactically close messages emerge from the fact that they are likely to appear
in a similar context. We automatically group all messages which syntactically differ by not more than
2 characters. Then we calculate the binary cosine-similarities within each of the 26 sub-groups, which
contain up to four highly similar messages (quadruplets, if you will). As a result, we obtain 48 intragroup distance values. For their better interpretation, we compare them to an equal amount of binary
cosine-distances between random messages. The results are shown on the left side of Figure 1. Messages
of the twin category are indeed grouped much closer to each other in vector space than their randomly
selected counterparts.

Figure 2: Left: comparison of similarity between twin and random messages. Right: examples of most
similar messages to selected messages (top) and errors (bottom).

95

16th EAWE PhD Seminar on Wind Energy
14-16 December 2020
Online Event

Secondly, we compare messages from the syntactic/semantic siblings and semantic cousins category
by visualizing their two-dimensional t-SNE representations relative to all other messages (compare Figure
3). The top row presents three syntactic/semantic sibling examples where all message representations
that contain the respective title words are highlighted. The bottom row presents semantic message
clusters, such as the T hermal category which groups message names containing high and temperature
or ventilation (or their respective abbreviations). The Service category contains messages connected to
physical on-site visits (examples can be found in Table 3). The plots show that coherent message clusters
connected to a particular frequent event (cable twist example), prevailing condition (thermal example)
or general status (service example) are formed. Moreover, their relative position is partially intuitive as
well. The cable-twist related messages for example can be found close to the clusters where most of the
yaw-related messages are located indicating their causal relation. Finally, the Error example visualizes
the relative location of error messages. Many can be interpreted by associating them with a nearby error
message or the theme of their cluster (also compare Figure 2 -right/bottom). Note, that in the main
region of service messages there is no related error messages indicating that service activities are not
directly related to a specific error.

Figure 3: Visualization of t-SNE projections of message representations grouped by intuitive themes (red)
in relation to all other messages(grey).

4.2

SCADA-log sequences representations

To construct the SCADA-log sequence representations we combine both presented methods of log-message
encoding (one-hot and COALS-t) with either the BOW or the TF-IDF approach. This results in 4 different
representations for each of 1341 sequences proceeding one of the 62 unique error messages. Since we want
to run binary similarity comparisons we first had to exclude a few sequences connected to errors that
occur only once during the recorded time. Then we compute the binary cosine-similarity within each error
category. This means that if an error occurs five times in the data set we will compute 10 binary distances.
This results in approximately 65,000 binary similarity measures for the same error-type analysis. To
facilitate interpretation we calculate the same amount of distances in between sequences proceeded by
different error types. The results in Figure 4 show that all configurations can group sequences proceeding
the same error message closer together than their random counterparts. The one-hot configurations are
characterized by a much stronger dissimilarity between randomly chosen sequences. COALS-t embeddings
can minimize the distance between similar sequences, but the difference to randomly chosen sequences is
not as pronounced. This might originate from the fact that the error messages themselves form clusters
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Figure 4: Cosine distances for sequences proceeding the same error messages (red) and random error
messages (grey) for different combinations of log-message- and sequence-representations.

and a random choice does not ensure a large distance between them (compare Figure 3). When comparing
the sequence representation methods itself superiority of TF-IDF weighting over the simple BOW becomes
apparent in all configurations.

5

Summary & Discussion

The presented results show that methods from the NLP domain are powerful tools to find meaningful
representations of SCADA log-messages and sequences. They allow to capture and encode syntactic and
semantic similarities into the respective vector representations. This enables and facilitates the successful
application of off-the-shelve ML algorithms for CM-related tasks. The proposed COALS-t method has
shown to be particularly useful for analysis where relations between messages play an important role,
such as log-message clustering or the investigation of causal relations between messages. The same holds
for sequence embeddings based on COALS-t representations. On the other hand, sequences represented
by a sequence of one-hot-encoded messages have shown to allow a sharper distinction between sequences
related to different error messages. This could be a useful characteristic in an anomaly detection setting.
Moreover, the results show that using a TF-IDF instead of a BOW approach amplifies the observations
described above and is therefore preferable. However, this study represents only an initial step towards
harvesting the full potential of SCADA-log information for data-driven CM applications. Further research
has to prove the value of the proposed representations for respective CM-related tasks.
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1

Introduction

The offshore wind industry currently makes little use of data obtained by satellites orbiting the Earth.
For operational wind farms, this is generally limited to applications such as workboat tracking, communications, or weather modelling. This work looks to seek out further uses for satellite-derived data,
specifically for met-ocean measurements, and investigate the feasibility of using such data within the
life-cycle of an offshore wind farm.
There has been limited academic research thus far into the utilisation of satellite data within the
industry. Broadly, existing research falls into two categories — wake modelling; and resource assessment
[1][2]. This work seeks to expand upon this existing research, with a focus on extracting met-ocean
characteristics from freely available SAR data, an area where there has been little to no research in the
context of offshore wind.

2

Data

The data employed for this analysis was captured by the Sentinel-1 SAR satellites operated by the
Copernicus programme, a joint EC and ESA initiative. Data captured by the Sentinel satellites is freely
available to download via the Copernicus Open Access Hub [3]. The region of interest chosen for this
project was the area of the North Sea which will soon be home to the world’s largest offshore wind farm,
Dogger Bank — specifically the zone covering the footprint of the first phase, Dogger Bank A. SAR data
was downloaded from Copernicus encompassing the period from January 1st to September 30th 2020.

3

Method

The post-processing of the SAR data was performed using the Sentinel Application Platform (SNAP),
to retrieve a wind field estimation from the wave features in the SAR images. An empirical relationship,
derived from data in [4], was then utilised to transform the wind speed into an estimation of significant
wave height (HS ) across the image.

4

Results

To validate the significant wave height derived in Section 3, HS measurements from a nearby Cefas
Wavenet buoy were utilised [5]. The probability density distribution of HS determined by both methods
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Figure 1: Significant wave height and accessibility data covering the 9 month period of interest
is shown in Figure 1a, which demonstrates reasonable agreement between the two measurements. Particularly, the roll-off in the shape of the curves after the peak is in good alignment. The spike at 3m in
the satellite data is an artefact of the wind field estimation in SNAP, which took a maximum of 20ms-1 .
As mentioned, there is currently little research relating satellite-derived met-ocean measurements to
the offshore wind industry. One area where a niche has been identified is that of access calculations for
offshore O&M. For an offshore wind farm, operations and maintenance activities are limited by weather
and access windows, with significant wave height typically taken as a limiting state.
For this analysis, three vessel types were considered, with varying wave height limits. Firstly, Crew
Transfer Vessels (CTV) with a limit taken as 1.7m; Service Operation Vessels (SOV) with a 2.5m limit;
and SOV daughter crafts with a limiting wave height of 1.2m.
Using the HS values determined from the SAR images, the percentage of time that each vessel would
have been able to operate was calculated on a month by month basis. For January to September 2020,
the percentage of the time that the wind farm could be accessed by each of the three vessels is shown in
Figure 1b.

5

Conclusion

By utilising Sentinel-1 SAR data, it has been shown that a measurement of significant wave height can be
inferred to a reasonable accuracy. The feasibility of using this data in access calculations for an offshore
wind farm has been demonstrated, and is a novel use for wave characteristics derived from satellites. The
access considerations here could be applicable at the planning stage of an offshore wind farm, to replace
or reinforce met-ocean data gathered by typical avenues such as point measurement or hindcast. Years
worth of satellite data could be analysed to help form the access strategy for the wind farm. However,
this type of data would not be feasible to use for access considerations within day-to-day operations due
to the sparsity of the data available from the satellites.
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Abstract
Condition monitoring and early detection of wind turbine failures are current research topics because of the
benefits they offer in improving wind farm availability and reliability. In this regard, the use of data acquired by
the SCADA system (Supervisory Control And Data Acquisition), is presented as a technically and economically
viable solution for condition monitoring and early detection of failures in wind turbines, due to the availability of
the data. With the help of artificial intelligence and automatic learning techniques, the set of data collected by the
SCADA system can be converted into useful information for the early detection of wind turbine failures, thus
facilitating wind turbine operation and maintenance tasks. Under this scenario, this research work proposes the
development of a model to automatically predict failures in different wind turbine components sufficiently in
advance, using data from the SCADA system and artificial intelligence techniques for this purpose. This model
will contribute to the development of appropriate and efficient predictive maintenance, which will ultimately
reduce the consequences of unexpected failures and the associated costs.

1 Introduction
The wind energy industry has experienced rapid growth worldwide in recent years, as stated by the
World Wind Energy Council (GWEC) in its latest annual report, which shows that the wind power
installed on the planet at the end of 2017 was of 546 GW, and by the end of 2019, it increased to
approximately 650 GW [1].
The growth of wind power installed worldwide has been possible, among other aspects, thanks to the
technological development of the different components and subsystems of wind turbines (WTs), and
also thanks to the development of SCADA systems, which is responsible for guaranteeing the individual
performance of the WT and the overall performance of the Wind Farm (WF).
Most modern WTs record more than 200 variables in intervals of 1 to 10 min using their SCADA
systems, generating a rich historical data set of WTs and WF operational parameters. Several authors in
the scientific literature explain the use of SCADA data to monitor WTs or to predict failures in a specific
component of this. To name just one example, [2] is a recent work that presents a systematic review of
the literature on the use of data from the SCADA system for the condition monitoring (CM) of WTs. In
this literature review work, more than 90 scientific articles are analyzed, four research questions are
posed, one of them has the objective of knowing which are the artificial intelligence techniques that are
currently applied to the monitoring and prediction of WT failures, the results show that in 39% of the
consulted studies artificial neural networks (ANN) are applied, and in 27% of the consulted works
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Support Vector Machine (SVM) is used. This work presents a methodology for the development of a
Machine Learning (ML) model for the prediction of failures in WT based on the operation data of the
SCADA system.

2 Methodology
The present research work proposes the development of a model to automatically predict failures in
different WT components sufficiently in advance, using data from the SCADA system and artificial
intelligence techniques. The methodological process used in this research will be developed in two
stages (Figure 1a), which are described below:
Stage I: Data collection and processing: the collection, systematization and labelling of SCADA data
are carried out. Through the use of Big Data techniques, missing data and outliers are identified, and
historical patterns of behaviour are established. Missing data in the dataset is filled in using the
interpolation and regression methods. In addition, key performance indicators (KPIs) are established,
based on the history of maintenance and replacement of WT components.
Stage II: Elaboration and validation of the model: In this phase, one of the cognitive services of
Microsoft Azure will be used for the development of the WTs failure prediction model. The services
requested initially include Azure ML, Anomaly Detector and Data Science Virtual Machines.
Figure 1b shows, through a flow chart, the main modules used in the failure prediction model. Once the
algorithm has been trained, the model is validated using experimental testing techniques with
information extracted from the SCADA that has not been part of any of the training stages, which allows
verifying if the system does not overfit the data provided in the training.

(a)

(b)

Figure 1 (a) Machine learning flowchart. (b) Flowchart with the use of library blocks of Azure ML.
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Abstract
We model wind turbine data with the Langevin equation. In this work we present a new kind of estimator for the
Kramers-Moyal coefficients in order to estimate the drift and diffusion of components in wind turbines. We use
highly resolved temporal wind turbine data in order to improve state observation and by that early failure detection.
We use the first and second Kramers-Moyal coefficients to estimate the coupling between different components
of a wind turbine. The first Kramers-Moyal coefficients, the drift, models the deterministic behavior of the system.
The second Kramers-Moyal coefficient, the diffusion, reflects the stochastic behavior of the system. A component
failure of a wind turbine will change the system's behavior, which in turn will be represented in the KramersMoyal coefficients.
We will show the accuracy of this method in comparison to the Nadaraya-Watson Estimator with a global
bandwidth on simulated multi-dimensional time series. Furthermore, we give an outlook on how we want to use
this method for this specific goal and we will show first results of this estimation method on real wind turbine data.

1 Introduction
Typically, the state of a wind turbine is observed via Condition Monitoring Systems (CMS) or 10-min
averages of Supervisory Control and Data Acquisition (SCADA) operational data. In recent years,
methods to analyze 10-min-SCADA-Data were studied but were found insufficient for early failure
detection due to the poor time resolution. These data are usually stored but so far not widely used by the
companies. High resolution data allow for the usage of more advanced analysis methods in comparison
to working with the averaged data. Due to this, we have information about the fluctuations in the system
and can use stochastic differential equations, namely the Langevin equation, to model and diagnose the
system. In order to estimate the drift and diffusion of specific components of a wind turbine, a robust
estimator for this task is needed. In this work, we present a new kind of estimator for the Kramers-Moyal
Coefficients, which will be referred to as Linear Averaged Cluster Estimator (LACE). The LACE is
used to estimate the drift for specific channels with temporal highly resolved (≈1Hz) SCADA
operational data from wind turbines. Failures of components in wind turbines influence the dynamics of
the system, and thereby the drift and/or the diffusion. Here, we show first results of the LACE on wind
turbine data to approximate the drift of the active power considering the wind speed.
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1

Introduction

In June 2020, Germany set a target for offshore wind energy of 20 GW by 2030 (65% share of renewable
energy in gross electricity consumption) and further 40 GW by 2040 [1].To facilitate such an expansion,
more wind farms will be inevitably set up in proximity to each other. This results in the operation of
wind farms in the (partial) wake region of their neighbours, characterised by lower wind speeds, higher
turbulence and reduced power output. The first evidence of far-reaching wind farm wakes was observed
via satellite images and aircraft measurements [2]. The length of these wakes was found to strongly
depend on the atmospheric stability, reaching as far as 55 km downwind in stable atmospheric conditions
[3]. It is thus imperative to study the effects of these wind farm wakes or ”cluster wakes” and their effect
on not only surrounding wind farms but also the atmospheric boundary layer.
Remote sensing has proven to be an effective tool in offshore wind farms to detect these cluster wakes,
due to the ease of remote measurements and large areas/trajectories possible for scanning [3, 4]. However,
cluster wakes have not been classified accurately in a quantitative way yet, as engineering models fail to
predict the wake development downstream. The objective of the current work is to analyse the near cluster
wake region of a large offshore wind farm and its development downstream using lidar measurements.

2

Lidar measurements

A long-range Doppler lidar (type Leosphere WLS 200S) placed on the transition piece (24 m a.s.l.) of a
wind turbine enables wind velocity measurements at distances up to 8 km. The scans are averaged over
a period of 90 minutes, where the wind direction remains nearly constant. Plan-Position-Indicator scans
are used to observe the wakes downstream of the GlobalTech 1 wind farm, situated in the German North
Sea. Each scan takes about 2 minutes and the elevation angle of the scanner is fixed at 0.8◦ , resulting
in higher measurement locations at longer distances. Parameters such as the sea surface temperature,
humidity, pressure and air temperature are obtained from sensors placed on the transition piece with the
lidar. The instantaneous atmospheric stability is thus available for the entire measurement period. Using
the stability corrected logarithmic law assumption, all the velocities are extrapolated to hub height to
obtain the velocity field, as shown in Figure 1.
The definition of a cluster wake requires a ”free-stream” velocity of the wind as a comparison to observe
the reduction in velocities due to the presence of the wind farm. The free-stream velocity is quantified in
the current scan scenario as the mean of the velocities in the region unaffected by the wind farm in the
dominant wind direction (South-East sector of Figure 1 with higher velocities). Since the inflow velocity
is not known, the deficit is thus defined as the difference in wind speed between the free-stream and the
wake region as followed in other studies [2, 3]. The selection of the wake region and its boundary is
performed manually on a scan-by-scan basis.
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Figure 1: (a) Lidar (red diamond) scan with corrected velocities in an unstable atmospheric case averaged
over 90 min. (b) Velocity profiles at 20D, 40D and 60D, colour coded accordingly.

3

Results and outlook

A sharp boundary is observed between the wind farm wake and the free-stream wind at hub height
that is partially sustained downstream (∼60 rotor diameters or 60D) for weakly unstable and unstable
atmospheric conditions. Differences in the wind speed within the wake region and the free-stream are then
compared at successive downstream distances. The reduction in velocity is between 10-20% at roughly
20D, but there are other cases where the reduction is as high as 25% at 50D. For unstable conditions,
the wake recovery is expected to be quicker due to enhanced vertical mixing. In the current scenario,
the wake deficit maintained, though it is not possible to predict with the current dataset how this will
develop further. It is nevertheless interesting to observe these phenomena 5 km downstream, when other
studies in unstable atmospheres show wakes fully recovering at 15 km [2, 5].
Future work is aimed at the analysis of more cases and a deeper look into the velocity profiles to try and
understand how the wake develops in a physical sense. Applications of this work could improve large
scale wake models and aid in the efficient planning and operation of future offshore wind farms.
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1 Introduction
In recent years, the amount of energy generated by offshore wind farms has risen steadily. In the global scenario,
there is still a lot of potential for growth in this sector. The focus is gradually shifting from shallow water to deeper
water, where there is an untapped resource that is still not properly exploited. As the wind turbines move to deeper
waters, they invite additional challenges in the design, installation, operation and decommissioning operations.
The installation, O&M and decommissioning processes for fixed offshore wind energy represent up-to a third of
the total cost of an offshore wind farm [1]. In the case of floating wind farms, this is expected to be even more
complex and costly, as there is an additional challenge due to the motion of the vessel and wind turbine due to the
prevailing metocean conditions. This presentation study will provide an overview of the engineering and economic
challenges associated with floating wind turbines and the innovations with the greatest potential to provide
solutions. The work represents the initial stages of a PhD in which a detailed analysis will be conducted to
systematically identify and assess innovations and technologies to reduce the LCOE (Levelized Cost of Energy),
risk and environmental impact of the various marine activities associated with floating wind arrays. The PhD work
would be carried-out at MaREI Centre, University College Cork, Ireland in active collaboration with MARIN,
Wageningen, Netherlands. The PhD fellowship is part of the STEP4WIND project which is funded under the
Marie Skodowska-Curie H2020 ITN Research Program.
The additional challenges applicable to deep water marine installations are not unknown. Similar
challenges were faced by the O&G industry when the drilling installations moved to deeper waters (eg: North
Sea). Floating offshore wind is not just an extension of the offshore wind energy industry, but a new technology.
Numerous technological, geological and political factors will be important in the development of these systems
[2]. There are clear signs that offshore floating wind turbines will be the next breakthrough in renewables. In the
recent years, many O&G majors like Equinor, BP, Shell etc. have shown interest investing in the offshore floating
wind business. This shows a major shift in the energy focus of the world. As the world faces climate change and
global warming challenges, the call for renewable energy is higher than ever. Floating wind has enormous potential
to cater to the cleaner and greener energy demands of the future. Since 2007, single prototypes have been installed
off the coasts of Norway, Italy, Portugal, Sweden, Japan and the United States. The first fully functional floating
offshore wind farm, Hywind Scotland, was installed 25km off the coast of Aberdeen, UK. Experts foresee that this
trend is going to spread to other regions of the world, such as the US, Asia and the Middle East.
The offshore floating wind turbines (FOWTs) are huge, making it time consuming and expensive for
construction and installation. Apart from this, these massive structures require anchors and mooring chains that
weigh several tons, to operate in harsh environments. Minimizing the motion of the floater is also a challenge.
Access to the FOWTs is another challenge that needs to be addressed. The various stakeholders that would play
important roles and their level of engagement are needed to be assessed also [3]. This PhD work will focus on the
various innovations that would help bring down the costs by addressing these challenges. In the first phase of the
PhD study, the engagement of the key stakeholders in the installation, O&M and decommissioning of FOWTs will
be identified and analysed. The important engineering, logistic and economic factors will also be considered during
these assessments. This will give a clear idea on the factors that contribute to the costs as well as environmental
impact, which will be critical to the progress of the work. The next step in the analysis will be to identify the
various innovations and technologies with the potential to reduce the costs and environmental impact of the marine
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operations. The knowledge and expertise in the fields of aerodynamics, hydrodynamics, structural engineering and
ship operations would be utilized during these assessments. The various numerical tools and methodologies to
analyse and test these innovations would be also identified. Numerical and analytical calculations will be
performed to develop a robust theoretical model of the various innovations applicable in this scenario.
Some of the potential innovations are:
1.
2.
3.
4.
5.
6.
7.
8.

Shared use of mooring systems
Dynamic positioning during lifting operations
Centralized control during towing
Rapid mooring (de)coupling systems
Sea-bed preparation techniques
Walk-to-work for floating systems
Recoverable anchors
Artificial reefs for scour protection

Above listed innovations and technologies will be studied and analysed to assess the impact, risk and possibility
of cost reduction, using the various numerical methods. A comprehensive study will be presented and the most
promising will be selected for the next phase of the PhD study.
In Phase II, the focus will be given to the already identified innovations. The innovations will be studied
in detail, potential to reduce impact will be thoroughly assessed and a viability plan for each innovation will be
produced. The engineering methods developed at MARIN will be used to analyse the impact of these innovations
on the transport and installation of FOWTs, as well as the environmental footprint. Experimental facilities at
MARIN will be utilized to test and verify the theoretical models developed.
In the Phase III, these innovations are studied in depth and the impact assessment for each innovation and
viability plan will be presented. It is expected that these innovative methods would help in reducing the LCOE and
environmental impact individually or combined. The impact of the use of these techniques on workability during
other operational phases can be further investigated. It is expected that this PhD work would help in the better
understanding of towing and installation operations of large FOWTs and factors, such as towing stability, tug
handling, operational logistics and hydrodynamic response in waves. Also, it would help in identifying the role of
simulations and experimental techniques for the assessment of the impact of installation innovations on cost, risk
and environmental impact. Finally, the comprehensive guidelines on the assessment of innovations for the
reduction of impact during installation and decommissioning phases of FOWT farms will be produced.
It is expected that this PhD work will be applied to commercial activities, and will support the realization
of optimized, cost-effective wind farms with the least carbon-foot print and environmental impact. The
presentation of the PhD work would serve as guidance and advice to the students and researchers, on the
importance and need of the development of floating wind energy sector. It will also emphasize on the various
challenges on the way and the innovations that would address and tackle them. Also, it will provide the analysis
necessary to allow industry and policy makers to make investments and frame policies that will promote and lead
to the growth of offshore floating wind sector in all parts of the world.
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1 Introduction
Currently, offshore wind farms have a significant share of wind power generation due to their capacity
to produce higher and more unimpeachable renewable power. Respecting offshore wind share in the
green energy market, the technology of floating wind turbines is developing at a remarkable pace.
Comprehending the 30 MW project in Scotland and the 24 MW Atlantic project in Portugal [1], Europe
can be undoubtedly the world leader in offshore wind technology. At least seven countries on the
continent have comprehensive plans to install and fully benefit offshore wind turbines in the next
decades. New projects are underway in France, the UK, Norway, Portugal, Spain, Italy and Sweden, and
Europe plans to increase the share of offshore winds in electricity generation by 25% until 2050.
Evaluations show that by 2022, Europe has the potential to install floating wind turbines in the North
Sea, Atlantic and Mediterranean with a nominal capacity of 330 MW. To achieve the European
perspective, this capacity must be increased to 150 GW by 2050, which means that by this year, about
a third of all offshore wind turbines will be floating.
For the technology to become fully commercial, costs must cut down. FOW is still more expensive than
fixed offshore wind because this technology is in the early stages of development. However, under the
right conditions, the FOW can potentially lower costs for Europe. Therefore the cost-cutting rhythm of
this type of power generator platforms can be significantly reduced, even compared to fixed offshore
wind market. As we have seen so far [2], the rate of these costs has dropped dramatically from 150
€/MWh in 2014 to 65 €/MWh in 2017. The FOW cost in Europe for current operational sites is in the
order of 180 to 200 €/MWh for pre-commercial projects. While these were relatively small projects,
large-scale projects can bring with them learning technology effects, and it also significantly reduces
the central costs of each project.
In order to extract the maximum possible power from offshore wind turbines, it is crucial to examine
and design its parts for responding to different operating conditions of the studied area. The development
of advanced numerical modelling approaches will be vital in developing our understanding of these
technologies, reducing risk and accelerating the development of cost-saving innovations. It is an
indisputable fact that experimental testing is an integral part of validating numerical works, especially
in the case of floating offshore wind turbines, where the uncertainty of applied force on the platform
substructure and presents of ocean-wave by itself, increase the order of uncertainty to indicate farm’s
output power. Therefore, robust open access validation data sets are required to allow the development
and benchmarking of these numerical codes.
The present research intends to create an open-source database for validation purposes and develop
multi-disciplinary capabilities and methodologies for designers, engineers, and researchers of the
1
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offshore wind field. For this idea, various aspects of the physical modelling of the problem will be
examined. Through the development of the desired methodology, a tight relationship will be established
with researchers and industrial designers in this field so that the developed methodology meets their
design requirements. This research would prepare reference material for future numerical simulations
and researches in this field. To complete the desired database, traditional experimental approach and
most up-to-date methods are two available options. Traditional testing methods, such as classic wave
basin testing are abundant in this field and always render relatively accurate results. However, these
methods always have a specified level of accuracy and resolution. It is impossible to accurately
understand the studied flow regime’s insights and the phenomenon within it.
Stereo Particle Image Velocimetry (SPIV) technique can offer considerable enhancement to overcome
the limitations of the mentioned methods. It is a more comprehensive and concrete approach, enabling
the test taker to extract results to an accuracy of several thousand points [3]. Additionally, the dimension
of the test environment is one of the slightest obstacles and are solely restricted to the type of lens used
for the device. Moreover, granting the high frame-rate in this device’s cameras, phenomena with a
transient nature can be efficiently captured and monitored. Accordingly, this research will utilise
underwater stereoscopic PIV to provide high fidelity data which describe the full 3D flow around a
series of fixed and floating structures. In general, the experimental set up of the Stereo-PIV device
includes two or more digital cameras, a light source, light-sheet op-tics, and a synchronisation unit [4].
In this manner, the fluid is pervaded with traceable particles that can be reached and examined by the
device, and digital cameras record the overall path of the fluid particles. All Stereoscopic systems,
regardless of widespread use in different industries, can record two or more scenes simultaneously but
from different angles of view. Then the captured views are merged by one of the sorting algorithms to
create a three-dimensional image of the phenomenon.
Given the challenges and uncertainties in developing a comprehensive method, a multi-step approach
has been considered to increase the process accuracy, initially starting with a simple working model.
Gradually, in the intermediate steps, hydrodynamic loads, aero-hydro reloads, the effects of considering
survival waves and subsequent slamming, and other essential and decision-making parameters will be
added to the model. Therefore, these parameters will be examined in the form of several steps to drive
the method and advance the edge of knowledge in different marine experimental testing areas. Then a
comprehensive database will be created in the final steps by considering the critical fundamental and
detailed parameters in the experimental test, in a dimensionless way. So that researchers and designers
would have access to comprehensive validation data for different scenarios, utilising either new or old
approaches for their works. Finally, this method will not suffice in this state and economically locate
the optimal methodology. Besides, the LCoE models developed in UCC during the FP7 LEANWIND
project will address the economic challenges in each offshore wind project and also be included and
validated in the methodology. Therefore this comprehensive methodology will provide a broader
understanding of the challenges facing the floating wind energy industry. With this model’s aid, the
impact of innovation across the lifecycle of the wind farm will also be considered. To make a long story
short, this comprehensive model, as a reliable contemporary dataset, will contain almost all of the
essential engineering and economically parameters that guide the decision-makers through the planning
and engineering calculations up to construction phases.
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Abstract
Within the design of wind turbine support structures, it has always been a major goal to ensure
a resource saving design. This classical optimization problem is typically solved by the application
of deterministic design methods. The underlying structural calculations are based on characteristic
values, where possible uncertainties are observed by predefined safety margins. However, the design
practice changes towards the application of probabilistic methods since they promise higher and more
economic utilization of the structural resources by detailed consideration of the actual uncertainties.
Finding an appropriate design becomes now a reliability-based design optimization problem. Since
these methods are computational expensive their solution can be quite challenging. Particularly, when
more complex support structures are considered like jackets. For this, existing solution strategies are
exemplary presented and discussed. Further, possibilities for future research within this field is
outlined.

1

Introduction

The main objective in future wind turbine designs is to produce energy in the most economical way.
Besides striving for high efficiencies during the actual turbine operation, the reduction of costs and
utilized resources to a minimum within the structural design are of prime importance, leading to a typical
optimization problem. Focusing on tower and sub-structure designs of offshore wind turbines, already
various investigations exist on finding optimized solutions. Thereby mainly classical deterministic design
approaches are implemented where predefined safety margins and characteristic design values are used. In
contrast to this, the consideration of uncertainties during the optimization process and by that, converting
this deterministic optimization into a reliability-based design optimization (RBDO), is more of a novel
idea. Taking uncertainties into account during a structural analysis provide the possibility to adjust the
applied safety concept more precise towards the actual real-world design conditions. Compared to the
rigid and universally valid safety concept within deterministic design, this gives possible room for higher
utilizations and therefore more economical designs. Since this approach is computationally costly, it was
shown so far that RBDO for offshore wind turbines is generally feasible, but more reasonable for rather
simple support structures such as monopile designs [1]. Therefore, it is at first striven for to demonstrate
the application of RBDO on more complex support structures, e.g. jacket structures. Later on, it can be
aimed for an extension of the RBDO problem towards another promising idea, namely to design support
structures in a modular way. This approach could give the benefits that the manufacturing process can
be easily industrialized going along with possible cost reductions, and that the structural modules can be
simply adapted to different site conditions. The problem to solve is then to find a suitable methodology
to determine optimal module shapes for given site conditions under consideration of uncertainties. In
this paper the aim is therefore to give an overview of the challenges within RBDO of conventional jacket
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support structures, and to present and discuss possible ideas on how to overcome them. The document
is structured thereby as follows: Section 2 introduces the general concepts of reliability-based structural
design, RBDO and the main challanges arising when offshore wind turbine structures are considered.
Sections 3 and 4 present examples of existing solution approaches and show possible ideas and research
topics which seem promising to explore.

2

Background

Reliability-based structural design
As mentioned in the introduction, reliability-based structural engineering is the discipline of structural
design with consideration of uncertainties. Traditionally, when it is spoken of deterministic design the
structural analysis is conducted based on characteristic loads, resistances and fixed design properties
together with a general-purpose safety margin compensating for possible uncertainties. In contrast to
this, within reliability analysis possible uncertainties are explicitly broken-down and quantified in order
to evaluate the performance of the structure for its purpose. In the context of wind turbine support
structures this purpose mainly corresponds to the non-occurrence of structural failure during the intended design life. The measurement of the performance is thereby often expressed through the failure
probability pf . However, since it is common within structural design to rather describe the safe state
than the possibility of failure, the performance measure is often also expressed through the probability
that no structural failure will occur which is denoted as reliability R. Failure probability and reliability
are complement events, meaning R = 1 − pf . To obtain these performance measures random variables
X are introduced which bring the actual uncertainties into the design process as they portray the statistical behaviour of the loads, the material properties and all other quantities with major impact on the
design, e.g. variations in the soil stiffness. Typically, random variables are expressed through analytical
probability distribution functions or at least their second moment representations. Together, they define
a probability space which contains all possible combinations of realizations of these random variables.
The underlying probability density is described by the joint probability density function (PDF) fX (X).
The probability space possesses a safe domain where specific realizations of these random variables do
not lead to failure, and a failure domain where this is actually the case. The border between safe and
failure domain is described by the limit state function (LSF) G(X) which is dependent on the studied
failure mechanism. The simplest form of a LSF is described by the basic reliability problem G = R − S
comparing a resistance R with a load effect S where failure occurs when G(R, S) ≤ 0. Even this LSF can
be complex, non-linear and dependent on a variety of different random variables. Failure for an arbitrary
shaped LSF is therefore simply described through the generalized form G(X) ≤ 0. The related failure
probability pf of the structure corresponds then to the integral over the PDF within the failure domain’s
limits which are defined by the LSF:
Z
Z
pf = P [G(X) ≤ 0] = · · ·
fX (x)dx
G(X)≤0

The iterated integral has a dimension equal to the number of considered random variables. Its direct
evaluation is only possible for simple problems. The majority of engineering applications require the
utilization of numerical integration, sampling approaches or second-moment and transformation methods. Most prevalent in practice are the First Order Reliability Method (FORM) and the Monte Carlo
Simulation (MCS) technique. Within FORM the failure probability is estimated by transformation of
the problem into the standard normal space and by linearization of the LSF through a first order Taylor
series expansion. Thereby the linearization point resulting in the highest failure probability, which is
often denoted as most probable point (MPP), is found through special search algorithms [2]. FORM is
exact for linear LSF and considered as an adequate approximation for non-linear cases, although the implementation can be elaborate. In contrast to FORM the application of MCS is the most straightforward
approach to estimate the failure probability. This is done by randomly sampling the values of the random
variables and evaluating the LSF for each sample set x̂. The amount of LSF evaluations leading to failure
# (G (x̂) ≤ 0) in relation to the total number of samples N is an estimate for the failure probability
pf =

# (G (x̂) ≤ 0)
N
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The estimate possesses an error which in general decreases with √1N . To achieve a sufficient accuracy the
sample size should be chosen adequately high so that the additional model uncertainty has insignificant
influence on the obtained results. Since failure probabilities within structural design are supposed to be
very small, sample sizes of 100,000 and even more are not unusual. When each LSF evaluation of a sample
set requires a sophisticated analysis, which is commonly the case in the context of structural analyses
and especially within offshore wind turbine structures, the method becomes computationally expensive
and the advantage of an easy implementation is balanced out. Further details on structural reliability
and corresponding evaluation methods with focus on FORM and MCS can be found in Melchers [3] and
Ditlevsen [4].
Reliability-based design optimization
The reliability-based design optimization (RBDO) can be considered as special case of structural optimization (SO). Within SO one tries to obtain an optimum design for a defined objective under the
observance of specific constraints. RBDO extends the task by considering uncertainties as well. Generally, to draft SO problems special functions and variables need to be introduced. To define the property
towards which the design is tried to be improved an objective function f is required. It describes the
key measure that quantifies the performance of the design during the optimization process. This can be
the total mass, overall costs or other characteristics important to the application of the structure. Also
several objective functions can be implemented, in such cases it is spoken of multicriteria optimization [5].
In order to influence the objective function, the design must be modified. Hence, design variables d are
selected. These define specific design properties which are then exposed to possible changes. Their extent
is significantly influenced by the selected type of optimization. Within the context of wind turbine support structures, the sizing optimization type is dominant. This means that the design variables typically
correspond to properties of certain elements within a bigger system. During optimization the performance
of the system changes but the general specifics of the system are retained. This becomes explicit when
a jacket structure is considered. The design variables may correspond to certain thicknesses, diameters,
distances or material parameters such as the yield strength. During the optimization process the values
of these variables change, but the overall predefined jacket shape is maintained. Other optimization types
like shape optimization and topology optimization which alter the overall design shape are not considered
here. Beside design variables additional state variables s are introduced which constitute the structural
response and need to be observed during the SO, e.g. strains, stresses or deflections. The general SO
problem can then be defined according to Christensen [6] as follows:
minimize f 
(d, s) with respect to d and s(d)
 design constraints on d
behavioral constraints on s(d)
subject to

state problem
Thereby the design constraints set limits for the changeable design variables. These can be lower and
upper values for geometric properties or certain ratios which must be observed, e.g. a thickness to diameter ratio for tubular cross-sections. Behavioral constraints are similar, but only applied to the state
variables. They are usually used to implement required code checks, e.g. that no excessive yielding or
buckling occurs. Both design and behavioral constraints can be summarized in some cases by a nested
formulation. The remaining state problem defines the underlying structural task which must be analyzed, typically by a numerical simulation, to enable a verification whether the described constraints
are satisfied. Traditionally, classical SO is based on a deterministic design approach, meaning certain
safety margins are implemented to account for uncertainties. This type of SO is therefore referred to
as deterministic design optimization (DDO). To formulate a RBDO, the SO problem is simply extended
by an additional reliability constraint, e.g. that a maximum allowable failure probability must be observed. In doing so, the state problem becomes a reliability state problem which, as described earlier,
require special solution approaches like FORM or MCS in order to be evaluated. The solution of the SO
problem is generally an iterative process for which a variety of different algorithms exist. From gradientbased techniques, over gradient-free and heuristic methods, towards surrogate modeling algorithms, all
approaches have in common that they require multiple computations of the state problem [7][8]. This
can be already computationally demanding for DDO but rises dramatically in case RBDO is considered.
It must therefore be clarified whether this considerable additional effort is appropriate. A justification
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is given by Tsompanakis [9] considering the accompanying effects which occur by utilization of generally
calibrated safety margins within DDO. Between the expected performance of a deterministic designed
structure, where influences of uncertainties are assumed to remain steady as manifested through the applied safety margins, and the obtained performance with its real specific sensitivity towards uncertainties,
a gap exits. This gap usually becomes larger when the structure is optimized which can be matched to
the attempt of utilizing the available resources at a maximum. The design obtained by DDO is commonly
located closely to the admissible domain boundaries, leading to a changed sensitivity towards uncertainties compared to a non-optimized design. Two cases can be derived from these mismatching reliability
levels. Either the optimum obtained with DDO is less sensitive towards uncertainties and the expected
performance is surpassed, or a higher sensitivity is in place and the reliability is thereby overestimated.
It is comprehensible that both cases are far from an optimal design since resources remain unexploited,
or even worse, the safety level cannot be trusted. The central issue, however, is that by application of
DDO the information which case might emerge for the optimum design is not provided. Since RBDO can
overcome this lack of knowledge by providing a design optimization approach which makes the influence
of uncertainties manageable, its additional effort is justified.
RBDO in the context of offshore wind turbine support structures
The application of RBDO on offshore wind turbine support structures (OWTSS) involves certain specifics
compared to other types of structures and it might therefore be helpful to get more insights on the underlying state problems. In general, to prove the structural integrity of an offshore wind turbine (OWT)
several different limit states must be considered. The governing design standards of the International
Electrotechnical Commission require the verification of the structure’s ultimate strength, the fatigue
strength, its stability or buckling strength and to conduct a critical deflection analysis in order to avoid
rotor-tower-collisions [10]. At first glance, there is no difference compared to other structures, but the difficulties mainly lie within the OWT’s non-linear dynamical behavior and the complex loading situations.
For one, OWT are commonly prone to vibrations since they possess several slender and long members.
Excitations can thereby emerge from wind gusts, wind shear and possible tower shadow effects, also a dynamic impact from other turbine components is prevailing [11]. For another, the overall loading of a wind
turbine is always an interaction of cyclic, transient and stochastic effects and their possible combinations
are diverse. This becomes more understandable when the major dynamic load sources of wind, wave and
gravity are considered. Modern variable-speed wind turbines operate in a wide range of different rotor
speeds, possible excitation frequencies due to the rotor’s inertia loading hence change. Likewise, over the
turbine’s lifetime several distinct sea states with various wave periods occur, leading to a big bandwidth
of different excitation possibilities. This is aggravated by the special aerodynamic damping property of
OWT. In non-operational conditions the structural damping is mainly reduced to the material damping.
During operation when the rotor blades are rotating, an aerodynamic damping effect appears which rises
with increased rotor speed and which is substantial for the damping of the overall response [12]. However,
the dampening effect is only present in the direction normal to the rotor plane which is referred to as
fore-aft direction. Loads accessing the OWT from its side are experiencing much less damping. This is
particularly important if wind and wave loading are not aligned and multi-directional. To consider all
these different effects and their interactions among themselves, the application of multi-physics simulation software is required. The current state of the art primarily combines aerodynamics, hydrodynamics,
structural dynamics and control dynamics, so that overall dynamic responses of wind turbine systems
can be obtained through sophisticated analyses in the time domain. Several different open-source and
commercial codes exist, an overview with comparison is given by Vorpahl et al. [13]. To obtain accurate
results for verifying the governing limit states, a very high number of simulation runs are required. Already during the check for the ultimate strength several load case evaluations are needed, since so many
excitation possibilities exist, and it is not known which of the extreme load cases will actually result in
the maximum structural response. The fatigue evaluation is even more demanding. To perform a full
fatigue analysis all possible combinations of different wind speeds, wave heights and wave periods must be
considered in conjunction with the anisotropy of wind and wave. For a typical offshore site, e.g. the K13
site of the Upwind project [14], scatter diagrams can possess over 40,000 unique load cases. The design
standards stipulate at least 10 minutes of simulation time during the determination of the structural
response. Hence, it is evident that the large number of load cases and the high simulation effort makes
a single structural verification of a wind turbine already to a very demanding task. If this is seen again
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in the context of RBDO it is obvious that the required effort is increased by several magnitudes. No
matter if methods like FORM or MCS are utilized, the limit states must be evaluated multiple times to
complete a single reliability analysis loop, and again, many of such loops are necessary to perform the
actual optimization process. The computational expense is simply too much, and a solution can only be
of an approximating nature. The central issue to address is therefore to spot the existing possibilities to
make the RBDO problem solvable at reasonable computational costs with sufficient accuracy.

3

Solving the RBDO problem

The key task to make RBDO possible is to overcome the high effort commonly involved during each optimization loop by solving the underlying reliability problem. Subsequently different existing approaches
within the offshore wind setting are presented.

Simplification of the structural analysis
A common approach often used within structural engineering is the simplification of the model used for
the determination of the structural response. Instead of conducting a complete multi-physics simulation,
the problem is divided into separate parts. Chew et al. [15] for example are reducing the complexity of the
transient analysis by implementing a linear de-coupled approach. The aero-servo loads acting on the rotornacelle assembly (RNA) are thereby still obtained within a multi-physics simulation environment for each
wind speed. The time series of the resultant loads on the RNA are then used together with additional
wave loads within a linear hydro-elastic model of the OWT system. To account for the aerodynamic
damping effects the global system damping matrix is adjusted based on information gained from wind
specific virtual decay tests. By this approach the elaborate aero-servo calculations need to be realized only
once per wind speed. The actual load case evaluations are accordingly faster, and the obtained results
have good agreements with a fully coupled aero-hydro-servo-elastic simulations since critical excitations
and global eigenfrequencies are identified. Another decoupling approach worth mentioning is conducted
by Schafhirt et al. [16]. Again, the RNA’s aero-servo loads are computed within the time-domain and
applied to a linear model. However, in this case the structural responses are not computed trough
further transient analyses, but rather by a technique called impulse based sub-structuring. The method
is founded on the principle that for a linear system the total dynamic response can be calculated through
superposition of several impulse responses. The load time series can be understood as a concatenation
of several impulse loads. Each impulse load generates an individual response starting at a distinct point
in time. The total response to the load time series is then simply the sum of all staggered responses.
The integral expression for the response is often referred to as Duhamel integral [17]. Since the system is
linear, only the computation of the response for a single unit impulse load is required. Within the referred
investigation this is done in the time-domain with a unit load on the tower top node which is the same
location on which the RNA’s aero-servo loads would attack. This unit response is then simply scaled
and shifted for each time step of the load time series. Since the remaining superposition process is just
a summation, the method is extremely fast. Comparisons of the authors with multi-physics simulations
show a good alignment. Solely the fact, that no wave loading is considered so far can be remarked as
drawback. In order to add loading due to waves and current, the method requires the knowledge of unit
impulse responses from every contributing degree of freedom (DOF), meaning the unit responses for each
load direction of every submerged beam must be obtained. Adding these requires some preparatory work
and a clever implementation which can be still rewarding in view of the possible gain in performance.

Surrogate modeling
Another widely used approach to accelerate the determination of the structural response within the
reliability analysis loop is the utilization of so-called surrogate models (SM). These are also referred to as
metamodels or response surfaces [18]. Within this approach the structural analysis is fully replaced by an
approximation model which allows for a much faster determination of the structural response. In order
to make such a prediction, the SM needs to be trained. This requires a basis set of structural response
samples which are assigned to predefined input variables. Within the reliability context these input
variables correspond to the involved uncertainties, so they usually match with the designated random
variables required to establish the limit state function. The sampling process still relies on the original
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structural analysis and simply computes responses for different manifestations of the input variables.
The selection of appropriate manifestations or sample sets can be challenging since they determine the
accuracy of the response. Different strategies exist like Latin Hypercube Sampling which tries to equally
occupy the space of the input variables with a minimum number of required samples. In contrast, there
are methods like importance sampling or stratified sampling which more focus on specific regions of the
variable space [19] [20]. Their benefit become apparent when it is considered that the SM is detached from
the actual physical background, meaning it can also be used to directly render the LSF. If for such cases,
e.g. a FORM analysis is intended, the more focused sampling methods can achieve a higher accuracy
if applied to the failure region. To implement such a SM based on obtained training samples, different
approaches are available. The simplest form is the application of a polynomial interpolation function. Kim
and Lee [21] are utilizing this method together with a FORM approach to perform a reliability analysis
of a jacket structure under extreme load conditions. A further prevalent method used to generate the
SM is the Gaussian Process Regression (GPR), or Kriging. GPR is a Bayesian non-parametric regression
method utilizing a Gaussian process. Thereby, the spatial relationship between the obtained samples is
described through a special covariance kernel function, and then used to make predictions for unknown
locations [22]. In addition to the response approximation, the GPR methods returns information about
the variance obtained during the prediction. This can be used as a helpful resource to measure the relative
accuracy of the GPR, e.g. to evaluate whether a certain approximation is obtained from a region with
sufficient sampling density or not. Although GPR is already used as SM for RBDO, the applications
within offshore wind for purposes directly assigned to structural verifications are marginal. Yang et al.
utilized the method to conduct a RBDO of a tripod structure [23]. Slot et al. implemented GRP as SM
for the reliability analysis of rotor blades [24]. The heretofore mentioned practices have in common that
they depend on a single set of design variables. If these are subjected to changes which can occur several
times during a single optimization loop, the generation of a new SM must be performed. Dependent on
the complexity of the structure, the number of load cases to consider and the amount of random or input
variables, the effort for the SM generation can be still elaborate. A possibility to considerable reduce the
computation cost is provided by Stieng and Muskulus [1]. Within their RBDO of a monopile support
structure a compound SM is used. Therein the overall stochastic response is expressed as a combination
of a design dependent mean response and a relative stochastic response. Based on earlier investigations
of the authors this relative stochastic response can be assumed to be invariant as long as the design does
not change considerable. This means in reverse that by knowledge of the relative stochastic response,
the determination of the overall stochastic response only requires the calculation of the design depended
mean response. This single SM fit approach decreases the computational effort drastically.

Simplification of the load approach
As mentioned in the introduction of the RBDO problem within the context of OWT, a high number of
load cases must be evaluated, especially to determine the fatigue strength. Therefore, it is comprehensible
that a reduction of these load cases has a direct impact on the computation time. A well utilized approach
is introduced by Kühn [25] for load cases provided in the form of wave-wind-scatter diagrams. Based on
simplified fatigue analyses the damage of each fatigue load case or elementary load cases is calculated.
Then a lumping strategy is implemented which leads to a small number of load cases whose total damage
is similar to the total damage obtained by the elementary load cases. Clear lumping instructions do not
exist, but the author suggests strategies targeting for approximately similar damages per lumped load
case or trying to consolidate all sea states associated with a certain wind speed class. The number of load
cases can even be more reduced. Zwick and Muskulus [26] propose a simplified fatigue load assessment
by implementing a regression based on a multivariate linear statistical model. By this the amount of load
cases as proposed by Kühn can be reduced from 21 to 3 with a fatigue damage error of only 6%. With
this low number of load cases RBDO can be accelerated significantly. However, it should be mentioned
that these methods do not come without drawbacks. Dependent on the selected lumping strategy the
consideration of dynamic effects can be inaccurate. The structural response is highly influenced by
the prevailing wave period, but some lumping strategies simply disregard this dependence which makes
overestimations or even an underpredictions of the total fatigue damage possible [27]. Another influence
on the fatigue results is originating from the selected lumping location on the OWT structure. The
accuracy is highest at that particular location but can decrease if other locations are evaluated.
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4

Possible topics for further research

Single SM approach with extension
A fast-forward strategy to provide a performant RBDO approach for jacket structures would be to verify
whether the presented simplification methods would be applicable as well. To start with, it would be
very interesting to find out whether an adaption of the single SM fit approach described by Stieng
and Muskulus would be possible. The approach has the major advantage that the modelling effort is
comparatively low since existing multi-physics simulation software can be used as basic framework. This
makes it easy to apply and attractive for an application in practice. Provided the constant character
of the relative stochastic response can be confirmed for jacket structures, the method could be even
extended by another SM which would render the deterministic response. If a state problem evaluation is
required, the overall structural response is obtained by the two SM. This could be beneficial towards the
optimization performance.

Adjusted frequency domain analysis
The requirement for sophisticated transient analyses is still a drawback since they require a lot of computational time. Unfortunately, this is still the case even when SM are utilized because of the required
training samples. The application of linear models and the possibility to work within the frequency domain would accelerate the limit state evaluations dramatically, but as they do not account for non-linear
effects, they might be inaccurate in cases where nonlinearities are prevailing. Interesting to investigate
would be how these two approaches differ, e.g. for the fatigue limit state, and how this difference could be
quantified. The research goal should be to provide a model, maybe realized through an artificial neural
network, which adjusts the frequency domain analysis to follow the result of the full transient analysis.
If it could be shown that this is feasible and that a possible dependency on changed design variables can
be considered, then a significant reduction of the computational effort would be possible.

S-N curve and Miner sum as random variables
Up to this point, this topic is not addressed within the paper at hand, yet, but during implementation
of a SM for a reliability-based fatigue verification, the selection of the random variables for the material
resistance can be challenging. To elaborate this the Palmgren-Miner linear damage hypothesis is reviewed.
Therein, failure of a structure or component is assumed to occur in case the total accumulated fatigue
damage D, also denoted as Miner sum, reaches a critical value Dcr :
Dcr ≤ D =

k
X
ni
N
i
i=1

Therein k describes the number of considered stress ranges, ni the number of stress cycles experiences
at a certain stress range ∆σi and Ni the number of stress cycles leading to failure at that same stress
range. Within this formulation two different material properties are combined. The material’s resistance
to cyclic loading with constant amplitude is described through the stress cycles to failure Ni which in
turn are defined by the underlying S-N curve. Whereas the material’s resistance to cyclic loading under
varying amplitude is in a way processed by the critical damage value. Under deterministic measures this is
normally not considered, but within a reliability analysis this distinction must be observed as suggested
by the Joint Committee on Structural Safety (JCSS) [28]. Incorporating these two random variables
within the fatigue resistance is challenging due to the non-linear character of the S-N curve which is
why in several investigations only the critical fatigue value is chosen to be a random variable, whereas
the S-N curve remains deterministic which is more conservative. It would be interesting to investigate
how the random character of the S-N curve could be observed without an increase of the computational
effort. Thereby it should be elaborated if it’s enough to simply add the S-N curve parameter as an input
variable for the SM, or whether a more sophisticated approach is required which could adjust the Miner
sum afterwards without enlarging the SM.
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Introduction of modularity
So far, there are several simplification methods available. They all share that they are merely applied
to optimize a single facility for a particular location. As mentioned in the introduction, within this PhD
project it is strived for to include a modular concept into the jacket structure design in order to utilize
possible cost reductions through economy of scale. This could mean that as an outcome it is strived for to
provide a range of different jacket or jacket module designs which are all optimized based on RBDO and
suited for different environmental conditions. If then new wind parks are projected, instead of designing
individual jackets, the appropriate design could be simply chosen from the available design catalog. This
modular concept reveals several issues to approach. At first glance, a major research goal to investigate
would be to find a suitable classification of the general boundary and environmental conditions. If the
final portfolio should possess designs covering for possible constraints of a certain maritime area, e.g.
the complete North Sea, then a methodology is required to gather all the environmental conditions of
this region and to condense or classify them adequately for different environmental severities. These
environmental classes would then serve as design bases for the catalogue jackets. In reverse, this methodology should also make it possible to select a design of the portfolio which would suit the best for a
given location or use case. Another fundamental research goal would be to formulate the actual design
optimization problem and to address the challenge of the design load characteristics. Otherwise to a
single location, now a range or continuum of environmental conditions must be considered. It would be
interesting to investigate how this can be implemented or how it changes the overall effort. A simple
approach could be to deduct several discrete manifestations from the complete domain of this environmental condition range and to utilize these as multiple state problems. The optimum would then be a
compromise between all these discrete manifestations, but with the drawback of very high computational
costs. It should therefore be investigated whether a smoother approach exists which does not require the
implementation of additional state problems.

5

Conclusion

After an introduction to the general RBDO problem, the specifics and challenges towards its application
on offshore wind support structures are outlined. The central issue therein is exposed as the elaborate
computational effort for which existing solution approaches are shown and discussed. Thereby, simplifications within the structural analyses are introduced which mainly utilize a de-coupling between the
aero-servo calculations and the actual structural analyses of the support structure, or alternatively which
make use of an impulse based sub-structuring approach which allows for a very fast calculation of the
total response. Next, different surrogate model approaches are discussed which replace the sophisticated
structural analyses by a more simple and faster approximation model. It is concluded with the presentation of load case lumping in order to reduce the amount of computational time during fatigue evaluation
through radical reduction of the considered number of load cases. Following this, an outlook is given
to address possible future research topics which could be interesting to investigate. It is outlined how
a single fit SM approach could be adapter towards jacket structures and how it could be extended. It
is addressed how frequency domain analyses could be used to accelerate the structural computation and
how the consideration of uncertainty in the fatigue resistances could be simplified. Finally, the modularity
within the design of jacket structures was discussed. It can be concluded, that a RBDO of jacket structures is generally feasible and economically possible if simplifications are introduced. Most promising are
structural model simplifications and the implementation of SM.
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1

Introduction

Floating Offshore Wind Turbines (FOWTs) have been a strongly growing point of interest for academia
and industry in the recent years; with development and testing of different prototypes 1 2 3 4 5 and the
employment of the first full-scale FOWTs 6 7 8 9 taking place since around 2009, whereas the first FOWT
wind park Hywind Scotland was constructed in 2017 10 .
The growing interest in FOWTs is founded on the advantages that FOWTs offer as opposed to the
currently more widely employed bottom-fixed offshore wind turbines, being amongst others the potential
of employment in deeper water depths [1] and prospective cheaper mass production.
However, as a still developing technology, FOWTs face certain challenges; for FOWT moorings in particular that is the lack of specific design guidelines for new design developments, such as e.g. multi-floaters,
the question of which factors influence system reliability to which extend and how system reliability should
be assessed. Also, as of now, there is no clearly defined procedure to achieve an optimal system design,
and simulations using currently available modeling software are often very time-consuming and limited
in their functionality.
The ongoing work will approach the above mentioned issues by developing a methodology to evaluate FOWT mooring system reliability, considering complex system configurations and new technological
developments, such as multi-floaters and synthetic fibre rope.
Though, the limitations and high computation times of presently available software hinder the optimal workflow on methodology development. To illustrate; popular commercial mooring software, such
1 SeaTwirl

– the future of offshore wind URLhttps://seatwirl.com, accessed 28.09.2020
GICONR c -SOF schwimmendes offshorefundament URL http://www.gicon-sof.de/en/sof1.html, accessed
28.09.2020
3 EOLINK cost effective floating wind parks URL https://www.eolink.fr/en, accessed 28.09.2020
4 Final report summary - DEEPWIND (future deep sea wind turbine technologies)—report summary — DEEPWIND —
FP7 — CORDIS — european commission URL https://cordis.europa.eu/project/id/256769/reporting/, accessed 28.09.2020
5 VolturnUS
advanced
structures
composites
center
university
of
maine
URL
https://composites.umaine.edu/research/volturnus, accessed 28.09.2020
6 Hywind demo - equinor.com URL https://www.equinor.com/en/what-we-do/floating-wind/hywind-demo.html, accessed 28.09.2020
7 Principle power, inc. - WindFloat URL https://www.principlepowerinc.com/en/windfl, accessed 28.09.202
8 Fukushima floating offshore wind farm - power technology—energy news and market analysis URL https://www.powertechnology.com/projects/fukushima-floating-offshore-wind-farm, accessed 28.09.2020
9 ideol floating platform—offshore wind power URL https://www.ideol-offshore.com/en/floatgen-demonstrator, accessed
28.09.2020
10 Hywind scotland - equinor.com URL https://www.equinor.com/en/what-we-do/floating-wind/hywind-scotland, accessed 28.09.2020
2 Das
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as ORCAFLEX 11 or SIMA 12 , are well validated and provide reliable results at the expense of a timeintensive computation, which is inter alia caused by using Finite Element Modeling (FEM) and a high
degree of software complexity. As for commercial software, the source code is not accessible or editable
by users, limiting the exploration of new, not yet embedded, concepts. To circumvent the inaccessibility
of commercial code, open source software can be used. At the moment the most advanced open-source
software is MoorDyn 13 , and while freely available and editable, its suitability is not ensured. A first
analysis of the code has shown lack of ability to simulate multi-segment lines, multi-floaters, diverse
number of mooring lines, amongst others.
Due to the aforementioned hindrances that current software presents, the methodology development
will be implemented in a software which is created coupled with the methodology exploration. During
its development, the software will be validated against the well established and experimentally validated
SIMA. The software will allow for more adaptable and time efficient analysis of complex mooring systems,
ultimately accompanying and enabling efficient research in methodologies for reliability assessment and
optimization. By exploring the latter points, new insights into mooring reliability and design optimization will be gained, which may amongst others be implemented in future FOWT mooring guidelines as
well as in determining the optimal mooring design for future FOWT projects.
The presentation in the 16th EAWE PhD Seminar on Wind Energy will focus on the planned improvements beyond the capabilities of the open source mooring software MoorDyn and touch on an early
stage approach to methodology development for mooring reliability assessment and optimization.
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11 OrcaFlex-dynamic analysis software for offshore marine systems URL https://www.orcina.com/orcaflex, accessed
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12 Marine
operations and mooring analysis software — sima - digital solutions - DNV GL URL
https://www.dnvgl.com/services/marine-operations-and-mooring-analysis-software-sima-2324, accessed 28.09.2020
13 MoorDyn by Matt Hall URL http://www.matt-hall.ca/moordyn.html, accessed 20.09.20, website is currently not accessible
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1

Introduction

Wind turbines are moving further offshore and are increasing in size. Optimizing maintenance strategies
for these large offshore wind farms can help reduce the cost of maintenance. Condition monitoring with
the use of turbine supervisory control and data acquisition (SCADA) and vibration measurements can
be used for early fault detection of wind turbine components. Based on the fault detection method
and the fault diagnosed maintenance can be planned or a method for life extension can be applied.
Conventional condition monitoring is generally based on data-driven methods that do not require a
significant amount of system knowledge. Methods to diagnose faults are already developed and proven
to work [1, 2, 3]. However, fault prognosis using data-driven methods is still a large challenge due to
limited knowledge regarding the behaviour of the system. Further more, limited knowledge regarding
slow rotating machinery and its behaviour and failure characteristics is known to this day.
Physical-based condition monitoring requires more system knowledge than for data-driven condition
monitoring. Accurately predicting failure is difficult [4, 5] and more than often the properties needed to
develop a physical-based model are not known by the wind turbine operator, leaving this as a not feasible
method to determine the wind turbine condition and its remaining useful life (RUL).

2

Objectives

The objective of the PhD is to develop an advanced condition and health monitoring system by using
a hybrid (physical and data driven) model which can detect early faults of rotating machinery, with
emphasis on bearings and gears, in offshore wind turbines. This model is then further extended to
determine the RUL of these components and will be verified using field experiments. The aim of the PhD
is also to get a better understanding of large slow rotating machinery in non stationary and non linear
load conditions and to reduce the overall model uncertainty through field experiments.

3

Methodology

First, a method is proposed to determine the system properties of a wind turbine drivetrain using SCADA
data and vibration measurements. Using the acquired data a physical model using the software SIMPACK
[6] will be developed, which is tuned on the system properties found by the inverse system identification
and operational modal analysis. This model should be able to capture drivetrain dynamic behaviour in
a way it can be used for RUL calculation.
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The above methodology will first be applied on a commercial 1.5 MW drivetrain, instrumented with
a SCADA system and proximity sensors on the main bearing and will later be applied on larger Multi
MW wind turbines. Further details on the 1.5 MW turbine can be found in NREL/TP-5000-70639 [7]
and NREL/TP-5000-71529 [8].
Gear properties will be determined using KISSsoft [9], bearing properties will be determined using
finite element/contact mechanics modelling [10] and the shaft properties will be tuned on system properties found from stop, start or ringing occurrences found in the measurement data. SIMPACK [6] will be
used to model the full drivetrain, which has been done previously by Nejad et al. (2016) [11] and Wang
et al. (2020) [12].

4

Expected Results

The model will be used for damage estimation, fault detection and remaining useful life estimation.
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Abstract

Large-scale offshore wind farms are growing considerably fast in Europe. Optimal operational
strategies are needed to improve the economic and reliability conditions of these sources. Maximising
the total energy production, minimising the operating costs, and providing grid balancing services to
transmission system operators are potential objectives of the optimal problem. This paper deals with
an optimal operation strategy, which intends to optimise the operation of the whole wind farm by
operating some wind turbines at sub-optimum points instead of optimising the power extraction of
each wind turbine individually without considering the wake effect inside the wind farm. The wake
formation can be minimised by reducing the wind turbine thrust force. Therefore, the axial induction
based wake control can be achieved by adjusting the pitch angle and rotor speed, which results in an
optimal tip speed ratio. In this work, we use the FLORIS model, which predicts the time-averaged
three-dimensional flow field and turbine power capture of a wind farm as a function of the turbine
control settings and the incoming wind field. The proposed approach is performed to analyse the
axial induction control results in increased energy production. The analysis of the simulations of the
C-Power phase one offshore wind farms in the North Sea indicates that the wake controlled strategy
using axial induction control results in increased energy production.

Keywords: Wind farm, Wake control, Power maximisation

1

Introduction

The global energy consumption has been growing since the industrial revolution. In Europe, crude oil
and petroleum products with their inevitable consequences on the environment are still quantifying the
most significant energy sources. Fortunately, the European Union’s (EU) goal is to make Europe climate
neutral by 2050. The EU has been creating an inclusive and sustainable growth of renewable energy
technologies over the past decade and has become a global leader in tracking the record of decarbonising
power systems [1]. Wind energy offers the most extensive contribution to the EU renewable energy and
is expected to be responsible for supplying up to 759 TWh by 2030, which will be 23% of electricity
demand [2]. Deployment of offshore wind, in particular, and finance in its underlying technologies are
fully supported by the European parliament and its established policies. There are now 110 offshore
wind farms in 12 European countries with a total capacity of 22,072 MW [3]. The Belgian government
is targeting to extend the installed capacity of wind farms in the North Sea up to 5.4 GW by the end of
2028.
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For moving towards a truly green vision, two key elements need to be considered, i.e., the efficient
integration of wind energy into the power grid by involving wind farms in the electricity market, which
increases the grid resilience, and to enhance the energy production capability of wind farms by using
optimal operation strategies. The stochastic nature of wind flow is the primary cause of the uncertainties, which have been introduced to the grid. A solution to this problem is that offshore wind farms
actively contribute to grid balancing [4], which is quite challenging. Nevertheless, enhanced knowledge
of fluid dynamics and improved forecasting algorithms, along with optimal control strategies, enable the
offshore wind farms to maximise their total power generation by reducing the wake interaction among
wind turbines, and might also enhance the capability of wind farms in positive contributions to grid
balancing [5, 6, 7].
The conventional wind farm control approach relies on greedy control, in which the operation of wind
turbines is optimised individually in order to maximise its power extraction and to minimise structural
loading. However, advanced control strategy aims to optimise the wind farm total production by operating
some turbines at suboptimal points to reduce wake interactions [8, 9, 10]. In particular, the Belgian
offshore is recognised as a high-density production zone, the proposed approach might lead to a low
variability of the wind farm power, especially in case of a severe turbulent condition [11]. Moreover, to
enable offshore wind farms to comply with the grid codes requested by transmission system operators,
the power reserve dispatching should be conducted such that the aerodynamic coupling is less affected
by the wake [12, 13].
In literature, among wind farm operation and active wake control strategies, two major control approaches can be characterised, i.e., Axial Induction Control (AIC) and Wake Redirection Control (WRC)
through yawing or tilting wind turbines [14]. Steering the wakes away from downstream wind turbines
by operating the wind turbines with a yaw misalignment is widely discussed in the literature [15, 16, 17].
The concept of axial induction control, which is the focus of this paper, is to reduce upstream wind
turbines’ thrust force and weaken wake formations by adjusting their axial induction factor through
the pitch angle or tip speed ratio. This enables downstream wind turbines to extract more power and
experience fewer wake turbulences [14]. A control design is proposed in [8] based on a coordinated control
between a wind farm centralised and wind turbine local controllers. The central controller optimises the
operation of each wind turbine to maximise the farm total power production, and the local controllers
are responsible for regulating wind turbine speed at a predetermined setpoint. Furthermore, advanced
control approaches with the target of lowering the Levelised Cost Of Energy (LCOF), including the
reduction of fatigue load and enhancement of grid support measures, gained much attention in recent
years [18, 19, 20].
This paper investigates the optimal operational strategy of the C-Power phase one offshore wind farm
in the North Sea, which consists of six 5MW turbines in a single row, based on axial induction control.
Section 2 discusses the axial induction control method and its fundamentals. Section 3 introduces the
control Strategy and Wind Farm Modeling. Results of the wind farm simulation are given in section 4.
The paper concludes with a summary in section 5.

2

Axial induction nontrol

To achieve axial induction based control, which aims to reduce the wake deficit downstream by reducing
the axial induction factor of upstream wind turbines, the free-streamed wind turbines need to be operated
outside their aerodynamic maximum by increasing the blade pitch angle or reducing the tip-speed ratio
(operating at a suboptimal) [21]. This reduces the mechanical power Pm and the magnitude of the rotor’s
thrust force FT given by (1) and (2).
Pm =

1
ρACP (β, λ)v 3
2

(1)

1
ρACT (β, λ)v 2
(2)
2
where ρ is the air density, A is the rotor radius, Cp is the power coefficient, which is a function of the
pitch angle β and tip speed ratio λ, and v is the wind speed. The tip speed ratio is defined as the ratio
FT =
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(a)

(b)

Figure 1: (a) Power coefficient and (b) Thrust coefficient in terms of the pitch angle and tip speed ratio
distribution in the downstream direction.
of the blade tip speed over the speed of the incoming wind is given by (3).
λ=

ωR
v

(3)

The power coefficient and thrust coefficient of the 5 MW offshore turbine in terms of the pitch angle
and tip speed ratio is shown in Figure 1. The power coefficient is 0.46 obtained at the pitch angle of
0° and the tip speed ratio of 7.56, whereas the maximum thrust coefficient of the wind turbine can be
obtained at the pitch angle of 0° and the tip speed ratio of 18.6. Classically, the average wind velocity at
the turbine can be given by the axial induction factor a. As shown in Figure 2, the extraction of energy
by the turbine blades causes a reduction in the wind velocity at the turbine disk, and also in the wake
of the turbine. Based on the continuity equation in the steady-state, the flow area will increase at the
turbine, and even more at the wake, which results in flow reduction [22].
In this paper, the wake model available in FLORIS is employed, which incorporates Jensen’s model
incorporated with the wind farm model and its control tools [7, 23, 24]. It is necessary to have a sufficient
understanding of the coupling between CP and CT to achieve the controllability of the wind farm. To
provide a realistic description of turbine interactions in a wind farm, the 5 MW turbine model is simulated
in FAST, which consists of a CP /CT table based on wind speed and blade pitch angle [7]. Moreover, CP
and CT , correspond to the local conditions that each turbine is operating at, and can be defined as a
function of the axial induction factor (a) as follows
CP = 4a(1 − a)2

(4)

CT = 4a(1 − a)

(5)

The wake model is also able to compute the turbulence that is generated by turbine operation and ambient
turbulence conditions based on the number of turbines affecting the downstream turbines, the ambient
turbulence intensity, and the added turbulence due to each turbine operation, which can be calculated
in terms of CT as a function of the axial induction factor.
Upwind velocity

Rotor disk

Figure 2: Stream-tube of a wind turbine.

127

16th EAWE PhD Seminar on Wind Energy
14-16 December 2020
Online Event

3

Wind farm modeling and proposed control strategy

The simulation of the axial induction control strategy is implemented to the C-Power first phase offshore
wind farm, which is the first operational wind farm located in the Belgian North Sea. The wind farm is
neighbored by the second and third phases of the C-Power project consisting of 48 of 6M Senvion turbines
with a total capacity of 295.5 MW. The first phase has been positioned in one row consisting of 6 5MW
turbines with 500-meter distances between the turbines, which assumed are not influenced by the wakes
of the C-Power second and third phases. The simulated wind farm layout and the flow estimation, by
using FLORIS, is illustrated in Figure 3.
The purpose of axial induction control is to adjust the power production of upwind turbines away
from their optimal settings to control the axial induction so that downwind turbines can produce more.
This strategy is beneficial if the reduced power generation of the upwind turbine can be compensated
by the downwind turbines and/or when the upstream turbine significantly affects the performance of the
downstream turbines by its wake. In this work, the wind direction is aligned with a row of 6 turbines.
For a given wind direction, maximum wake conflicts, less wake recovery, and fairly wake-rotor overlap
can occur subsequently.
The wind farm total power generation is given by [25] can be maximized by solving the following
optimization problem
6
X
1
ρACP (ai )vi3
(6)
M ax
2
i=1
Varying an axial induction factor ai not only influences the power production of the turbine i but also
changes the speed of the wind traveling downstream of the turbine i due to the wake interaction. The
control parameters ai can be iteratively updated to search for an optimized solution. The optimisation
process for the below-rated wind conditions with 10% turbulent intensity performs a reference calculation
using the modified CP /CT map based on the pitch setting. The wake parameters are computed at each
turbine location to adjust the axial-induction factor of the individual turbine. It is worth mentioning
that the power coefficient CP is less sensitive to the control settings at the maximum operating point,
whereas the thrust coefficient CT is more sensitive to the pitch action. Therefore, only the pitch of the
most upstream turbines is optimised in this process. Earlier studies have indicated that increasing the
pitch angle of downstream turbines does not improve the energy yield [21].

Figure 3: The layout of the simulated wind farm and flow estimation using FLORIS. Top: wake controlled.
Bottom: nominal operation.

4

Simulation results

The results of the simulation at different wind speeds below the rated shows that using the axial induction
control method can be beneficial in energy production since the overall power production is increased.
The reduced turbulence intensity and the wake deflection of the upstream turbine can be observed in
Figure 3. Due to the semi-uniform reduction in the axial induction factor, the wake shape remains
similar for downstream turbines, and a small part of the kinetic energy of the wake can be diffused into
the downstream turbine rotor diameter.
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As shown in Figure 4, the power of the upstream turbine decreases when the wake controlled approach
is activated through axial induction control. This is due to the pitch angle offset, which reduces the
aerodynamic effectiveness of the blades. For most of the remaining turbines of the row, an increase in
power can be observed, resulting in an overall power gain. The numerical results are given in Table 1.
Table 1: Numerical results
Wind speed m/s

5

6

7

8

9

10

11

12

Total power (MW) Nominal operation
Total power (MW) Wake controlled
Power gain %

1.39
1.43
2.59

3.31
3.43
3.68

4.00
4.17
4.25

6.03
6.31
4.60

8.50
8.90
4.70

14.44
14.76
2.21

18.35
18.83
2.60

22.09
22.44
1.58

Figure 4: Power of turbines in row T1-T6 for wind speed of 5 m/s to 12 m/s in case of nominal operation
and wake controlled.

5

Conclusion

In this paper, the performance of the wake controlled strategy using the axial induction control method
is compared with the wind farm nominal operation. The first phase of the C-Power offshore wind farm
layout is simulated using FLORIS. The axial induction control approach tries to optimise the total power
production of a wind farm by minimising the overall wake deficit through adjusting control inputs. The
results show that there is an advantage in using the proposed control method, particularly when the
wind direction is aligned with the row of wind turbines. It has been conducted that this strategy can
significantly improve the efficiency of the wind farm.
Further investigation can be made to analyse the impact of the wind turbines’ structural load in case
of applying this strategy. In this paper, it has been assumed that the wind turbines in the first phase are
not affected by the wakes of the C-Power second and third phases. However, future studies can explore
additional effects to see if the optimal wake adjustment can be reasonably used for the entire C-Power
farm.
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1

Introduction

The simulation of offshore wind turbines in the time domain is very time-consuming due to many load
cases to be calculated and stochastic simulation models. A possible alternative to simulations in the time
domain can be the use of meta models. A meta model is a mathematical model that approximates the
relationship of input to output data in a significantly reduced time. Meta models are already used in the
wind energy sector. So far, there are only a few studies that have comprehensively investigated the use of
a meta model for a simulation model of a wind turbine as well as sampling methods used to generate the
training data for the meta model. Training data are the data used to create the meta model. In addition
to the mentioned points, there are only a limited number of studies that compare various meta models
with each other.
A meta model that is already used in wind energy is the Kriging meta model. There are already some
more detailed studies on Kriging, but there is still a general need for research, e.g. with regard to different
sampling methods, the number of seeds, input variables and with regard to a comprehensive comparison
with other meta models.
In this study, the Kriging meta model is analysed with respect to two different sampling methods to
generate the training data. The two sampling methods investigated are Monte Carlo Sampling and a
deterministic grid. The investigation is similar to the procedure described in Wilkie [1]. However, a more
advanced sampling technique, an adapted fractional factorial design, is investigated. This design does
not consider combinations hat do not occur in reality (e.g. very small wind speed and high wave height).

2
2.1

Methodology
Simulation model

To generate the training data the NREL 5MW reference turbine [2] with the OC3 Monopile and soil
[3] is used. The environmental conditions measured at the research platform FINO 3 [4] are used. Five
parameters are considered as scattering parameters: wind speed vs , turbulence intensity T I, significant
wave height Hs , wave peak period Tp and wind wave misalignment θmis . The operating condition of
power production is considered and the loads are evaluated at mudline and at the rotor blade root.

2.2

Monte Carlo Sampling

When creating the first training set, N random numbers in the interval [0,1] are first generated for each
parameter. N is the number of samples. Then, the random numbers are used to determine the values via
the inverse of the cumulative distribution of the parameter. Dependencies of the parameter distributions
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Figure 1: correlation between wind speed and wave height (a) Monte Carlo sampling (b) deterministic
grid
on wind speed and wave height are taken into account as shown in Figure 1(a). More information can be
found in Hübler et al. [4].

2.3

Deterministic grid

A deterministic grid is created for this approach. Here, combinations that are unlikely to occur should
be excluded. This is considered as follows: First, the range of wind speed is divided into equally spaced
intervals as shown in Figure 1(a). The distributions of the other parameters depend on the wind speed.
Therefore, the lower and upper limits of each parameter are determined for each chosen wind speed. The
interval ±2σ is used as limits. Since the parameter range should be divided into intervals of equal size
(for all selected wind speeds), the determined lower limits are rounded down and the upper limits are
rounded up to the next grid point. This, as well as the correlation between wind speed and wave height
is shown in Figure 1(b).

3

First Results and Outlook

First results with Monte Carlo Sampling show that the Kriging meta model leads to good results. A
disadvantage is that load cases, which occur rather rarely, cannot be respresented well by the meta model,
because there are only few training samples that represent these load cases. This can significantly increase
the error of the meta model. For the Kriging model, which is based on the training data generated with
the grid sampling, it is to be expected that the mean error of the meta model will be higher than for
Monte Carlo Sampling. However it is assumed that all load cases can be represented due to the evenly
distributed samples. If this is confirmed, a further interesting step would be to combine the two sampling
procedures.
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Abstract
In this contribution several feature selection techniques are tested in order to better understand
the relevance of different input parameters in the estimation of a wind turbine’s tower damage and
their relative validity. Firstly, a number of input parameters stemming from supervisory controland
data acquisition (SCADA) and accelerometer sensors of an instrumented wind turbine are processed
into 10-minute metrics. This instrumentation setting is enabled through the framework of the Onand Offshore Wind Infrastructure Application Lab’s (OWI-Lab) projects Safelife and Supersized 4.0.
In this stage, an artificial neural network (ANN) model, based on previous research, is also used to
estimate the thrust load impacting the tower through the use of high frequency SCADA data (1Hz).
After the data has been processed, a random set of representative data points are selected. This
dataset is then the basis for the feature selection algorithms. These can be divided into filter-based,
wrapper and intrinsic techniques. The specific techniques tested are Pearson (also with K-Best),
Kendall and Spearman’s Correlation, Dominance Analysis, Random Forest and Recursive Feature
Elimination (with both random forest and decision tree classifier). The results attained for each
technique are then compared and global trends extrapolated.

Keywords: Artificial Intelligence, Neural Networks, Feature Selection

1

Introduction

Wind turbine fatigue, the remaining useful lifetime and possible lifetime extensions are increasingly
relevant topics as older wind farms are reaching the end of their design lifetime, being a key industrial
concern. An informed decision to extend the lifetime of a wind turbine ought to take into account the
fatigue assessment of said turbine, which can be based on measurements of the load history taken in the
turbine [1, 2]. In order to properly assist wind farm operators on such decisions, an accurate fatigue
assessment is required for each and every wind turbine of the farm. Due to the prohibitive costs of
strain gauge installation, an alluring alternative appears through the combination of supervisory control
and data acquisition (SCADA) and accelerometer data, the latter of which enables the incorporation
of structural dynamics, thus ensuring a fuller picture of the corresponding fatigue behaviour. Within
the framework of OWI-lab’s projects Safelife and Supersized 4.0, data coming from the SCADA system
and additionally installed accelerometers are used to get a better insight in the consumed lifetime of,
respectively, jacket foundations and monopile foundations.
Additionally, based on an earlier work [3], the estimated thrust load from 1Hz SCADA is also included
as a feature of interest. With the advent of widespread use of artificial intelligence (AI), in particular deep
neural networks, this technique appears to be especially suitable for this application. As previous research
has demonstrated, neural networks are particularly sensitive to the input data and the proper selection
of input variables is paramount [4]. In the present contribution, a methodology for the proper selection
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of the input features is developed. These features consist on 10 minute metrics of each acceleration, SCADA - and thrust signal, namely, mean, median, standard deviation, rms, maximum, minimum,
range, kurtosis, skewness and spectral moments (1st -4th ). Additionally, the accelerations and thrust are
also cycle counted. Several feature selection techniques are tested, such as Pearson (also including KBest), Kendall and Spearman Correlation, Dominance Analysis, Random Forest and Recursive Feature
Elimination (with random forest and decision tree classifier algorithms) in order to assess which features
are of relevance, the importance of individual sensors and the level of feature reduction attainable.

2

Data Structure and Processing

The instrumented turbine has two different types of high frequency sensors that allow the attainment of
data: SCADA-related sensors placed in the nacelle (1Hz sampling frequency) and accelerometers (12.5Hz
sampling frequency) placed on three different heights of the turbines’ tower (the bottom, middle and upper
levels is abbreviated as BL, ML and UL, respectively). Additionally, multiple strain gauge sensors are
placed in the tower at the same height but different headings, which allows the calculation of the damage
equivalent moment (DEM) of the fore-aft bending moment, the intended target of this research. The
SCADA data includes wind speed, wind direction, rpm, yaw angle, ambient temperature, pitch, power
and two small accelerometers (one fore-aft, FA, and another side-to-side, SS). The accelerometers present
at 3 distinct levels (BL, ML and ML), produce signals in the X and Y directions, along with FA and SS.
These signals also undergo an additional transformation into displacements, in meters.
The high-frequent SCADA data is also used to estimate the thrust load on a 1s basis. This parameter,
apart from its intrinsic relevance, is of significant interest because it synthesises into a single value a vast
amount of information from the SCADA data. In addition, the thrust load is one of the major contributors
to the structure’s damage, thus its estimation and inclusion appear even more important.
All of these variables (SCADA, accelerometer, thrust) are processed into 10-minute metrics. These
include widely-known metrics as mean, minimum, maximum, median, mode (most common repeated
value), standard deviation, range and root mean square, but also spectral moments, skewness and kurtosis.
Their implementation was enabled by the package scipy.stats.
• Spectral Moments
Moments of functions are, in general, ways of quantitatively obtain measures related to the shape
of the function’s graph. These form a set of values by which the properties of a function can
be usefully characterized. Spectral moments are, as the name implies, moments of a spectrum.
They are of practical relevance as in, for example, the analysis of the velocity distributions of
turbulent phenomena [5]. In this particular application the central spectral moments are calculated.
The central moments are the moments of a probability distribution of a random variable about
the random variable’s mean; this is useful as, unlike ordinary moments which are dependant on
location, central moments are solely related to the spread and shape of the distribution. Thus, for
a continuous univariate probability distribution with a probability density function, f (x), the ith
moment about the mean µ is [6]:
Z

+∞

(x − µ)i f (x) dx

(1)

−∞

We can translate equation (1) to its discrete form:
mi = 1/n

n
X

(xi − x̄)i

(2)

k=1

With n, number of samples and x̄ the mean of the sample.
We can then intuitively understand the first spectral moment as being 0, the second as representing
the variance (σ 2 , with σ the standard deviation) and the third and fourth moments enable the
attainment of skewness and kurtosis, respectively.
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• Skewness
The skewness of a function is the measure of the asymmetry of the probability distribution; that
is, how much extent to which a function ”leans” to one side of its mean. For normally distributed
data, the skewness should be about zero. For unimodal continuous distributions, a skewness value
greater than zero means that there is more weight in the right tail of the distribution. As previously
mentioned, the 3rd central moment is related to the skewness. This relationship can be translated
as m3 /σ 3 (3rd central moment divided by the cube of the standard deviation), and is known as a
standardized moment, wherein the moment scale is rendered invariant. We can then calculate the
sample’s skewness as the Fisher-Pearson coefficient of skewness:
3/2

g1 = (m3 )/(m2 )

(3)

where mi is the biased sample’s ith central moment. Equation (3) can be corrected for bias and
the value computed will be the adjusted Fisher-Pearson standardized moment coefficient:
p
n(n − 1) (m3 )
G1 =
(n − 2) (m3/2 )

(4)

2

• Kurtosis
The kurtosis describes the shape of a probability distribution by measuring its ’tailedness’, or how
’fat’ the tail is. It corresponds to the 4th standardized moment, or m4 /σ 4 (4th central moment
divided by the standard deviation, or the square root of the 2nd central moment, to the power
of 4). Usually 3 is subtracted (Fisher’s definition), in order to have a result of 0 for the normal
distribution, as in equation (5).
g2 =

m4
m4
−3= 2 −3
4
σ
m2

(5)

Apart from these metrics, the damage equivalent moment (DEM) of the thrust load and the damage
equivalent acceleration (DEA; it has no physical significance, the nomenclature is just an adopted convention) were calculated. The damage calculation is similar to the one performed to obtain the DEM of
the fore-aft bending moment (the intended target of this research). It depends on the number of cycles
and the stress range (or amplitude) of those cycles. These values are obtained through cycle counting,
using a rainflow algorithm. The principle is explained in [7]. This procedure to obtain the damage of the
bending moment is visualized in Figure 1.

Figure 1: Diagram with overview of the procedure required to attain a fatigue damage estimate. Extracted
from [8].
Finally, after processing all of the data into 10-minute metrics, a randomised set of points is selected
from the original dataset. Preliminary investigation found that the minimal amount of points that
ensures a representative random sample is 2500. However, in this contribution the amount of random
points selected was of about 4000. We can inspect the histograms of both the original and the reduced
(random) datasets for different parameters (vd. Figure 2). As we can obverse, there is a good accordance
between the original values and the ones from the randomised selection, thus ensuring a representative
dataset.
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((a)) Mean thrust.

((b)) Mean temperature.

((c)) DEA bottom level fore-aft.

Figure 2: Comparison between original processed data (blue line) and randomly selected dataset (red
dashed line).

3

Feature Selection

Feature selection is an umbrella-term for a number of methods focused on the reduction of input variables of predictive models into the variables believed to be the most useful to the models. Input variable
reduction is highly desirable as, through the removing of redundant variables, not only are the computational, memory and time costs reduced, but it may also improve the overall performance of the model,
as non-informative variables can add uncertainty to the predictions and reduce the overall effectiveness
of the model [9].
As mentioned, there are numerous feature selection methods, but all aim at a dimensionality reduction.
This constellation of methods can, however, be classified and grouped. The first distinction one can make
is between supervised and unsupervised methods: if the outcome isn’t ignored (i.e. we have a target
variable), then the technique is supervised. As this is our case, in the form of the DEM of the FA
bending moment, the present contribution will solely focus on these methods. They can be further
sub-divided into filter, wrapper and intrinsic methods and will be discussed more deeply in sections
3.1, 3.2 and 3.3, respectively. We can observe all these distinctions in Figure 3. Finally, one must
briefly mention the popular principal component analysis (PCA) dimensionality reduction method and
its nonlinear counterpart, Kernel PCA [10]. Their non-inclusion resides with the fact that they generate
new variables, which clashes with one of the objectives of this contribution, to determine the importance
of individual sensors.

Figure 3: Diagram of different feature selection techniques.
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3.1

Filter-based Feature Selection

Filter-based feature selection methods employ statistical techniques to evaluate the relationship between
each input variable and the target variable, assigning a score for the relevance of the input variable. The
scores obtained for the relationship between the variable and the target are then used to choose(filter)
the inputs that will be used in the model.
• Pearson’s Correlation
Pearson’s correlation coefficient, or Pearson’s r, is a statistical value that measures linear correlation
and defined as the ratio between the covariance of two variables, X and Y , divided by the product
of their standard deviations(σ). This is expressed by equation (6), which expands this definition to
a sample.
r=

Pn
(xi − x̄)(yi − ȳ)
cov(X, Y )
pPn
= pPn i=1
2
2
σX σY
i=1 (xi − x̄)
i=1 (yi − ȳ)

(6)

Pearson’s r assumes values between -1 and 1, where 0 > r > 1 represents a positive linear correlation,
−1 < r < 0 a negative linear correlation, and values close to 0 a weak correlation. As mentioned,
Pearson’s correlation is a linear method.
A threshold of |r| > 0.7 was defined in this contribution.
• Spearman’s Correlation
Spearman’s correlation is nonparametric measure of rank or ordinal correlation which defines if
two variables are monotonically related. Unlike Pearson’s correlation, Spearman’s correlation isn’t
linear, as it is nonparametric, just depending on the ranking of the variables. It is, per definition,
the Pearson’s correlation coefficient between the rank variables, and represented as ρ (−1 < ρ < 1).
Thus, if Y tends to increase when X increases, ρ is positive (monotonically increasing function).
If Y tends to decrease when X increases, ρ is negative (monotonically decreasing function). A
Spearman correlation of zero indicates that there is no tendency for Y to either increase or decrease
when X increases (non-monotonic function). This strong dependence on monotonic functions might
represent a hindrance when dealing with different datasets.
A threshold of |ρ| > 0.8 was defined in this contribution.
• Kendall’s Correlation
Kendall’s correlation coefficient, τ , like Spearman’s correlation, is a nonparametric rank correlation
measure. It is expressed by equation
τ=

n+ − n−

n

(7)

2


Where n+ is the number of concordant pairs, n− , the number of discordant pairs and n2 =
n(n−1)
the binomial coefficient for the number of ways to choose two items from n items. A pair
2
(xi , yi ),(xj , yj ) with i < j is concordant if xi > xj and yi > xy or xi < xj and yi < yj . Thus,
Kendall’s τ measures how similarly the orderings of the data are when ranked by each of the
quantities.
A threshold of |τ | > 0.6 was defined in this contribution.
• K-Best Selector
Once the statistics have been determined, we can apply a filtering method (besides thresholds or
percentiles), as the K-Best Selector. In this specific contribution, this filter was applied using a
univariate linear regression test, f-regressor. This a linear model (scoring function) for testing the
individual effect of each of many regressors. It starts by computing the correlation between each
regressor and the target, which then converts to an F-score and to a p-value.
A threshold of score > 7000 was defined in this contribution.
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• Dominance Analysis
Dominance Analysis measures relative importance pairwise, where two predictors are compared
in the context of all 2p−2 models that contain some subset of the other predictors (p). Thus, we
build 2p − 1 models (all possible subset models) and compute the incremental R2 contribution of
each predictor to the subset model of all other predictors. The increase in R2 resulting from the
addition of a predictor to the regression model measures then the contribution of that predictor.
It is, nonetheless, linear, but with the ability of calculating the interactional dominance of each
variable. It uses F-regression to select the top K-features.
In this contribution a maximum of 50 variables was defined.

3.2

Wrapper Feature Selection

Wrapper feature selection methods generate several models evaluating different subsets of input variables,
wherein the selected variables (features) are the ones that present the model that performs better, according to a performance metric. These methods’ models use processes that add/remove predictors until
an optimal combination that maximizes model performance is found. Unlike filter approaches, wrapper
methods are able to detect the possible interactions between variables. There are, however, disadvantages, such as an increasing overfitting risk (for small samples) and a very significant computation time
if the number of variables is large.
• Recursive Feature Elimination (cross-validation)
Recursive Feature Elimination (RFE), being a wrapper-type feature selection method, has a different algorithm present at its core wrapped around the RFE proper. This method’s process begins
with all features in a training dataset and then removes features by searching for a subset of features that are in accordance with a certain parameter (e.g. maximum number of features). In linear
terms, the machine learning algorithm present in the core of the model is fitted, the features ranked
by importance, the least relevant features iteratively discarded and the model is re-fitted, with the
processes being repeated until the required number of features is achieved. The feature ranking is
used either by a machine learning model or a statistical method. If a cross-validation of different
numbers of features is performed, then the number of features required is automatically calculated.
In this contribution the feature ranking algorithms (estimators) used were a decision tree classifier
and random forest.

3.3

Intrinsic

Intrinsic feature selection models entail built-in feature selection. This means that the model only includes
features that maximise the accuracy, thus performing automatically a feature selection during training.
These include penalized regression models and decision trees.
• Random Forest
Random forest algorithms are an intrinsic ensemble of decision trees algorithms.These act by generating several decision trees during training and outputting the mean/average prediction of the
individual trees. Random decision forests are preferred to classical decision trees because they
prevent latter’s habit of overfitting in the training set [11].
In this contribution a threshold of score > 0.001 was defined.

4

Comparative Analysis

All of the aforementioned feature selection techniques are applied to a dataset of 4249 points, wherein the
permutations of 35 parameters (between accelerations, SCADA data and thrust) with the corresponding
metrics generate 430 separate input variables. The selected features are represented in Table 2. Table 1
is the companion table to Table 2, where the numerous abbreviations and symbols can be deciphered.
There are some noticeable global trends. Some metrics pop-up far more often than others. For
example, the cycle counted accelerations (DEA), RMS, range (and max and min) and the standard
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deviation seem to be very well represented for the features related to the tower accelerometers. These
acceleration signals also present an interesting characteristic: for all levels, FA and X-direction signals
seem to be selected more frequently than SS. This isn’t nonsensical as our target is the fore-aft tower
bending moment DEM, and that for the wind farm in which the training wind turbine is located, historic
data shows that the fore-aft loading is the main source of fore-aft bending moment damage in the
structure (we can see this in Figure 4, where the FA parameters present a behaviour more linear than
the SS). A notable exception is the bottom level side-to-side acceleration signal, which a great number
of methods detected for many metrics. Keeping with the acceleration sensors (white part of the table),
the RFE methods (both for random forest and decision tree classifiers) also present some metrics which
aren’t selected for filter-based or intrinsic methods. These metrics include the kurtosis, mean, median,
skewness and both the 2nd and 3rd spectral moments. These methods (RFE) should be closely followed,
as they purport to be able to better capture nonlinearities that might escape filter-based or even intrinsic
methods.
If we now look into the grey area of the table (features related with SCADA data), we can observe
that RFE and Intrinsic methods are much more represented than filter-based (apart from the DEM of
thrust, and some nacelle accelerations metrics). The detection of the thrust by filter methods might be
due to it’s initially linear relationship to the tower fore-aft bending moment DEM (vd. Figure 5). SCADA
parameters as temperature, pitch and wind direction are just picked-up by the wrapper methods. These,
along with the intrinsic method, also signal more the spectral moments. Again, this is to be excepted, as
filter-based methods (even ’nonlinear’ ones such Spearman and Kendall) can’t pick-up the more complex
interactions between the SCADA data and the target variable. Although some of these filter methods
might be considered nonlinear, because they depend, as with Spearman’s ρ, on monotonic functions, not
all nonlinearities will be captured.
The overall conclusions can be read in section 5.

((a)) DEA bottom level side-to-side.

((b)) DEA mid level side-to-side.

((c)) DEA upper level side-to-side.

Figure 4: Comparison between fore-aft (green) and side-to-side (blue) DEA in bottom, mid and upper
levels. Plotted vs. tower fore-aft bending moment DEM (target).

Figure 5: Thrust DEM vs. tower fore-aft bending moment DEM.
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Meaning
Acceleration Sensor
Bottom Level
Mid Level
Upper Level
Fore-Aft
Side-to-Side
X-Direction
Y-Direction
Displacement
Damage Equivalent Acceleration
Damage Equivalent Moment (for Thrust)
Kurtosis
Skewness
i-th spectral moment
Standard Deviation
Temperature
Pearson’s correlation coefficient, r
Spearman’s correlation coefficient, ρ
Kendall’s correlation coefficient, τ
Dominance Analysis
K-Best Selector (F-regression)
Recursive Feature Elimination (cross-validation) using a Random Forest Estimator
Recursive Feature Elimination (cross-validation) using a Decision Tree Classifier
Random Forest Estimator
Table 1: Variable abbreviation explanation.

ACC BL X
ACC BL Y
ACC BL FA

dea
dem
†,
4,◦,,
†,
4,◦,
∗,?,†,
4,◦,,

g2

max
†,
4,◦,
†,
4,◦,
†,
4,◦,

mean

median min
†,
4,◦,
†,
4,◦,
†,
4,◦,

mode

range
†,
4,◦,
†,
4,◦,
∗,†,
4,◦,,

rms
g1
†,
4,◦,,
†,
4,◦,
†,
4,◦,,

m2

m3

m4

std
†,
4,◦,,
†,
4,◦,
†,
4,◦,,
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Abbreviation/Symbol
ACC
BL
ML
UL
FA
SS
X
Y
disp
dea
dem
g2
g1
mi
std
Temp
◦
4


†
?
∗
×
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ACC BL SS
ACC BL X disp
ACC BL Y disp
ACC BL FA disp
ACC BL SS disp
ACC ML X
ACC ML Y
ACC ML FA
ACC ML SS
ACC ML X disp
ACC ML Y disp

ACC UL Y
ACC UL FA
ACC UL SS
ACC UL X disp

?

†,
4,◦,

∗

†,
4,◦,
4,
†,
4,◦,

†,
4,◦,
†,
4,◦,
†,
4,◦,
∗,×,?,†,
4,◦,,
†,
4,◦,
∗,†,
4,◦,
†,
4,◦,
∗,?,†,
4,◦,,
†,
4,◦,
†,
4,◦,
†,
4,◦,
†,
4,◦,,
†, 4,
†,
4,◦,,
†,
4,◦,
†,
4,◦,,
†,
4,◦,
†,
4,◦,

†,
4,◦,,
†,
4,◦,
†,
4,◦,
∗,†,
4,◦,,
4,
†,
4,◦,,
†,
4,◦,,
†,
∗
4,◦,,
†,
4,◦,,
†,
4,◦,
†,
4,◦,
†,
4,◦,,
4,
†,
4,◦,
†,
4,◦,,
?,†,
4,◦,,
†,
4,◦,
†,
4,◦,

4,

4,

4,

4,

×,†,
4,◦,
4,

∗,×,?,
4,
4,

4,

4,

4,

4,

†,
4,◦,
4,

∗,×,?,
4,
4,

4,

4,

†,
4,◦,
†,
4,◦,
†,
4,◦,
?,†,
4,◦,,
4,
†,
4,◦,,
†,
4,◦,,
†,
4,◦,,
†,
4,◦,,
†,
4,◦,
†,
4,◦,
†,
4,◦,,
4,
†,
4,◦,
†,
4,◦,,
†,
4,◦,,
†,
4,◦,
†,
4,◦,
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ACC ML SS disp
ACC UL X

†,
4,◦,,
†,
4,◦,
†,
4,◦,,
†,
4,◦,,
†,
4,◦,
†,
4,◦,
∗,×,?,†,
4,◦,,
4,
†,
4,◦,,
†,
4,◦,,
†,
4,◦,,
†,
4,◦,
†,
4,◦,

†,
4,◦,
†,
4,◦,
×,†,
4,◦,,
†,
4,◦,
†,
4,◦,
†,
4,◦,
∗,†,
4,◦,
†,
4,◦,
†,
4,◦,
†,
4,◦,
×,†,
4,◦,,
4,
†,
∗
4,◦,
†,
4,◦,
†,
4,◦,
4,

†,
4,◦,
†,
4,◦,
†,
4,◦,
×,†,
4,◦,,
†,
4,◦,
∗,†,
4,◦,
†,
4,◦,
†,
4,◦,,
†,
4,◦,
†,
4,◦,
†,
4,◦,
†,
4,◦,,
†, 4,
†,
4,◦,
†, 4,
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ACC ML FA disp

∗,†,
4,◦,,
†,
4,◦,
†,
4,◦,,
∗,×,?,†,
4,◦,,
†, 4,
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ACC UL Y disp
ACC UL FA disp
ACC UL SS disp
ACC FA

†,
4,◦,
∗,×,?,†,
4,◦,,
4,

†,
4,◦,
†,
4,◦,,
†, 4,
†, 4,
†,
†,
4,◦, 4,◦,
4,
4,
4,

ACC SS
Temp
Pitch
Power
Rpm
Wind direction
Wind speed
Thrust

†,
4,◦,
∗,×,?,†,
4,◦,,
†, 4,

†,
4,◦,
×,†,
4,◦,,
†, 4,
†, 4,
∗

4,

†,
4,◦,
†,
4,◦,,
4,
†,
4,◦,
4,

∗
∗
4,
4,

4,

4,

†,
4,◦,
4,
4,

×,?,
4,
4,
4, 4,

4,
∗

4, 4,

†,
4,◦,
†,
4,◦,,
4,
†,
4,◦,
4,

∗
∗

?
∗

∗,×,?,†,
4,◦,

†,
4,◦,
×,?

†

†, 4,

∗

∗,?





4,



∗,×,?

∗,×,?

×,?

16th

Table 2: Comparative table for different feature selection methods, wherein the differences between the selected parameters/metrics are illustrated. The
rows in grey are SCADA-dependant parameters. N.b. the features ACC FA and ACC SS are the fore-aft and side-to-side accelerations captured by the
nacelle’s acceleremoter.

EAWE PhD Seminar on Wind Energy
14-16 December 2020
Online Event

143

16th EAWE PhD Seminar on Wind Energy
14-16 December 2020
Online Event

5

Conclusions

In this contribution several feature selection techniques where the target was the wind turbine’s fore-aft
tower bending moment damage were applied successfully. These included Pearson (also with K-Best),
Kendall and Spearman’s Correlation, Dominance Analysis, Random Forest and Recursive Feature Elimination (with both random forest and decision tree classifier). Their theoretical background, classification
and division along with the necessary assumptions (thresholds), were explained. The data processing was
thoroughly elucidated and the representativeness of the data confirmed.
Some key take-aways of this contribution are:
1. Filter-based methods capture the more linear relationship between the accelleration sensors’ signals
and the fore-aft tower bending moment damage, but doesn’t perform the same for SCADA-related
parameters;
2. Fore-aft accelerations are generally better predictors than side-to-side;
3. Recursive Feature Elimination and Random Forest algorithms are able to correctly pick-up more
nonlinear behaviour entailed in the SCADA-related features, as well as different metrics, as spectral
moments, kurtosis and skewness;
4. Wrapper-type feature selection and intrinsic models seem to be more trustworthy than filter methods
for this application;
5. The importance of the inclusion of specific accelerometers, as the features from their signals are
universally picked;
6. The relevance of cycle counting, both for accelerations and for thrust, along with the calculation of
different metrics, such as spectral moments, kurtosis and skewness.
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[8] Hübler C, Weijtjens W, Rolfes R and Devriendt C 2018 J. Phys. Conf. Ser vol 1037 p 032035
[9] Kuhn M, Johnson K et al. 2013 Applied predictive modeling vol 26 (Springer)
[10] Jolliffe I T and Cadima J 2016 Philosophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences 374 20150202
[11] Ho T K 1995 Proceedings of 3rd international conference on document analysis and recognition vol 1
(IEEE) pp 278–282

144

16th EAWE PhD Seminar on Wind Energy
14 – 16 December 2020
Online Event

Mathematical Model for lifetime estimation of the structural
components of wind turbines
Shadan Mozafari*, Anand Natarajan
DTU Wind Energy, Technical University of Denmark, Roskilde, Denmark.

E-mail*shmoz@dtu.dk

Keywords: life estimation, reliability, wind turbine components, fatigue, limit state

Introduction
A part of overall costs of implementing offshore windfarms includes failures and maintenance
planning. Blades are one of the important structural parts of the turbines and are exposed to
repeated load cycles, which makes them vulnerable to fatigue failures [1]. Within the wind
farms, it has been shown that higher ambient turbulence together with turbulence caused by
the wake effects of the neighboring turbines causes higher loads/stresses variations and makes
the fatigue lifetime of shorter [2]. Reduction in the blade life due to excessive fatigue loads
increases maintenance costs and causes financial loss [3]. These costs can decrease by
providing improved site-specific estimates of the damages occurring during operational
lifetime of a wind turbine. Thus, having a proper tool for estimation of the fatigue lifetime of
the wind turbine blades in the windfarm is of high value. In the present work, a mathematical
model for fatigue lifetime estimation of the wind turbine blades is provided. Effects of
considering turbulence distribution in each mean wind speed and using of longer time
durations is studied.
Long time aero-elastic load simulations of 200 minutes duration are performed in HAWC2
according to the IEC standard DLC1.2 [4]. The duration is chosen according to investigations
of turbulence level in different turbulence realizations in HAWC2 and convergence of these
values over time durations. A balance between the effects of the wind being nonstationary
though long time simulations and the effects of convergence of turbulence through time due
to the inclusion of wider bandwidth is considered in selection of time durations. These two
effects are shown in figures 1 and 2.
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Figure 1. Actual turbulence magnitudes in different realizations (seeds) of each turbulence level in fixed wind condition
(mean wind speed of 14m/s and wind direction of 10)

Figure 2. variations of turbulence levels in different time durations of simulations

In spite of the common assumption of constant turbulence, in the present work, a lognormal
distribution is considered for turbulence level in each wind speed bin. Considering the
turbulence as one of the stochastic parameters in the model would track wind conditions more
accurately. Effects of this consideration in changing the lifetime distribution is investigated. .
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Using the data obtained from truncated time series from one long time duration of 200minute,
and using the rain flow and Miner’s rule, the trend of the change of damage equivalent load
(DEL) through time is investigated. Truncating data from one long time duration for each
condition has created a better chance to track the load cycles in single turbulence seeds over
time and have more realistic load changes though time. Estimation of the cumulative
distribution function (CDF) of DELs in one time point is derived using median rank method.
Using the estimated CDF, different distributions including two parameter and three parameter
Weibull, Gamma, Normal, Lognormal, and exponential are fitted with investigations of the
goodness of fit for inclusion of the most effective damaging part of the load histories for each
fit. The fit is extrapolated considering the most effective fatigue boxes (including mean and
altitude) and by considering the annual reliability level, the reliability of the blade is
investigated. The model is applied to DTU10MW with 90% turbulence (as in IEC standard)
and to Siemens 2.3MW in Lillgrund windfarm with log normally distributed turbulence levels
using SCADA data accessible for one wind turbine in the wind farm. The wake effects are
included using both wake modelling in simulations and increased turbulence intensity
approach. The comparisons between the two approaches for considering wake effects in the
model are done. The composite material specifications are not considered in the present
model thus it is applicable to any structural part of the wind turbine.
The proposed model provides a more accurate stochastic lifetime model including turbulence
distributions and allows having a controlling scheme based on the model predictions, in order
to control the windfarm to maintain a specific target lifetime. All in all, by having a more
accurate model for predicting the lifetime, the probability of failures and the frequency of
repairs can be reduced and costs of design and inspection are reduced.
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1

Introduction

Traditional high-fidelity multibody system (MBS) simulation models of wind turbines drivetrains provide
vast and detailed information about the underlying physics. On the other hand, these models are often
computationally expensive. The aim of the developed data driven model is the deployment of a digital
twin for live monitoring of the drivetrain behavior under external loads during operation. Live monitoring
implies that the quality of estimation and the speed of execution should be the key features of the proposed
methodology.

2

Methodology

High Fidelity Simulation Model
The drivetrain under investigation is developed for the IEA 3.4MW onshore wind turbine (Fig. 1) [3].
Its high fidelity simulation model was developed in Simpack software and is incorporated in a virtual test
bench used to generate the artificial input/output data used to train the reduced models. The model has

Torque Arm

Figure 1: Left: MBS model with input signals: TLSS and TGenerator , Right: Detailed view of the first
stage of the planetary gearbox
two inputs, TLSS and TGenerator . The objective is to infer the internal dynamics of the drivetrain model,
namely 16 states that can neither be practically nor absolutely measured. The approach in only tested
on the state variables in the first stage of the investigated planetary gearbox. The inferred states are
circumferential and radial forces in the 4 planets and sun gear pairs, difference in angles between planets
and sun in the 4 gear pairs, and vertical displacement and axial rotation of the left and right torque arms.
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Estimation Models
Low frequency Gaussian white noise (<1Hz) was applied to the system as the excitation input signal.
The MBS was then simulated for 1000 seconds and the output measurements (estimated features) were
then collected. The data is pre-processed. This includes normalization of the features, then filtering
using a moving average filter of width of 2 seconds in order to smooth the data specially with the noisy
features as force states. The 16 features of the data were reduced using principal component analysis
(PCA) with a linear kernel into 2 principal components [1]. Only two components were considered as
they were able to capture 99% of the variance of the system response. Finally, the data was split into
training and testing sets.
Two nonlinear approaches were considered because of the presence of nonlinearities in the system such
as meshing between gear teeth and nonlinear force elements in the bearings inside the gearbox. Firstly
a nonlinear autoregression model with exogenous inputs (NARX) that was realized using deep neural
networks with sigmoid and hyperbolic tangent activation functions, considering 10 lagged timesteps
[2]. The second approach is Hammerstein-Wiener (HW) model. This approach was investigated using
two structures, firstly piecewise linear inputs with saturated outputs. The second structure is sigmoid
network inputs and saturated outputs [4]. During fitting, the objective function was formulated as the
error between measured and simulated outputs during training.

3

Results and Conclusion

The 3 models were validated and tested in the reduced space of the principle components (2-D), reaching
94.8%, 97.8% and 99.4% correlation for the first principle component for NARX, HW1, HW2 models
respectively. The predictions were then transformed back to the original space to determine the original
states (Fig 2).
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Figure 2: Predictions of state variables in original full space of FR,GP 1 , ∆θGP 2 and αT A,R
Pearson’s correlation coefficients between the 3 models and unfiltered ground truth lie between 85%
and 99% for all states. Some states were predicted more accurately using one approach than the other.
This implies that a posteriori study of the suitability of the identification approaches is crucial during
the deployment of the digital twin to decrease the uncertainty of the inferred states.
The developed approaches shall be validated in realistic load cases of operation such as emergency shutdown due to electric system failures or grid faults in order to assess their performance for further deployment in a digital twin framework.
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1

Motivation

The expansion of renewable energy usage is one of the major social and economic goals in Europe
and therefore requires acceptance and support from the population. Especially due to the expansion
on land, a growing number of people lives closer to wind turbines, which leads to reported annoyance
due to expected visual or acoustic disturbances caused by the planned wind turbines (WT) [1]. In
many cases, it is argued that low frequency (20 Hz to 200 Hz) and infrasonic (1 Hz to 20 Hz) sound
emission lead to the perceptibility of WT even at large distances. Research shows a correlation between
WT noise propagation and meteorological and site conditions [2] [3]. For example, season, time of day
and geographic site condition, which can be either flat, hilly or complex terrain, influence the sound
propagation and perception of the sound by residents. A specific phenomenon occurs at WT sites in low
mountain ranges, which probably contributes significantly to current acceptance problems and complaints.
In valley locations wind background noises may be absent for geographical reasons - but the sounds of the
WT can still be heard. Furthermore sound refraction can occure due to meteorological effects like wind
or temperature gradients. Under certain conditions, refracted sound rays are bended towards residential
buildings in valley locations and lead to higher sound level [4][5].

Figure 1: Comparision between on/off (rotating/non-rotating WT) unweighted sound pressure level
measured in 240 m distance from a WT for different atmospheric conditions [3]
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From previous research on low-frequency sound from WT, a relation between atmospheric stability and
measured acoustic sound from the wind trubine was found in [3]. In aforementioned research atmospheric
stability was defined due to [6] with the logarithmic shear exponent. Values above 0.4 are associated with
moderately to very stable atmospheric condition, whereas a shear exponent with values below 0.1 is related
to higher changes of wind speed and direction over time and space, and therefor unstable condition. In
Fig. 1 unweighted frequency spectra at the point of emission and for similar wind speed, rotational speed
and varying shear exponent show tones related to the blade passing frequency and its harmonics below
10 Hz. It is shown, that the tones are most dominant for stable atmospheric conditions. Therefore,
simultaneous investigation of the low-frequency sound emission close to the WT and additionally in the
point of immission at residential buildings is necessary to get a better understanding of WT noise, lowfrequency sound propagation and its relation to meteorological and local conditions as well as annoyance
of residents.

2

Research Scope

Considering these aspects, the aim of this research is to evaluate the influence of the above-mentioned
conditions on low-frequency sound propagation in complex terrain of the Swabian Alps in southern
Germany. Therefore simultaneous measurements are carried out on a wind farm and at residential
buildings (Fig. 2). The relation of measured sound data with time periods where severe disturbance is
documented by residents can help to identify, if low-frequency noise is a contributing factor to annoyance.
The aim of the research is to derive recommendations for the sound propagation prognosis of wind farms
in regions with pronounced orography and to provide a basis for the development of a noise-reduced
operational management of WT.

Figure 2: Acoustic measurements in the vicinity of a wind farm in complex terrain.
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We propose a new model for computing bat fate at wind turbines to guide carcass surveys and improve bat
mortality estimates for surveys with limited coverage. Current approaches for guiding carcass search radius
estimation are based on statistical analysis of prior survey data, which can result in an inappropriate search area.
Additionally, studies relying only on empirical data are limited to the specific wind turbine models, bat species,
and ambient conditions included in the dataset. Using a physics-based approach, the new model can provide
insights about the effect of the governing parameters on the likely carcass fall zone distributions. A robust and
economically efficient model is needed to guide surveys for wind farm operators to determine the extent that
wind turbines adversely impact Threatened and Endangered Species and to evaluate the environmental effects of
wind power generation facilities.
The new model is based on the hypothesis that the distribution of where bat carcasses fall after collision with
wind turbines is sensitive to the variation in biophysical and aerodynamic properties of bats, wind turbine size
and operational characteristics, and wind speed. The resulting ballistics model is introduced for simulating bat
carcass trajectories after impact with wind turbine blades. The model can also be used to infer the behavior of
bats near wind turbines to better predict the risk of collision between bats and turbine blades.
This research consists of three phases: In the first phase, we for the first time measured the aerodynamic
properties of bat carcasses, including terminal velocity and drag coefficient, for three bat species using highspeed imaging of carcass drop experiments [1]. In the second phase, a 3-D ballistics model was developed by
including bat properties, wind velocity and turbine blade rotation speed to determine the extent of the fall zone
and the likely strike locations on the rotor plane, using SCADA and carcass survey data [2]. In the third phase,
we demonstrate use of Monte-Carlo simulations of the new ballistics model and introduce a methodology for
estimating bat fall zone distribution for the autumn migration season. The Monte-Carlo based ballistics model
framework is demonstrated for guiding carcass surveys for individual visits as well as for full migration seasons
involving various bat species, meteorological and turbine operational conditions. This framework can also be
used for correcting carcass survey data for limited or unsearched areas.
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1

Introduction

The standard economic control formulations for wind based hybrid energy systems do not perform dynamic economic optimization [1]. A two-level approach is utilized which includes tracking pre-computed
economically optimal steady state set-points via a standard model predictive controller (MPC) [2]. Additionally, explicit and accurate consideration of wind turbine and battery damage in the optimization
objective is seldom witnessed [3]. This is possibly because the standard cyclic fatigue evaluation approaches, such as Rainflow algorithm, do not have an analytical formulation and contain algorithmic
branches and loops. This does not allow calculation of sensitivities required for standard gradient-based
optimization techniques. Consequently, cyclic damage minimization objective is approximated or even
not considered [3, 4].

2

Methodology

Inputs

Plant

Controller
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Pre-simulation
Rainflow
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balancing

Optimal
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Figure 1: Process-flow using applied methodology
The proposed methodology, as shown in an implemented process flow in Fig. 1, focuses on formulating
and solving a purely economic optimization problem for a grid-connected hybrid generation unit. This
can be implemented inside an optimal controller operating in closed loop with the hybrid generation
unit in receding horizon fashion. Such a controller can internally utilize a digital twin of the hybrid
generation unit to calculate economically optimal control variables for the real plant by optimizing a
chosen realistic and operationally meaningful economic objective (maximizing profit by balancing between
cost and revenue). A novel parameter-based online rainflow counting (PORFC) approach, proposed first
in our previous work [5] and illustrated in detail in [6], can be conveniently used for handling cyclic
damage minimization within the MPC controller. The PORFC-based approach allows accurate sensitivity
calculations based upon generated parameters via pre-simulation.
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The formulated economic optimal control problem
min

β W T ,TgW T ,P B

WT
WT
B
−Jgeneration
+ Jtowerf
atigue + Jcyclicloss

(1)

is solved in an online MPC fashion for a grid connected wind turbine and battery based hybrid energy
system. The optimization variables are turbine pitch angle β W T , turbine generator torque TgW T , and
applied battery power P B . The optimization objective includes maximizing aerodynamic power capture
WT
WT
Jgeneration
, minimizing tower fatigue from cyclic stress at its root Jtowerf
atigue , and minimizing battery
B
cyclic capacity loss Jcyclicloss . In addition to the system and input constraints, the optimization problem
grid
WT
is also subject to Pelec
+ P B = Pdemand
denoting the balance between total generation and demand.
The optimal control problem, formulated in (1), is applied to a reduced order NREL 5 MW wind
turbine model with a 1MW/1MWh Li-ion battery energy storage. The output is compared to a base case
scenario
WT
min
−Jgeneration
(2)
β W T ,TgW T ,P B

with the only objective of maximizing the wind power capture subject to same constraints as in (1). The
net profit is calculated as the difference of revenue from wind power generation and costs due to tower
fatigue cost and battery capacity loss.

3

Initial results

Fig. 2 shows the simulation comparison results of the formulated economic MPC controller (green
curve), as described in (1), which performs economically better than a base-case scenario (blue curve),
as described in (2). This is because the controller manages to find an optimal-spot for turbine operation
which balances the tower fatigue and power capture, at the same time also demanding lesser power
from the battery. Although, the equality constraint of power balancing is numerically violated for both
controllers, the absolute mismatch is in orders of magnitudes smaller than the reference power.
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Figure 2: Simulation output for a realistic power reference ramped up/down periodically around turbine
rated power
The initial results for the formulated purely economic control problem shows profit gain against a
realistic base-case scenario with acceptable dynamic performance. This motivates extending the approach
towards more complex dynamical systems such as wind farm and solar plants based hybrid systems
participating in modern grid ancillary services for obtaining profit optimal operating-points.
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1

Abstract

For effective climate change mitigation, the share of renewable energy is significantly increasing. Various
developments in the wind technologies are actively taking place nowadays. On top of them, is the Floating
offshore wind turbines (FOWTs). They offer promising potential over the ordinary mature offshore wind
turbines technology in several aspects as: (i) the ease of commissioning and installation onshore, and
then getting transported offshore, (ii) the attractive edge of fixations costs as they eliminate the need of
building the base steel structure in the sea-bed, and just simply having their base floating and anchored
to the sea-bed, (iii) the ability to get placed far away from the shore in great sea depths, so as to benefit
from the higher wind speed ranges there; generating higher electricity yield.
The intermittent nature of renewable energy creates undesired curtailment need to accommodate them
on grid for periods with production exceeding the demand. The FOWTs’ theory of operation suggests
they have sharper intermittent nature than other wind technologies or other renewables in general that
consequently, pushes the call for research for solutions to adapt them well on grid.
Instead of being directly curtailed, excess energy can be store to balance the power supply and demand.
Uprising electro-chemical storage methodologies has hydrogen as an energy carrier through electrolysis,
a clearly promising path. This PhD work tackles this specific storage solution. Coupling hydrogen
production from a green source contributes effectively to carbon abatement; by having it as clean fuel,
as well as a buffering medium, and increasing utilisation of the generated wind power.
This work focus starts with the hydrogen production, i.e. with the electrolysis suitable technologies, and
its important operational parameters; including efficiencies, system response, cold restart time, production
rate, carbon emissions, capital, and operational costs. Followed by the hydrogen storage variables as;
energy density, hydrogen content, pressure, costs, and safety requirements. Passing by hydrogen storage
and transportation techniques; including liquid organic, metal organic, gaseous and even liquid hydrogen.
The produced hydrogen is intended to get sold raw to the market, or used by the fuel cell vehicles in the
hydrogen fuelling stations. This work also considers hydrogen storage as a buffer; so as it is to be used
to operate fuel cells in the main cycle, generating electricity to be fed to the grid at other intervals when
needed. For this, the project’s fuel cell variables have fuel cell technologies, sizes, weight, storage time,
and costs.
Integrating the above elements coupled with FOWTs and its floating substation, in a complete conceptual
system represents the following steps in this work. Furthermore, both stand-alone (off-grid) and gridconnected systems will be considered, with more focus given to the off-grid scenario with intermittent
electricity production. Techno-economic assessments will be performed, and the levelised cost of storage
will be calculated for the various scenarios and the most promising ones will be considered for the following
step in the project.
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The wrapping phase of the project would have a deeper investigation of the most promising hydrogen
system implementation methodology. All costs, capacities, and optimal operating parameters in this
phase will be real-life ones from the relevant stakeholders. The proposed optimised design would be
physically tested with the project’s industrial partner to determine its impacts on cost and performance.
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Abstract
The present work studies the use of variations in the strain distribution in wind turbine blades
as an indicator of blade damage. Numerical studies of damaged and healthy blades are conducted
for this purpose by modeling the strain field variation in an existing blade finite element model,
discretized by shell elements. Damages introduced in the blade model consist of cracks transverse
to the blade span. Changes in the spanwise normal strains resulting from the presence of a damage
are studied. From these studies the distance at which a damage may be detectable is derived, and
strategies for sensor placement with the purpose of damage detection are discussed.

Keywords: Wind Turbine Blades, Finite Elements, Structural Health Monitoring, Strain

1

Introduction

Issues with wind turbine blades are a major contributor to turbine downtime. Dao et al. [1] found that
between 18% and 22% of the downtime for onshore and offshore wind turbines, respectively, is caused by
issues with blades. The required maintenance contributes to a higher levelized cost of energy. To reduce
the need for blade related maintenance, it is necessary to detect damage in blades while the damage can
easily be repaired. Preferably, this is to be done automatically using structural health monitoring (SHM)
systems exploiting sensors to monitor blades during operation. McGugan et al. [2] discuss possibilities
for SHM of offshore wind turbines, with the mentioning of e.g. strain gauges for damage detection.
Strain gauges are commonly used for load monitoring during blade testing and prototype turbine load
validation. As such, it would be advantageous, if an already developed system could be used to extract
additional information, e.g. the presence and development of damage during testing.
One way to reduce maintenance costs is to reduce or eliminate the need for scheduled maintenance
through remote SHM, effectively introducing a condition based maintenance approach. Using a sensor
system, data is collected during operation of a wind turbine, and a signal analysis algorithm is used to
analyze the physical condition of the turbine’s blades. The physical condition of the monitored blades
is determined by comparison of a baseline signal, taken at a point in time where the turbine blades are
undamaged, and the most recent signal. One example of such a system can be found in [3]. Different
types of sensors can be used for SHM systems, with the literature presenting investigations of different
SHM systems tested on wind turbine blades in laboratory environments and on operating wind turbines.
There is also a need to accurately detect and monitor damage during blade testing, since validation of
new designs and effect of damages are investigated in this manner. The present work focuses on strain
analysis in the turbine blade as a method for damage detection in wind turbine blades.
Common damage types in wind turbine blades were presented by Sørensen et al. [4], based on damages
observed from a quasi-static wind turbine blade test. Observed damage types include face/core debonding
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in sandwich panels, cracks and delaminations in laminates, and cracks in adhesive joints. Sørensen et al.
[5] also tested different SHM systems for detection of artificial damages in a wind turbine blade during
testing. In the performed tests, strain gauges could be used to detect different types damage within
a limited range. Fatigue testing of two 9-meter wind turbine blades was conducted by Paquette et al.
[6, 7], using strain gauges for load and health monitoring of the blades. Using strain gauge data, the blade
stiffness was shown to degrade over the course of the test campaign, indicating degradation, e.g. fatigue
aging, in the blade. Comparing the values from different strain gauges over the course of the test, the
presence and development of a damage could be detected. Taylor et al. [8, 9] performed multiple blade
fatigue tests, where a pristine blade and a blade with artificial damage were subjected to cyclic loading.
Strain gauges, accelerometers, acoustic emission and guided waves monitored a laminate crack developing
in the root section. Further analysis of the test data was conducted by Taylor et al. [10, 11] and by Dervilis
et al. [12, 13, 14], focusing on guided waves measurements. Guided waves captured relatively localized
damages, at a distance of 0.5 m, while constituting a relatively high cost of the sensing system compared
to a strain gauge system. A 34-meter blade was subjected to quasi-static testing by Haselbach et al.
[15], with fiber Bragg gratings placed at the trailing edge, which were used to measure normal strains
in the spanwise and edgewise directions. The strain measurements were used to monitor local buckling
at the trailing edge, which may lead to debonding in the trailing edge adhesive joint and a subsequent
blade failure. A 34-meter wind turbine blade, subjected to quasi-static loading, was tested to failure by
Overgaard et al. [16]. Strain gauges were used to record the spanwise normal strains. These tests showed
much larger strain magnitudes at the location of failure, where a delamination initiated and ultimately
resulted in failure of the blade. Sierra-Pérez et al. [17] compared the performance of conventional foil
strain gauges, fiber Bragg gratings and a distributed optical strain sensors for damage detection in a wind
turbine blade during testing. Strain gauges and fiber Bragg gratings exhibited similar performance with
respect to measurement accuracy and ability to detect damages. However, advantages of fiber Bragg
gratings, such as embedding during manufacture, longer lifetime and electromagnetic immunity, were
pointed out. Advantages of the distributed optical sensors included the variable sensing density, where it
was found that a reduced distance between sensing points did not necessarily yield better resolution for
damage detection, being due to reduced resolution in the sensor signal.
Ulriksen et al. [18, 19] investigated damage detection in wind turbine blades using operational modal
analysis on a blade mounted on a test stand. Damage detection in an operating wind turbine was also
studied by the authors [18], using an active vibration input and accelerometer data. Regarding the use
of strain for damage detection in wind turbines, Benedetti et al. [20] conducted research on the topic,
focusing on numerical studies of wind turbine towers. The difference in strain between adjacent sensors
was found to be the most promising measure for damage detection. Studies were limited to steel towers,
while the numerical studies on using strains for damage detection in fiber reinforced polymer sandwich
structures, such as wind turbine blades, still needs to be explored. Arsenault et al. [21] proposed a
distributed system of fiber Bragg gratings, using operational modal analysis to detect damage in blades.
The literature thus covers the use of different sensing systems for damage detection during blade testing
and in the field, one sensing system being strain measurements. While numerical studies on damage
detection in wind turbine towers have been investigated, numerical studies on damage in wind turbine
blades remains still an area of investigation.
The current work considers the following problem statement: How is the strain distribution in a wind
turbine blade affected by a damage, and what is the potential for detecting changes in strain, caused by
such a damage, through use of strain sensors?
The present work is concerned with numerical feasibility studies on the use of strain measurements for
damage detection in wind turbine blades. Changes in the strain field, caused by the presence of damage,
are desired to be used for detection of damage during blade testing. The damage types investigated
are cracks in sandwich panels of a wind turbine blade. The paper is structured as follows: The utilized
wind turbine blade model is presented in Section 2, including a presentation of the utilized approach for
damage modeling. The results from the numerical analyses are presented in Section 3, and conclusions
on the applicability of a strain based monitoring solution are drawn in Section 4.
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2

Modeling Approach of Structural Damages

2.1

Blade Model

Strains near a damage in a wind turbine blade are simulated, using a model in the commercial finite
element (FE) software ANSYS. The blade in question has a length of 52 meters. This work is concerned
with the blade shell, which has been manufactured as a sandwich construction with glass fiber reinforced
epoxy laminates as face sheets and a balsa core. The blade is fixed at the root, and loading is applied
from the pressure side towards the suction side through a number of distributed nodal forces, resulting in
a moment distribution which resembles operating conditions. A mesh convergence study is conducted for
the blade model. Convergence of the tip deflection is obtained with an element length of approximately 0.1
meters. With this element size, in-plane strains have converged near the location at which a damage is to
be modeled. This element size is relatively large, compared to the size of damages in wind turbine blades.
To ensure a good resolution in the strain distribution around the crack, the element size is decreased
to 0.01 meters. To reduce computational time, the strain distribution near the crack is modeled using
a submodel of the blade geometry near the crack. First the full blade model is solved with an element
size of 0.1 meters. Subsequently, a submodel is created, using the geometry near the crack. Using an
element size of 0.01 meters and displacements from the full model as boundary conditions, the submodel
is solved. Both the full model and the submodel are solved as quasi-static linear analyses, using linear
shell elements (SHELL181 in ANSYS), with linear elastic material properties.

2.2

Blade Damage

The considered damage case is based on damages observed in literature on blade tests. For this work, a
crack transverse to the span of the blade, located in the blade shell, is studied. The damage is placed
near the maximum chord, as observed during testing by Rumsey et al. [7], on the pressure side of the
blade. The damage location is shown on the blade surface and on the cross section, see Figure 1 and
Figure 2, respectively. 2a designates the crack length, d is the distance between the crack faces and strain
measurements, and dweb is the distance between the crack center and the shear web, measured along the
circumference of the blade cross section. The crack center is placed at a distance dweb equal to 0.25 times
the chord at the associated cross section. It is assumed that the crack will grow symmetrically around
the initial crack center. Different crack lengths, centered around the same position, are considered. In
the model, strains are recorded along a path of distance of twice the maximum crack length investigated.
The measurement path is denoted along the cross-section of the blade with local coordinate x, ranging
from 0 to 1 in normalized coordinates. The position of the utilized measurement paths relative to the
crack are sketched on the submodel of the blade, see Figure 3.
d
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x

x=1
x = 0.5
x=0

2a
b

Figure 1: Part of blade, viewed from pressure side, showing crack location as well as strain measurement path.

x = 1x = 0
x
2a

d we
Figure 2: Blade cross section, showing
crack location.

Tip
Root

Figure 3: FE submodel mesh, showing crack of length 2a =
0.5 m (yellow) and measurement paths (red).

Inner shell
Core
Outer shell

2a

Figure 4: Location of crack in blade
sandwich panel.
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The crack is modeled as a face sheet crack, going through the entire outer shell laminate. In the FE
model, the crack is implemented by nodal separation. The sandwich panel is modeled by single shell
elements in the through-thickness direction. To include a crack through part of the sandwich layup, the
shell elements around the crack location are duplicated. Part of the shell sections from the original shell
elements are divided across the duplicate shell elements. A crack is included by disassociating nodes in
the new shell elements. This results in a face sheet crack in the outer shell laminate, see Figure 4.

3

Results of Parameter Study of Crack

Using the blade model presented in Section 2, the strain distribution near the damage shown in Figure 1
and Figure 2 is simulated. Figure 5 shows the difference in spanwise normal strain ∆ε11 near the crack,
normalized with respect to the maximum value of the undamaged blade ε11healthy,max , see Equation (1).
Strains in the spanwise normal direction are used, since they are of largest magnitude, and changes affect
the largest area around the crack. The spanwise direction is the main load carrying direction. Difference
in spanwise-chordwise shear strain ∆ε12 , see Equation (2), is shown in Figure 6.
ε11,damaged − ε11,healthy
ε11,healthy,max
ε12,damaged − ε12,healthy
=
ε12,healthy,max

∆ε11 =

(1)

∆ε12

(2)

Figure 5: Difference in spanwise normal strains
between healthy and damaged blade with a
crack length 2a = 0.5 m.

Figure 6: Difference in in-plane (spanwisechordwise) shear strains between healthy and
damaged blade with a crack length 2a = 0.5 m.

The nodal normal strains in the spanwise direction are plotted along the circumference of the blade,
sampled at different distances d from the crack with varying crack lengths 2a.
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Figure 7: Spanwise normal strain at different distances d to the crack with length 2a = 0.05 m.
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Figure 8: Spanwise normal strain at different distances d to the crack with length 2a = 0.5 m.

Figure 7 and Figure 8 show the spanwise normal strains at different distances d from a crack with
length 2a = 0.05 m and 2a = 0.50 m, respectively. Dashed lines show the nominal spanwise normal
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strains of the undamaged blade, sampled at the same distance as the solid line with the same color. All
strain values are normalized with respect to the largest nominal spanwise normal strain value, which is
done consistently for all strain values presented in the present work. The strains are sampled at nodes
along the circumference of the blade, as illustrated in Figure 1. With a crack of length 2a = 0.05 m,
significant changes in the strain distribution are only notable at a relatively small distance from the crack
compared to the chord of the blade. Including a crack with length 2a = 0.50 m, changes in the strain
distribution are notable at a larger distance from the crack, as well as along a longer distance over the
measurement path. Figures 9 and 10 show the spanwise normal strains at distances d = 0.05 m, and
d = 1.0 m, respectively, from a crack with varying length 2a. The plots show increasing values in the
spanwise normal strain ε11 with increasing crack length 2a and decreasing distance d from the crack.
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Figure 11: Quotient-ratio of spanwise normal
strain Qε11 (x, 2a) between sensors along the measurement path and the central sensor, at distance
d = 1.0 m from a crack of different length 2a, with
sensor spacing s = 0.01 m.
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Figure 9: Spanwise normal strain at d = 0.05 m from
the crack, with different crack length 2a. The peaks
above the healthy baseline approximately align with
the tips of the crack with varying length 2a.
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Figure 10: Spanwise normal strain at d = 1.0
m from the crack, with different crack lengths
2a.
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Figure 12: Quotient-ratio of spanwise normal
strain Qε11 (x, 2a) between sensors along the measurement path and the central sensor, at distance
d = 1.0 m from a crack of different length 2a, with
sensor spacing s = 0.5 m.

To quantify changes in strain near the crack, the quotient-ratio of the strain measurements along the
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measurement path to the strain centrally along the measurement path (see Figure 1) is calculated:
Qε11 (x, 2a) =

ε11 (x, 2a)
ε11 (x = 0.5, 2a)

(3)

All values for Qε11 (x, 2a) are normalized with respect to the quotient-ratio at the undamaged state
Qε11 (x, 2a = 0). Results are plotted in Figure 11 for strains sampled at a distance d = 1.0 m from
a crack of different length 2a, with sensor spacing s = 0.01 m (see Figure 1). Increasing the sensor
spacing s will result in a coarser discretization of the graphs in Figure 11. In Figure 12, an increasing
non-linear trend in the change in Qε11 with increasing crack length 2a is shown. A non-linear trend
in the quotient-ratio Qε11 may thus be an indicator for the presence of a damage in the blade. Using
the change in strain Qε11 , results show a relatively large change under the presence of a damage, which
can be observed at a distance of 1 meter from the crack. Figures 12 and 13 show that using e.g. three
sensors, changes in the quotient-ratio of the centrally placed sensor and those placed far-field may be
used for detection of damage in the blade. It should be noted that the plotted values of the quotient-ratio
Qε11 , which are normalized with respect to the respective values from the healthy blade, do not take into
account the magnitude of the numerical strain values. Thus, the method relies on the changes in strain
to be measured at locations where the nominal strains are of relatively large magnitude. For example, in
Figure 11 the change in strain Qε11 is higher at x = 1 than at x = 0, but the strain magnitude at x = 0
is higher than at x = 1, see Figure 10.
The strain gradient between adjacent sensors with spacing s are also considered as damage indicator,
expressed for the damaged blade with a crack of length 2a as δε11 (x, 2a) through a forward difference
approximation:
∂ε11 (x, 2a)
∂x
ε11 (x + s, 2a) − ε11 (x, 2a)
δε11 (x, 2a) ≈
s

(4)

δε11 (x, 2a) =

(5)

x=0
x=1
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Figure 13: Quotient-ratio of spanwise normal
strain Qε11 (x, 2a) between sensors along the measurement path and the central sensor, at distance
d = 1.0 m as a function of the crack length 2a,
with sensor spacing s = 0.5 m. The values at
x = 0.5, which equate to unity, are not plotted.

δε11 (x, 2a) − δε11 (x, 2a = 0) [-]

Qε11 (x, 2a)/Qε11 (x, 2a = 0) [-]

To visualize the changes between healthy and damaged states, the gradients in spanwise normal strain
between adjacent sensors for the healthy blade δε11 (x, 2a = 0) are subtracted from the respective values
for the damages blade δε11 (x, 2a). The gradients in spanwise normal strains between adjacent sensors
δε11 (x, 2a) with sensor spacing s = 0.01 m are shown in Figure 14. The strain gradients are based on the
strain values plotted in Figure 10.
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Figure 14: Changes in strain gradient from the
healthy state δε11 (x, 2a = 0) to the damaged state
δε11 (x, 2a) between adjacent sensors with spacing
s = 0.01 m, at distance d = 1.0 m from cracks of
different length 2a.

By increasing the sensor spacing s, the changes in strain gradient δε11 from the healthy to the
damaged state follows the curves in Figure 14 with coarser discretization. Based on the graphs in Figure
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14, increasing changes in strain gradient from the healthy to the damaged state between adjacent sensors
indicates an increase in crack length. At x = 0.5 along the measurement path, the change in strain
gradient from the healthy to the damaged state equals 0. This may cause a crack to not be detected,
if two sensors are used, and the strain values change equally for the two sensors. Using at least three
sensors, this issue should be rectified for the considered distance d = 1.0 m from the crack.

4

Discussions

Using a FE model of a wind turbine blade, changes in the strain distribution near cracks have been studied.
The used FE model is discretized using shell elements. Considering that in-plane normal strains are
studied here, the approach presented is deemed reasonable, since the model is used for a feasibility study,
investigating the expected extent of changes in the strain distribution caused by damage. Additionally, the
used shell model offers good computational performance, which is advantageous for parametric studies.
For accurate out-of-plane strains or progressive damage simulations, a solid model may however be
preferable. Regarding the modeled damage, the crack is perfectly sharp, meaning strains at the crack tip
tend towards infinity in the model. This study on the effect of cracks on the strain distribution in wind
turbine blades has assumed prior knowledge of the location of the studied cracks. The results from this
study indicate the range around cracks within which changes in the strain distribution may be detectable.
With the largest crack length investigated, 2a = 0.5 m, the strain distribution was affected at a spanwise
distance d approximately equal to twice the crack length. At a distance d equal to the crack length 2a,
the change in the strain distribution is more significant, see e.g. Figure 8.
Considering monitoring of damage progression, an increase in the strain magnitudes over time, followed
by a decrease in strain magnitudes, considering the same load level, may indicate crack growth, see Figure
9. For example, given a sensor placed at x = 0.4 for the considered crack position, which corresponds to
the sensor being placed at a spanwise and chordwise offset relative to the crack center. At this position,
the strain magnitude would increase until the crack reaches a length of approximately 2a = 0.2 m. With
further increase in crack length, the strain magnitude decreases at this position.
For experimental or operational application, the presented method would require a large number of
strain sensors for monitoring of an entire blade, which may not be ideal. Local monitoring of critical
locations, e.g. repairs and geometry transitions, is however deemed feasible for the presented method.
Based on the mentioned distances relative to the investigated crack lengths, a large part of the chord,
at a given spanwise position, could be covered by a single sensor, depending on the size of the blade.
For example, if it were a viable option with respect to cost, an optical fiber, placed at the pressure and
suction sides, could cover a large part of the spanwise and chordwise positions.
The presented method assumes knowledge of the load applied to the blades. For use on turbines during
operation, it is thus necessary to measure the load, as shown by Hedges et al. [22] for an existing solution
using strain gauges. Additionally, the utilized measures for change in strain are based on normalized
values, which are used due to commercial interests. For the method to be validated, simulation results
should be compared to measurements during testing with similar damages.
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1. Introduction
Currently, foundations design for offshore wind turbines (OWTs) – especially monopiles – is fatiguedriven. Therefore, increasing the understanding of fatigue and updating the current methodologies
could lead to lifetime extensions of the currently existing foundations and design optimization for
future OWTs. Wind and sea waves are the principal sources of variable amplitude fatigue loading for
OWTs. Additionally, corrosion might play a role in reducing the fatigue tolerance capabilities of the
structure at its critical locations. Currently, OWI-lab implements a deterministic stress-life approach
based on the Palmgren-Miner rule (PM) combined with stress-life (SN) curves provided by industrial
standards. Due to its simplicity, the current approach suffers from multiple shortcomings, and it is not
able to catch the interactive effects of corrosion and fatigue on crack initiation and propagation at
welded joints. Therefore, the development at OWI-lab of a reliable fatigue analysis tool to update the
expected life at critical locations will address and try to overcome such points. MAXWind focus will
be on monopile foundations, as these are the most used in the Belgian sea, and OWI-lab has a large
amount of data for turbines installed on monopiles. As part of the MAXWind Project, improvement
and extension of the existing fatigue toolbox are necessary. This contribution will give an introductory
overview of the possibilities to achieve this goal using two different approaches of deterministic and
non-deterministic, highlighting the benefits and the drawbacks of methods available for the specific
application in the OWTs.

2. Current approach to OWT fatigue assessment
The fatigue toolbox currently implemented at OWI-lab suffers from multiple major limitations, in fact
it does not account for the sequence of loading cycles. Moreover, based on PM, quantifying crack
growth is not possible should any cracks be identified during a visual inspection. Therefore, PM only
considers the crack initiation phase and does not assume any defect or crack in the material, and this
means that, even though different SN curves are used for welds where corrosion might occur, a more
exact fracture mechanics-based approach for corrosion and defects assessment is needed. Finally, PM
neglects the statistical aspects of fatigue that are only partially included in the SN curve definition.
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3. Improvements
3.1

Deterministic approaches
3.1.1

Mean stress effect correction models

Since the end of the 19th century, scientists and engineers understood that not only stress range, but
also mean stress, plays a key role in fatigue life. Several researchers have proposed models to consider
the mean stress effect in case of high cycle fatigue of steel components. The concept of these models
is that the fatigue damage is the weighted sum of the damage caused by alternating stress and mean
stress and they assume the alternating stress as a function of mean stress and stress amplitude
[1](Figure 1) However, guidelines [2] only suggest accounting for the positive effect of compressive
mean stress, though it might lead to non-conservative predictions. Nevertheless, a mean stress effect
correction model is necessary as SN curves are obtained at a fixed mean stress level (usually zero),
while OWTs are under variable amplitude loading with non-zero mean stress. In the last century, tens
of mean stress-effect corrections have been proposed, mostly based on empirical observations on the
constant life (Haigh) diagram. [1] In addition, as both Dowling [3] and D’Antuono and Ciavarella [4]
highlight, a proper mean stress correction shall show a high level of generality and simplicity of
application, similarly to PM for damage accumulation. For this purpose, the general linear, Goodman,
Söderberg, Gerber, SWT, and Walker (cfr. Figure 1) models are going to be included in the OWI-lab
fatigue toolbox. Next studies will focus on understanding which of these models is the most suitable
for offshore wind foundations depending on the materials, treatments, and the environment.
σa
R=-0.75

Constant life diagram
R=-0.5

Goodman

R=-0.25

σ∞,-1

R=0

Söderberg
Gerber

R=0.25

Dietman
R=0.5

Morrow
SWT

R=0.75

Langer line
σm

σy

Figure 1 – Mean stress correction models in the constant life diagram. Each line defines infinite life at
the fatigue limit σ ∞(R=-1). If the applied stress falls below the constant life line, then the structure will
have infinite life, otherwise SN curves are necessary.
3.1.2

Damage accumulation

3.1.2.1 Damage accumulation in crack initiation and non-propagation of existing
defects
The first and most used fatigue damage accumulation rule is PM, although it suffers from the
drawbacks already stated in § 2. Despite its limitations, PM is also suggested by the guidelines, as
conservativisms can easily be included in the formula, for example by reducing the critical damage.
Furthermore, PM can be also used for non-propagation prediction of existing cracks/defects/pits, when
combined with the threshold information available from fracture mechanics. For this purpose, an
existing defect can be assumed, and as long as the stress at the defect root/crack tip lies below the
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propagation threshold diagrams, SN curves can be shifted accordingly such that the initial defect is
treated as if it has to reinitiate.
3.1.2.2 Damage accumulation in crack propagation
Fatigue crack growth can be subdivided in three phases called stages: Stage I (initiation phase, and
short crack propagation), Stage II (stable propagation of a long crack), and Stage III (unstable
propagation and sudden fracture). These stages can be observed in Figure 2.
(B5VW20AB1) - ASTM spec. grade steel
A579 Grd 75 (12% Ni) Forged
1E-3
Near failure

da/dN, in·cycles⁻¹

1E-4

R

1E-5

1E-6
R = -0.5
R = -0.25
R=0

Near
threshold

1E-7

R = 0.1
R = 0.3
R = 0.5

1E-8
3

30
ΔK, ksi·√in

Figure 2 Typical fatigue crack growth curve for an ASTM steel. The effect of mean stress and the
three stages are visible: I near threshold (initiation), II stable propagation (Paris’), III near failure
(unstable propagation)[5].
PM rule is valid when there are no cracks/pits/defects in the structure. In the case of a non-perfect
structure, the first step to validate the PM calculation is defining a factor that covers the nonpropagation of cracks up to a certain size (The process is shown in Figure 3). If these factors cannot be
calculated, the crack can propagate, while the crack propagation is modelled via
Paris’/Walker’s/NASGRO™ laws. Conventional SN curves only account for initiation, therefore, the
fatigue crack growth rate curves are presented to consider the crack growth, plotting crack growth rate
versus stress intensity factor (Figure 2). Paris’ law, Walker’ law, and the NASGRO equation are the
most common crack growth models. The Paris’ law describes the crack propagation zone reasonably,
but it overestimates the crack initiation zone. The Paris’ law does not consider crack initiation time
and it is valid in certain conditions, i.e. constant amplitude mode-I loading, uniaxial loading, long
cracks, and LEFM. Besides, it does not account for mean stress effects and load sequence effects [6].
Walker presented an equation which is a generalization of the Paris equation introducing mean stress
effect through the Walker mean stress correction itself but still, no load sequence effect is accounted
for. [7]. The NASGRO equation is the most general of the crack growth equations. Load sequence
effect and Stage I and Stage III of growth are accounted for in this equation [8].
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Figure 3 – Fatigue assessment flowchart including crack propagation.
3.1.3

Corrosion Assessment

The major difference between corrosion fatigue and ordinary fatigue is in the crack initiation and
crack propagation stages. During the classical fatigue testing, initiation takes up to 90% of the
specimen’s lifetime, followed by fairly rapid crack propagation, while in the case of corrosion fatigue,
usually only around 10% of the specimen life is spent in the crack initiation phase. As a result, fracture
mechanics concepts are helpful in case of corrosion fatigue. Several equations try to model the
propagation threshold, such as Kitagawa-Takahashi (KT) or Murakami (Figure 4). To account for
corrosion, DNVGL guideline proposes dedicated SN curves (Figure 5). However, it is not transparent
how these corrosion SN curves are obtained. Therefore, in the OWI-Lab toolbox, the D’AntuonoCiavarella amplification factor for constant thickness reduction due to corrosion and KT diagram are
going to be implemented (following the UK directive BS7910 [9], to include a factor in the existing
SN curves for the case of corrosion. The KT diagram is used to predict the allowable stress range
below which cracks of given length and stress range stay in non-propagation and therefore have an
infinite life. It blends the long crack threshold and fatigue endurance limit lines to define the nonpropagating cracks zone [10].
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Figure 4 – Kitagawa-Takahashi diagram and its dependence on the load ratio
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Figure 5 – SN curves for tubular joints in air and in seawater, with or without cathodic protection [2]
3.2

Non-deterministic approaches

All deterministic approaches discussed in previous section will results into one final datum, either for
damage or crack length. However, offshore structures suffer damage from external loads such as wind,
waves, and sea currents, which have a statistical nature. Given the irregularity of the loads, an
estimation of the uncertainty on the final damage is actually needed. Therefore it is necessary to
understand the irregularity of the loads and to apply a damage model depending on the type of random
variable. Several articles studied different load probability distribution functions and showed the
applicability of each distribution under different conditions, which motivates further research,
regarding that the loading data is available in OWI-Lab. Some probabilistic and statistical fatigue
damage are proposed which take into account the load dependency such as loading cycle distribution.
The main models used for wide-band Gaussian processes are the Dirlik, Oritz and Chen, The
Wirsching and Ligh, and the Lalanne-Rice. For further studies, the inclusion of these models in the
offshore wind industry and their validity will be investigated.

4 Conclusion
In this contribution, the current approach used in OWT fatigue assessment was critically studied.
Shortcomings were identified such as lack of mean stress effect, corrosion fatigue assessment or the
inclusion of non-propagating defects and crack propagation. Some possible improvements to
overcome these shortcomings have been suggested, such as the implementation of the mean stress
correction models, corrosion factors based either on constant corrosion along the circumference, or on
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non-propagation zone models such as Kitagawa-Takahashi, or applying Paris/Walker/NASGRO
models to predict the crack propagation. Furthermore, non-deterministic damage accumulation models
have been proposed for further investigations.
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1 Introduction
Inside the scope of the Soiltwin project the Offshore Wind Infrastructure-lab (OWI-lab) is conducting
an extensive measurement campaign of the resonance frequencies and damping ratios of offshore wind
structures. For this purpose, a mobile measurement unit (MMU), the black box in the Figure 1 (a), is
used to collect data through all different phases of construction of an offshore wind farm. In other
words, when there is just the Transition Piece (TP) the MMU is installed on it and starts to measure
and sent data to the cloud. After that, the installation process begins and tower, nacelle and blades are
installed. Then, the MMU is installed on the next TP and process continue until the last turbine is
installed. After the data is collected it is processed using operational modal analysis (OMA)[1],[2] to
determine resonance frequencies (and damping ratios). With this approach will be possible to have
unique information on the structural dynamics of the entire offshore wind turbine farm during different
phases of its construction.

Figure 1 (a) MMU installed on the TP. (b) Typical acceleration time series.

2 Methodology
The MMU is capable to measure accelerations from three orthogonal axis and after processing the
signal it is plotted the acceleration time series showed in the Figure 1 (b). After applying Welch’s
method the Power Spectral Densities (PSD) are obtained in different phases of construction, Figures 2
(a), (b) and (c). From the Figure 2 (a), the first peak is the frequency that the waves hit on TP and the
second is the resonance frequency of the 1st vibration mode. From the Figure 2 (b), the first peak is
the 1st vibration mode and the second is the 2nd vibration mode. From the Figure 2 (c), the first peak is
the 1st vibration mode, the second peak is the 1st rotor mode. Still in the Figure 2 (c), the set of three
peaks together is due to misalignment between the rotor axis and the measurement axes of the MMU.
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After yaw transformation, it is possible to obtain the 2nd forward vibration mode for X direction (FA2)
and the 2nd side-side vibration mode (SS2) and the 3rd side-side vibration mode (SS3) for Z direction.
All data is processed using 2 different OMA techniques, lscf and SSICOV. The modal parameters are
extracted in an automated matter and manually checked to link the results with physical modes.

Figure 2 (a) Typical frequency spectrum with TP only. (b) Typical frequency spectrum without
nacelle. (c) Typical frequency spectrum fully assembled.

3 Conclusion
After processing and analyzing 42 fully assembled WTGs, the results of the 1st side-side (SS1)
resonance frequencies were condensed in the histogram of Figure 3 and compared to the design
frequency values. Already from these results we can see more spread in the measurement than as
suggested by design. Deeper research is needed in the field of offshore monopile foundations [3].

Figure 3 Distribution of the 1st side-side resonance frequencies of the 42 sites.
(Red: as designed, Blue as measured)
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The robust design of composite wind turbine blades aims at preventing damage, from initiating and
propagating, thereby affecting the integrity of the blade or even causing its catastrophic failure. Damage
modelling can be used in the blade design process to reduce safety factors generally employed to account
for damage [1, 2]. Damage modelling can also be used to assess deviations originating in manufacturing
or service. Numerical modelling can be used to decide if a wind turbine blade should be repaired or
not during production, or whether it should be stopped immediately or monitored more frequently when
already installed [3].
The production of wind turbine blades usually consists of the infusion of dry fibre-reinforced material
with a matrix resin. Generally, the manufacturing process uses fabric composites for their drapability
and ease of handling[4]. Unfortunately, the use of these fabric composites can also lead to defects such
as wrinkles in the sheets placed in the mould or missing overlaps between different layers. These manufacturing defects can lead to a reduction in the blade structural strength and reduce the fatigue life
by acting as stress concentrations. Often, these stress raisers act as damage initiators triggering further
damage growth [2] until finally leading to the failure of the blade or a need to replace it. Despite advanced non-destructive test methodologies, some manufacturing non-conformances are not captured in
the quality assurance process. Therefore, it is vital to improve understanding on how damage initiates
and propagates from them.
The modelling of damage in composite structures is an area of great scientific interest, especially due
to the complexity of interacting failure modes due to the heterogeneity of composite materials. Stitched
fabric composites are even more heterogeneous as the infusion of the stitched dry plies with the resin
leads to a characteristic distribution of the constituents in each ply. The fibres accumulate in bundles
which are visible to the naked eye, surrounded by resin pools. The resulting distribution of fibres along
the whole structure is not as homogeneous as typically assumed for non-textile composite materials. The
latter have been the main focus of damage modelling in composites. As damage in composite structures
can take place simultaneously at different scales, researchers have argued for the use of multi-scale models
in order to study the damage initiation and propagation in microscopic and macroscopic levels [5]. That
is, both at a level where the fibres, or fibre bundles, and the matrix are defined separately, or at a level
where a ply of a composite laminate is considered as a homogeneous material.
In this paper, a new approach is presented to analyse the initiation and evolution of composite damage
in wind turbine blades, in particular of damages which originate from manufacturing defects. A finite
element model with explicitly modelled fibre bundles and resin is the core of the analysis. The key
advantage of this approach is that the model scale is increased by several orders of magnitude compared
to a micro-mechanical analysis, while maintaining the ability to analyse the key characteristics of typical
damage cases in wind turbine structures. Based on material characterisation on fibre bundle and resin
level, the model will be applied to and validated by experimental testing. Finally, this model will be
integrated in a macro-scale model of the blade.
In order to build a model where the matrix and the fibre bundles are represented explicitly, both of
these constituents must be characterised. While the matrix and the composite material as a whole are
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commonly characterised experimentally, characterisation of fibre bundles is less common. Exceptions are
the work performed by Olsson et al. [6], who tested impregnated fibre bundles, or the work by Marklund
et al. in [7], who used unidirectional tape-based coupons of a representative fibre volume fraction. Other
researchers have opted to assume the fibre bundles as equivalent to unidirectional laminates with a high
fibre volume fraction [8, 9, 10] using micro-mechanical models or analytical expressions to obtain the fibre
bundle properties from those of the matrix and the fibres. In the material characterisation, computing the
stiffness properties of composite materials using the properties of its constituents can be achieved with an
appropriate degree of accuracy, but the estimation of the strength properties presents a greater challenge.
For this paper, the properties of the fibre bundles were computed analytically based on available properties
of typical fibres and matrix. In a first step, the fibre volume fraction of the fibre bundles was determined.
Micrographs of cross sections of specimens with a unidirectional lay-up (UD) whose fibre volume fraction
was known were employed to obtain the fibre volume fractions within the fibre bundle. It was assumed
that the area ratio in these cross sections was equivalent to the volume ratio in the whole composite
specimen. Based on the fibre bundle volume ratio, the fibre bundles properties could be estimated by
approximating the bundles as UD composites. For the longitudinal Young’s modulus E11 and in-plane
Poisson ratio ν12 the rule of mixtures was used, Halpin-Tsai relations [11] for the transverse Young’s
modulus E22 and in-plane shear modulus G12 and the self-consistent model for the out-of-plane shear
modulus G23 and Poisson’s ratio ν23 . The rest of the stiffness components were obtained based on the
symmetry of the fibre bundle, where directions 2 and 3 were considered equivalent. The equations derived
by Huang in [12] were used to calculate the strengths under tension, compression and shear loading based
on the composite material strengths.
Next, as part of the validation of these stiffness properties and of the modelling approach, a Representative Volume Element (RVE) of the larger unidirectional model was created. In this RVE, one sole
fibre bundle was modelled surrounded by the matrix. The shape of the fibre bundle was estimated from
the aforementioned micrographs as being a rectangular prism with rounded corners. The amount of resin
surrounding the bundle was chosen such that the overall fibre volume fraction coincided with that known
for a composite laminate. The RVE was modelled in ANSYS using solid elements. And while the matrix
was modelled as isotropic, the fibre bundle was assumed as transversely orthotropic, using the estimated
properties obtained analytically. Following the work of Sun and Vaidya [13], four different analyses were
run to obtain the stiffness components, loading the RVE longitudinally and transversely under normal
and shear loads. For reasons of simplicity, the same mesh was employed in the four analyses, rather than
taking advantage of the symmetry present in each of these cases. All properties showed values similar
to those obtained experimentally. It was also studied how different shapes of the fibre bundles influence
the results, simulating rectangles without rounded corners and elliptical bundles. The ellipse extends
further in direction 2 and 3 compared to the rectangle, which explain why it overestimates E22 and ν23 ,
while underestimating properties related to direction 1. The approach was extended to an RVE of a
larger specimen with multiple fibre bundles regularly distributed, while mimicking the distribution of
fibre bundles found in the aforementioned micrographs. Each bundle is located right on top of the bundle
from the ply below it, as seen in figure 1. The load cases mentioned above were applied to this model for
validation.

Figure 1: Multiple fibre bundles finite element model. Fibre bundles (blue), resin (green)
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In a next step, damage modelling is included into the model. Due to the large number of elements and
the need for an industry-efficient model, a smeared-crack approach where damage is modelled through
material degradation was chosen. In this approach, upon exceeding a certain damage initiation criterion,
the failed element sees its properties degraded based on the predicted failure mode [14]. The degradation
of the properties can be instantaneous or gradual. The latter resembles reality much closer and by
using the crack-band approach can eliminate the element size dependency observed in instantaneous
degradation [15]. For these reasons, a gradual approach was chosen and has been included to ANSYS by
a user-defined material subroutine using Hashin’s failure criterion.
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Abstract

In this paper, three load simulation approaches based on an offshore wind turbine jacket are studied.
One is uncoupled method, the second is sequential coupled approach and the final one is fully integrated
(coupled) approach. For the offshore wind turbine (OWT) simulation, the two common load simulation
methods are the sequential coupled approach and fully integrated approach. The sequential method is
widely used in industrial field, due to the intellectual properties and confidential issues between the foundation designer and the turbine manufacturer. The overview of this approach can be found in [1] and [2].
The fully integrated method can be found in many wind turbine simulation tools including OpenFAST,
Bladed, Flex5, and HAWC2. As for the uncoupled simulation method, it is not commonly used, which can
have different cases. The multiphysics couplings (eg. aero-elastic or hydro-elastic coupling) are usually
neglected in this approach and the load simulation may be not accurate. But compared to sequential and
fully integrated methods, the uncoupled simulation is easily carried out and also can be noticed in some
researches and applications. In this study, the fully integrated method with strong coupling is considered
as the reference. The comparison with other two approaches is conducted. In addition, the wind turbine
tool used in this study is OpenFAST and the finite element analysis tool is ANSYS. The wind turbine
tool OpenFAST allows to carry out the sequential coupled [3] and fully integrated simulation. The jacket
model used is referenced in [4] designed for the 5-MW wind turbine [5]. The load case set is composed
of the design load case (DLC) 1.2 of the IEC standard [6] and the wind and wave conditions are based
on the K13 Deep Water Site of the UpWind project [7]. The wind speed is divided into 11 wind bins,
between the cut-in and cut-out wind speed, with each size 2 m/s.
The responses of dynamic analysis in the top of jacket are compared. The comparison between the
fore-aft force (Fx), fore-aft moment (My) which mainly cause the fatigue damage and platform surge
(Ux) are studied. Here, only the results of the fore-aft force (F x) in 10 minutes with mean wind velocity
12m/s are displayed in Fig.1. Also, the mean, absolute maximum and standard deviation values of F x
in each load cases are depicted in Fig.2. In the two figures, ”Uncoupled”, ”Fully” and ”Sequential” are,
respectively, the simulation results of uncoupled, fully integrated and sequential coupled approaches. The
results show that the simulation results in sequential coupled are mostly in good agreement with that
in fully coupled approach. The uncoupled approach leads to big differences in the extreme responses in
dynamic analysis. The differences between uncoupled approach and fully coupled approach are mainly
because hydro damping and hydro elastic are not included in the uncoupled simulation. Hence, in order
to better calculate the loads in the OWT simulation, the fully and sequential coupled approaches are
recommended.
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(a) Wind with corresponding wave

(b) Zoom of the left figure

Figure 1: Fore-aft force F x with mean wind velocity 12m/s

Figure 2: Mean, absolute maximum and standard deviation values of F x (N) in each load cases
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Abstract
Pitch bearings in wind turbines are critical components. The main function of these bearings is to
connect the blades to the hub allowing blades to rotate. Different damage modes have been observed
in these bearings: edge loading, core crushing, rotational wear, false Brinelling and fretting corrosion.
Load distribution among the bearing rolling elements is one of the relevant factors related to these
damage modes.
Poor load distribution is a usual characteristic of pitch bearings due to the low stiffness provided
by the supporting structures: hub and blades, as lightweight-design is an essential requirement for
large-scale wind turbines. Although the effect of the stiffness of pitch bearing supporting structures
on the load distribution has been largely studied, little evidence exists regarding how modifying the
stiffness of these structures impacts on the load distribution of the bearing rolling elements.
In this work, the load distribution in a 2-metre diameter double row four-point contact ball
pitch bearing is analysed considering different stiffness for the supporting structures. The analysis
is carried out through finite element analysis, the flexibility of the hub and blades is modified by
defining different thickness of the stiffener plates, and the different assembly stiffness configurations
are compared by defining indexes to quantify the uniformity of the load distribution. Adding stiffener
plates in the hub produces the best results to effectively improve the load distribution among the
rolling elements, resulting in the maximum contact load reduced by 20% for the bearing analysed.
Adding stiffener plates to the hub mainly increases its radial stiffness; therefore, it is possible to conclude that the radial flexibility of the hub has a major influence on the pitch bearing load distribution.

1

Introduction

Wind energy faces unique challenges to improve the reliability of wind turbine components. These
challenges are not only associated with a large number of turbines and their remote location but also
with modern large-scale wind turbines rapidly increasing their size with demanding lightweight design
requirements to be fulfilled. The larger size of wind turbine mechanical components has resulted in higher
replacement or repair cost of parts like gears and bearings. The increased cost associated with operation
and maintenance affects the cost of wind energy and its competitiveness in the energy marketplace [1].
A mechanical system which has attracted more research interest from wind turbine manufacturers and
wind farm operators recently is the blade pitch system. This system usually consists of a large slewing
bearing (pitch bearing) built with gear teeth to be rotated either by an electric or hydraulic mechanism.
The pitch bearing connects the blades to the hub allowing the blades to oscillate to change the angle of
attack, which control power and loads in wind turbines.
Pitch bearings can be affected by different damage modes: fatigue, core crushing, ring fractures,
edge loading, fretting corrosion and false Brinelling [2]. Stammler and Reuter [2] explain the damage
modes in wind turbine pitch bearings; fatigue in through-hardened bearings initiates at the position of
the maximum equivalent stress under Hertzian conditions, below the raceway surface. In pitch bearings,
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which are commonly surface-hardened, fatigue may start at the same location or where the hardness is
lower than the surface. In this case, the damage mode is known as core crushing. Bearing rings may
also experience fatigue resulting in ring fractures due to high dynamic bending moments. Deformation
of the rings because of flexibility of the surrounding parts causes translation of the contact area towards
the raceway edge. When the contact path crosses the raceway edge, the contact area becomes smaller,
and the remaining area withstands higher stresses. If the contact stresses exceed the allowable levels, the
raceway will be damage by edge loading. False Brinelling and fretting corrosion occur between loaded
contacting surfaces under cyclic relative motion of small amplitude. False Brinelling is mild adhesive wear
that occurs under lubricated contact conditions and fretting corrosion occurs under dry conditions [3].
The occurrence of the damage modes in wind turbine pitch bearings depends on several different
factors, but certainly, one common parameter to all of them is the contact force between the bearing
rolling elements and the bearing raceways. Pitch bearings are mounted on highly flexible structures: hub
and blades. This results in bearing rings being subjected to large deformations and poor load distribution
(load transmission from the blade to the bearing rolling elements). Due to the important role played by
the hub and blades stiffness, pitch bearing testing and analysis should be done as a whole assembly [2].
The analysis of load distribution in pitch bearings is usually done through finite element analysis
(FEA). The role of the surrounding structure has been studied by Chen et al. [4], Schwack et al. [5], and
Stammler et al. [6]. They have all demonstrated how the stiffness of blades and rotor hub affect the load
distribution compared to analysing the bearing mounted on a rigid support. However, no evidence exists
about how the load distribution is affected by modifying the stiffness of these components.
In this paper, the load distribution in a 2-metre diameter double row four-point contact ball pitch
bearing is analysed considering different stiffness for the supporting structures.

2

Methods

The analysis of the load distribution was carried out developing a Finite Element (FE) model using the
module ABAQUS/STANDARD 2017 considering a General Static Analysis. This type of analysis allows
obtaining the contact forces acting on each bearing ball due to the equivalent static loads acting on the
blades, neglecting any variation due to dynamic effects. This is a reasonable assumption, bearing in mind
that this model aims to compare the load distribution under different configurations, and the magnitude
of the contact forces between the balls and the raceway is given mainly by the static loads.

2.1

Description of the FE model of the pitch bearing assembly

Three 2-metre diameter double-rowed eight-point contact ball pitch bearings, three 40-metre blades and a
75mm-thickness hub were included in the FE model. The blade was modelled with arbitrary and simplified
geometry, whose main dimensions were scaled from a 80-metre blade [7].The assembly of these parts is
presented in Figure 1(a). The model was meshed with a combination of solid and shell elements. The
meshed geometry is presented in Figure 1(b). The main dimensions and material properties considered
for modelling the pitch bearing are presented in table 1.
Table 1: Main dimensions and properties of the pitch bearing.
Parameter
Ball diameter [mm]
Number of rows
Number of balls per row
Conformity
Contact angle [°]
Material
Young Modulus [MPa]
Poisson’s ratio

Value
45
2
120
0.52
45
42CrMo4 EN10083-3 Steel
210000
0.3

Bolted connections between the outer ring and the hub, and between the inner ring and the blade
were simulated in detail. The balls were not modelled as solid bodies. Instead, they were modelled using
traction-only springs and rigid elements as proposed by Daidie et al. [8]. The ball stiffness was calculated
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using an analytical method described by Guay et al. [9]. Figure 2 shows a scheme with the balls contact
modelling. This modelling strategy is highly efficient as it allows obtaining the contact forces without
modelling hundreds of individual contacts.
(a)

(b)
Blades
Pitch
bearings

Hub

Figure 1: (a)Blades, pitch bearings and hub assembly. (b) FE model mesh.
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(b)
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Figure 2: Balls contact modelling: (a) Contact arc centres definition. (b) Springs definition. (c) Rigid beams
definition.

The rear flange that connects the hub to the main shaft of the drivetrain was fixed in all degree of
freedom. Concentrated loads were applied on each blade along their local coordinate system. The loads
were applied at a point such that the resulting forces and moments at the blade root are those listed in
table 2. Load application points were linked to blade nodes by mean of couple interactions.
Table 2: Blade loads.
Load component
Resultant axial force at blade root Fa [kN]
Resulting radial force at blade root Fr [kN]
Resulting moment at blade root M [kNm]

2.2

Value
220
72
1600

Stiffness modification

This paper aims to understand the effect of modifying the stiffness of pitch bearing supporting structures.
To achieve this aim, stiffener plates with different thickness were included in hub and blades. Six different
assemblies are analysed, which are summarised in table 3. The locations of the stiffener plates are shown
in Figure 3.

2.3

Analysis procedure

The results post-processed and analysed from the model are bearing ring displacements and contact forces
acting on the bearing balls. The rings displacements are used to calculate the flexibility of the bearing
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along the radial and axial axes. The contacts forces are analysed for the six assembly configurations
compared by mean of the load distribution indexes.

3

Results and Analysis

Figure 4 presents the bearing rows numbering, contact pair definition, balls numbering, and angular
position. These definitions are used in all the results presented in this section.

3.1

Bearing displacements

The displacements of the bearing rings were post-processed using a local cylindrical coordinate system,
located at the centre of the bearing. Results for the base configuration are presented in detail, followed
by summary plots for all the six assembly configurations.
Radial and axial displacements of the bearings are presented in Figure 5 and Figure 6, respectively.
The radial displacement results show an oval shape of the ring, where two opposing points at 45◦ and
225◦ are deformed inwards and the opposite points at 135◦ and 315◦ are deformed outwards. The axial
displacements results show that the higher difference between the inner and outer race happens at 225◦ ,
where the inner ring is more downwards deformed than the outer ring.
The maximum and minimum radial and axial displacements for the six assembly configurations are
summarised in Figure 7(a) and Figure 7(b), respectively. Additionally, radial and axial flexibilities,
defined according to the Equations 1 and 2, were included in these plots.
δradial =

dradial,max
Pea

(1)

δaxial =

daxial,max
Pea

(2)

where, dradial,max and daxial,max are the maximum radial and axial displacement of the bearing, respectively, and Pea is the bearing equivalent load defined in Equation 3 [10].
Pea = 0.75Fr + Fa +

2M
dm

(3)

Table 3: Plate thickness in the six assembly configurations.
Configuration
Base
Blade stiffener plate 25mm
Blade stiffener plate 50mm
Hub stiffener plate 25mm
Hub stiffener plate 50mm
Blade and hub stiffener plate 50mm
(a)

Blade stiffener plate
thickness [mm]
25
50
50

Hub stiffener plate
thickness [mm]
25
50
50

(b)
Stiffener plate
Blade root

Stiffener plate

Figure 3: Locations of stiffener plates: (a) Blade. (b) Hub.
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(a)

Inner ring (b)
(Blade side)

Row 1 - Pair 2

Row 2 - Pair 2

Ball 120
(357°)

Ball 60
(180°)

Row 1 - Pair 1

Fr

Ball 30
(90°)

Row 2 - Pair 1

Ball 1
(0°)

M

Fa

Outer ring
(Hub side)

Figure 4: (a) Bearing rows numbering and contact pair definitions. (b) Ball numbering and angular position.
(a)

(b)

180°

270°

0°

90°

Figure 5: Bearing radial displacements a) View from FE model. b) Plotted in a polar graph.
(a)

(b)

180°

90°

270°

0°

Figure 6: Bearing axial displacements a) View from FE model. b) Plotted in a polar graph.
where, Fr is the bearing radial force, Fa the bearing axial force, M the bearing bending moment, and
dm the bearing pitch diameter.
By comparing the results of all the assembly configurations, it can be observed that adding plates
in the hub has a greater impact on reducing the radial displacements of the bearing. On the contrary,
adding plates in the blades has a greater impact on reducing the axial displacement. The same can be
observed in terms of the flexibility.

3.2

Load distribution

The load distribution is the contact force on every ball due to the loads applied to the blade. Similarly to
the bearing displacement results, load distribution results are presented in detail for the base configuration
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(a)

(b)

Figure 7: Summary of displacements for all configurations. (a) Radial. (b) Axial.
and summarised for all the six assembly configurations.
The load distribution for the base configuration (without any stiffener plates) in row 1 and 2 are
shown in Figure 8(a) and 8(b). The maximum load is 26.2 kN in row 1, which is the row next to the
blade. This value is 8.3% higher than the maximum contact load obtained using the analytical expression
provided by Harris et al. [10] given by Equation 4.


2F r
Fa
4M
Qmax = 0.55
+
+
(4)
Zcosα Zsinα dm Zsinα
where, Z is the number of balls per row, and α the initial contact angle.
The maximum load in row 2, next to the hub, is 18.7 kN. The maximum load in row 1 is 55% higher
than the maximum load in row 2. This difference is because row 1 is closer to the load application point
in the blade. Maximum loads are located at the same angular position where the maximum and minimum
displacements occur. The results also show that most balls are loaded at only two points.

(a)

(b)

Figure 8: Load distribution base configuration. (a) Row 1. (b) Row 2
Defining a parameter to quantify the uniformity of the load distribution is essential to compare the
different assembly configurations. Two indexes are defined for this purpose. The first index compares the
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maximum load of contact pair 1 and 2 in a given row (LDrow ). This index compares the load distribution
within a row. The second index compares the maximum load of row 1 and 2, at the contact pair where
the maximum value occurs (LDbearing ). This index compares the load distribution within the whole
bearing. The expressions for these indexes are given in Equations 5 and 6. The closer the indexes are to
1, the better the load distribution will be. The load distribution indexes are presented in Figure 9.
LDrow,i =

M ax Contact F orce(Row i − P air 1)
M ax Contact F orce(Row i − P air 2)

LDbearing =

M ax Contact F orce(Row 1)
M ax Contact F orce(Row 2)

(5)
(6)

Figure 9: Load distribution indexes for all configurations.
The indexes comparison shows that adding a stiffener plate in the hub produces a more even load
distribution as the indexes are the closest to 1.
Figure 10 presents a comparison of the load distribution for the base configuration and the configuration with the stiffener 50mm thickness plates in the hub. These plots illustrate the results of the
(a) Base configuration - Row 1

(c) Hub 50mm configuration - Row 1

(b) Base configuration - Row 2

(d) Hub 50mm configuration - Row 2

Figure 10: Comparison of load distribution between the base configuration and the configuration with the 50mm
thickness plate in the hub.
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improvement in the load distribution, which consists basically of a decrease of the maximum load of row
1, resulting in a more evenly distributed load around the location where the maximum load occurs.

4

Conclusions

An assembly FE model of the pitch bearing with its supporting structures was developed, post-processed
and analysed. This model allows studying the load distribution among the bearing rolling elements. The
analysis of the results shows the row next to the blade carries 55% more load than the row next to the
hub because the row next to the blade is closer to the point of load application. The maximum load
obtained from the model is 8% higher than the maximum analytical load obtained using the equation
provided by Harris et al. [10]. This can be explained because that analytical expression to does not take
into account the flexibility of the adjacent structures. This specific difference is only valid for geometry
considered in the model and will change for other pitch bearing designs. It is expected that the larger
and more flexible the bearings are, the larger this difference will be.
Six different assembly configurations were assessed with this model. These configurations consist
of modifying the stiffness of the supporting structures by adding stiffener plates. Adding plates in
the hub results in the best load distribution, decreasing the load by 20%. In terms of the bearing
displacements analysis, adding plates to the hub decreases the radial displacements and the bearing
support flexibility. Therefore it is possible to conclude that the radial flexibility has a significant impact
on the load distribution.
Having a more evenly distributed load is essential to reduce the occurrence of different damage mechanisms existing in pitch bearings and therefore improve their reliability. This is particularly important
as modern large-scale wind turbines are rapidly increasing their size, resulting in more flexible bearings
and supporting structures.
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1

Introduction

The flow obstructions caused by orographic obstacles and the different surface roughness and temperature
found over land and sea make wind farms operating in velocity fields which are rarely uniform. However,
existing wake-merging methods in engineering wind-farm wake models only rely on a single value of wind
speed and turbulence intensity measured several hundreds of meters upstream of the farm [1, 2]. In the
current work, we aim to fill this gap by developing a new wake-merging method for wind-farm power
prediction in presence of heterogeneous velocity fields.

2

Methodology

Consider an arbitrary farm
 layout with Nt turbines immersed in a heterogeneous background velocity field
U b (x) = Ub (x), Vb (x) which changes magnitude and direction over the wind-farm area. To compute
the waked flow through the farm, we use a recursive formula. To this end, we first order the turbines from
most upstream to most downstream, so that for any l > k, the wake of turbine l does not interfere with
turbine k. At the first iteration, the velocity field is given by the background wind speed U 0 (x) = U b (x).
Next, at a generic iteration k, the velocity field downwind turbine k is computed as



U k (x) = U k−1 (x) · e⊥,k 1 − Wk (x) e⊥,k + U k−1 (x) · ek,k ek,k ,
for k = 1, . . . , Nt
(1)


where e⊥,k = cos θk , sin θk and ek,k = − sin θk , cos θk denote the unit vectors perpendicular and
parallel to the rotor plane of turbine k with θk the orientation angle of the turbine. Note that we assume
no yaw misalignment, hence


θk , arctan V (xk )/U (xk ) = arctan Vk−1 (xk )/Uk−1 (xk )
(2)
where xk = (xk , yk , zh,k ) denotes the turbine position. The total farm flow field corresponds to U (x) =
U Nt (x). Eq. 1 is derived using self-similarity in the wake of turbine k and simply expresses that the
wake deficit is oriented in the axial direction of turbine k, while no velocity change occurs in the parallel
direction. This axial velocity deficit is then transported
along the streamlines of the background flow.

c ξ k (x) where ξ k (x) is a curvilinear reference frame which
Hence, the wake deficit function Wk (x) = W
follows the background flow streamlines and with origin the position of turbine k (i.e., ξ k (xk ) = 0). For
more information, we refer to Lanzilao & Meyers [3].

3

Results and discussion

We consider a farm with 25 turbines with diameter D = 154 m and turbine hub height zh = 100 m.
The dimensionless streamwise and spanwise spacings are sx = sy = 7. The wake deficit function is the
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Figure 1: Normalized velocity field at a horizontal plane at hub height computed with the new wakemerging method coupled with the Gaussian wake model. (a,b) Abrupt change of background velocity
magnitude along the streamwise and spanwise directions, respectively. (c) Abrupt change of background
velocity direction over the wind farm. The black lines denote the wind-turbine rotor locations.
one proposed by Bastankhan & Porté-Agel [4] with CT = 0.85. The ambient turbulence intensity is
TIb = 12% and the added turbulence is evaluated adopting the model proposed by Niayifar & Porté-Agel
[2]. Fig. 1(a,b) illustrates the turbines’ wake behaviour in presence of an abrupt change in background
velocity magnitude along the streamwise and spanwise direction, respectively (i.e., the background wind
speed increases linearly along the streamwise (spanwise) direction with a difference of 2 m/s between
x/D = 0 (y/D = 0) and x/D = 50 (y/D = 40)). Note that the flow is uni-directional in these cases.
Thereafter, Fig. 1(c) shows the flow through a farm which is subject to an abrupt change in wind direction. In this specific case, we assume Sb = kU b (x)k2 = 10 m/s and we vary the wind direction with
θb (x) = 0.35x/D, so that there is a 10◦ change in background wind direction between the first and the
last column of turbines.
The new wake-merging method is validated using LES data, Dual-Doppler radar measurements and
SCADA data from the Horns Rev, London Array and Westermost Rough farm. The turbines power output is computed using different wake deficit function expressions taken from literature [4, 5, 6, 7]. Results
show that the new method performs similarly to linear superposition of velocity deficits in homogeneous
conditions but it shows better performance when a spatially varying background velocity is used. We
refer to Lanzilao & Meyers [3] for more details.

4

Future work

Future research will focus on a more extensive validation of the new wake-merging method in presence of
heterogeneous background velocity fields. The Anholt wind farm is a suitable candidate for this type of
study due to the strong coastal gradient present in its location. Also, the new wake-merging model could
account for velocity gradients generated by self-induced gravity waves. Hence, we plan to couple the new
wind-farm model with the recently developed mid-fidelity three-layer model (see Allarts & Meyers [8]) in
the future.
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