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Mitigation of Aerodynamic and Hydrodynamic Induced Loads of 
Offshore Wind Turbines 

 

Tim Fischer 
Endowed Chair of Wind Energy (SWE) at the Institute of Aircraft Design, Universität Stuttgart 

Allmandring 5b, 70569 Stuttgart, Germany, tim.fischer@ifb.uni-stuttgart.de  

ABSTRACT 

The support structure is a major cost item for large and/or deep-water offshore wind turbines. 

Optimisation through integrated design of the rotor-nacelle-assembly and the support 

structure is a powerful means of reducing the cost.  

Within an integrated approach, the characteristics and the control of the turbine are used to 

simultaneously reduce aerodynamic and hydrodynamic loads especially with respect to 

fatigue. Furthermore turbine control might be used for compensation of variations in the site 

conditions within the wind farm cluster, resulting in a different fundamental eigenfrequency of 

the structure. 

 

KEYWORDS 
Offshore, Loads, Mitigation, Control, Damping, Support Structure, Integrated Design 

 

1 INTRODUCTION 

Since support structures are one of the main cost drivers offshore and since offshore other 

rules apply with regards to design and site conditions, different methodologies have to be 

developed to mitigate the loads on the support structure and therefore to reduce the 

associated component costs. Until now, only a few offshore-specific turbine types are 

available on the market and most of them do not include control algorithms for support 

structure load mitigation adapted to offshore conditions. This enables high potential of 

structural optimisation by means of offshore-specific controls in the integrated design 

process of support structures. 

 

2 PROJECT DESCRIPTION 

Reduction of the external wind and wave loads and of the associated dynamic response is, 

beside optimised manufacturing and installation logistics, an obvious way to achieve more 

tim.fischer@ifb.uni-stuttgart.de    3
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cost-effective design. In the work presented here this is aimed for by integrating the design of 

the rotor-nacelle-assembly (RNA) and support structure in the design process. Hence, the 

RNA is considered as an active element in mitigating the loads on the support structure. For 

support structure load mitigation, different concepts are studied and are distinguished at 

three different levels as seen in Figure 1 for some already studied examples. The goal is to 

identify a suitable selection of options to finally obtain an optimised offshore wind turbine 

design. 
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Figure 1: Levels and possible implementations of load mitigation 

 

Since offshore different design needs are present, one might think about offshore-specific 

design solutions (see design level in Figure 1). These can range from large turbines with a 2-

bladed downwind rotor or light truss tower solutions. As noise restrictions are not as limited 

as for onshore locations, a higher tip-speed ratio and turbines with higher specific rating are 

possible. Furthermore, especially for variable site conditions, it might be a promising idea to 

consider turbines with adjustable operational characteristics able to compensate critical site 

variations like changing eigenfrequency ranges. If the turbine characteristics can be adapted 

with the aid of, for example, shifting the rated rotational speed, the frequency limitation like 

the 1P can be reduced or even eliminated. 

On the operational control level, the need for extreme event control is very important, as 

these loads are very often design drivers, at least for monopile-like structures in deep water. 
tim.fischer@ifb.uni-stuttgart.de    4
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However, other strategies for optimised turbine operations and related lower support 

structure loads may be worth discussing, such as extending the cut-out wind speed limit, 

applying a peak shaver or a passive tower mass damper device.  

Finally, on the third level there is a significant potential in using advanced and adapted 

dynamic control concepts, such as active/hybrid tower mass damper, torque control or pitch 

control. The latter can either be implemented as active collective pitch control where the rotor 

acts as an active damper element as a so-called tower feedback controller. Or it can be used 

as individual pitch control to counteract sidewise vibrations, for example coming from wind-

wave-misalignment. 

 

3 PRESENT RESULTS AND OUTLOOK 

Some of the above mentioned load mitigation concepts have already been studied and the 

results were published. For first results and an outlook on upcoming work, please see the 

bibliography below. 
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Floating Offshore Wind Turbines – 3D hydrodynamics coupled 
to an advanced aero-elastic code 

 

G. K. V. Ramachandran, J. N. Sørensen, J. J. Jensen and H. Bredmose 
Fluid Mechanics Section, Dept. of Mechanical Engng., Technical University of Denmark 

ABSTRACT 

This paper discusses options for floating offshore wind turbines. Based on a literature review 

and for different selected environmental conditions, we concentrate on a Tension Leg 

Platform configuration. The paper describes the development of a mathematical model which 

takes the 3D hydrodynamic loads into account of and couples them to an advanced aero-

elastic code. The goal of the overall study is to compute loads and responses on the wind 

turbine and its platform. 
 

KEYWORDS 
Floating offshore wind turbine; 3D hydrodynamics; aero-elasticity 

1 INTRODUCTION 

Wind energy is one of the solutions to the energy crisis faced by the world. Technology of 

conventional wind turbines attained the maturity in the last decade and the unit size of 

onshore wind turbine seems to have reached its saturation level. Scarcity in available land to 

tap wind potential has lead to the need of exploring the potential availability of offshore 

locations. Present technologies, which are bottom fixed concepts, are only suitable for 

shallow depths and cannot be used for deep water. However, the majority of the offshore 

potential is available in deep waters. This lead the way to think different options for tapping 

deep water wind potential. Recent studies have already suggested a range of configurations 

suitable for deep water floating wind turbines. In this paper, we consider one of these 

configurations, viz. the Tension Leg Platform (TLP). The first steps in the formulation of a 

mathematical model for the structural dynamics with 3D hydrodynamic loads are discussed.  

2 CONFIGURATIONS 

2.1 Classification 

Different types of configurations have been suggested by many researchers. Based on static 

stability, the configurations are classified as ballast, mooring lines and buoyancy types [1]. 

Each type has its own advantages and disadvantages.  

 
 



 
The European Academy of Wind Energy

5th PhD Seminar 
       on 

         Wind Energy in Europe 

gkvr@mek.dtu.dk   7

 
 

2.2 Location, wave climate and wind climate 

For the present study, the North Sea in the coastal part of Norway has been chosen. The 

selected location is shown in Figure 1. Water depth in this location is of magnitude 200 m.  

Representative parameters for the wave climate are shown in Table 1. These are based on 

the data in Figure 2 for the annual wave climate of the North Sea [2].  

Annual average wind speed at 100 m height for the proposed location is about 8 to 10 m/s. 

Predominant wind direction is West and South – West [2].   
 

 
Figure 1: Proposed location showing   Figure 2: North Sea – Annual Wave Climate 

water depth variation 
 

Table 1: North Sea Wave Climate 

Parameter  Value  
Significant wave height 7 m 

Peak period 10 s 
Water depth 200 m 

2.3 Present configuration 

Based on the literature, it has been observed that the platform motion will induce higher 

loading to the blade root and to the tower. This leads to higher fatigue damage. An optimum 

configuration should have smallest possible wave loading to minimise response motions 

induced on the turbine because of the platform movement. Based on knowledge from earlier 

studies, a Tension Leg Platform (TLP) has been chosen. This is one of the most stable 

platforms which have a relatively small impact on the turbine dynamics [1]. The configuration 

is shown in Figure 3.  

2.4 Simplified model for initial studies 

Noting the characteristics of TLP as soft in surge and sway motions, extremely stiff in 

rotational modes, ie., pitch and roll and limited heave and pitch motions, the system is initially  



 
The European Academy of Wind Energy

5th PhD Seminar 
       on 

         Wind Energy in Europe 

gkvr@mek.dtu.dk   8

 
 

modelled in terms of a three mass model, where the rotor, nacelle, tower and floater are 

connected through corresponding springs and dampers. The simplified model is shown in 

Figure 4. 

The sway and yaw motions are excited by cross coupling mechanisms of the wind turbine. 

The natural frequencies are either in a very low frequency region or in a high frequency 

region [3]. In these regions, there is little energy in the ocean spectra. 
 

 
Figure 3: Proposed configuration (TLP)  Figure 4: Simplified three mass system 

 

For the initial computations, linear wave theory is assumed and the wave loads are 

calculated using Morison’s equation, which is shown below: 
 

             (1) 

The displacement transformation from blade coordinate system to platform coordinate 

system is shown below [4]: 
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3 ANALYSIS APPROACH 
 

ave load procedure taking into account the inertia and drag 

e floater and the mooring system and eventually a full, 

The basis for the analysis is the w

forces from the waves acting on th

well-proven, aerodynamic code for the wind-generated loads on the tower and blades. The 

two procedures will be coupled together in the time-domain and an effective stochastic 

procedure, the First Order Reliability Method (FORM), will be applied to derive extreme 

values and fatigue estimates for the total system. The feasibility of different configurations 

will thereby be evaluated. A sketch of the analysis procedure is shown in Figure 5. 
 

 
Figure 5: Schematic of analysis procedure 

4 CONCLUSIONS 

From the literature review and as per our analysis, a Tension Leg Platform configuration 

 Considering this as basis, a mathematical 

S. Butterfield, W. Musial, J. Jonkman and P. Sclavounos : Engineering Challenges for 
ffshore Wind Turbines ; 2005 Copenhagen Offshore Wind Conference  

mark, October 26–28, 2005. 

[3]  on 
, Norway – May 29 to June 1, 2005. 

urbine Blade Induced by Motion of Floating Platform 

, 
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would be suitable for deep water environment.

model is under development which takes into account of the three dimensional wave field 

and couples with the aero-elastic code in order to estimate the loads and response on wind 

turbine and platform. 
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Quasi-3D aerodynamic code for analyzing dynamic flap and 
sensor response 

 

Néstor Ramos García1

1) Department of Mechanical Engineering, Fluid Mechanics Section, DTU, Denmark 

 

 

ABSTRACT 
In the paper we present a 2D version of a quasi-3D aerodynamic code that is under 

development. The code is based on viscous-inviscid interaction using strong coupling 

between the two parts. The inviscid part is modeled using a panel method whereas the 

viscous part is represented by the boundary layer equations put into integral form and with 

extensions for 3-D rotational effects. The purpose of the code is to include a flapping trailing 

edge as well as rotational effects in the aerodynamic analysis. So far a 2D version of the 

code has been developed. The 2D code is validated against measurements of performance 

data for various NACA 63-xxx airfoils. 

 

KEYWORDS 
Moving flap, viscous-inviscid interaction, panel method, quasi 3-D integral boundary layer. 

 

INTRODUCTION 
In this project a fast and efficient quasi-3D aerodynamic code is being developed to analyze  

the local aerodynamic behaviour of an airfoil section of a wind turbine with a moving trailing 

edge flap and the associated sensor response. The inviscid calculations are carried on using  

an unsteady potential flow panel method. The viscous flow is calculated using a quasi 3-D 

integral boundary layer equations. Simulations will be carried out for flows around an airfoil 

with a moving trailing edge for both static and rotating blade. These calculations will provide 

guidelines for designing and evaluating the Adaptative Trailing Edge Flap (ATEF) system on 

a wind turbine. See figure 1.  

 

 
Figure1: Wing with trailing edge 

 flaps and pitot tubes 

nrg@mek.dtu.dk   10
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1 VISCOUS & INVISCID FLOW SOLVERS 

1.1 Inviscid Solver 
The unsteady panel method solver has been implemented with a uniform source distribution 

and a parabolic vortex distribution placed in the panel elements [1,2]. The near wake is 

represented with uniformly vorticity distributed panel elements and the far wake is 

represented by point vortices.  

 
Figure 1. Downstream convection of point vortices from a sinusoidally pitching NACA0010   

 

1.2 Viscous Solver 

In order to solve the von Kármán integral relation for the laminar case Thwaites method has 

been implemented. An extension of Thwaites’ method for 3D-flow is being tested at the 

moment. [3] 

 

An integral boundary layer solver based on the standard boundary layer integral momentum 

and kinetic energy shape parameter equations has been implemented for the turbulent case. 

Following Drela’s model [4], turbulent closure equations are implemented. These relations 

are derived using the skin-friction and velocity profile formulas of Swafford.  

 

The laminar-turbulent transition prediction is obtained using a spatial-amplification theory 

based on the Orr-Sommerfeld equation, commonly known as the n9 method [5]. Transition 

will occur when the most unstable Tollmien-Schlichting wave in the boundary layer has 

grown bigger than some factor.  

 

1.3 Viscous-inviscid interaction 

The viscous-inviscid interaction is based on the assumption of an equivalent inviscid flow, 

where the effects of a real flow can be added. In order to displace the dividing streamline 

outwards the required distance δ* from the surface, the mass flow injected normal to the wall 

in the equivalent inviscid flow is chosen to be equal to the streamwise rate of change of the 

mass flow deficit [6]. 

nrg@mek.dtu.dk   11
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2 RESULTS 

First we compare computations with similar computations employing the Xfoil code. In Figure 

2a we observe how the inviscid computations are in perfect accordance with Xfoil inviscid 

computations.  In Figure 2b, computations using viscous-inviscid interaction are shown, we 

observe that for a flow about to separate, 9 degrees of angle of attack, the agreement 

between both curves is perfect. As the flow separation area increases, a small reduction of 

the upper Cp curve is observed in our computations in comparison with Xfoil. (High angle of 

attack, α=18, Figure 2c). The Reynolds number for both viscous computations is 3e6.  
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In Figure 3 computed CL curves are shown for the NACA airfoils 63415 and 63418, a 

common series in the wind turbines blades industry. Good agreement is obtained for   

attached flow conditions. After the separation point is reached, the computed CL curve stalls 

too early and continues to grow smoothly, while Xfoil and the 2D experimental data [7] stalls 

later and decreases gradually.  
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3 CONCLUSIONS 

A 2D version of a quasi-3D aerodynamic code has been presented. Future work will 

concentrate on the separation model and the derivation of a set of turbulent quasi three 

dimensional closure equations.  
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ABSTRACT 

A numerical simulation method for an accurate and fast prediction of the aerodynamic 

behaviour of wind turbine blades (RotorFlow) is currently under development. In this method, 

the total flow field around a blade is split into an inviscid external flow – to be solved with a 

potential flow solver – and a viscous boundary layer where integral boundary-layer equations 

are used. At the edge of the flow domains, both flows are coupled via an interaction 

formulation. The quasi-simultaneous interaction law will be used which has proven to be 

successful in 2D. A formulation for the 3D flow over rotating blades is now being developed. 

 

KEYWORDS 
Wind turbine blades, boundary layer, viscous-inviscid interaction, quasi-simultaneous 

coupling 

1 INTRODUCTION 

The current trend in wind turbine design is toward larger rotor blades. This brings challenges 

for the structural design as more and more material is involved and the blades become more 

flexible which is a challenge from a (aero)dynamic viewpoint. Safety factors – to compensate 

for uncertainties during design - should be as low as possible to avoid the use of 

unnecessary material. Besides, for optimisation purposes, design methods need to be fast. 

Therefore, an accurate and fast prediction of the aerodynamic behaviour of a blade is 

needed. Current methods that are fast in the prediction use crude models like BEM (Blade 

Element Momentum). For an accurate prediction of the flow, full Navier-Stokes equations 

need to be solved which requires huge computational efforts.  

2 ROTORFLOW 

A method that is low in computational effort, but with a more detailed solution than the BEM 

methods is pursued in the project RotorFlow of ECN. In this method, the whole flow field is 

split into two flow domains: an inviscid external domain and a small viscous boundary layer 
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at the surface of the blade. An interaction between the domains ensures a continuous 

solution between the two domains. 

 

Figure 1: The flow domains. I: inviscid external flow; II: viscous boundary layer, dashed line: 
viscous-inviscid interaction, U: the undisturbed free-stream velocity (=wind). 

U 

Figure 1 shows the flow domain over an airfoil. The dashed line indicates the edge between 

the two domains. This is where a viscous-inviscid interaction is present. Region I is the 

inviscid external flow that can be calculated with a potential flow panel method. Region II is 

the viscous boundary layer where the quantities of the boundary layer are obtained with an 

integral boundary-layer calculation. The flow variables that are of interest at the edge of the 

two domains are the velocity vector (ue = (ue,ve,we)T) and the boundary-layer displacement 

thickness: δ* (see Figure 2). 

 

Figure 2: Variables ue and δ* in the flow domains. 

3 VISCOUS-INVISCID INTERACTION 

The viscous-inviscid interaction (VII) can be performed in several ways. Four main methods 

can be distinguished. Figure 3 shows them graphically and they are discussed in detail in the 

following section. 

3.1 Main groups of interaction methods 

In the direct method (see Figure 3a), the external flow prescribes the velocity on the 

boundary layer. The boundary layer gives the displacement thickness to the external flow. 

The method is unable to handle separated flows. 

In the inverse method (Figure 3b), the boundary layer imposes the velocity onto the external 

flow. It can handle separated flows, but converges slow. 

Simultaneously solving the external and boundary-layer flow converges faster, but is 

complex in software terms and lacks flexibility in flow modelling. 

The complicated software of the simultaneous method is avoided by solving the boundary 

layer together with an approximated external flow and subsequently calculating the complete 
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external flow. The approximation is given by an interaction law. This idea was introduced by 

Veldman [1] and is drawn in Figure 3d. It turns out to be a powerful method that is 

comparable to the direct method but able to calculate separated flows. 

e
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Direct
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Simultaneous
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(d) 
Figure 3: Schematic of four main interaction methods: E = external flow equations, V = 

boundary-layer equations, I = interaction law: 
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a) direct method b) inverse method c) simultaneous method d) quasi-simultaneous method. 

3.2 Quasi-simultaneous interaction method 

The main challenge of the quasi-simultaneous interaction method is the formulation of the 

interaction law. Thin-airfoil theory gives a useful approximation of the external flow and is 

therefore used as basis for the interaction law.  

The complete flow field is computed by iteratively solving the external flow and the boundary 

layer with the interaction law, see Figure 3d. Mathematically, this can be written as: 

 )1*()*( )()( −−=− nn VIEI δδ . (1)
In this formula, I is the interaction law; V are the viscous boundary-layer equations, E 

represents the external flow equations and n the iteration number. If convergence is 

achieved, then:  

 0)( * =− δVE , (2)
which shows that the formulation of the interaction law is not influencing the final solution. 

In 2D applications, the interaction law with only non-zero terms on the diagonal of I turns out 

to be the most robust [2]. Figure 4 shows a lift polar for the NACA0012 airfoil. It shows that 
bijleveld@ecn.nl   16
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the calculations performed with the viscous method following the quasi-simultaneous 

approach agree very well with the experimental data even in the region around maximum lift. 

The calculations turn out to be robust and take only seconds on an average PC. Due to the 

good results in the stall region, a wide variety of wind scenarios on wind turbine blades 

should be possible to be analysed with ROTORFLOW. 
 

Figure 4: Lift polar for NACA0012 airfoil: viscous-inviscid (VII) calculation versus experiment 
[3]. 
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Applications of a three-dimensional interaction law for quasi-simultaneous interaction 

methods hardly exist. This PhD project focuses on the formulation and derivation of a 3D 

interaction law to be used for the simulation of unsteady aerodynamic flow over wind turbine 

blades.  

4 CONCLUSION 

For a fast and accurate aerodynamic design code, where the flow field is split into a viscous 

and inviscid part, a three-dimensional quasi-simultaneous interaction method will be 

developed for use in applications for wind turbine blades. Results in 2D applications suggest 

this to be an accurate and robust interaction method. 
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ABSTRACT 

An approach for design of blade tips of rotors of horizontal axis wind turbines (HAWT) is 

presented.  A lifting line, free wake method is employed as preliminary optimization tool. This 

is subsequently combined with Reynolds averaged Navier-Stokes (RANS) computations, and 

an approach to evaluation of the RANS results based on critical point theory is suggested. 

The method is currently being implemented, and no computation result are presently 

available. 

 

KEYWORDS 
Wing tip, winglet, topology, design, optimization 

1 INTRODUCTION 

The main instrument in maximizing the power output of a HAWT is to increase the rotor 

diameter, but in some cases this approach is restricted due to e.g. siting constraints, 

limitations in tip speed ratio or transportation issues. In order to maximize power production it 

is in all cases of importance to maximize the wind turbine power coefficient, Cp.  

The design of the blade tips is important due to the high power contribution from the outer 

sections of the blade and the large amount of trailing vorticity in the tip region (the tip vortex), 

which dominates the near wake and the generation of aerodynamic noise. The flow  in the tip 

region is complex and highly three-dimensional, thus rendering standard HAWT design tools 

like the blade element momentum (BEM) method unable to satisfactory predict the loads1. 

 In aeronautics various wing tip devices, most notably winglets, have been extensively  

studied and applied in practice for non-rotating wings. The underlying idea for these devices 

is to minimize the total drag on the blade2, through reduction of the induced drag originating 

from the finite wing aspect ratio as described in lifting line theory by Prandtl3 and Munk4. It 

was however first after the work of Whitcomb5, that winglets were adopted in practice.  Kroo6 

has given a thorough review of the design ideas to reduce induced drag.  

The same ideas can with only minor modifications be applied to HAWT rotors. As pointed out 

by Gaunaa and Johansen7,  an analogy exist between a non-rotating wing with finite aspect 
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ratio and a rotor with a finite number of blades. The limiting cases for the efficiencies are the 

infinite aspect ratio case and the infinite number of blades case, which are described by 2D 

lifting line and actuator disk theory. Thus any beneficial effects of tip modifications will be due 

to a reduction of tip loss effects. It is important to consider the viscous effects, to quantify the 

degree to which reduction of induced drag is offset by the increase in parasitic drag due to 

the changed tip geometry. For HAWT blades tip devices like MIE tip vanes8 and various 

winglet configurations 7,9,10 have been investigated numerically, results all reporting 

performance increases, but also pointing out the need for better validation of the results, and 

analysis of the structural implications of HAWT tip devices.  

2 DESIGN OF WING TIPS 

Optimization of a wing tip geometry is difficult for several reasons. The  design space is very 

large and complex, and the objective function will likely contain multiple local minima. 
7In the design phase a the free wake lifting line method (LLFW) by Gaunaa and Johansen  

will be used.  Each rotor blade is represented by a line vortex, with the lift force on a blade 

element given by the Kutta-Joukowski law: 
L= Δs�ρ�V rel× Γ (1) 

where L is the lift force on a vortex segment of length Δs  and a bound circulation Γ, subject 

to a relative velocity of Vrel .  At each section of the blade vorticity trails into the wake, such 

that Γtrail=dΓ / ds according to the Helmholtz vortex laws11
bound .  This is the simplest possible 

rotor model which takes tip effects into account, and it has the advantage of excluding details 

concerning airfoil shape, which makes it suitable for optimization. The method, however, is 

not able to predict parasite drag, which must be neglected or modelled separately.  

Only the near wake is modelled as a free wake,  whereas the intermediate wake is modelled 

with helical vortices, and the far wake with a semi-infinite vortex tube.  This is due to the 

inherent instability of the free wake methods, and due to the computational cost involved. 

For a planar rotor with straight blades the design problem is reduced to determination of the 

optimal circulation distribution Γ(r), and has been solved analytically for the number of blades 

N=2,4 by Goldstein12 13 and later for any N by Okulov and Sørensen . In the general case, 

where both the blade geometry circulation distribution is unknown, the problem must be 

solved solved through optimization, as in1.  

Particularly simple and promising configurations will be chosen for detailed investigation and 

validation with CFD, and to investigate the parasite drag. For these computations EllipSys3D 
14,15 will be used. EllipSys3D is a multi-block finite volume code developed to solve the 

incompressible Reynolds averaged Navier-Stokes (RANS) equations in general curvilinear 

coordinates.   
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3 TOPOLOGICAL ANALYSIS OF TIP FLOWS 

Say that a set of promising designs have been found, and refined by viscous computations 

with CFD.  Can one assess whether a given design is close to being optimal, based on the 

CFD result?  The existence and location of the trailing vortices,  attachment and separation 

regions, transition regions, can contain important information on the performance of the 

design. Shimitzu et al.8 provides a good example on this approach. 

What topological analysis essentially does is to determine and describe these qualitative flow 

features in an objective and systematic way. The concept is believed to be useful both when 

the desired topology Is known a priori, and in cases where topology information is correlated 

to the actual performance, to hopefully uncover new  insights about the flow.  

All the aforementioned flow features are closely linked to the skin friction field of the blade 

surface. Surana et. al. 16,17 shows that in an incompressible flow, knowledge of skin friction 

field and pressure field on a surface is enough to uniquely determine the local behaviour of 

the velocity field close to the surface. 

Topological analysis uses the concept of critical points, zeroes, of the skin friction field. Each 

of these critical points have a certain type which define the local dynamics of the flow. This 

type can be found by local series expansion and transformation of the vector field, following 

Perry et al.18 and Hartnack19. The  topology of the flow is defined by the critical points, and 

their connectivity, and can be represented as a directed graph. Physically, the connectors 

are the  attachment, separation lines and vortex centres of the flow. 

As part of the project a post processing tool is being developed which receives the discrete 

surface solution for the skin friction field as input, and does the following: 

a) Create a bi-cubic spline representation of the geometry and the surface quantities. 

b) Determine the location and type of the critical points of the skin friction field 

c) Through an integration procedure, establish the connectivity between the critical points, 

and construct the topology graph. 

These tools can be used to categorize results into groups of topologically equivalent flows.   

It is expected that the correlation of this information with the integral forces and moments of 

the simulations can give rise to new  insights into which tip flow features are of the largest 

importance for performance.   

4 CONCLUSIONS 

A design approach combining already applied methods with ideas from topological methods 

has been outlined. It is expected that this approach will lead to a more detailed 

understanding of the viscous phenomena occurring at the tip, and their role in performance 

of the design. At this point results are available. 



 
The European Academy of Wind Energy

5th PhD Seminar 
       on 

         Wind Energy in Europe 

jabo@mek.dtu.dk   21

5 BIBLIOGRAPHY 

[1] Hjort, S., Laursen, J., Enevoldsen, P.B., “Aerodynamic Winglet Optimization”, Proc. of 

EWEC 2008, Brussels 

[2] Maughmer, M. D., “The Design of Winglets for High-Performance Sailplanes” AIAA 

Paper 2001-2406 

[3] Prandtl, L., "Theory of Lifting Surfaces" NACA Report TN-9 1920 

[4] Munk, M. , “The Minimum Induced Drag of Aerofoils” NACA Report TR- 121, 1923. 

[5] Whitcomb, R., “A design approach and selected wind tunnel results at high subsonic 

speeds for wing-tip mounted winglets”  

[6] NASA TN D-8260 1976. 

[7] Kroo, I: “Drag due to lift: Concepts for prediction and reduction”, Ann. Rev. Fluid 

Mech. 33, 587–617, 2001 

[8] Gaunaa, M. and Johansen, J., “Determination of the Maximum aerodynamic efficiency 

of wind turbine rotors with winglets”, Proc. of  EWEC 2008, Denmark.  

[9] Y. Shimizu, E. Ismaili, Y. Kamada and T. Maeda, “Rotor Configuration Effects on the 

Performance of a HAWT With Tip-Mounted Mie-Type Vanes” 

[10] H. Imamura, Y. Hasegawa, K. Kikuyama, “Numerical Analysis of the Horizontal Axis 

Wind Turbine with Winglets”, JSME International Journal, Series B, 41,170-176, 1998 

[11]  J. Johansen and N.N. Sørensen, “Aerodynamic investigation of Winglets on Wind 

Turbine Blades using CFD”, Risø-R-1543(EN), Risø National Laboratory,  Feb. 2006. 

[12] Helmholtz, H.: Über die Integrale der hydromechanischen Gleichung, welche den 

Wirbelbewegungen entsprechen, Crelles J. 55, 1858 

[13] Goldstein, S., "On the Vortex Theory of Screw Propellers", Proc. Royal Soc. (A) 123 

[14] V. Okulov, J. Sørensen, "Refined Betz Limit for Rotors with a Finite Number of 

Blades", Wind Energ. 2008; 11:415–426 

[15] Michelsen JA “Block structured Multigrid solution of 2D and 3D elliptic PDE's.” 

Technical Report AFM 94-06, Technical University of Denmark, 1994. 

[16] Sørensen NN “General Purpose Flow Solver Applied to Flow over Hills.” Risø-R-827-

(EN), Risø National Laboratory, Roskilde, Denmark, June 1995. 

[17] A. Surana, O. Grunberg, & G. Haller, ”Exact theory of three-dimensional flow 

separation. Part  I. Steady separation”, J. Fluid. Mech., 564  (2006) 57-103. 

[18] A. Surana, G. Jacobs, O. Grunberg, & G. Haller, “Exact theory of three-dimensional 

fixed unsteady separation”, Phys. Fluids. 20 (2008)  107101 (1-22) 

[19] M.S. Chong, A.E. Perry & B.J. Cantwell, "A general classification of three dimensional 

flow fields." Phys. Fluids A 2(5), pp.765-777, 1990 

[20] J. N. Hartnack, “Structural changes in Incompressible Flow Patterns”, Ph.D.-thesis, 

Technical University of Denmark, August 1999 



 
The European Academy of Wind Energy

5th PhD Seminar 
 on 

Wind Energy in Europe 

patrick.milan@uni-oldenburg.de   22

 

A Dynamical Approach to Wind Power Generation 
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ABSTRACT 

We introduce the concept of power performance for a WEC (Wind Energy Converter) as the 

relation between the wind input and the electrical output. The performance test is applied to 

measurement data for the wind speed u(t) and the power output P(t), which is usually 

handled after the international procedure IEC 61400-12-1 [1]. We propose a new approach 

called the dynamical approach to characterize the extraction process u(t)→P(t) as the 

dynamical response of the WEC to wind fluctuations. As a first application of this procedure, 

the power performance of any WEC can be quantified and monitored over time. The 

quantification of the dynamics also allows for a simple modeling of the WEC so as to predict 

the power production at different times or locations. 

 

KEYWORDS 
energy extraction dynamics, dynamical approach, power curve, power forecasting 

1 INTRODUCTION 

The power performance of a WEC is 

usually characterized by a power curve 

P(u). The wind displays complex statistics 

such as turbulence, non-stationarity and 

intermittency (wind gust), whose effects 

are highly simplified in the IEC procedure. 

However, the extraction process appears 

to be a highly dynamical process, as seen 

in figure 1. The dynamical approach is a 

simplification of the overall WEC 

dynamics, as it correlates the wind speed 

u(t) and the electrical power output P(t), 

regardless of the intermediate steps of 

the energy extraction.  
Figure 1: 1Hz measurements of wind speed u(t) (upper figure) 

and power output P(t) (lower figure) simultaneously for a multi-MW class WEC. 
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2 DYNAMICAL (LANGEVIN) POWER CURVE 

The WEC responds to the wind u(t) by adjusting to the corresponding power P(t). Ideally, the 

power curve P(u(t)) gives P(t) knowing u(t). But as u(t) 

fluctuates around a mean value, P(t) fluctuates around 

the power curve P(u(t)). P(u) hence represents the 

stable, attractive dynamics of the extraction process, 

around which P(t) fluctuates. P(u) is labelled PL(u) here 

to emphasize that the power curve represents the 

stable fixed points of the dynamics (L stands for 

Langevin as we are in the formalism of the Langevin 

equation). A representation of this dynamical concept is 

given in figure 2.          Figure 2: Dynamical approach

  

This dynamical concept can be modeled by a stochastic differential equation for P(t) [2]: 

where Γ(t) is a delta-correlated Gaussian noise with mean value Γ(t) = 0 and correlation 

function <Γ(t1)Γ(t2)> = 2 δ(t2−t1). α represents the intensity of the attraction (drift) towards the 

power curve PL(u), while β quantifies the random fluctuations around PL(u). This equation 

models the power output P(t) of a WEC for incoming wind speed u(t). The WEC is 

characterized by the parameters α, β and PL(u). Applications of this model are presented in 

section 3. 

   Modeling a WEC using equation (1) requires to know α, β and PL(u), which should be 

computed from measurement data. Equation (1) can be further generalized by introducing 

the terms D(1)(P;u) and D(2)(P;u) that will be computed from u(t) and P(t). Equation (1) then 

becomes the Langevin equation [3], [4]:   

D(n)(P;u) are computed from measurement data as follows: 

D(1)(P;

u) is 

called the drift field and D(2)(P;u) the diffusion field. The drift field D(1)(P;u) accounts for the 

dynamical relaxation of the WEC towards stable power values PL(u), while D(2)(P;u) deals 

with the fluctuations of P(t) [3], [4]. A visualization of the drift field is displayed in figure 3. The 

regions where D(1)(P;u) = 0 correspond to P(t) = PL(u(t)) in equation (1). They represent the 

attractive dynamics of the WEC. These are the values of P where the WEC is in a stable 
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dynamical situation for given u. The Langevin power curve PL(u) represents the attractive 

dynamics of the extraction process. A representation of PL(u) is given in figure 3. 

One can see in figure 3 that multiple values 

of the power output are possible for equal 

wind speed. This indicates multi-stable 

behaviors of the WEC at specific wind 

speeds. This is observed in the regions 

3m/s < u < 6m/s and 13m/s < u < 14m/s 

where the WEC alternates between 

different control strategies of the pitch 

control system. This illustrates the ability of 

the Langevin power curve PL(u) to 

characterize the dynamics and the resulting 

power performance of the WEC. As such, it 

is a relevant tool for performance 

monitoring, as modifications in time of PL(u) 

indicate changes in the extraction process. 
Figure 3: Drift field D(1)(P;u) measured on a multi-MW class WEC. The grey arrows indicate the 
direction of the dynamics and the intensity of the attraction (length of the arrows), while the 
attractive values PL(u) of the drift (the Langevin power curve) are represented by red dots. 
PIEC(u) is given by the black line. The power output P was normalized by its rated value Pr. 

3 POWER PREDICTION 

Although PL(u) is based on the Langevin equation (2), it is obtained without solving equation 

(2) but by computing equation (3) only (for n=1). For power prediction, the Langevin equation 

(2) can be solved to model the power output Pmod(t) of the WEC. When a particular WEC is 

characterized by computing the drift field D(1)(P;u) and the diffusion field D(2)(P;u), it becomes 

possible to model its behavior under any other wind condition. Any WEC that was 

characterized at any geographic location can potentially be modeled numerically at another 

location where the wind was measured, so as to select the most efficient wind location before 

installing the WEC. 

The prediction model for Pmod(t) was applied to 

a WEC and was compared to the (real) 

measured power output P(t). For this example, 

the model was not applied with the Langevin 

equation (2), but with its simplified version (1). 

An illustration is given in figure 4 for a 



 
The European Academy of Wind Energy

5th PhD Seminar 
 on 

Wind Energy in Europe 

patrick.milan@uni-oldenburg.de   25

simulation of one hour, to show the accuracy of the prediction model. 
Figure 4: Comparison of original power output P(t) (black in background) and simulated power 

output Pmod(t) (red in front) for one hour for a multi-MW class WEC. 

It is important to note that the architecture of the model makes it stable, in the sense that it 

cannot diverge. In case the model deviates for a particularly extreme wind condition, it will 

readjust naturally. To quantify the accuracy of the model, we can compare the statistics of 

P(t) and Pmod(t). Results are displayed in table 1 for predictions of 24 hours and 2 weeks. 
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101.30% 107.60% 
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96.00% 108.60% 

Table 1:  Comparison of measured power output P(t) with modeled power output Pmod(t). 
 

We can see in table 1 that the prediction model gives a good description of the power output 

P(t) of the WEC in terms of quantity (mean value) and quality (fluctuations). While the 

prediction model is still under development, its results are encouraging. 

4 CONCLUSION 

The concept of the dynamical approach is based on the short-time dynamics of the WEC. 

The Langevin power curve characterizes the power performance of the WEC, and may be 
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used as a monitoring tool. As a second application of this approach, the Langevin equation 

allows to reproduce the dynamical behavior of any WEC to any incoming wind through its 

power output. This prediction model can help to estimate the wind energy potential of any 

characterized WEC before it is built using local wind measurement. It can predict high-

frequency power output in terms of quantity, stability and availability. In addition, an 

integration of wind forecast models is being developed, towards a prediction of power 

production several days in advance for any WEC being monitored. 
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Wind power prediction errors of a shortest-term forecast of the 

total German wind power generation 
 

J. Dobschinski, A.Wessel, B.Lange 
 ISET e.V., Königstor 59, 34119 Kassel, Germany 

ABSTRACT 

In electricity systems with large penetration of wind power, the limited predictability of the 

wind power generation leads to an increase in reserve requirements. The present study 

concentrates on the reduction of large forecast errors of the German wind power generation 

by using advanced shortest-term predictions. The aim is to estimate the maximum remaining 

uncertainty after latest possible trading on the intraday market.  

 

KEYWORDS 
Wind power forecasting, shortest-term forecasts, reduction of extreme forecast errors, wind 

power induced reserve requirements, 

1 INTRODUCTION 

In 2009 about 24 GW of installed wind power capacity have to be integrated as a must-run 

unit into the German power supply system. Due to the fluctuating nature of wind power the 

electricity supplier require accurate and reliable forecasts of the electricity generated by wind 

turbines for the next hours to days ahead. In addition to power station outage and stochastic 

load variability the limited predictability of the wind power generation leads to an increase in 

reserve requirements. Hence, improved accuracy of wind power forecasts do not only lead to 

higher grid reliability but also to attractive cost savings concerning the allocation of control 

reserve. 

Concerning the allocation of control and reserve power induced by wind power forecast 

errors, the tails of the historical observed forecast errors and especially the maximum errors 

play the major role. 

In this study a case study has been performed to compare the forecast errors of shortest-

term wind power prediction systems with a focus on the largest error. The following two 

forecasts have been compared concerning their global performance and their error 

distributions: 

 a) ISET advanced shortest-term forecast system [1] 

 b) persistence approach 

jdobschinski@iset.uni-kassel.de 29
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2 SZENARIO 

The case study is based on a total wind power generation capacity of the German 

transmission grid with a capacity of about 23 GW. The covered time period range from 

January to May 2008. With regard to the estimation of the maximum remaining forecast 

uncertainty after latest possible trading on the intraday market, forecasts with horizons of 4 

hours has been investigated.  

The ISET advanced shortest-term forecast system is based on individual forecasts of 62 

reference wind farms distributed over Germany using artificial neural networks and a final up-

scaling procedure performed by the ISET online-model [2]. The persistence forecast has 

been calculated out of the final power time series of the total German power generation 

which is based on the measurements of the 62 reference wind farms and the ISET online-

model. 

 

3 RESULTS 

The resulting forecast errors are visible in figure 1. There is also a plot in semi-logarithmic 

format being more suitable for analysing the tails of the distribution. It is visible that the 

distribution based on the persistence forecast is much broader which reflects, that the global 

performance of the persistence approach is inferior to the advanced forecast.  

 
Figure 1: Distribution of forecast errors (normalized on capacity) with respect to the 

relative frequency (left) and the absolute frequency (right) in semi-logarithmic format. The 
green (advanced) and blue (persistence) line corresponds to the 99.7 % error interval 

based on the 0.15% and 99.85 % percentile 
jdobschinski@iset.uni-kassel.de 30
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Table 1: PERFORMANCE PARAMTERS CONCERNING THE ADVANCED SHORTEST-TERM 

FORECASTS AND THE PERSISTENCE APPROACH 

 

Advanced system:              Persistence:  

 

nRMSE = 3.11 %  nRMSE = 8.19 % 

nMAE   = 2.37 %      nMAE   = 5.66 % 

 

The global accuracy is represented by the root mean square error normalized on capacity 

(nRMSE) and the mean absolute error (MAE) and is given in table 1. It is obvious that also 

for the largest errors (positive and negative) the persistence forecast shows significant larger 

values. The coloured lines show as an example the (static) 99.7 % error interval [3] which is 

significantly smaller in the case of the advanced system.  

The tails of the distribution show the extreme forecast errors. Figure 2 shows a global 

overview of the percentiles as well as a close-up of the tails in the range of 0-1% and 99-

100%. It is apparent that the advanced model shows a better performance, which is further 

increasing for the highest errors. 

 

 
Figure 2: Forecast errors versus percentiles of the error distributions. On top there is a global 
overview showing the percentiles ranging from 0% to 40% (left) and 60% to 100% (right). The 
lower plots represent the larger errors in more detail: 0% to 1% (left) and 99% to 100% (right). 
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4 CONCLUSION  

The ISET advanced (and optimized) shortest-term forecast shows an improvement in the 

RMSE compared to persistence of about 62% for a 4 hour wind power forecast for Germany 

during the selected test period. The investigation of the error distribution with special focus 

on the largest errors has revealed that not only the global forecast quality is improved by 

using the advanced forecast but that also large errors are significantly reduced. Concerning 

the maximal errors the advanced shortest-term forecast leads to an improvement exceeding 

65 % compared to the persistence approach. 

In the following steps of this work the control and reserve requirements induced by wind 

power forecast errors will be investigated with a focus on the potential of using shortest-term 

forecasts for reducing the minute reserve power. Nowadays the estimation of the part of 

reserve requirement induced by wind power depends only on the global uncertainty of the 

used wind power forecast while the meteorological and hence the forecast uncertainty can 

be temporally resolved in more detail. Therefore the capability of dynamic prediction intervals 

to further reduce the wind power induced reserve requirements will be evaluated 
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Development and characterisation of the sphere anemometer 
 

Heißelmann H1),  Hölling M1), Peinke J1) 

1) ForWind – University of Oldenburg 

ABSTRACT 

The widely spread cup anemometers show a tendency to overestimate the mean flow 

velocity due to its moment of inertia when exploited to turbulent flow conditions as present in 

natural wind fields. We present the newly developed sphere anemometer as a simple and 

robust alternative to cup anemometry which uses a light pointer in order to detect the 

velocity-dependent deflection of a sphere and its support. A 2D-calibration function was 

obtained allowing for the simultaneous determination of wind speed an direction. 

Furthermore, comparative investigations of the dynamic behaviour under turbulent conditions 

were performed with cup anemometer and sphere anemometer. 

 

KEYWORDS 
anemometer, wind speed, measurement, direction, sensor, gust 

1 INTRODUCTION 

In times of growing energy demand, the importance of wind energy is rapidly increasing and 

so is the need for accurate wind speed and direction measurements. The widely spread  cup 

anemometers are only capable of detecting wind speeds with a comparably low temporal 

resolution (~1 Hz) while over-estimating the wind speed under turbulent conditions (over-

speeding) Error! Reference source not found.. Since the higher-resolving ultra-sonic 

anemometers are rather easily damaged, the sphere anemometer was developed as a 

simple and robust alternative at the University of Oldenburg. 

2 THE SPHERE ANEMOMETER 

2.1 Measuring principle 

The sphere anemometer makes use of the total drag force F acting on a flexible tube (Ft) and 

a sphere (Fs) mounted atop of it. The velocity-dependent drag force causes a deflection s of 

the tip of the tube (see fig. 1, left), which is given by 

 
s= l3

E�J��F s3 �
F t
8 �,  (1)
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where l is the tube length, E is the tube's elasticity modulus and J is the tubes second 

moment of area. Fs and Ft denote the drag forces acting on the sphere and the tube, 

respectively. According to the general expression of the drag force 

 F= 1
2
���A�cd�v

2
 (2)

 with fluid density �, cross-section A, fluid velocity v and Re-dependent drag coefficient 
cd =cd�Re�the displacement s is proportional  to v and cd 

 s�cd�v
2 .  (3)

 

2.2 Anemometer set-up 

The measuring principle described above was realised by mounting a fibreglass tube of 8 

mm diameter to a streamlined case and by fixing a light sphere of 7 cm diameter to its tip. 

The choice of the sphere and tube dimensions is motivated by the fact, that their respective 

drag coefficients can be considered constant for Reynolds numbers between 800 and 

200,000 Error! Reference source not found.Error! Reference source not found., equal 

to velocities between 0.3 m/s and 42 m/s. For this range the displacement of the tube is  only 

proportional to the velocity squared, which results in a square-root-function  

 v=m��s  (4)
and allows for a very convenient calibration of the sphere anemometer. 

The displacement of the tip is detected by means of a light pointer, known from atomic force 

microscopes. For this purpose a laser diode is mounted on top of the tube and aimed on a 

two-dimensional position sensitive detector (2D-PSD) at the bottom of the measurement unit 

as sketched in figure 1, right. 

The deflection of the tube causes a displacement of the laser spot on the 2D-PSD and a 

change of the output signals Ux and Uy. Via calibration, this allows for the simultaneous 

measurement of wind speed and direction. 
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3 WIND TUNNEL MEASUREMENTS 

3.1 Sensor calibration 

One major constraint to the accurate wind speed and direction measurement is the existence 

of an unambiguous two-dimensional calibration function. This feature of the new sphere 

anemometer was examined in wind tunnel experiments at the University of Oldenburg. In 

order to obtain a two-dimensional calibration function, the sphere anemometer was placed 

on a turntable (see fig. 2,left) and the output signals Ux and Uy were recorded at wind speeds 

from 0 m/s to 20 m/s. The angle of attack (AoA) was varied between 0° and 350° in 10° steps 

by a stepping motor. In figure 2 (right) the x-component of the PSD-output Ux was plotted 

against its y-component Uy representing the light spot position on the 2D-PSD. It is easily 

seen that the plot of the 2D-calibration shows no overlapping or crossing of calibration 

functions for subsequent angles of attack. Furthermore, a system of concentrical rings is 

observed with each ring corresponding to one velocity. The unambiguity of the 2D-calibration 

allows for the calculation of the wind speed and direction from the high-resolved 

measurement data recorded with the sphere anemometer. 

 

 

3.2 Measurements of gusty wind 

Since an exact calibration function of the sphere anemometer could be obtained, the next 

step in the sensor development was the comparison to  state-of-the-art cup anemometry. 

Therefore, both anemometers were exploited to artificial wind gusts of approximately 1.3 Hz 

which were produced by a motor-driven gust generator in the wind tunnel. Furthermore, a 

high-resolving hot-wire anemometer served as a reference. 
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Two-second excerpts of the recorded data are displayed in figure 3. While the effect of over-

speeding is observed clearly in the cup anemometer data (blue), the sphere anemometer 

(red) is able to resolve the fast wind speed fluctuations up to its natural frequency Error! 
Reference source not found. and does not exhibit any over-speeding. However, the 

comparison of the sphere anemometer data with hot-wire data shows slight deviations as 

regards the peak velocities, which are caused by the different sensor dimensions (sphere 

anemometer: 7 cm vs. hot-wire: 0.5 cm). 

 

4 CONCLUSIONS 

This paper presents the newly developed sphere anemometer as a simple and robust 

alternative to cup anemometry. In wind tunnel experiments a two-dimensional calibration 

function for the anemometer was obtained which allows for the simultaneous measurement 

of wind speed and direction using only one sensor. Furthermore, laboratory experiments 

under turbulent wind conditions showed that the sphere anemometer provides a higher 

temporal resolution than cup anemometers while it does not exhibit any over-speeding. In 

contrast to cup anemometers it has no wearing parts. 
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Characterization of high-frequency atmospheric turbulence. 
 

A. Morales,  M. Wächter, J. Peinke 
ForWind- University of Oldenburg, Germany.,   

ABSTRACT 
We propose a general statistical framework for the characterization of wind turbulence from 
where different statistical approaches can be understood and further developed. 
 We consider not only the usual low order statistical description, but also higher order two-
point statistics at different time scales and their corresponding probability density functions 
(PDFs).  Finally we also present an outlook on a novel approach based in the use of n-point 
statistics in order to generate artificial high frequency wind time series which can be coupled 
to the output of forecast models in order to give a high frequency wind prediction. 
 

KEYWORDS 
Wind turbulence, wind speed increments,  intermittency, high-frequency wind forecasting. 

1 INTRODUCTION 

Atmospheric wind is not only the source of energy for Wind Energy Converters (WECs), but 
also the source of mechanical loads which limit the life time of the machines and constrain 
their operation. In particular wind turbulence leads to power fluctuations, fatigue and extreme 
loads on WECs. Therefore a thorough description and characterization of wind turbulence is 
crucial for a reliable design and efficient operation of WECs. Currently there are several 
approaches, for the statistical or even deterministic characterization of turbulence and 
corresponding extreme events as gusts (see e.g. IEC Norm [1]). We think it is important to 
show the scope of each type of statistics in a general but clear way, in order to understand 
and interpret properly the used characterization of the atmospheric turbulence.  With that aim 
we have been worked in a general statistical framework for the characterization of wind 
turbulence from where different statistical approaches can be understood and further 
developed.  In this small contribution we show schematically the main points of this 
framework. We present it in a way that with every step more statistical information for the 
description of the wind turbulence is taken into account.  We then end with an outlook on the 
use of n-point statistics which, at the same time, gives the basis for the generation of the high 
frequency wind time series. The generation of realistic (at least in a statistical sense) high 
frequency wind time series can be later coupled to a dynamical approach for the calculation 
of power curves [2], enabling the forecast of high frequency power fluctuations. This last part 
is under development and the future steps to be followed will be presented. 
For illustration purposes we use wind data of the research platform FINO I (with sample rate 
1hz, 1 month data) and onshore data from the Growian (2.5hz, 32hours) experiment.  
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2 WIND TURBULENCE CHARACTERIZATION FRAMEWORK 

2.1 One-point statistics 
It is common in the wind energy community to define fluctuations around  10-minute mean 
wind speed as:  

Typical statistics of these fluctuations are shown in Figure1.  In order to characterize the  
strength of the turbulence in this context the so-called turbulence intensity (TI) is defined as: 

 
(1)

Where the standard deviation is defined over each 10-minute time span. That would 
correspond to standard deviations of each of the distributions in Fig. 1(a). The superposition 
of Gaussian distributions with different standard deviations (and for a given bin of mean 
speed that means also for different TIs) lead to the intermittent distribution in Fig.1(b).  The 
fact that when, normalized by their corresponding 10-minute standard deviations, Gaussian 
statistics are recovered (see Fig. (c)) supports the argument that fluctuations defined through 
eq. (1) follow Gaussian statistics within 10-minute time spans. However some deviations 
principally at extreme values are observed. 

 
(2)

 
Figure 1: u´ PDFs. (a) For three single 10-minute spans. (b) For a 20-day data set. (c) Same as 
(b) but u´ are normalized by single 10-minute standard deviations. Lines represent Gaussian 
PDFs. 

2.1 Two-Point 2nd Order Statistics. 
The information of the fluctuations (u’) PDFs by itself, does not show how the fluctuations 
reach that distribution in time. Thus several different time-series may exhibit the very same 
PDFs and still look very different (e.g., Fig. 2). Therefore it is necessary to study two-point 
statistics in order to grasp more information from the turbulent signal and enhance the 
characterization of turbulence. The autocorrelation function is an example of two-point 
statistics: 
 

                                                                
 

(3)
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Figure 2: Top different time series with the same standard deviation and Gaussian distribution. 
Down the corresponding autocorrelation functions.  
 
As seen in Fig 2. this statistical tool already provide useful information in order to distinguish 
between the signals. The three time series follow closely the same Gaussian distribution.  

2.2 Higher Order Two-Point Statistic 

The information gathered by the autocorrelation and its Fourier transformation just reflect 2nd 
order two-point statistics. For studying wind fluctuations in a more general way we define 
wind speed increments:  

The increments are wind speed differences over a given scale, enabling the study of wind 
fluctuations against the evolution of that scale (temporal or spatial). The moments of the 
increments are called structure functions and well studied in laboratory turbulence. 

 (4)

(5)

 
Note that when n=2, namely the second order structure function, a relationship between this 
and the autocorrelation function exists (compare equations (3) and (5)). However no further 
information of higher order structure functions is contained in the autocorrelation function (or 
spectral density function). On the other hand, increment PDFs contain information of all 
orders.   The PDFs clearly show a peak around the mean value and so-called heavy tails 
(intermittency). For the fits in Fig. (3) and characterization of such PDFs we use the well 
established description of Castaing [3] for laboratory turbulence. It models the turbulent 
PDFs, depending mainly on the so-called form (shape) parameter λ. This form parameter is 
strongly related with the flatness of the distribution. Fig. 4 shows the values of the form 
parameter against the scale tau for two data sets of wind.  The conditioned data from FINO 
and the Growian data set share more or less the same turbulence intensity and the same 
mean wind speed. 
Despite of this fact, for small and large scales the shape parameter is clearly different, 
indicating a site dependent relationship.  Thus these site differences would not be 
characterize only by means of the turbulence intensity or even lower two-point statistics. 
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Figure 3: Increment PDfs and respective fits 
according to Castaing’s formula. The PDFs 
are shifted. From bottom to top 
tau=2,4,10,60s.  

 
Figure 4: Shape parameter according to 
Castaing’s formula  Vs scale tau. Dots: Fino 
Data Stars: conditioned Fino data ( 10+-
1m/s). Triangles Growian data.  

 
2.4 Outlook  
 
In the future we will work in the use of n-
point statistics to both, characterize wind  
situations and generate high-frequency 
wind signals. The generation of high-
frequency wind time series is intended to 
be used together with a low-frequency 
wind forecast.  The idea here is to give a 
“high-frequency” wind forecast to be used 
as an input of a dynamical method for the 
calculation of WECs power [4]. Thus giving 
a high-frequency power forecast.  
 
 
 
The following steps are being followed: 
 

• Acquisition of the low-frequency wind 
forecast from Weather Research and 
Forecasting (WRF) model. 

• Statistical analysis of the WRF 
forecast for 1 hour and 10 minute 
outputs. 

•  Review of Nawroth’s multi-scale 
reconstruction technique of time 
series. 

• In the context of the above technique, 
analysis of Markovian properties of 
wind increment time series. 

 

 
3 CONCLUSIONS 
The statistical characterization of wind turbulence was briefly studied. Showing the 
usefulness and limitations of every order and type of statistics. The use of high order two-
point statistics was introduced in order to improve the characterization of wind turbulence. 
Remarkably the only extra parameter needed is the so-called shape parameter.  The next 
step is to study n-point statistics and its applications. 
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Stochastic data analysis for in situ damage analysis 
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1) ForWind - Center for Wind Energy Research 
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ABSTRACT 

In wind energy detecting damages becomes more and more important especially offshore. 

We present a new application for the reconstruction of a Langevin equation from real data. In 

contrast to other damage analysis tools we separate the deterministic and the stochastic part 

of the system and show a change in the determinism of the system. From data sets of 

damaged and undamaged beam structures in turbulent air inflow the drift coefficient, which is 

the deterministic part, is reconstructed. We show that the slope of the drift changes with 

increasing damage. 

 

KEYWORDS 
Stochastic analysis, Langevin equation, damage analysis 

 

1 INTRODUCTION 

Nowadays most damage detection systems search for changes in eigenfrequencies to detect 

damages [1]. One drawback of this approach is that noisy excitation of the structure makes it 

harder to detect changes reliably, because peaks in the frequency spectrum are broadened 

due to the noise and changes can't be detected precisely. Our approach is to look at the 

dynamical behaviour of the system and to analyse damages due to it's changing of the 

systems dynamics. With methods from stochastic data analysis we cut off the stochastic part 

and analysed the deterministic part of the system only. Doing so we get rid of the overlying 

noise and analyse only the determinism of the system. 

 

2 EXPERIMENTAL SETUP 

As a model of a one-sided fixed beam structure the sphere anemometer [2] was used to 

acquire data. The sphere anemometer (cf. figure 1) is based on the light pointer principle. A  
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laser diode in the top of the anemometer is aimed onto a two dimensional position sensitive 

detector (2D-PSD), so the deflection of the tube can be measured in the horizontal xy-plane. 

 

Figure 1: Schema of the sphere anemometer 

 

For our measurements two steel tubes were prepared, the dynamical behaviour of one tube 

was changed in two steps, the other tube was undamaged. In the first step the tube was 

heated and cooled down fast and in the second step the cube was cut at a length of 40 % of 

it's circumference. The measurements were done in the wind tunnel of the University of 

Oldenburg. With a motor driven gust generator turbulent inflow conditions were achieved. 

For five different wind speeds (7 m/s, 10 m/s, 15 m/s, 17 m/s and 20 m/s) time series of ten 

minutes length with a sampling rate of $30\,$kHz were recorded. From the measured data 

the deflection of the tube in x- and y-direction was calculated. 

 

3 ANALYSIS 

A wide range of dynamic systems can be described by a stochastic differential equation, the 

Langevin equation (1). The time derivative of the system trajectory X(t) can be expressed as 

a sum of a deterministic part D(1) and the product of a stochastic force Γ(t) and a weight 

coefficient D(2). The stochastic force Γ(t) is δ-correlated Gaussian white noise. 

For stationary continuous Markov processes Siegert et al. [3] and Friedrich et al. [4] 

developed a method to reconstruct drift D(1) (eqn. (2)) and diffusion D(2) (eqn. (3)) directly 

from measured data. 
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Equation (1) should be interpreted in the way that for every time ti where the system meets 

an arbitrary but fixed point x in phase space, X(ti+τ) is defined by the deterministic function 

D(1)(x) and the stochastic function �D�2��x�Γ �ti�. Both, D(1)(x) and D(2)(x) are constant for 

fixed x. 

From Equations (2) and (3) one can integrate drift and diffusion numerically over small 

intervals. If the system is at time t in the state x = X(t) the drift can be calculated for small τ by 

averaging over the difference of the system state at t+τ and the state at t. The average has to 

be taken over the whole ensemble or in the stationary case over all t = ti with X(ti) = x. 

Diffusion can be calculated analogously. 

To analyse the dynamical behaviour only the deterministic part of the Langevin equation is 

needed. The x- and y-coordinates of the deflection of the tube span the phase space which 

was cut into 40 equidistant bins in each direction. The drift was calculated for each bin 

resulting in two 40x40 matrices. 

Figure 2 shows on the left side a cut in x-direction through the drift for the main flow direction 

(y-direction) at 15 m/s. The slope of the heated tube is 17 % bigger than of the undamaged 

while the slope of the cut tube is 75 % smaller. The big errors in the outermost bins are due 

to the small number of events in these bins as large deflections are not so frequent as small. 

The change of the slope can be made plausible when one interprets the drift as an indicator 

how fast the tube returns to its position of rest. A decreasing restoring force then results in a 

decreasing slope of the drift. The cut in the tube is a decrease of it's stiffness so the slope of 

the drift should be significantly smaller, in the second case the stiffness increases when 

hardening steel so the slope should be bigger in this case. 

On the right side of figure 2 the frequency spectrum of the deflection in y-direction is shown, 

the first eigenfrequency of the sphere anemometer is very pronounced. The peaks are quite 

broad due to the noisy excitation and it is impossible to detect a shift in the eigenfrequency 

for the heated tube, although the peak is broadened. The shift in frequency for cut tube is 

clearly measurable, it is 10 %. 
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Figure 2: Cut in x-direction through the drift (left) and spectrum (right) 
for the main flow direction 

 

4 CONCLUSIONS 

We showed that analysing the deflection of a tube by means of drift can be fruitful for 

damage analysis. The slope of the drift is a sensitive indicator of the restoring force and thus 

the damage. While for the heated tube no shift in the first eigenfrequency could be detected 

our method showed a increase of the slope of the drift. This shows the capability of our 

method quite well and more data has to be acquired to find a threshold at which a damage 

can be detected, to determine whether the kind of damage can be analysed and to see how 

much data is needed to reliably calculate the drift. In this work the mean wind speed was 

constant in free field this is not the case. Further investigations must be done in this area. 
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Fatigue Strength of Welded Components of Support Structures 
of Wind Energy Converters in the VHCF Regime 
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ABSTRACT 

Welded components in wind energy converters may be exposed to more than 109 load 

cycles during their design life. However, experimental results beyond 107 are limited. Due to 

residual stresses welded joints have decreasing fatigue strength with increasing number of 

cycles in the very high cycle fatigue regime. This paper shows the importance of the planned 

systematic experimental and numerical investigations. Aim of the planned research activities 

is to contribute to a reliable prediction of the fatigue behaviour of welded steel structures in 

the very high cycle fatigue regime. 

 

KEYWORDS 
Wind energy converter, support structures, welded joints, residual stresses, fatigue strength, 

VHCF, fatigue tests 

1 INTRODUCTION 

Support structures of offshore wind energy converters are designed for a lifetime of about 

20 years. They are exposed to high dynamic loads caused by wind, waves and operation 

and have to resist about 109 load cycles. Therefore, fatigue resistance becomes relevant for 

providing secure service time and economic design. As a result of growing turbine capacity 

and adverse offshore conditions welded components which are involved in the load transfer 

need to be checked for fatigue in detail. 

2 FATIGUE STRENGTH OF WELDED STRUCTURES OF WIND ENERGY 
CONVERTERS 

2.1 Fatigue strength 

In common design rules, fatigue strength curves (Woehler or SN-curves) based on fatigue 

tests provide a basis for the fatigue assessment. SN-curves are subdivided in different areas: 

low cycle fatigue (LCF), high cycle fatigue (HCF) and very high cycle fatigue (VHCF), like 

shown in Figure 1. In the range of valid standards for steel structures like Eurocode 3 [1] or 
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IIW [2] the transition region of the constant amplitude fatigue limit is defined at 5·106 

respectively 107 load cycles. Stress variation ranging lower than the Cut-Off-Limit of 108 load 

cycles are declared as not damage relevant. Beyond this point the SN-curve is assumed to 

be a horizontal asymptote. It is considered that there is infinite fatigue life. But several 

investigations on unwelded and welded components have shown that the fatigue strength is 

still decreasing with increasing numbers of cycles [5] [6]. In offshore regulations like GL [3] 

and DNV [4] the Cut-Off-Limit of 108 load cycles is not considered, there is finite fatigue life. It 

is assumed that the SN-curve follows the slope of the HCF regime. 

 
Figure 1: Areas of SN-curves 

2.2 Welded Joints 

In the field of engineering welded joints are often used, whereas welded steel structures 

have a large percentage. Welding is a cost saving, fast and efficient joining technique. Many 

welded steel structures are exposed to cyclic loading and have to resist more than 107 load 

cycles. Besides the static ultimate limit state analysis the fatigue resistance has to be 

checked. In general, welded joints have representative medium or strong notches. Welded 

joints belong to the fatigue critical details of constructions. The crack initiation is often located 

at weld transition or seam root. 

The fatigue resistance highly depends on the inhomogeneity of the material. The properties 

of base and weld metal and the heat affected zone are different. Caused by the locally 

concentrated input of heat during the welding process high residual stresses or distortions 

may occur while cooling down. It is a fact that high residual tensile stresses essentially 

reduce the fatigue life of welded joints. Worst case scenario is that the maximum tensile 

stresses coincide with the fatigue critical area of the weld seam. 

2.3 Fatigue Tests 

The areas of LCF and HCF of welded joints are well covered by fatigue tests. But the course 

of the SN-curve in the VHCF area is still subject of research. Especially the existence of an 
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endurance limit is strongly discussed. As illustrated in Figure 2, only a small number of 

experimentally verified results in VHCF regime up to 108 load cycles exists. This can be 

attributed to limited possibilities in testing. To obtain experimental data in the area of VHCF 

(N > 107) testing machines with high frequencies are necessary. 

 
Figure 2: Overview of normalized fatigue tests of welded joints from [3]

There are various options in testing to reach a high number of cycles in a reasonable period 

of time. Servo-hydraulic fatigue testing machines reach maximum frequencies of 20 Hz, 

which is not practicable. Resonance testing machines run at maximum frequencies of 

300 Hz. This is a more acceptable period of time. Ultrasonic testing machines work with 

maximum frequencies of 40 kHz. But in case of welded components ultrasonic testing is not 

practicable, because the production of small non-distorted specimens [6] is difficult. 

3 PLANNED RESEARCH ACTIVITIES 

With regard to high dynamic loadings of support structures of offshore wind energy 

converters (N > 109) the course of the SN-curve of welded components in the VHCF regime 

becomes relevant. Aim of the planned research activities is to contribute to a reliable 

prediction of the fatigue behaviour of welded steel structures in VHCF. Here the application 

of existing fatigue life prediction methods has to be proofed and developed if necessary. 

Until now, basically unwelded metals with macroscopic homogeneous structures of 

unnotched components were investigated in the VHCF regime. Like shown before, the 

experimental data of welded joints beyond 107 is limited. There is the need of experimental 

and numerical investigations of fatigue behaviour of metallic structures with inhomogeneous 

material structure caused by the joining technique. 

In order to extend the state of knowledge of fatigue strength of welded joints in the VHCF 

regime (N > 107) fatigue tests will be performed systematically. Therefore, a new magnetic 

resonance testing machine with frequencies up to 400 Hz was developed [8]. One test with 

109 cycles takes about 30 days. Currently, this testing machine is approved. 
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Furthermore, the influence of residual stresses on the fatigue strength especially in the 

VHCF regime will be investigated. There is no final clarity how the residual stresses behave 

under a high number of cycles with low stress amplitudes. In order to get results of the 

damage development of the specimens, the temporal changes of measuring values of the 

testing machine and the residual stresses shall be measured. The time-dependent behaviour 

of the residual stresses will be observed with X-ray diffraction.  

Numerical models in macro scale will be applied to define the testing parameters and to 

classify the experimental results. The numerical models will be fit and verified with the 

measuring values. 

The investigations focus on the analysis of damage mechanisms and the development of 

damage models in macro scale for predicting the life time reliably. 

4 CONCLUSIONS 

This paper presents the background of planned experimental and numerical investigations 

on welded joints in the VHCF regime. The purpose is the extension of the state of knowledge 

in this field. The aim is to contribute to a reliable prediction of the fatigue behaviour of welded 

steel structures in VHCF. 
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ABSTRACT 

Within the optimisation process of offshore wind turbine one essential part is the support 

structure. About 45% of the total costs are required for the fabrication and installation of the 

support structures. This percentage shows the high potential for decreasing investment cost 

of offshore wind farms by improving fabrication methods in the future. For jacket structures 

welded connections are not only the most time consuming working stage for the assembly 

but also critical details concerning the ultimate and fatigue limit state in design. Against the 

conventional approach in structural engineering these investigations focus on the already 

completed structure for getting more information about the influence of manufacturing 

proceedings on the qualities of the structures. This paper describes the choice of suitable 

measurement methods, first attempts for their integration in the manufacturing process and 

the interpretation of measurement data for further proceedings e.g. numerical investigations 

of the imperfect model. 

 

KEYWORDS 
Support structures of offshore wind energy converters, optimisation of design and fabrication, 

Reverse Engineering, geometrical imperfections, interpretation of laser scan measurement 

data 

1 RESEARCH WITHIN THE GERMAN TEST FIELD “ALPHA VENTUS” 

At the German test field “alpha ventus” twelve turbines are being installed in 30 meter water 

depth at the moment. The improvement and cost-cutting of manufacturing and design 

becomes more important since thousands of offshore wind energy converters are planned in 

the North and Baltic Sea in the next years. The German Federal Ministry for the 

Environment, Nature Conservation and Nuclear Safety (BMU) is funding “alpha ventus” with 

the research initiative RAVE. Priority objective of the RAVE-project GIGAWIND alpha ventus 

is cost reduction for support structures of offshore wind turbines, which includes towers, 

different types of substructures and foundations. This can be divided in designing lighter 

support structures on the one hand (material cost) and in optimising the design process on 
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the other hand (personnel cost). Because of the interdisciplinary orientation of the project all 

civil engineering specialisations are involved within different particular projects. This paper 

deals with the influence of manufacturing aspects on fatigue assessment which is content of 

one particular project. 

2 WELDED JOINTS AS CRITICAL CONSTRUCTION DETAILS 

The currently applied structural and fatigue assessment of support structures for Offshore 

Wind Turbines is based on common design rules. Normally, constructions in structural 

engineering are treated as limited, single structures. This means for instance that varying 

aspects of manufacturing are considered by high safety factors. For manufacturers a change 

to serial production of support structures is necessary to accommodate the high demand and 

to stay competitive on the international market. Series production means the chance to 

improve the quality of the products by a systematic development of facilities accompanying 

quality management system. But these positive effects are not considered in design 

standards so far and may result in conservatively designed structures. For this reason, 

parameters like geometry tolerances and aspects of welding like distortions were measured 

parallel to the manufacturing to get more information about their development during the 

production process. 

2.1 Geometrical Imperfections 

In many cases fatigue assessment is design driver for offshore structures [2] [3]. In particular 

welded tubular joints are critical details of the investigated jacket structures. Their load 

bearing characteristics and with it their fatigue resistance significantly depend on geometry. 

Variations of the planned, perfect shape to the real state of construction are hard to consider 

during the stage of design. These variations, also referred to as geometrical imperfections, 

are 

• variations of shape, e.g. through buckling or circular runout 

• variations of thickness 

• axis offset, eccentricity 

• geometrical irregularities caused by welds  geometrical notch effect 

As one step of evaluation, these exemplified metrological investigations of real existing 

imperfections can be compared with the tolerances according to standards.  

2.2 Purpose and Motivation of Reverse Engineering 

In contrast to the design process where details are constructed at the drawing board and 

then are fabricated, these investigations take the reverse way of regarding the already 

completed structure [6], see also Figure 1. Parameters like geometry tolerances and aspects 
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of welding like distortions are surveyed parallel to the manufacturing to get more information 

about their development during the production process and possible influences on the 

design. At first the focus is on the choice of suitable measurement techniques and planning 

and coordinating of the field campaign at the fabrication shop. 

 
Figure 1: Application of Reverse Engineering 

Afterwards methods have to be developed for interpreting and editing the measurement data 

for further analyses. These might be FE-analyses which base on the imperfect model. 

2.3 Laser scanning for Measuring  

After discussing different measurement methods, the parallel application of two techniques 

laser scanning and tachymetry are favoured as fast and most practicable. The preparation is 

easy and the net measurement time is short. Both techniques were applied during two 

separate field campaigns. Laser scanning is used in the field campaign of the Leibniz 

Universitaet Hannover and is described in this paper. At this, the Institute for Steel 

Construction has been supported by the Institute for Geodesy, Leibniz Universitaet 

Hannover. Tachymetry is applied by Fraunhofer-IWES.  

Laser scanning describes a method where a surface is sampled or scanned using laser 

technology. The purpose of laser scanning is usually to generate a 3D point cloud which 

represents the surface of the subject. Then these points can be used to extrapolate the 

shape of the subject [4][5].  
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Figure 2 a) Laser scanner Z+F Imager 5006 by Zoller + Froehlich on tripod with 

computational equipment and laser scan recording 
b) Laser scan recording of one viewpoint  
c) Specimen at the testing laboratory of the Institute for Steel Construction 
d) Digital 3D-model as point cloud 

2.4 Test recording at the testing facilities of the Institute for Steel Construction  

For trying laser scanning and the interpretation of the measurement data, test recordings 

were carried out on a large, tubular test specimen at the laboratory of the Institute for Steel 

Construction. Figure 2 shows details about the laser scanner, the recorded test specimen 

and the measurement result. Critical steps of the total proceedings could be identified and 

the practicability could be proved. 

3 ACTUAL STATE OF AFFAIRS 

In April this year the field campaign was arranged at a steelwork company in Scotland. 

Exemplified measurements of welded X-bracings and K-Joints at different production stages, 

like tack welded and afterwards welded, were arranged. At the moment the measurement 

data is interpreted and editing for further numerical investigations. Because of the high 

amount of points this step is very time-consuming. Algorithms have to be developed to 

reduce the data without influencing the accuracy of the measurements.  
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4 CONCLUSION AND OUTLOOK 

These exemplified measurements signify the potential of integrating modern measurement 

techniques into the manufacturing process. At the beginning of mass manufacturing of large 

steel structures this means a great chance for improving quality and decreasing costs. For 

these developments the automotive industry might be a model. Further investigations of fast 

and efficient algorithms are needed for an efficient realisation of these measurement systems 

to check the effect of manufacturing imperfections on structures continuously. 
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ABSTRACT 
Probabilistic methodologies represent an important tool to identify the suitable strategy to 
inspect and deal with the deterioration in structures such as offshore wind turbines (OWT). 
Reliability based methods such as Risk Based Inspection (RBI) planning may represent a 
proper methodology to optimize inspection and maintenance (I&M) efforts, entailing to a 
suitable life-cycle performance without neglecting the economical aspect. Moreover, the 
integration of condition monitoring information (CMI) can be done through probabilistic 
inference. In this work, a reliability-based I&M planning OWT is presented where CMI may be 
incorporated. This framework is addressing to fatigue prone details in support structures for 
OWT. As part of the results, the life-cycle reliabilities and optimal inspection times are 
calculated. The influence on inspection times resulting from wind farm location of OWT and 
data updating is illustrated. 
 

KEYWORDS 
Reliability, inspection and maintenance, condition monitoring, fatigue failure, wake turbulence. 

1 INTRODUCTION 

Risk-Based Inspection planning, understood as an application of Bayesian decision analysis, 
has been extensively applied in the oil and gas (O&G) industry, see [1], [2] and [3]. The aim 
is to identify the optimal I&M strategy to "control" of deterioration in the structure, taking into 
account economical aspects. Unlike other structures with significant consequences of failure, 
OWTs allow due to their low risk to society, the use of cost-benefit analyses associated to a 
minimum reliability level. The offshore wind resources have been monitored since the 
beginning of the 1990's. This information can be integrated into the RBI approach. Site 
conditions such as deep water depths, waves and turbulence in wind farms, affect 
detrimentally the life-cycle performance of OWT. At deeper water locations, jacket and tripod 
type support structures can be expected to be uses in the coming years, making it relevant to 
investigate the effect of inspection during operation. 
It this work is considered RBI planning optimization for fatigue prone details in jacket and 
tripod types of OWT support structures. Representative limit state equations for ultimate 
structural fatigue failure using both linear and bilinear SN-curves and for single and wind 
farm location. The increase of turbulence in wind farms is taken into account using a code-
based turbulence model. It is also described how CMI can be integrated into a RBI format. 

2 INSPECTION PLANNING AND CONDITION MONITORING 

The I&M planning strategies should attain the minimization of overall service life costs while 
a minimum reliability level for the establish risk acceptance criteria should be achieved. Due 
to the nature of degradation processes at offshore sites, a probabilistic approach can be a 
rational tool to deal with a deterioration process where probabilistic and statistical models 
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can be formulated for prediction including the uncertainties coming from external agents, 
model uncertainties, human-actions and internal processes. 
The decision process can be summarized as follows. The structure is initially designed with 
dimensions and materials determined according to optimal design parameters z=(z1,z2,... 
.,zn), taking into account code and practical requirements. The installed structure will be 
affected by external agents, modelled by future random states of nature Xo. Monitoring 
activities "e" at the times t=(t1,t2,...,tn), including inspection and analyzing actions which result 
in inspection results "S" that are obtained depending on inspection quality modelled by 
q=(q1,q2,...,qn). Based on these monitoring results, mitigation alternatives will be considered 
regarding a fixed or adapting mitigation policy d(S). When these mitigation actions have been 
done a state of nature Xi will be the beginning of new random outcomes due to the external 
exposure and damage process. The total service life costs CT(z,e,S,d(S),Xi) can be optimized 
by minimizing the expect value of the total costs CT:  

)]d(S),Xe,(z,E[C )]d(S),Xe,(z,E[C  )]d(S),Xe,(z,E[C(z)C)]d(S),Xe,(z,E[Cmin iFiRepiInspIiT +++=  (1)

L
max
FtF,

max
ii

min
i

T ., 1,2,...    t,ΔPd(S))e,z,(t,ΔP

N , 1,2,...i                     ,zzz

=≤

=≤≤   

 TL is the service life, CI is the initial costs, E[CInsp] is the expected inspection costs, E[CRep] is 
the expected repair costs and E[CF] is the expected failure costs. Equation (1) is constrained 
by limits on design parameters and that the annual probability of failure ΔPF,t has to be less 
than at all times, assuring a maximum annual risk-state. The n inspections are 
performed at times t

max
FΔP

i, i=1,…,n where to≤t1,t2,... .,tn≤TL. 
Due to the desire to increase the efficiency and competitiveness of wind industry in 
compliance with safety standards and requirements, surveillance systems have been 
developed. External measurements for offshore wind farms have been carried out since the 
beginning of the 1990's, see [4] and [5], having as main objectives to obtain project-related, 
long- and short-term data. For CMI, high reliability components are only considered in this 
work within a RBI framework. For these components, the surveillance activities could be 
divided in CMS and inspection activities. The inclusion of these data can be achieved 
through updating of variable and inference of data.  

The RBI methodology is concerned with updating using events at the moment of finding 
the suitable inspection and maintenance strategy. At updating, a limit state function 
g(x1,x2,…,xi)  is formulated as a function of i stochastic variables and an event function 
h(xi,x2,…,xi) representing the new information, is considered jointly. The conditional 

probability of failure is denoted by P(g(x1,…,xi) 0|h(x1,…,xi) 0 . In RBI, the limit state 

function could be related to fatigue failure and the event function can be the no-detection-of-
cracks at the inspection. Bayesian statistical methods can be used to update the density 
functions fxi(xi,qi) of stochastic variables xi considering the vector of the distribution 
parameters qi as uncertain.  

3 PROBABILISTIC MODEL 

The probabilistic models for assessing the fatigue failure life based on SN-curves and 
fracture mechanics (FM) model are briefly mentioned. For RBI planning the FM model is 
usually calibrated to result in the same reliability level as the code-based SN model. To 
evaluate the fatigue life is used the probabilistic model for fatigue failure described in [6], [7] 
and [8]. For the free flow ambient turbulence conditions and the assessment of the SN-
fatigue life, the design equation is written: 
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where DL stand for the accumulated damage for a linear and bi-linear SN-curve, ν is the total 
number of fatigue load cycles per year, FDF is the fatigue design factor (FDF=TF/TL), KC is 
the characteristic value of K, Uin and Uout are the cut-in and -out wind speed, fU(U) is the 
density function of mean wind speed U. σΔσ(U) is the standard deviation at mean wind speed 
U. The corresponding limit state equation is written: 
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where Δ is a stochastic variable modeling the uncertainty related to the Miner rule for 
damage accumulation, t is the life time in years, XW is the model uncertainty related to wind 
load effects, XSCF is the model uncertainty related to local stress analysis. The assessing of 
the fatigue failure life based on FM-approach is described in [8].   

4 APPLICATION EXAMPLES 

A steel jacket support structure of an OWT is considered. The OWTs are assumed to have 
an expected lifetime equal to 20 years and design fatigue life times (TF) of 40, 50 and 60 
years. For the Influence coefficient the mudline bending moment for a pitch controlled wind 
turbine is used as a representative function in the support structure and/or transition node. 
SN-Linear (L) and bilinear (BL) curves will be considered for In-wind farm location (IWF) and 
single/alone (S) OWT. The design value “z” for each case is shown in table 1. In figures 1 
and 2 are shown the results of the assessment of the reliability with SN- and FM-approach. 
The reliability indices β and Δβ are related to the cumulative probability of failure (PF) and the 
annual probability (ΔPF) of failure. The results in table 1 show that the design values for 
cases IWF are larger than the ones for free flow turbulence. This is due to the additional 
accumulation of fatigue from wake turbulence. For all cases the  FM model is calibrated 
considering the reliability indices in the interval from 10 to 20 years (figure 2) and their 
respective inspection in this interval. There will be inspections in the remaining part of the 
lifetime that were not included. 

  
Figure 1. Reliability indices for SN-approach 
corresponding to an cumulative probability of failure 
of case A with TF=50 years. 

 

Fig 2. Reliability indices for SN- and calibrated 
FM-approach corresponding to the cumulative 
probability of failure of case A with TF=40 
years. 

In Figure 1 and 2 are shown the resulting life-cycle assessment of reliability with SN and FM 
approach. In table 1, inspection times are shown determined with a maximum acceptable 
annual probability of failure equal to 1.0 x 10-4. Comparing the first inspection time, slightly 
earlier inspections are needed in wind farm sites due to the increase of fatigue coming from 
wake turbulence even though the design parameter z is larger. As expected lower 
uncertainty for the model uncertainties implies that the first inspection will come (significantly) 
later. It is noted that in all four cases the design parameter z is determined by deterministic 
design such that the code-based design criteria is exactly satisfied. 
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Table 1.Inspection times corresponding =1x10-4  and z-design parameter 

TF CASE z Inspection times (year) 
IWF - L 0.4939 9 

S - L 0.4309 17 
IWF - BL 0.3841 6 40 

S - BL 0.3306 8 
IWF - L 0.5321 12 

S - L 0.4642 -- 
IWF - BL 0.4049 9 50 

S - BL 0.3482 11 
IWF - L 0.5654 18 

S - L 0.4934 -- 
IWF - BL 0.4253 11 60 

S - BL 0.3657 15 

5 CONCLUSIONS 

The approach represents a viable method to obtain reliability based inspection and 
maintenance plans for fatigue critical details in offshore wind turbines, especially details in 
the tower and the support structure. The use of the RBI framework for wind farms may 
potentially be beneficial for optimizing the inspection and maintenance efforts, generating 
inspection plans assuring fulfillment of acceptance criteria for the whole wind farm. 
Furthermore, the approach could also be applied as a decision tool for estimating the 
consequences of a possible service life extension. In this paper is described the integration 
of CMI using Bayesian updating. Besides of being applied to high reliability components, this 
approach for updating within a RBI framework may be also used on different components 
with lower reliability levels having the proper limit state equations relating the real-time 
information coming from the measuring devices for different components. 
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Risk-based operation and maintenance of offshore wind 
turbines 

 

Jannie Jessen Nielsen1),  John Dalsgaard Sørensen 1,2)

1) Department of Civil Engineering, Aalborg University, Denmark  

 2) Wind Energy Division, Risø-DTU, Denmark 

ABSTRACT 

Operation and maintenance for offshore wind turbines is a large contributor to the total cost. 

Today corrective maintenance is usually used, meaning that components are repaired after 

they fail. The use of condition-based maintenance based on Bayesian decision theory has 

the potential to minimize the costs to operation and maintenance, and hereby increase the 

overall benefit. This paper outlines the basic concepts of condition-based maintenance. 

 

KEYWORDS 
Operation and maintenance, corrective maintenance, condition based maintenance, offshore 

wind turbines 

1 INTRODUCTION 

Costs to operation and maintenance for offshore wind turbines can be very large compared 

to other costs, and can be expected to increase when wind farms are placed at deeper water 

depths and in more harsh environments. For other offshore installations such as oil & gas 

installations, cost-effective procedures for risk-based inspection planning have been 

developed during the last 10-15 years and are used at several locations worldwide [1]. These 

procedures are based on pre-posterior Bayesian decision theory [2].  

 

Maintenance activities can be divided in corrective and preventive maintenance, where the 

latter covers both planned and condition-based maintenance. Optimal the maintenance 

should be planned using a risk-based approach with pre-posterior Bayesian decision theory, 

as described in [3], with the use of observations from condition monitoring and inspections. 
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2 OPTIMAL PLANNING OF INSPECTION AND MAINTENANCE 

2.1 Life Cycle Decision Model 

A decision tree related to the life cycle of an engineering structure such as a wind turbine or 

wind farm is shown in Figure 1. The decisions taken by the decision maker (designer / owner 

/ …) and observations of uncertain parameters that are unknown at the time of the decision 

are: 

• At the design stage a decision on the optimal design parameters is made which in 

principle should maximize the total expected benefits minus costs during the whole 

lifetime such that safety requirements are fulfilled at any time.  

• During the lifetime continuous monitoring of the wind turbines and inspections of 

critical components are performed. These are indicated in the box ‘repeated 

inspection/maintenance’ in Figure 1. Each box consists of: (1) a decision on times 

and types of inspection / monitoring for the rest of the lifetime; (2) observations from 

inspection / monitoring; (3) decision on eventual maintenance / repair based on the 

inspection / monitoring results.  

• Realisation of uncertain parameters such as wind and wave climate, strengths, 

degradation, model uncertainties will take place during the lifetime.  

• The total cost is the sum of all costs in the remaining part of the lifetime after the time 

of the decision. 

 

 
Figure 1: Decision tree for optimal operation and maintenance planning [3] 
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2.2 Damage and Uncertainty Modelling 

Deterioration mechanisms such as fatigue, corrosion, wear and erosion are associated with 

significant uncertainty. Observations of the degree of damage D(t) can increase the reliability 

of predictions using Bayesian statistical techniques as illustrated in Figure 2. Generally an 

inspection at time T1 and associated maintenance/repair will decrease the uncertainty and 

the expected mean damage level at time T2 will be smaller since most realizations with large 

damage level at time T1 can be expected to be maintained / repaired.  

 
Figure 2: Damage model and updating by inspection at time T1 [3] 

 

2.3 Cost-Benefit Models for Optimal Decision Making 

The aim is to maximize the total gain minus the costs, W, and the optimization problem can 

basically be written 

 
FREPINI CCCCBW −−−−=max  (1)

  
where B is the benefits, CI is the initial costs, CIN is the inspection and service costs, CREP is 

the repair and maintenance costs and CF is the expected failure costs, and all values are 

functions of the design parameters, decision parameters for inspections, and decision rules 

for repairs. 

3 COMPARISON: CORRECTIVE OR CONDITION-BASED MAINTENANCE 

For corrective maintenance the costs (or lost benefit) are due to lost production, repair of 

damaged components and escalated damage due to failure of components. In condition-

based maintenance monitoring and inspections will give an additional cost, but lost 

production and escalated damage is decreased. Simulation techniques can be used to 

determine the optimal planning for a given case. The major contributors to uncertainty should 

be included in the model, and are described in the following.  
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3.1 Uncertainties and Parameters 

The weather has a major influence on several aspects within operation and maintenance of 

offshore wind turbines, e.g. damage accumulation, weather windows for repair, and (lost) 

production. The parameters in the damage model for the different components will vary due 

to natural variations in execution, and the model is uncertain too. When an inspection is 

performed, there is a probability that the damage is not found. This is described with a POD 

(probability of detection) curve, and in general it is easier to detect a larger damage. Also 

there is a possibility of false detections of damages that do not exist. When damage is 

detected, a decision rule determines whether a repair should be carried out. Optimal the 

decision rule should be based on a risk analysis for the rest of the lifetime of the component, 

but a simpler rule with a limit damage level might be easier to use. Dependent on the 

weather it might not be possible to access the wind turbine with a boat for some time, and 

the additional cost of a helicopter should be held against the expected cost of failure and loss 

of production. Often it will be less expensive to execute the repair before the component has 

actually failed. Of course the inspections will only have a positive effect, if the damage does 

not happen too abrupt to be detected during inspections.  

4 CONCLUSIONS 

A risk-based approach for planning of operation and maintenance of offshore wind turbines is 

described. Simulation techniques can be used to assess the gain of the use of condition-

based maintenance compared to e.g. corrective maintenance. 
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Condition Monitoring of Wind Turbines 
 

Christopher J Crabtree 1), Peter J Tavner 1)

1) Durham University School of Engineering and Computer Sciences, UK 

ABSTRACT 

Condition monitoring (CM) of wind turbines (WT) is assuming greater importance as the 

installed capacity of wind turbines increases. This paper briefly describes a test rig for the 

development of CM techniques for WTs. The test rig includes features of a WT including its 

variable speed and torque nature, a simple gearbox, induction generator and grid 

connection. ‘Fault-like perturbations’ are applied to the rig and signals recorded and 

analysed. This paper gives an example of fault detection in the three phase power signal by 

tracking fault frequencies using a wavelet energy tracking method. 

 

KEYWORDS 
Condition monitoring, drive train, power signal,  

1 INTRODUCTION 

WTs are fast becoming one of the major sources of renewable energy in the UK with over 

3.7GW currently installed on UK networks [1]. The move to offshore development is primarily 

a result of increased wind speeds, lower turbulence levels and the resulting higher capacity 

factor. However, these benefits lead to harsher operating conditions and a need for improved 

monitoring and maintenance strategies. Tavner et al. [2] have demonstrated that failures in 

the drive train result in large downtimes and high costs. This research aims to further the 

understanding of CM of WTs through the development of a test rig and the application of 

signal processing techniques. CM of rotating machines is well understood for large, high 

speed rotating machines but has not been widely investigated for wind turbines with low 

speed shafts and highly dynamic variations in torque and speed. The test rig allows 

repeatable driving conditions to be applied to the drive train. The research investigates the 

possibility of using the generator three phase power signal as an available and global source 

of drive train information. 
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2 CONDITION MONITORING TEST RIG  

2.1 Drive Train Layout 

The test rig consists of a 30kW wound rotor induction generator being driven through a two-

stage gearbox by a 54kW DC motor. The driving conditions are controlled by a LabVIEW 

control environment which also acts as a data acquisition system sampling at 5kHz. The test 

rig is shown in figure 1. The test rig is fitted with two tachometers, an accelerometer on the 

gearbox or generator and a torque transducer and x-y displacement sensors on the high 

speed shaft. 
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Figure 1: Durham University Condition Monitoring Test Rig 

The rig is also fitted with current and voltage transducers allowing for the calculation and 

frequency analysis of the instantaneous three phase power signal. Resistive load banks on 

the rotor circuit allow electrical asymmetry to be applied to the generator and experimental 

balance planes are mounted on the low and high speed shafts to emulate mass unbalance. 

2.2 Driving Conditions 

A WT drive train is subject to highly dynamic speed and torque changes and it is important 

that any CM technique is capable of dealing with these. The test rig is driven using data from 

a detailed 2MW turbine model developed at the University of Strathclyde as part of the 

Supergen Wind Energy Technologies Consortium at two mean wind speeds, 7.5m/s and 

15m/s, and two levels of turbulence, 6% and 20%, representative of normal and turbulent 

conditions offshore. An example of the 7.5m/s, 20% turbulence driving condition is given in 

figure 2. It can be seen that the resulting three phase power and shaft torque signals feature 

highly variable amplitudes over time. 
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Figure 2: Example speed, torque and three phase power measurements taken from the Durham 

University test rig under fault testing 

3 EXAMPLE RESULTS 

3.1 Electrical Asymmetry of the Generator Rotor 

To demonstrate the variable nature of monitoring signals the test rig was driven under wind 

driving conditions and asymmetry applied periodically as shown in figure 3 with different 

severities. The signals recorded from this test are shown in figure 2. 
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Figure 3: Electrical asymmetry applied to the generator rotor 

 

It can be seen from figure 2 that the variable level of three phase power has masked any 

clear change as a result of the fault being applied and so it is necessary to track a known 

fault-related frequency. In this case the frequency twice slip frequency (2sfse) was tracked as 

this is characteristic of an electrical asymmetry and its frequency is shown in figure 4. Using 

an energy tracking method based on the wavelet transform [3] developed at Durham 

University we can extract the energy in this frequency and this is shown in figure 5. It can be 

seen that the small asymmetry applied in the period 60-120s is not easily detectable however 

the larger asymmetry applied in the period 180-240s is clearly visible in the result. 
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Figure 4: Value of frequency 2sfse being tracked 
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Figure 5: Energy in the frequency 2sfse extracted using the wavelet transform 

4 CONCLUSIONS 

It can be seen that condition monitoring of wind turbines will play an important role in 

improving the reliability of the technology and that techniques will need to be developed to 

deal with highly dynamic signals being generated in the turbine drive train. This work has 

demonstrated that faults are detectable in the electrical power signal without the need for 

complex and expensive transducers. 

Future work will aim to detect a greater range of fault conditions and to improve the quality of 

detection algorithms with the aid of the test rig. 
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Systems Engineering based Tero-technology: A methodology 
and applications within wind power system 

 

Idriss El-Thalji 
School of Technology and Design,  

Växjö University, SE-35195, 
 Växjö, Sweden. 2009 

ABSTRACT 
The ongoing research in Vaxjo University is currently focused on using systems engineering approach for 

analysis and design of operation and maintenance system and their practices within wind power system. 

The research work started since 2007 as a reviews for the current maintenance practices of wind power 

system based on researchers’ perspective, and another review highlighted the practitioners’’ perspective 

and their requirements for more cost-effective maintenance strategy. Recently, the research coupled 

with Swedish wind research projects to investigate the physical failures on wind turbine’s gearbox and 

their terotechnolocial impact. 

 

KEYWORDS 
Operation & maintenance, Tero-technology, Systems Engineering, Wind power system 

PAPER ABSTRACT  

Inappropriate maintenance of complex technical wind power system is the main reason of increasing 

the cost of energy per production unit and energy losses due to unavailability and performance losses 

appropriate strategy and technology of maintenance has the key role to design cost-effective 

maintenance. This task demands long term preparations and noticeable financial investment that 

shortly produces measureable benefits. In this paper, systems engineering approach used for analysis 

and design the technical and terotechnical characteristics of operation and maintenance system and 

energy efficiency. The result of ongoing research work in Vaxjo University point that beside failures of 

technical system due to their stakeholders faults, large percentage of unavailable time and 

performance losses is due site and season characteristics which are not taken in designer 

consideration. In this paper, a developed model of analysis and design the terotechnical aspects of 

wind power system, particularly, the operation and maintenance system using Systems Engineering 

have been conceptually constructed and phased into five phases from the situational analysis consists 

of defining life cycle processes, stakeholders and their requirements, in addition to investigation of the 

physical failures classified based on site and season characteristics, that cover the Swedish wind 

farms’ issues which are varying as onshore, offshore applications and cold climate effects, in order to 

achieve an optimized life cycle cost and competitive cost of energy.   
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Analysis of wind turbine data with a view towards load 
monitoring 

 

Claudia Hofemann1), Herman Frederik Veltkamp2), Gerard van Bussel1)

1) TU Delft, Netherlands, 2) Vestas R&D Global Research, Netherlands 

ABSTRACT 

The objective of this PhD research is to develop a method to use standard signals such as 

rotor speed, electrical power, pitch angle, etc. for load monitoring. The proposed method will 

allow to reconstruct the particular mechanical loading experienced by any turbine in the field. 

The site specific feedback on the actual fatigue loads experienced by the turbine will make it 

possible to improve wind turbine design parameters and to adjust the design lifetime.  

 
 
KEYWORDS 
 
Wind turbine loads, load monitoring, neural networks, SCADA signals, load reconstruction, 

design parameters 

1 INTRODUCTION 

Due to the high costs of measurement equipment and the large effort of post-processing and 

evaluating the collected data, the loading of wind turbines is not generally monitored. As a 

consequence, very little is known about the load history for most of the many existing 

turbines. Besides information about energy production, operating hours, maintenance and 

repair activities, the turbine's performance and especially its dynamic behavior is only known 

from a few verification turbines. This does not necessarily reflect the real conditions at a 

particular site properly.  

SCADA data, as signals indicating the wind speed, electrical power and the pitch angle, is 

available for these turbines. The objective of this PhD research is to develop a method of 

using these easily accessible signals to reconstruct the mechanical loading experienced by a 

wind turbine.  
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2 METHOLOGIE 

The reconstruction of mechanical loads acting on wind turbines will be realised by 

implementing an Artificial Neural Network (ANN).  

An Artificial Neural Network is a non-linear statistical data modelling tool which is self 

learning. During the learning phase, the system can change based on external or internal 

information, which is feed into the network. Thus, the network can adapt to changing external 

conditions, as for example different streaming conditions (free stream conditions or wake 

effects). Those networks are typically used to model complex relationships between in- and 

outputs or for pattern recognition.  

Previous work as the flight leader project by ECN [1] or the work performed by Nicolai 

Cosack from the University of Stuttgart [2] demonstrated that ANNs are an appropriate 

method to perform load monitoring using only SCADA data.  

Correlations between load indicators and the SCADA data will be established by training the 

ANN with verification data. As a second step the established relationships will be applied to 

another turbine of the same type located at another site.  

To be able to correctly reproduce the mechanical loads seen by the turbine the relations 

between SCADA signals and load indicators have to be as precise as possible. To achieve 

an accurate description of the relationships inside the ANN, the environmental conditions as 

well as the turbines’ operational modes as power production, parked, etc. have to be 

characterised beforehand [1]. 

To implement the network on wind turbines located at different sites a catalogue needs to be 

developed categorizing the environmental conditions as wind profile, turbulence intensity or 

temperature profiles regarding to their influence on the wind turbine’s behaviour.  

 

At ECN, a similar project, aiming to prove that the knowledge gathered via one verification 

turbine can be transferred to another turbine within this specific wind park, has been 

developed. The flight leader project, using SCADA signals as well, has shown that a reliable 

prediction of mechanical loads via neural networks within one wind park is possible. By now 

the project has been tested on two turbines of the ECN Wind Turbine Test Site 

Wieringermeer and shown that ANN techniques can be used for accurately estimating load 

indicators using only 10-minute statistics of standard SCADA parameters [1]. Whereas the 

flight leader project focuses on a implementation of the system within a wind park, creating 

the need to equip at least one wind turbine per wind farm with measuring devices, this 

project focuses on the development of a method allowing to reconstruct the mechanical 

loadings for a complete wind turbine fleet.  
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The ANN will be trained and verified with data obtained from verification turbines located at 

different sites. Afterwards, to achieve a greater topographic variance the code will be 

extrapolated using the commercial wind turbine fleet.  

To narrow down the input feed into the ANN, only data logged by Vestas V90 wind turbines 

will be used. Once the approach has been implemented, the method will be applied on other 

turbine types to test if and under what circumstances an adoption of the network is possible.  

3 CONCLUSIONS 

This research projects looks into the loads of wind turbines induced by the environment.  

The aim of this project is to develop a method that allows to reconstruct and to predict site 

specific loads without the need to equip commercial wind turbines with additional sensors. 

The derived results can be used for site specific optimisation of turbine parameters, long-

term operation control, and validation of design parameters. Furthermore this tool will make it 

possible to correlate component failures with loading.  
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Wake Skew Angle Variation with Rotor Thrust for Wind 
Turbines in Yaw Based on the MEXICO Experiment 

 

Daniel Micallef1),  Carlos S. Ferreira2), Tonio Sant3) 
1) DUWIND, TUDelft, The Netherlands and University of Malta, Malta,  2) DUWIND, TUDelft, 

The Netherlands,  3) University of Malta, Malta. 

ABSTRACT 
The primary objective of the MEXICO (Model Experiments in Controlled Conditions) project 

was to generate experimental data from which the uncertainties of the computational tools 

employed to predict wind turbine performance and loads. Pressure sensors were used for 

pressure measurements while PIV was used with the major aim of tracking the tip vortex 

trajectory. The aerodynamic forces on the blades were derived found from the pressure 

measurements and were used in an inverse free wake lifting line model to compute the 

positions of the tip vortices. From these the wake skew angle was derived. A relationship 

between the skew angle and the thrust coefficient was thus drawn. 

 

KEYWORDS 

Yaw, Skew Angle, MEXICO experiment.  

1 INTRODUCTION 

The pressure measurements were carried out for both axial and yawed flow conditions with 

yaw angles of 15, 30 and 45 degrees. For the PIV measurements data was gathered for axial 

flow but only for the 30 degree yaw case for a single tip speed ratio. A three bladed rotor was 

used with a diameter of 4.5m and 0.42m hub diameter. For the blade geometry and other 

details the reader is referred to [1]. Pressure measurements were first validated and used to 

find the loads acting on the rotor. In this study, an inverse free wake model [2] was used for 

all of the yaw angles to obtain the skew angles. The forces were prescribed to the program 

and the induced velocities calculated in an iterative manner until the angle of attack 

converged. The wake geometry for a number rotor revolutions (depending on the tip speed 

ratio) was obtained from the inverse free wake model for the mentioned yaw angles for four 

different tip speed ratios (4.18, 5.55, 6.68 and 10) with a rotor speed of 424.5r.p.m and with 

wind speeds of 10, 15, 18 and 24 m/s. From the wake geometry a relationship can be 

obtained between the skew angle and the thrust coefficient obtained from experiment. 

This relationship was also investigated by W. Haans et al. [3] by means of an experiment of a 

yawed rotor at TUDelft. 
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2 RELATIONSHIP BETWEEN SKEW ANGLE AND THRUST COEFFICIENT 

2.1 Methodology 

In order to obtain an estimate of the skew angle, a graphical procedure was employed. A 

line, oriented at an angle equal to the rotor yaw angle was constructed to be used as 

reference. Another line at the rotor yaw angle was constructed but this time joining the vortex 

cores of the wake sheet boundary. If the line cannot pass through the cores exactly, the 

position of the line and its length are adjusted to another position which intersects an 

interpolation line passing through the vortex cores. The process is repeated for all the blades 

for a number of revolutions determined by the numerical stability of the inverse free wake 

model. The midpoint of each and every line is hence determined and a line of best fit is 

passed through these midpoints. The angle of this line may then be found and was denoted 

by θ. The skew angle is then given by 

 

      (1) 
 

An example is shown in figure 1 for the 30 degree yaw and wind speed of 10m/s.  

 

 
Figure 1: Wake geometry as obtained from the inverse free wake model and geometrical 

construction of θ. 

2.2 Derivation of a linear relationship between skew angle and thrust coefficient 

The skew angle was found for each yawed flow case by means of the inverse free wake 

code. The thrust coefficients were obtained from the MEXICO data for each test case. The 

thrust coefficient will vary with azimuth but an average was taken over all rotor revolutions.  
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The relationships between skew angle and thrust coefficients are shown in figure 2. This is 

consistent with the results found from Haans et al [3].These linear fits can be represented by 

means of the linear expression: 

 

 
1 2Tk C k     (2) 

 

for [15 ,30 ,45 ]     . Table 1 shows the intercept and gradients for the linear fit described by 

eqn. (2). 
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Figure 2: Skew angle against thrust coefficient for different rotor yaw angles. Coloured lines 
show the yaw angle while bold black lines show a linear fit for the skew angle. 

 
Table 1: Intercept and gradients for linear fit for different yaw angles 

 [deg.] 1k  2k  
15 13.529 43.092 
30 6.6062 29.764 
45 7.451 12.65 

 

A general relationship can be found in terms of the yaw angle by considering these gradients 

and the intercepts. For the axial flow condition the skew angle must necessarily pass through 

0. Figure 3 shows linear fits of the gradient and intercept with yaw angle. For a higher order 

approximation more points would be required but the MEXICO data is limited to just three 

yaw angles.  The linear fits shown in figure 3 seem to make sense as the data points do not 

show too much scatter. Further investigation can however be done in future experiments with 

a larger number of data points. The linear equations for the gradient and intercept are also 

shown on figure 3. Using these equations in (2) and rounding up: 
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  0.3 1TC    (3) 
 

3 CONCLUSIONS 

In this paper, the MEXICO experimental data was used as an input to an inverse free wake 

vortex model. From the wake geometry a relationship was obtained between the thrust and 

the skew angle. It was found that the rate of increase of the skew angle with thrust coefficient 

increases with rotor yaw error. This was expected since the induced velocities at high yaw 

angles will deflect the wake in a more pronounced manner. In future work, a PIV experiment 

will be performed for yawed conditions at TUDelft and more yaw angles will be considered to 

be able to reconstruct a higher order relationship between thrust coefficient and skew angle. 
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Figure 3: Linear fits for gradient and intercept quantities in terms of the yaw angle. 
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Details of a Medium Scale Wind Turbine Based on the 
Brushless Doubly-Fed Machine 

 

Thomas Logan1), Joseph Warrington1), Shiyi Shao1), Richard McMahon1) 

1) University of Cambridge, United Kingdom 

ABSTRACT 

This paper describes the design and implementation of a 20kW wind turbine recently 

installed in Cambridge with a Brushless Doubly-Fed Machine (BDFM) as its generator. The 

BDFM is a medium speed generator suitable for direct grid connection in which variable 

speed operation is possible with only a fractionally rated power converter. Details of the 

machine design and performance are presented along with a description of the machine 

controller and the system to maximise the output of the turbine.  

 

KEYWORDS 
Brushless Doubly-Fed Machine, BDFM, DFIG, Maximum Power Point Tracking 

1 INTRODUCTION 

The Brushless Doubly-Fed Machine (BDFM) is an electrical 

generator with similar properties to the Doubly-Fed Induction 

Generator (DFIG) in that variable speed operation is possible 

with a converter rated at only a fraction of the machine rating 

[1]. However, due to the BDFM's design the brush contacts to 

the rotor are eliminated, increasing machine reliability and 

lowering maintenance requirements. This is particularly 

beneficial for wind turbines located off-shore where 

maintenance costs are high. 

 This paper details a practical implementation of a 20kW 

BDFM-based wind turbine erected by the authors (in 

collaboration with Durham University) in Cambridge in March 

2009. The mechanical parts of the turbine were supplied by 

Gazelle Wind Turbines and the BDFM was designed to replace 

the squirrel-cage induction machine normally used. The hub 

height is 13 metres and the blade swept diameter is 11 metres. 

It is of a free-yaw, downwind design. A photograph of the 

turbine as installed can be seen in Fig. 1. 

Figure 1: Photograph of 
the wind turbine as 
installed in Cambridge.
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2 BDFM 

The BDFM employs two stator windings, which produce airgap fields of different pole 

numbers in order to avoid transformer coupling between them. These fields do, however, 

both couple to the rotor. In normal use one winding, termed the power winding (PW), is 

assumed to be connected to the mains, while the other, 

termed the control winding (CW), is fed a variable voltage at 

variable frequency from a bi-directional converter and sees 

only a certain fraction of the total power flow. Manipulation of 

this feed controls the power factor and rotor speed. Full 

details of BDFM operation (such as its equivalent circuit) can 

be found in [1]. Its typical electrical connection can be seen 

in Fig. 2. Figure 2: Typical 

connection of the BDFM
2.1 Design 

The first step in BDFM design is to choose the appropriate pole number combination. In its 

normal operation the mechanical rotor speed ωr is related to the stator winding frequencies 

ω1 and ω2 by [1]: 

21

21

ppr +
+

=
ωωω                (1) 

where p1 and p2 are the pole-pair numbers of the two stator windings. The pole-pair 

combination (and the converter size) is determined by the required deviation from the natural 

speed, the synchronous rotor speed when ω2 = 0. [1] shows the nominal converter rating 

required for an ideal BDFM is given by S2=|ω2/ω1|S1 (where S1 is the PW apparent power), 

which with equation (1) shows that for a rated speed of 750rpm at 50Hz (with a gearbox ratio 

of 7.1:1) with a 50% rated converter the sum of the pole pairs must be six, thus a 4-pole/8-

pole BDFM was chosen. With the pole-pairs chosen a design procedure based on magnetic 

and electrical loadings can be followed (detail to be published soon), in this case to rewind 

an existing 4-pole induction machine. The key dimensions of the BDFM are: 

Stator bore diameter 200 mm Stator 1 / 2 pole pairs 04/08/09 

Stack length  292 mm Stator 1 / 2 turns 176 / 336 

Airgap thickness 0.65 mm Stator 1 / 2 slot area 42% / 58% 

Natural / Rated speed 500 rpm / 750 rpm Stator 1 / 2 current rating 18.4 A / 13.7 A 

2.2 Performance 

BDFM performance is best summarised on an operating chart like that of the synchronous 

machine (with a separate chart for each operating speed) [3]. The continuous operation chart 

for the BDFM at 750 rpm calculated from measured machine parameters can be seen in fig. 
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3, in which the three ellipses are the three stator heating limits, all of which must be 

observed. Preliminary tests show that final winding temperatures at some points on the edge 

of the safe region are 120ºC or less suggesting that the area is safe but rather conservative 

for windings rated for 155ºC. The thermal time constant of the machine is approximately 30 

minutes so for duty-cycle operation (such as the gusty wind conditions experienced by the 

turbine)  the short-term peak output can be rather higher than suggested by the chart. 

3 SYSTEM IMPLEMENTATION 

The wind turbine system relies on a number 

of interacting systems shown in the block 

diagram of Fig. 4.  

3.1 BDFM Speed Controller 

The speed controller system manipulates 

the magnitude and phase of the voltage 

applied to the control winding to make the 

BDFM achieve a desired torque and speed to 

match the wind torque. This is achieved via a 

vector control scheme oriented with PW flux 

reference frame, in which two PI controllers 

manipulate quantities v2q and v2d to 

regulate the shaft speed and PW reactive 

power respectively in a scheme fully 

described in [3].  

Figure 3: Operating chart for the BDFM 

at 750rpm 

Figure 4: Block diagram of the wind 
turbine showing its constituent 
subsystems.

3.2 Turbine Controller 

The outer stage of the turbine control system is to manage the machine speed (and so tip-

speed) in order to extract the most energy from the current wind conditions and to make the 

turbine operate at a reasonable power factor. Speed control is achieved with a maximum 

power point tracking (MPPT) routine[2]. In this scheme the speed is periodically adjusted and 

the short-term average output power at the new speed compared with the average output 

power at the original speed. If the power output improves the speed is again adjusted in the 
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same direction, otherwise it is adjusted in the opposite direction, thus moving the rotor speed 

to the optimum value. This system also manages stopping the turbine in periods of low wind. 

4 PERFORMANCE 

Detailed high-resolution measurements of turbine performance have been available for 

several weeks and show the performance of the turbine and the MPPT algorithm. Some data 

covering the period of the 14th and 15th July 2009 is shown in figure 5. Firstly the figure 

shows that the wind conditions are rather poor at the site and the wind is very gusty. This is 

as expected because the turbine is located on an urban site chosen for its location on 

Engineering Department land. The spiky nature of the graph shows that for relatively small 

gusts of say 6m/s the turbine may output 5kW if it is properly aligned with the wind but that 

very often the turbine is not properly aligned. 

 Operation of the MPPT routine can be seen in the figure. After around 16,000 

seconds the wind energy (proportional to v3) increases, and the tracker increases the rotor 

speed in response and the turbine produces a larger power output. This continues until the 

wind speed drops, power output decreases, and eventually the blade rotation slows to the 

lower speed limit in response. The resulting reduction in power loss is shown in the period 

after 44,000 seconds. Note that ordinarily the turbine would be deactivated with such a drop 

in wind 

speed 

and power output, but here the effect of MPPT is being demonstrated. 

Figure 5: Operating data for the wind turbine over the period of the 14th and
15th J l 2009 (bl i i d d i t d d d i

5 CONCLUSIONS 

From this work we can conclude that a BDFM-based wind turbine is practical. We may also 

conclude that the speed control and MPPT algorithms presented work effectively. Though 

the siting of the turbine is not ideal, from the modest wind resource available the system is 

able to generate significant power. The 4/8 BDFM design works well but is larger than the 4-

pole induction machine it replaces due to its high number of poles and slower speed. Future 

work will also consider the 2/6 BDFM, which potentially offers a higher power density. 
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Modeling and Simulation of Long Time Behaviour of Alpha 
Ventus Wind Farm and Coupling to WCMS 

 

H. Guo, Z. A. Styczynski 

Otto-von-Guericke-University Magdeburg, Germany 

ABSTRACT 

This paper deals with the model development and exemplary simulation performance of long 

time behaviour of the first German offshore wind farm (WF) alpha ventus as well as its 

coupling to the Wind Farm Cluster Management System (WCMS). In order to investigate the 

long time behaviour of the alpha ventus a simulation model based on the characteristic 

power curve of the wind turbines (WT) has been developed. The dynamic characteristics of 

the WT are not considered in this model, since the purpose of the study is to develop and 

validate a model for behavior analysis of the WF on a long time scale taking into account the 

influence of the WCMS, and to give some relevant suggestions for an optimal integration of 

additional large scale offshore generation into the operation of the whole power system. 

 

KEYWORDS 

Wind farm model, long time simulation, wind farm cluster management system (WCMS) 

1 INTRODUCTION 

The technology of the WTs as well as the wind energy industry and market has rapidly 

developed in the past decades. The global installed wind energy capacity has increased 

significantly and the additional new large scale installations are planed in the offshore sector 

for the near future. The analysis of WFs behavior and its influence on the grid became an 

important issue, which requires the development of the appropriate simulation models. In 

reference [2] some different WT models have been defined. According to the analysis issues 

and problem to be solved the WFs can be modeled in different detail grades. Generally, the 

simulation issues of a WF could be divided into two types: time independent and time 

dependent [3]. The dynamic models, which have the maximal simulation time step up to 

10 ms, are used to analyze different disturbances, e.g. faults. Static WT models have a lower 

detail grade than dynamic models and are usually used in the first phase of WF planning to 

estimate and predict the power output as well as to analyze an optimal active and reactive 

power control strategy. In this paper a WF model developed within the framework of the 

RAVE project is presented that has been designed for analysis of long time behavior of the 

WF. 
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2 MODELING OF ALPHA VENTUS WINDFARM 

2.1 General 

The alpha ventus wind farm is the first offshore wind farm in Germany. In this wind farm 12 

wind turbine (6 Multibird M5000 and 6 REpower 5M) are planned to be installed and each of 

them will have 5 MW rated power. The total capacity of this wind farm will be 60 MW. Figure 

1 shows the general structure of the alpha ventus wind farm. 

 

Figure 1: Wind farm structure for alpha ventus 

2.2 Wind farm model 

The purpose of the WF model in this paper is to provide a model that will be used to 

investigate the long time behaviour of the alpha ventus WF. The model should be able to 

calculate the WF power output based on the predicted wind profile. Furthermore, it will be 

able to evaluate the power losses and the voltage status taking into account the allowable 

operational characteristics of the WTs such as active versus reactive power capability curve 

or the allowable gradients of active and reactive power as well as the state of the 

compensation units. The WT models have been developed based on the power performance 

curve of the WT, which is characteristic for each different turbine typef. With such a curve, as 

presented in Figure 2 (left), it is possible to calculate the power output of a WT without 

considering all of the technical details that are relevant especially for dynamic behavior [1]. 

Furthermore, with this model the reactive power output of the WT can be estimated since the 

reactive power capability characteristic is considered, Figure 2 (right). 

  

Figure 2: Exemplary power performance curve (left) and PQ-capability curve (right) of a WT 
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Figure 3 shows the general structure of the developed WT model with coupling to the WCMS. 

The WCMS role is to set an optimal point of operation (PREF_CM, QREF_CM) for the wind farm. 

Using the mentioned WCMS reference signals and predicted wind profile as input to the WT 

model the active and reactive power output can be calculated. In this way different scenarios 

considering, e.g. daily or monthly power generation profiles, can be analyzed to gather 

information about the impact of the WCMS on the grid integration of an offshore wind farm 

and its influence on the power system operation. 

 

Figure 3: General structure of the wind turbine and coupling to WCMS 

3 SIMULATION AND RESULTS 

The wind turbine model was developed with “Var P-/Q regler” by using simulation software 

PSSTMNETOMAC [5]. The simulation time period of 24 hours was chosen, with the simulation 

time step of 10 seconds. The wind farm was assumed to be operated with a power factor of 

0.95 (capacitive), so that the wind farm was able to provide the power grid with reactive 

power. Figure 4 shows the simulation results. The wind speed in time series is used as input 

and it could be obtained from the wind speed prediction approach. P-request is the active 

power which is delivered from the WCMS. It represents the desired active power of the wind 

farm, and the actual active power will be limited so as not exceed the requested power. The 

reactive power control insures that the actual reactive output not exceed the maximum of the 

reactive power limit of the wind turbines. In Figure 4 the voltage of the wind farm at the low 

voltage side of the transformer is plotted. The aggregative control of the active-/reactive 

power output of the wind farm can be achieved with the WCMS. The coupling of the wind 

farm model with WCMS will be implemented through the exchange of information about the 

required power (power set points) and wind speed information (predicted), and after carrying 

this out the simulation results will be returned to WCMS. The power factor, the voltage level 

and frequency will also be observed and appropriate strategies will be applied in case some 

abnormal situation occurs.  
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Figure 4: Simulation results of wind farm Alpha Ventus  

4 CONCLUSIONS 

In this paper a model for the alpha ventus offshore wind farm is described, in which the 

generation units are modeled with the characteristic power performance curve of the wind 

turbines. The simulation results show that this model is able to describe the long time 

behaviour of the wind farm with regard to control of wind farm power output according to 

requested power and the reactive power limitation in coupling with WCMS. 
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What Does a Floating Offshore Wind Turbine Look Like? 
 

Karl O. Merz 
Technical University of Norway (NTNU), Trondheim, Norway 

ABSTRACT 
It is attempted, with partial success, to answer the question posed in the title of this paper.  The 

answer, although not yet certain, appears to be: not wildly different than an onshore wind turbine 

which happens to be floating. 

 

KEYWORDS 
Design, floating, vertical-axis, H-rotor 

1 INTRODUCTION 

The obvious answer to the question posed in the title of this paper is that a floating offshore wind 

turbine looks more or less like an onshore wind turbine which happens to be floating.  This answer is 

probably correct.  That is to say, because the physics of the atmosphere are not drastically different 

between the coastline and the adjacent water, a design that is optimized for installation at the 

coastline will probably look similar to one that is optimized for installation on the water.  So a floating 

offshore wind turbine is a three-bladed (or maybe two-bladed), pitch-regulated (or maybe stall-

regulated, or maybe pitch-to-stall), upwind (or maybe downwind) propeller-like rotor, mounted atop a 

tubular (or maybe truss) tower, which extends deep into the water as a ballasted spar (or maybe is 

held by taut cables as a tension-leg platform, or maybe floats atop a large barge).  Right? 

 

Yes.  Probably.  But there is a problem: a floating version of an onshore wind turbine may not be good 

enough.  Past studies, Table 1, indicate that the levelized cost of energy of a floating offshore wind 

turbine is approximately twice that of an onshore wind turbine.  Too expensive.  It will be difficult to 

convince people to pay for your turbine if, in exchange, you offer to double their energy costs. 

2 COSTS 

 

Why are floating wind turbines so expensive?  Several reasons, all unavoidable.  One of these is 

shown in Figure 1.  In the mind of a structural engineer, the most fundamental representation of a wind 

turbine is a thrust load (from the air on the rotor) and a gravity load (from the mass of the rotor, 

nacelle, drivetrain, and electrical gobbledygook).  In deep water, the load path to the ground is much 

longer, which means more structure.   

 

Another reason that floating wind turbines are so expensive is that they are difficult to maintain and 

repair.  A few months ago, I was at a meeting with some representatives from the Norwegian energy 
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industry, who are kind enough to sponsor this research.  One of the presentations at this meeting 

showed some very cool robots, whose job it was to attempt to keep the gangway between a ship and 

a wind turbine reasonably stable, so that a technician could climb aboard the turbine, and then be 

rescued, without too much danger.  An alternative was to rappell in from a helicopter.  With large wind 

farms, it was suggested that for operation and maintenance purposes it would be most cost-effective 

to have a manned, floating "base" to which turbines could be towed for maintenance. 

 

Yet another reason that floating wind turbines are expensive is that they are out on the ocean, and so 

a connection to the electrical grid has to be put out there, too. 

 

So, floating wind turbines are expensive.  What can we do?  They could be installed onshore, instead.  

But people do not like wind turbines in their backyard, or on their favorite island or beach; sometimes 

they get very upset.  (http://www.vernkysten.no/)  And if enough turbines will be installed to make any 

difference in global fossil fuel use, they are going to have to be everywhere. (See appendix.)  Could 

some other form of renewable energy be used?  In part, yes, but it turns out that the alternative 

sources are not widespread enough (tidal currents, geothermal), they are environmentally damaging if 

deployed on a massive scale (hydroelectric, biofuel), they are not available everywhere year-round 

(solar), or they are expensive, too, as expensive as floating wind turbines (waves and some of the 

others).  [15]  One feasible alternative is nuclear energy, if the waste and weapons problems have 

solutions.  

 

Maybe now the fact that floating wind turbines are two times too expensive does not sound quite so 

bad, at least not bad enough to abandon the idea upfront. 

3 DESIGN CONCEPTS 

Costs may be unavoidable, but at least they can be minimized by selecting an optimal design.  As 

stated before, an optimal floating wind turbine probably looks very similar to an optimal onshore wind 

turbine. 

 

That "probably" in the previous sentence bothered me.  How probable is "probably"?  Thus began this 

research project. 

 

Let's pretend that the optimal floating wind turbine (call it a "floater", for short) does not look similar to 

the optimal onshore wind turbine.  Then, what does it look like? 

 

1. It is a lift-based device, not a drag-based device. 

 

2. It is not dramatic, in the sense of having any giant cowlings or wind-concentrating devices, or 

other enhancements that are never seen (for cost reasons) on onshore wind turbines. 
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3. It is a single-turbine construction.  That is, any material that would be used to structurally 

connect one turbine with an adjacent turbine will instead be used to obtain greater keel depth, 

for stability. 

 

4. It is simple and robust.  It has a minimum of moving parts.  To the greatest extent possible, it 

exchanges active systems (which require maintenance) with passive structures (which do 

not). 

 

The third point, if you agree with it, suggests that indeed our pretend-optimum floater does look 

something like an onshore turbine, in the sense that it is a rotor mounted atop a tower. 

 

The second point hints that we have probably seen something like our turbine before.  Together, the 

points indicate an obvious direction for investigation: a vertical-axis wind turbine. 

4 VERTICAL-AXIS CONCEPTS 

Among potential rotor profiles that could be revolved around a vertical axis, two categories stand out 

as most rational.  First is a Darrieus-type rotor, which is rational because the blades are shaped so as 

to carry the majority of aerodynamic and centrifugal forces in tension and compression, minimizing 

bending.  Second is an H-rotor, which is rational because the blades are straight, and thus easy to 

construct.  Figure 2 shows these two topologies. 

 

In the context of a floater, a big drawback with a Darrieus design is that it is impractical to run guy 

cables to the tower top, above the rotor.  Large on-land Darrieus turbines always have such stays, 

because without them there would be very severe bending loads on the shaft bearings.  Half the 

problem could be solved with a sort of hybrid between the Darrieus and H-rotor designs, a Darrieus 

with a cross-arm.  This is fine, except that where the rotating blades intersect the static tower at the 

bottom of the rotor, a non-standard bearing design would be required.  It would be something like a 

rigid ring rotating on a track and wheel arrangement, the blades being attached to the ring.  In any 

case, the rotating shaft loads are still partly unbalanced. 

 

Given these problems, an H-rotor was selected for further investigation.   

 

The H-rotor design is by no means new; a 130kW prototype was constructed at Carmarthen Bay, UK, 

in the 1980's. [14]  This machine looked like Darth Vader's tie fighter, had blades that folded in order to 

regulate the power in high winds (which turned out to be unnecessary, because stall achieves the 

same effect), and was very, very heavy.  It did, though, prove that the H-rotor concept was technically 

feasible.  Another such turbine was installed on the Isles of Scilly, by the same consortium, also in the 

1980's.  [2]

 

More recently, H-rotor turbines have been studied by several authors ([4], [5], [8]), and probably others 

in industry whose results have not been published. 
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There are some potential advantages of an H-rotor over a propeller-like rotor which could be 

particularly important for a floater: 

1. The vertical axis orientation allows the generator and associated components to be placed 

some distance (likely limited by drivetrain dynamics) down on the support tower, below the 

rotor. 

2. For a given swept area and minimum clearance between the blades and mean water level, an 

H-rotor can be designed which has a lower center of gravity than a circular propeller-type 

rotor.  (Again, this is likely limited by drivetrain dynamics.) 

3. The large clearance between the blades and the tower leaves room for a truss with widely 

splayed legs.  This type of structure is more efficient than a typical narrow, circular cylinder at 

reacting the large bending moments which occur as the floating structure pitches and rolls. 

 

If you have read this far, then you know something about what I am trying to do and why.  

Unfortunately, since we are already bumping up against the four page limit (even though I decreased 

the font size), a discussion of the meat of this investigation -- the methods being used, assumptions, 

and so forth -- will have to wait.  But they can be mentioned briefly. 

5 METHODS 

Simple, home-brewed versions of the blade element momentum method (BEM) are used to calculate 

rotor loads and output power.  For horizontal-axis wind turbines, the BEM program is pretty much what 

is described by Burton et al. [3]  It has been shown to give results almost identical to PHATAS 

(Version OCT-2002). [9],[10]  For vertical-axis wind turbines, a double-multiple streamtube version of 

BEM is used, like Paraschivoiu's CARDAAV, but without dynamic stall. [13],[11]  In either case, results 

are accurate through rated windspeed (that at which power peaks, and stall becomes significant), and 

inaccurate beyond.  Post-stall behavior, above rated windspeed, is estimated by empirically-based 

trends. 

 

In order to find the optimum design, Monte Carlo analysis is used, because the human brain (mine, at 

least) cannot estimate the simultaneous effects of all the relevant design parameters. 

 

Assumptions related to airfoil coefficients are especially important, with some intuition required to fill in 

drag coefficient data, which is seldom published beyond the point of initial stall.  Lift and drag 

immediately beyond stall govern the behavior of stall-regulated wind turbines above rated windspeed. 

6 RESULTS 

Some preliminary results are available.  One aspect of the results is plotted in Figure 3.  On the X axis 

is rotor average thrust force, which is representative of the severity of loading on the support structure.  

On the Y axis is shaft torque, which is representative of the severity of loading on the drivetrain.  All 

the data points shown represent wind turbines which produce exactly the same amount of energy in a 

year: one could say that the aerodynamic performance of all these rotors is equal. 
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It is highly probable that an optimized H-rotor will place more severe loads on the drivetrain and 

support structure than an optimized propeller-type rotor.  But a firm conclusion regarding overall 

system mass and cost cannot yet be drawn. 

 
Figure 1: A highly simplified sketch of the wind turbine structural engineering problem 

 

 
Figure 2: Shape of a Darrieus and an H rotor 
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Figure 3: Preliminary results 

 

Table 1: Costs of floaters versus turbines with other support structure types 
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Ensuring maximum energy capture by wind turbines during 
below rated operation 

 

A. Chatzopoulos,  W.E. Leithead
University of Strathclyde, UK 

ABSTRACT 
The operational strategy in below rated operation of a variable speed wind turbine is 
frequently chosen to maximise the energy capture. To do so the operating state of the wind 
turbine is caused to track the maximum aerodynamic efficiency curve, the so-called Cp-max 
curve. Whether it does so accurately, depends on the wind turbine controller. It is sometimes 
claimed that the energy capture can be increased by better design of this controller. The 
purpose of this paper is to examine this claim. The results suggest that the energy capture is 
very weakly dependent on the control algorithm. There is more dependence on the choice of 
control strategy but even here the potential gains are limited.  
 
KEYWORDS 
wind turbine, wind power, energy capture, below rated, control 

1 INTRODUCTION 

The power captured by a wind turbine is mainly affected by the aerodynamic efficiency of its 
rotor. The way the rotor operates in order to maximize the power captured, is mainly 
determined by the control strategy of the wind turbine. The power coefficient is the main 
quantification of efficiency and depends on pitch angle, the wind speed, and the rotor speed. 
In the below rated operating region the rotor is regulated to achieve constant speed for the 
first and third operating regions, and maximization of energy capture by tracking the optimum 
power coefficient curve for mode two.  
The aim of this paper is to present the results referring to energy capture obtained by the 
exhaustive assessment of the operation of a large wind turbine. Furthermore, to examine the 
claim that better design of a controller may increase the energy captured from the wind. 
Much research has been done on the hunt for new methods of control promising to maximize 
the energy captured by the wind turbine. Different approaches such as the one proposed in 
[1], presenting a complete fuzzy logic control based generation system, one component of 
which checks online for the desired generator speed for optimal aerodynamic efficiency. An 
adaptive fuzzy controller approach through identification is presented in [2] for the 
exploitation of maximum energy, by continuously optimizing the internal parameters and 
adapting them to the system. Other approaches include Nonlinear robust control as in [3] 
optimizing the blade pitch for a better tracking of the maximum coefficient curve, and Neural 
network solutions as in [4], against the fluctuations of the generator speed from Cp maximum 
curve.   
The paper is organised as follows. Section 2, presents a detailed validation of the simulink 
model used for the aerodynamic efficiency analysis, against the industrially accepted 
software GH Bladed. Section 3, provides the detailed aerodynamic efficiency analysis and 
presents the results as a percentage of the total energy capture that would have been 
possible through an ideal operating strategy. Section 4, summarizes the paper and the 
conclusions of this research are drawn. 
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2 MODEL VALIDATION 
The detailed model of the Simulink simulation of the wind turbine used in this paper is 
thoroughly described in [5] and [6]. This simulink model that is being used for the 
assessment of the aerodynamic efficiency of the wind turbine is compared against Bladed. 
For the need of this study the wind turbine is extensively tested using the same controller but 
different controller gains for the tracking of the below rated Cp curve. The simulations are 
conducted for uniform wind speeds, as well as for turbulent wind for turbulences of 5% and 
10%. Figures 3, 4 and 5 depict the normalized energy capture for the two models compared 
for seven different controller gains and three different averaged seeds of wind.  
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Figure 3: Comparison of Bladed Vs Simulink      
for different controller gains for uniform wind 
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Figure 4: Comparison of Bladed Vs Simulink 
for different controller gains and turbulence 

intensity of 5%. 
Each of the two models is run for wind speeds from cut-in (4m/s) to cut-out (24m/s) and for 
the controller gain values shown on the plots. Figures 3, 4 and 5 show a significant match of 
the trends of the two models. It can be inferred that the Simulink simulation model may be 
well used to tune the wind turbine controller and assess its energy capture. 
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Figure 5: Comparison of Bladed Vs Simulink 
for different controller gains and turbulence 

intensity of 10%. 
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Figure 6: Efficiency for 10% turbulent wind 

3 EFFICIENCY INVESTIGATION 

The purpose of the efficiency analysis is to compare the actual input power going into the 
wind turbine with the ideal maximum input power that can theoretically be extracted from the 
wind. The actual input power curve is multiplied by the probability distribution function and 
integrated for one year for the assessment of the aerodynamic efficiency. The optimum gain 
for the controller is used for this assessment and full runs for wind speeds from cut-in to cut-
out are conducted. The rotor efficiency is given from the ratio of actual input power over the 
ideal input power. Input power is defined as the product of the Aerodynamic torque on the 
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rotor, times the rotor speed. For the efficiency plots shown below the ideal Input power is 
calculated according to the steady state characteristics of the wind turbine. Then a full set of 
runs is conducted and the bin method is used in order to sort the actual input power data into 
wind speed groups. The full efficiency envelopes for wind turbulences of 5%, and 10% are 
presented in figures 6 and 7.  It is obvious from the plots that the efficiency is almost at the 
value of one, with one being the theoretical maximum efficiency.  
In the Weibull distribution the wind speed and its variations are described by the probability 
density function and cumulative distribution which reveals the annual energy capture.  
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   Figure 7: Efficiency for 10% turbulent wind 
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Figure 8: Annual energy capture curve 
 

Once the Weibull probability distribution is calculated for a specific site, it is multiplied by the 
mean values of the input power values for each wind speed obtained from the simulation, 
giving the annual energy distribution of the specific site. The annual distributions considered 
here are for two sites with annual mean wind speeds of 7.5m/s and 8.5m/s and a shape 
factor of k=2. The annual energy capture of the wind turbine assessed, is given by the 
integration of the product of the mean of the input power values, times the probability 
distribution and is shown in figure 8. The ratio of the end values of the actual over the ideal 
annual energy capture curve, give out the percentage of the annual efficiency of the rotor of 
the wind turbine. The results for turbulences of 5%, 10% and 15% are presented altogether 
in the two tables given below. 
 

Table 1: Aerodynamic efficiency results for a 
mean wind speed of 7.5m/s for different 
urbulence and different controller gains t 
Turbulence 

(%) 
Controller 

Gain 
Aerodynamic 
efficiency (%)

0.2 99.75% 
0.1753  99.93% 

0.15 99.79% 
5% 

0.12 99.33% 
0.2 99.68% 

0.1753  99.87% 
0.15 99.74% 10% 

0.12 99.29% 
0.2 99.57% 

0.1753  99.77% 
0.15 99.66% 15% 

0.12 99.22% 

Table 2: Aerodynamic efficiency results for a 
mean wind speed of 8.5m/s for different 
urbulence and different controller gains t 
Turbulence 

(%) 
Controller 

Gain 
Aerodynamic 
efficiency (%) 

0.2 99.79% 
0.1753  99.93% 

0.15 99.82% 
5% 

0.12 99.46% 
0.2 99.70% 

0.1753  99.88% 
0.15 99.78% 

10% 

0.12 99.42% 
0.2 99.62% 

0.1753  99.79% 
0.15 99.71% 15% 

0.12 99.30% 
 

The results from the aerodynamic assessment are significant as they reveal almost no 
energy losses if the operating strategy of the wind turbine is chosen carefully. Changing the 
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operating strategy will result in losses in energy capture as shown in figure 10. By choosing 
the optimum controller gain it is observed from figure 9, that the wind turbine operates as 
desired and from Table 1 & 2, a 99.93% of rotor efficiency is the result of this case. When 
using a slightly different controller gain, see figure 10, an obvious deviation in the tracking of 
the ideal curve is recorded.  
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   Figure 9: Actual Vs Ideal Operating Strategy 
for optimum controller gain 

Figure 10: Actual Vs Ideal Operating Strategy 
with 0.15 controller gain 

4 CONCLUSIONS 

A thorough analysis of a Simulink simulation, validated against Bladed, of a large wind 
turbine is presented in this paper using spatially filtered wind speed as an input in order to 
assess its energy capture. The assessment is done by using a classic control approach for 
the operation of the wind turbine, and the results reveal that there is little dependence on the 
control method used. More dependence is on the operating strategy adopted and how close 
the wind turbine is operating on this strategy. 
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Power Limitation at high wind speeds for a variable speed stall-
regulated fixed pitch wind turbine 

 

Rosmin, N 1), Watson, S.J 2), Thomson, M3)

1) Loughborough University, United Kingdom, 2) Loughborough University United Kingdom  

ABSTRACT 

This paper deals with power regulation for a fixed pitch stall-regulated variable speed wind 

energy conversion system. The power limitation in the stall region is the main topic of this 

paper where in this region the rotor/generator speed control activity is characterized by non-

minimum phase behaviour. Here, a simple and effective control algorithm is used. A 

proportional integral (PI) controller was used to control the power and the generator speed. 

Results show that such a proportional integral (PI) controller is not good enough to 

accurately track rated power at the required rotational speed corresponding to the wind 

speed variation above the rated wind speed. 

 

KEYWORDS 
Variable speed, stall-regulated, fixed pitch, power limitation. 

1 INTRODUCTION 

In general, a variable speed stall-regulated wind turbine has 3 main different operating 

regions: Below, Intermediate and Above wind speed [1]. At above rated wind speed , the 

power system is designed to limit the power captured in the wind by changing the rotor 

speed [2]. This working region is the most demanding in relation to wind turbine control. In a 

fixed pitch, variable speed, stall-regulated wind turbine, power regulation above rated wind 

speed is particularly challenging where no alteration of turbine blade pitch angle is available 

in order to reduce the power output. In such a turbine, the only way how to keep the power at 

a constant value is by reducing the power coefficient by reducing the rotor speed so that the 

tip speed ratio can be operated between its minimum and its optimum value. 

2 DESCRIPTION OF THE MODEL 

2.1 Wind Turbine Model 

Figure 1 shows the Simulink model used in this work to simulate a stall-regulated, variable-

speed, wind turbine system. In this work, the operation of the variable-speed, stall-regulated,  
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wind turbine equipped with a squirrel-cage induction generator (SCIG) is examined. The 

value of power coefficient,  is calculated by using Equation (1), whereas the tip speed 

ratio, 

pC

λ is computed by using Equation (2). Equation (3) then is used to calculate the 

aerodynamic torque, [3-4]. aeroT
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Figure 1: Wind turbine system 
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where   rω = rotor speed, R =blade radius, U = wind speed, ρ is air density. 

2.2 Control Objective and Control Algorithm 

The main objective of this study is to keep the generated electrical power at the rated value 

at 25kW when wind speed reaches 10m/s up until 20 m/s. A simple control algorithm used to 

achieve this goal is shown in Figure 3. It consists of two nested loops [3-4]. The inner loop 

demands a generator torque and the outer loop demands the generator speed. A PI 

controller is used in the both these control loops [4-5]. 
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Figure 3: A simple contol algorithm for a variable-speed fixed pitch wind turbine 
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3 RESULTS 

3.1 Simulation Results 

Figure 4(a) represents the wind speed time series which was modelled by using Equation (4) 

from reference [6] .  

ttt UrrUU ε+−+=+ ))(1(1          (4) 

where   = Wind speed at time ttU 1+ 1+t , = Wind speed at time t ,  tU

U = Desired mean value, r = Autocorrelation at unit lag, ε  = Gaussian noise.   

 

From Figure 4(b) and (c), it can be seen that by using PI controllers, the power coefficient 

can be reduced and the tip speed ratio can be controlled to be operated in the range 

between λmin and λopt. λmin is the minimum allowed value of tip speed ratio while λopt  is the 

value of the tip speed ratio when power coefficient reach the maximum peak value. Tip 

speed ratio can be calculated by The values for λmin and λopt for this turbine are equal to 1.8 

and 5.75, respectively. Λ can be calculated by multiplying the rotor speed with the blade 

radius However, from the result in Figure 4(d), the demanded generator power is not kept at 

a constant value during the high wind speed fluctuations. The generator speed and the 

torque demand is shown in Figure 4(e) and 4(f). These demanded values are obtained from 

the output results of the first and second controller, respectively.  
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Figure 4: The results of (a) wind speed, (b) Power coefficient, (c) Tip speed ratio,  

(d) Generated power (e) Demanded generator speed, (f) Demanded Torque , 

(g) Generator torque, (h) Rotor speed, (i) Generator speed. 

 

Even though they cannot limit the power at a constant value, the PI controllers are be able to 

reduce the generated torque below the permitted value as illustrated in Figure 4(g). By 

inspection of the results for the rotor speed and generator speed in Figure 4(h) and 4(g), it 

can be seen that the rotational speed changes in proportional to the wind speed variation. 

The rotor speed and the generator speed vary also, showing the impact of the variable speed 

concept as shown in Figure 4(h) and 4(i). 

4 CONCLUSIONS 

This paper shows some preliminary results of using classical PI control in order to limit the 

power above rated wind speed. Results show that a PI controller is good in reducing the 

generated torque from its maximum limit but it is not good enough to regulate the rotor speed 

in order to track the demanded value when dealing with the large variations of wind speed. In 

the future, work will be concentrated on how to improve the response of turbine’s rotor 

speed. The rotor speed is expected can changing the speed corresponding to the wind 

speed variation, in the permitted range ( )/8.912.7 sradr << ω . 

 

BIBLIOGRAPHY 
 
[1]  Bianchi, F.D., Mantz, R. J., Battista, H.D, Wind Turbine Control System: Principles, 

 Modelling and Gain Scheduling Design. 2007: Springer-Verlag London Limited. 

[2] Battista, H.D., Performance analysis of a variable structure controller for power 

regulation of WECS operating in the stall region, Int. Journal of Energy Research, 

Vol.25, 2001, 1345-1357. 

[3] Perahia, J and Nayar, C.V. Simulation of a fixed pitch wind turbine powered induction 

generator in EMTP, Int. Journal of Electrical Engineering Education, Vol.31, 1994, 

362-374. 

[4] Ekelund, T. Speed Control Wind Turbines in the Stall Region, Proceedings of the 

Third IEEE Conference on Control Applications, Vol.1, 1994. 

[5] Burton,T., Sharpe, D.,Jenkins, N., Bossanyi, E. Wind Energy handbook, Wiley, 2001. 

[6] CREST MSc Flexible & Distance Learning Series. Wind Power 2: Wind Statistics and 

structure, 2004, Loughborough University. 

N.Rosmin@Lboro.ac.uk   104



5th PhD Seminar 
       on 

         Wind Energy in Europe  
The European Academy of Wind Energy

 

Active Flow Control for Noise Reduction and Performance 
Improvement of Future Generation Wind Turbines  

 

Thorsten Lutz, Alexander Wolf  
 

ABSTRACT 

The aim of this Israeli-German cooperation between the universities of Tel-Aviv and Stuttgart 

is the application of active flow control (AFC) for trailing edge noise reduction of wind turbine 

blades. The noise reduction achieved by active flow control devices can lead to a higher 

acceptance of On-Shore facilities and/or a higher performance by increased rotating speed. 

The project concentrates on the reduction of the boundary layer induced trailing edge noise. 

Numerical and experimental investigations are performed to develop suitable AFC-devices. 

For the numerical investigations the RANS code (Reynolds Averaged Navier Stokes 

equations) FLOWer developed by the DLR is used. The results of the 2D RANS calculation 

are used to determine the trailing edge noise using the Rnoise code developed by the IAG by 

analysing the spectra of the pressure fluctuation.   

 

KEYWORDS 
Trailing edge noise reduction, active flow control, RANS 

1 INTRODUCTION 

The world’s energy consumption is increasing fast and it will rise even more in the coming 

years. Wind energy will play an important role in fulfilling these requirements from a 

renewable source of Green energy. But this means a wider deployment of wind turbines and 

also a deployment closer to urban areas than what is done today. For this reason the noise 

annoyance caused by wind turbines must be reduced. There are several types of wind 

turbine aeroacoustic noise like: 

 

• Turbulent boundary layer – trailing edge interaction noise 

• Laminar boundary layer – vortex shedding noise 

• Boundary layer separation noise 

• Stall noise 

• Trailing edge bluntness  - vortex shedding noise 

• Blade tip noise 

• Inflow – blades interaction noise 
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Investigations of two wind energy facilities [1] showed that the trailing edge noise seems to 

be the most dominant source of aeroacoustic noise. It is generated by the turbulence in the 

boundary layer which is scattered at the trailing edge of the turbine blade. The objective of 

the present collaborative study is to reduce the airfoil self-noise by using active flow control 

where the flow around the airfoil is affected by actuators. These actuators can, for example, 

blow additional air into the boundary layer. With such an actuator the boundary layer velocity  

profile and the thickness of the boundary layer can be affected. This will have an effect on 

the turbulence inside the boundary layer and therefore on the emitted trailing edge noise. 

During this project it shall be investigated how the boundary layer should be manipulated by 

the actuator to reduce the emitted noise and –based on this knowledge - which actuator is 

useful. But not only the noise must be regarded. The airfoil with active flow control device 

must also not produce more drag than the airfoil without active flow control.  Of course a 

combined drag and noise reduction would be the optimal solution. 

 

2 NUMERICAL INVESTIGATIONS 

For the noise calculation the in-house 

code “Rnoise” developed by the IAG [2] 

was used. This code uses the numerical 

flow solution from the RANS solver 

FLOWer developed by the DLR (German 

Aerospace Center). For both studies the 

NACA64-418 airfoil was chosen, which is 

often used for wind turbine blades. For the 

noise calculation the boundary layer 

profile at the trailing edge is evaluated.  

 

       Figure 1: Field solution of FLOWer RANS-   

                      Simulation.  

With the different parameters, which are 

delivered by the RANS analysis it is 

possible to determine the pressure 

fluctuation on the airfoil surface. Using the spectra of the pressure fluctuations on the surface 

it is then possible to calculate the far field noise. Calculations were done for a Mach number 

of 0.15, a Reynolds number of 3.378 million and a Cl of 0.905. The used Turbulence model 

was Wilcox k-ω.  
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In the first study the parameters like wall normal distribution of turbulence kinetic energy kT, 

dissipation rate ε, vertical correlation length scale Λ2, the RMS value of the autocorrelation of  

the vertical fluctuation velocity <u2
2> and the velocity profile were modified by a constant 

parameter α. The modification of the latter included also a recalculation of the velocity 

gradient in wall normal direction. In this first study all parameters were changed separately. 

The physical interdependence of the several investigated parameters was not regarded. 

These studies were done to investigate the influence of each single parameter on the noise 

result.  

The study was subdivided into three parts. In the first part only the near wall region of the 

velocity profile was modified. Secondly, the outer part was modified. Finally the whole 

velocity profile was changed. During these three investigations the velocity inside the 

boundary layer was reduced and increased using the 3rd order function. 
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Figure 2: Boundary layer velocity profiles 

and corresponding kT distributions 

In the second study a coupling of the 

before mentioned parameters was 

implemented in the code (called 

RnoiseAFC). Starting with a modification of 

the velocity profile the gradient was 

recalculated first. Secondly, the turbulence 

kinetic energy kT was adapted using the 

ratio of the original and the recalculated 

velocity gradient. Also the specific 

dissipation rate ω had to be adapted in a 

similar way. The approach for the 

modification of both parameters was 

derived from Prandtl´s mixing length 

theory.  All other parameters depend on 

the velocity gradient, the turbulence kinetic energy and the specific dissipation rate. For this 

reason no further modification was necessary.   

U 

kT 

The mean velocity profile was modified by superposing the original velocity profile with a 

function of 3rd order. The region of influence and strength of the 3rd order function was 

controlled by boundary conditions.  

 

Several velocity profiles were generated this way and a noise analyses was carried out. The 

changes of the new compared to the unmodified velocity profile were expressed by the  
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changes in the shape factor H12. This factor is defined by the ratio of displacement thickness 

δ1 to momentum thickness δ2.  

 

2

1
12 δ

δ
=H  

Figure 2 shows the original velocity profile along with an exemplary modified profile along 

with the corresponding kT distributions. It can be easily seen that reducing the velocity inside 

the boundary layer reduces the turbulence kinetic energy close to the wall.  This leads to a 

noise reduction. On figure 3 the noise contribution from the suction side of the airfoil is shown 

for different H12 values. The noise is represented by the overall sound pressure level LP. The 

observers distance and the wetted length of the trailing edge were set to one meter. Please 

note that a velocity increase leads to a reduction of H12 and a decrease of the velocity 

increases the H12 value.  The two plots show very well that a velocity increase always causes 

a noise increase. A velocity reduction usually reduces the noise, but for the suction side 

there is a H12 value where the noise level has a minimum (Fig. 4). For larger shape 

factors/lower velocities the emitted noise becomes louder again.    

 

Lp suction side

70,5

71

71,5

72

72,5

73

73,5

74

74,5

75

75,5

1,5 1,6 1,7 1,8 1,9 2 2,1 2,2 2,3 2,4 2,5 2,6 2,7

H12

Lp
_s Lp_ss_negA

Lp_ss_posA

 
 Figure 3: Lp-Results of airfoil suction side over shape factor H12. 

 

3 CONCLUSIONS 

This paper deals with the reduction of trailing edge noise caused by the boundary layer 

turbulence using active flow control. It is investigated how the shape of the boundary layer 

profile must be affected to achieve noise reduction. This knowledge will be used to choose a 

suitable active flow control device. Further investigations are necessary to find an “optimal” 

solution depending on emitted noise and drag.  
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Extreme Response for Wind Turbines 
 

Henrik Stensgaard Toft 1), John Dalsgaard Sørensen 1,2)

1) Department of Civil Engineering, Aalborg University, Denmark 
2) Wind Energy Division, Risø-DTU, Denmark 

ABSTRACT 

The characteristic load on wind turbines during operation are among others dependent on 

the mean wind speed, the turbulence intensity and type and settings of the control system. 

The characteristic load during operation is normally estimated by statistical extrapolation of a 

limited number of simulated 10min time series of the response according to the wind turbine 

standard IEC 61400-1. However, this method assumes that the individual 10min time series 

and the extracted peaks from the time series are independent. In the present paper is this 

assumption investigated based on field measurements and a new method for estimating the 

characteristic load based on field measurements is proposed. 

 

KEYWORDS 
Wind Turbines, Load Extrapolation, Field Measurements. 

1 INTRODUCTION 

The methods for estimating the characteristic load on wind turbine during operation have 

been widely discussed within the wind turbine industry in the last years. In the wind turbine 

standard IEC 61400-1 3.edition 2005 [1] it is recommended that the characteristic load is 

determined by statistical extrapolation of simulated 10min time series of the wind turbine 

response during operation. This method is based on [2] and uses the Peak Over Threshold 

(POT) method for extracting the peaks from the simulated time series. Other methods for 

calculating the characteristic load and extracting the peaks are proposed in [3;4]. 

 

The load extrapolation method according to IEC 61400-1 is based on the assumption that the 

peaks extracted by the POT method and the individual 10 min time series are independent. 

The assumption about independence of the peaks has been studied in [4] and it was found 

that the correlation was weak. Since the extreme load is dependent on the mean wind speed, 

the turbulence intensity and the type and settings of the control system the correlation in the 

wind turbine response must be dependent on the correlation for these parameters. 
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In [5;6] has a correlation length in the range of 48-60 hours been used for the mean wind 

speed. Correlation in turbulence has been studied in [7] leading to a correlation length in the 

range of 10-20 seconds. For the control system the correlation will be dependent on how fast 

the wind turbine can e.g. pitch the blade or in other ways reduce the loads on the structural 

components. The correlation length for the control system will typically be in the range of a 

few seconds if the control system is active. The correlation length for the wind turbine 

response and thereby the extreme load is for this reason a combination of very different time 

scales. 

2 STORM WIND SPEED 

For normal civil engineering structures the extreme load occurs for the extreme wind speeds. 

However, for wind turbines the extreme load often occurs close to the nominal wind speed 

(typically Unom = 15m/s) or the cut-out wind speed (typically Uout = 25m/s). In the following is a 

storm wind speed defined from which the extreme load can occur. In figure 1 is the mean 

wind speed and maximum flap bending moment for each 10min time series given for a pitch 

controlled wind turbine. 

0 6 12 18 24 30 36 42 48
Time [h]

 

 

10min Mean Wind Speed
10min Max Flap Bending
Nominal Wind Speed

 
Figure 1: Mean wind speed and max flap bending for each 10min time series. Pitch 

controlled wind turbine. 

 

From figure 1 it is seen that the maximum flap bending moment follows the mean wind speed 

closely for low wind speeds. However, at mean wind speeds close to the nominal wind speed 

the flap bending moment seems to reach a constant level. In order to avoid the non critical 

response at the small mean wind speeds in the extrapolation procedure is a storm wind 

speed defined. The storm wind speed is the smallest mean wind speed where the response 

can start to become critical. Based on figure 1 is the storm wind speed defined as the 

smallest mean wind speed where a gust can reach the nominal wind speed: 

 1storm nom pU U k σ= −  (1)
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where the turbulence is assumed to be a Gaussian process and the peak factor is assumed 

to be kp = 3.5 as for the wind pressure. The standard deviation of the turbulence is given by 

[1]: 

 ( )1 0.75ref stormI Uσ c= +  (2)
where Iref is the reference turbulence intensity at 15 m/s and c = 3.8m/s is a constant. All wind 

speeds are specified at hub height. 

3 LOAD EFFECT EXTRAPOLATION FOR FIELD MEASUREMENTS 

Based on the definition of a storm wind speed given in the previous section a time series of 

field measurement can be reduced to a series of independent storms from which the extreme 

response can be extracted, see e.g. [8] where similar approach have been used for waves. 

From the extracted extremes a distribution for the extreme response can be obtained. In the 

present paper is a 3-parameter Weibull distribution fitted to the 25-30 largest extremes in 

order to ignore the smallest extremes and still have a representative dataset. 

 
( )| 1 expresponse

lF l S l
α

γ γ
β

⎛ ⎞⎛ ⎞−
⎜ ⎟= − − ≥⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

 (3)

where S indicates a storm and α, β, γ are parameters in the distribution function which is 

fitted using the Maximum-Likelihood Method in order to take the statistical uncertainty into 

account. The characteristic load during operation with a recurrence period on Tr years can 

then be calculated for the probability: 

 ( ) 1| 1response c
r

F l S
Tλ

= −  (4)

where λ is the number of data per year used for fitting the distribution function. If the 

statistical uncertainty is taken into account the distribution function can be solved for the 

probability in (4) using FORM (First Order Reliability Method), see e.g. [9]. 

4 NUMERICAL EXAMPLE 

In the present section is the characteristic load with and without statistical uncertainty 

calculated using the method in IEC 61400-1 and the method based on independent storms 

presented in the present paper. The dataset available for a stall controlled wind turbine 

contains 52 days of complete measurements and the results are given in table 1. A similar 

comparison should be performed for a pitch controlled wind turbine. 

 
Table 1: Characteristic flap bending moment, with and without statistical uncertainty. 

Characteristic load Method without stat. unc. with stat. unc. 
IEC 61400-1 1.000 1.037 
Storms 1.106 1.348 
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It is seen from table 1 that the characteristic load calculated based on independent storms 

gives a higher characteristic load than obtained by the method used in IEC 61400-1. The 

limited dataset leads to a high statistical uncertainty. 

5 CONCLUSIONS 

In the present paper is a new method for estimating the characteristic loads on wind turbines 

proposed. The method is based on field measurements of the wind turbine response which is 

divided into independent storms. The characteristic load is determined by extrapolation of the 

largest response in each storm. In a numerical example is the characteristic load calculated 

for a stall controlled wind turbine using the method in IEC 61400-1 and the method based on 

independent storms. The difference between the characteristic loads could indicate that the 

local extremes and the individual 10min time series not are independent. 
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A Study of Aerofoil Geometries on Post-stall Performance at Low 
Reynolds Number 

 

Supakit Worasinchai1), Grant Ingram2), Robert Dominy3)

School of Engineering, Durham University, United Kingdom 

ABSTRACT 

The aerodynamic performance of aerofoils depends on many factors such as Reynolds 

number, angle of attack, and particularly their geometries, especially in the near stall region. 

This investigation of aerofoil geometry was performed numerically using NACA 4 digits series 

aerofoils by variation of maximum camber, position of maximum camber and maximum 

thickness. It was found that the increase of maximum camber and maximum thickness can 

improve post-stall performance as can the position of maximum camber if it is located near 

the leading edge of aerofoil. 

 

KEYWORDS 
Post-stall, Aerofoils, Low Reynolds number, Camber, Thickness 

1 INTRODUCTION 

Small-scale wind turbines often operate in areas having low wind speed. In this 

circumstance, the ability to self-start and operate is vitally important. For self-starting, it was 

found that root section of these small turbines plays an important role [1].  However, this root 

section operates with low Re and high angle of attack at standstill. To improve the starting 

performance, the understanding of aerodynamic characteristics at this condition is essential. 

The results from experiments on aerofoils at low Re are available in the literature [2-3]. 

These tests were conducted at board range of angle of attack but higher Re. Ostowari and 

Naik [2] showed that thicker aerofoils have milder stall characteristics. Unfortunately, their 

work was limited to NACA44XX series and only the effect of thickness can be observed. In 

the study presented here, the effects of maximum camber, position of maximum camber, and 

maximum thickness were all numerically modelled using NACA 4 digits series aerofoils. 

 
Numerical modelling 

Numerical modelling was performed using the Fluent CFD software. The computational 

domain is shown in Figure 1. Parameters of simulation in validation are shown in table 1. 
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Figure 1: Computational domain and close-up of aerofoil 

Table 1: Parameters of simulation 

Number of cells ~60,000 
Turbulence model Realizable k-e model 
Wall function Enhanced-wall treatment 
Model Steady (0-15) and unsteady (20-90) 

 

           
              (a)                                                      (b) 

Figure 2: CL and Cd comparison (a) NACA0018 at Re of 193,625 (b) NACA4412 at Re of 208,000 

The results for CL and Cd are presented in Figure 2 together with experimental 

measurements from Crone [4] and Rainbird [5].  It can be seen from Figure 2a that the 

prediction of CL agrees well with that of experiment in pre-stall and deep-stall regions. 

Difference can be seen in the post-stall as experimental CL reduces suddenly while a 

smooth transition is seen in simulation result. It is believed that sudden reduction is due to 

non-uniformity of air flow in the test section [4]. Figure 2b showed that the simulation can 

capture the trend of lift and drag curves. Nevertheless, some differences are also found. 

These differences are due to inaccuracies of aerofoil surface manufacturing [5]. With these 

two comparisons, even though some differences can be seen, it is apparent that the 

simulation can be used to study the effect of aerofoil geometry with confidence. 

2 RESULT 

A Reynolds number of 90,000 was chosen to be a representative Re normally encountered 

by root section of small turbines and consequently a laminar model was adapted for all 

simulations. The effect of maximum thickness, maximum camber and position of maximum 

camber can be seen in Figure 3.  
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                                             (a)                                            (b)                                           (c) 

Figure 3: (a) thickness effect (b) camber effect (c) position-of-max-camber effect 

It is clear that thickness can promote improved post-stall characteristics as it makes the flow 

around the leading edge smoother and more attached. This results in higher maximum lift 

and better stall behaviour (Fig.3a). It can also be seen from Fig.3b that the increase of 

camber can improve lift coefficient and also results in higher lift in the stall region. Figure 3c 

shows that position of maximum camber does not have great effect on post-stall but better 

performance can be seen if this position is located near leading edge of aerofoils, as seen in 

higher CL after the stall point. It is also worth noting that the drag coefficients from the 

simulation are almost identical (Fig. 4).  

The difference between drag coefficients can be 

seen in pre-stall region that both skin-friction drag 

and pressure drag are important. Nevertheless, in 

post-stall region, drag coefficients from all 

simulations are comparable. This is because at stall 

the effect of friction is less important than pressure 

drag caused by the unsteady wake. 
         

             Figure 4: Drag coefficients 
In order to see the overall picture of this post-stall performance, lift coefficients from the stall 

point to 60 angle of attack are averaged and shown as a function of maximum camber, 

position of maximum camber, and thickness in Fig. 5. It is apparent that thicker aerofoil has 

higher average lift coefficient as seen in Fig. 5. Furthermore, in each figure, camber aerofoils 

(represented in inclined surface) can achieve higher average CL. However, it can be 

observed that the position of maximum camber does not have a great effect on post-stall  

performance as shown in nearly parallel lines along camber-position axis. It is worth noting 
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 that the amount of shift of inclined surface in Fig.5b is larger than that of Fig.5a. This can be 

seen as the combination effect of thickness and camber on aerofoil performance. 

 
                                                      (a)                                                                          (b) 

Figure 5: Average lift coefficients as a function of maximum camber, position of maximum 
camber, and thickness 

3 CONCLUSIONS 

It can be seen from the simulation results that maximum camber, position of maximum 

camber, and maximum thickness have significant effects on aerofoil post-stall performance. 

The increase of maximum camber and maximum thickness can delay separation which 

results in milder stall while the position of maximum camber does not have profound effect 

on post-stall performance but a small improvement can be seen if it is located near the 

leading edge of aerofoil.  
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Optimisation design of wind turbine blades based on CHC 
algorithm 

 

Long Wang  and  Tongguang Wang 
College of Aerospace Engineering   
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29 Yudao Street, Nanjing, 210016, China 

ABSTRACT 

The application of an improved genetic algorithms-CHC algorithm for design of horizontal 

axis wind turbine blades is presented in this paper. This algorithm is combined with the 

classical Wilson method and the blade element/momentum theory, taking the maximum 

power coefficient in a given wind speed and the maximum annual power output as the 

optimisation targets, respectively. It also uses linear weighted method, coupling the 

constraints of power output. As an example, a 1.5MW wind turbine blade is designed. The 

results show that the maximisation of the annual power output is more suitable for the design 

of a stall-regulated horizontal axis wind turbine blade. 

KEYWORDS 
Wind Turbine, Blade, Optimisation, Genetic Algorithms, CHC Algorithm 

1 INTRODUCTION 
At present, the more mature theories for optimisation design of wind turbine blades are 

mainly based on blade element/momentum (BEM) Theory, such as Glauert method[1], 

Schmitz method[2], Wilson method[3]. It is usually conceived that Wilson method 

comprehensively considers the effect of wind turbine rotor loss and lift-drag ratio.  

There are several optimisation algorithms, for example, deasible direction algorithm, 

simulated annealing algorithm, genetic algorithms, etc. The improved genetic algorithms, 

Cross generation heterogeneous recombination cataclysmic mutation (CHC) algorithm[4], is 

adopted as the optimisation algorithm in this paper, since the genetic algorithms can more 

easily deal with non-linear, multi-constraints and multi-objectives optimisation problems. The 

genetic algorithms are highly random and adaptive search algorithm, which just use 

encoding and fitness function to describe the complex issues and to obtain the optimal 

solution. For its application in wind turbine design, the constraints of chord length and twist 

angle can easily be solved in the genetic algorithms. 

2 THE MATHEMATICAL MODELS 
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2.1 CHC Algorithm combined with the Wilson method  

The modified Wilson method takes the maximum local power coefficients of the key cross-

sections in a given wind speed as the optimisation target. To obtain fitness function needed 

by the CHC algorithm, the penalty function is combined with objective function appropriately.  

Fitness function: 

 ( , ) fF a b e=  (1)

Where, 2 24(1 ) (1 ) (1 )if a bF b b a aFλ σ λ= − − + − + , iσ is the penalty factor. 

Constraints: 

 
min max min max, , 1, 2,i ia a a b b b i< < < < = K3, ,11 (2)

2.2 CHC Algorithm combined the strip theory  

The strip theory is widely used in the wind turbine aerodynamic calculations. The CHC-

STRIP approach here comprehensively maximises the power coefficient and limits the wind 

turbine power output behind the rated wind speed. It uses CHC algorithm to seek the optimal 

solution in this situation.  

Fitness function: 
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Constraints: 

 
11 11max 3 4 min max 3 4 min, c c c c cθ θ θ θ θ> > > > > > > > > >K K  (4)

2.3 CHC Algorithm combined with maximum annual power generation 

The annual generation capacity is one of the most important targets to measure the 

performance of the wind turbine. This method, MAX APG, which takes the BEM as the 

calculation model, maximises the annual power generation and limits the wind turbine power 

output behind the rated wind speed.  

Fitness function: 
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(5)

Constraints: 

 
11 11max 3 4 min max 3 4 min, c c c c cθ θ θ θ θ> > > > > > > > > >K K  (6)

3 1.5MW BLADE OPTIMISATION DESIGN  

As the Weibull distribution function of wind field is given, and the requirements of design 

power is met, CHC-Wilson method, CHC-STRIP method and MAX APG method are used  
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respectively to optimal design of the 1.5MW wind turbine blades. The overall parameters of 

the wind rotor are listed in table 1. 
Table 1: 1.5MW wind rotor parameters 

Parameters Value Parameters Value 
Rated Power 1.5 MW Diameter 70 m 

Rotational Speed 20 rpm Design Wind Speed 13 m/s 
Cut-in speed 4 m/s Cut-out speed 20 m/s 

Airfoil LS(1)-0421 Number of Blades 3 
 

Shown in figure 1 are the design results of the chord length and twist angle distribution of the 

1.5MW blade using CHC algorithm combined with CHC-Wilson method, CHC-STRIP method 

and MAX APG method, respectively. The results from the CHC-Wilson method are 

significantly larger. This is because, in the process of optimisation design, only the maximum 

Cp of the wind is ensured, the constraints of the chord length and twist angle as well as 

power output limit are not considered. The power curves are shown in Figure 2, where the 

result from the CHC-Wilson method is not presented due to power overshoot at high wind 

speeds. It can be seen that, by adding a restriction of power output, the Cp value from CHC-

STRIP method does not exceed that from the MAX APG method when the wind speed 

equals to the design wind speed 13m/s. The calculated energy production from the MAX 

APG method is increased by 4.1% compared to the CHC-STRIP method. 

                  
Figure 1: Chord and twist                                       Figure 2: Power curve 

To meet the demand of manufacture for blades, an 8-order Bezier curve fitting is used for 

blade layout smoothing as showed in Figure 3. The power curve in Figure 4 shows that the 

power excess appears after the smoothing, illustrating that the smoothing just following the 

optimisation design process might not be suitable under some circumstance. Therefore, the 

8-order Bezier curve fitting  for gene of  the CHC algorithm is adopted before the optimisation  

process. Using this method, the optimal chord length and twist angle are obtained, shown in 

Figure 5.  In this way, the power excess has disappeared when the wind speed exceed the 

designed wind speed, as demonstrated in Figure 6, while the calculated energy production is 

still increased by 3.8% compared to the value from the CHC-STRIP method. 
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Figure 3: Chord and twist                                  Figure 4: Power curve  

                    
Figure 5: Chord and twist                                        Figure 6: Power curve    

4 CONCLUSIONS 

The aerodynamic optimisation design for wind turbine blades has been investigated based 

on the CHC algorithm with the Wilson method, the strip theory and the maximum annual 

power generation. The genetic algorithm can be a good solution to the aerodynamic design 

of wind turbine blades, in which non-linear, multi-variables, multi-objectives optimisation is 

required. Taking the maximum annual power generation as the optimisation target, the CHC 

algorithm can improve the wind turbine blade design result.  
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Dynamic Lift Measurement under Turbulent Conditions 
 

Jörge Schneemann1), Pascal Knebel1), Michael Hölling1) and Joachim Peinke1) 

1) ForWind - University of Oldenburg, Germany 

ABSTRACT 

 

We present dynamic lift measurements on a FX 79-W-151A airfoil under laminar and 

turbulent inflow. Turbulence was generated by a grid installed at the nozzle of the wind 

tunnel. Strain gauge sensors were used to measure lift and drag forces directly on the 

mounting of the airfoil. The pressure distribution on the wind tunnel walls measured by a set 

of 80 pressure sensors  was used to calculate the lift coefficient. Thus we were able to obtain 

lift in two completely different ways at the same time. Mean lift curves were plotted. First 

results show a good agreement of the two different measured lift coefficients. 

 

KEYWORDS 
airfoil, dynamic lift, dynamic stall, turbulence, grid 

1 INTRODUCTION 

Most data about different airfoils available are static lift curves measured in laminar flow. 

Practically airfoils, or as an application the blades of a wind turbine almost never experience 

laminar inflow due to the surface roughness of the ground and are never flown against with a 

constant angle of attack (AoA) due to the increasing windspeed with increasing altitude. In 

both cases dynamic effects like dynamic stall take place. A major difference between static 

and dynamic lift is the raised maximum lift coefficient and fast changes of lift in the dynamic 

case. This leads to higher and fast changing loads on wind turbine blades which are not well 

known yet. 

There are few studies dealing with dynamic effects on airfoils while pitching the foil in laminar 

flow (i.e. Ramsey et al., 1995; Sheng et al., 2009; Wolken-Möhlmann et al., 2007) and even 

less studies using turbulent inflow (Amandolèse and Széchényi, 2004). Larsen (2005) gives 

an overview about numerical dynamic stall models. The effect of alternating loads on wind 

turbines influenced by atmospheric turbulence was studied by Mücke et al. (2009). 

Our goal was to arrange a system that allows us to measure dynamic effects on different 

airfoils under laminar and turbulent flow. The method of obtaining lift via measuring the 

pressure distribution on the wind tunnel walls set up by Bohlen (2005) works well for laminar  
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conditions, but there was no reference data to check it for turbulent conditions. So strain 

gauge based sensors were installed to be able to measure lift in two different ways at the 

same time. 

 

2 METHODS 

All lift measurements were performed in the closed loop wind tunnel of Oldenburg University 

with it's 1.0 m x 0.8 m x 2.0 m closed test section using a vertically mounted aluminium milled 

FX 79-W-151A airfoil with a chordlength of c=0.2 m. The typical wind velocity was about 

v≈50 m/s which led to Reynolds numbers of Re≈700,000. Lift coefficients were obtained in 

two different ways: 

− The pressure distribution on the wind tunnel walls was measured using 80 pressure 

sensors. 40 sensors were placed on the wind tunnel wall opposite of the suction side 

of the foil with an interval of 5 cm between each other. The same setup was installed 

counterpart of the pressure side of the foil. cL was calculated with 

 
c L=

�p p− ps�
q

� L
c�� . (1)

Hereby (pp-ps) is the difference between the over all pressure of the pressure- and suction 

side of the foil, q the dynamic pressure of the inflow, L the length of the wind tunnel walls (the 

space between 40 pressure sensors of one wall) and η = 0.94 the so called Althaus factor 

correcting the finite length the pressure distribution is measured on. 

 

− The airfoil was mounted between two strain gauge based force sensors measuring lift 

and drag forces (perpendicular and parallel to the inflow). The lift coefficient cL was 

obtained from  

 
c L=

F L

q�A , (2)

 where FL is the lift force and A is the area of the airfoil. 

 

All sensor signals were sampled with a frequency of f=1 kHz and calibrated after the 

measurements. Data analysis was performed with MATLAB. The signals of four pressure 

sensors were replaced by the average data of the neighbour channels because of apparently 

malfunctioning.  

Turbulence was generated using a grid mounted on the nozzle of the wind tunnel. The mesh 

widths was 5cm and the blockage was 25%.  
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3 RESULTS 

3.1 Static lift curves with laminar inflow 

The measured time series for each AoA were averaged, and static lift curves were plotted. 

Figure 1 shows lift curves obtained from force- and wall pressure measurement. Additionally 

static data from Stuttgarter Profilkatalog by Althaus and Wortmann (1981) is plotted as 

reference.  All curves show quite good agreement for AoA's smaller than 5°, for higher AoA's 

the force method slightly overestimates the lift. Maximum lift is faintly delayed. 

 

Figure 1: Mean lift curves: Black curve calculated from wall pressure, red curve is
obtained from force measurement (both averaged over 10 s), green curve taken
from Stuttgarter Profilkatalog by Althaus and Wortmann (1981) 

 

 

 

3.2 Lift curves with turbulent inflow 

In figure 2 time averaged lift for three different angles of attack is shown together with the 

reference. Curves measured under turbulent inflow generated by a 5 cm mashed grid is 

plotted as well as curves obtained under laminar inflow. Both used measuring techniques 

show good agreement in laminar and turbulent case. The overestimation of the force 

measurement is even smaller for the turbulent case. Under turbulent inflow lift is smaller for 

AoA's of 5° and  10° and higher for 22° than under laminar inflow. 
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Figure 2: Wall pressure measurement and force measurement under laminar
(solid lines) and turbulent (dotted lines) conditions. Every point is an average
off a 120 s time signal.   

 

 

4 CONCLUSIONS 

The static lift data obtained from wall pressure and force measurements show really good 

agreement. For AoA's of 5° and above the force measurement seems to overestimate lift and 

shows an offset to the wall pressure data and the reference. Both curves run almost parallel, 

so  we could assume the same effect is measured. The slightly delayed maximum lift 

compared to the reference might result out of small differences of the used airfoils and the 

finish of their surfaces. 

Under turbulent conditions the wall pressure method still leads to the same averaged lift 

curves as the force measurement. As expected the lift under turbulent conditions is smaller 

at  low AoAs but higher at large AoAs. The higher lift in the stall region of the foil could be 

explained with dynamic effects. Higher lifts in the stall region were obtained by  Amandolèse 

and Széchényi (2004) for a NACA 634_421 airfoil under turbulent conditions. 
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A CFD Investigation of the Near-Blade Local Flow Angle 
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2) The National Renewable Energy Centre (CENER), Spain 

ABSTRACT 
Compressible CFD methods for the analysis of horizontal axis wind turbines may become 
popular as the trend towards large-diameter rotors for off-shore wind turbines continues. The 
operational requirements of these rotors result in relatively high tip Mach numbers (of the 
order of 0.3 at sea-level conditions) and even higher local Mach numbers near the suction 
side of the blade.  
The majority of the methods employed nowadays to calculate the loads of the blades and 
consequently the power of the wind turbine are based on BEM and need the incidence at 
each section of the blade in order to estimate the aerodynamic loads. In this paper, the 
NREL UAE Phase VI wind turbine is considered and an attempt is made to utilise the 
measured local flow angles (LFA) for comparisons CFD. Results from isolated rotors are also 
compared with computations for a complete wind turbine, highlighting the influence of the 
tower on the rotor aerodynamics.  
 

KEYWORDS 
Local flow angle, NREL UAE Phase VI. Rotor/tower interaction. 

1 INTRODUCTION 

Despite their recent success in several areas, CFD solvers still need validation against 
experimental or field data. Field data obtained using instrumented turbines offer more 
realistic conditions than tunnel measurements due to variations in inflow and associated 
turbulence, in addition to a full-scale geometry. However, uncertainties regarding in-field 
measurements make wind tunnel data more suitable for initial validation of CFD solvers. 
Further, wind tunnels offer carefully controlled conditions and refined measurement 
techniques not available on wind turbine farms. The review paper of Vermeer et al. [1] 
catalogues all experiments related to wind turbines measurements, prior to 2003. The 
categorisation by Vermeer et al. [1] considered wind turbine size, test conditions and type of 
measured data, amongst others. From this work [1], it appears that the most comprehensive 
experiment for CFD validation was carried out in the NREL UEA Phase VI wind tunnel [2] 
campaign. This is supported by the extensive use of this set of experiments by many 
researches [3-5]. The main measured quantity was the chord-wise pressure distribution [2] at 
five span-wise blade sections. A total of 22 pressure transducers were placed in each chord-
wise section. The geometric characteristics of the two bladed upwind rotor configuration 
include 3° pitch at the tip, 0° of cone angle and 0° of yaw angle. The S809 aerofoil section [6] 
was used from 25% of the blade radius to the tip. Unfortunately, there were not any wake 
measurements, which could further enhance the value of these experiments and the fidelity 
of the CFD validation. In this direction, the MEXICO project [7] experiments look promising 
for validation purposes since they offer PIV measurements of the wake, unfortunately, the 
data is not in the public domain yet. 
The definition of the blade geometry of the Phase VI experiments provided the coordinates of 
the employed S809 section, the tapper of the blade, as well as, the twist distribution and the 
blade pitch. The tip and root sections were not defined in a unique way, and the authors [8] 
have made an attempt to quantify their effect. It was found that the pitch and aspect ratio of 
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the blade have much stronger influence on the aerodynamic loading than the exact shape of 
the root attachment and tip cup. For that work, isolated rotor cases were considered (no 
tower and no nacelle) and the planform used for validation is shown in Figure 1.  
No much research related to NREL UAE Phase VI campaign local flow angles (LFA) has 
been published. Some work has been published by DUT [9-11], where an in-house free wake 
vortex method was employed to calculate the angle of attack of several sections for non 
yawed and yawed flows. Kuik et al. [9] reported that the flow near a rotor is rather 
complicated and affected by the lift of the blade and the wake formation downwind of the 
rotor plane. The latter in combination with the finite span have in general a small influence on 
the local inflow angle in contrast to the up-wash caused by the lift. The Biot-Savart law can 
be used as a correction for the induced angle. Sant et al. [10] used the derived aerofoil data 
in a BEM code to predict the low speed shaft torque and the blade root flap/edge moments. 
They conclude that reasonably good agreement was achieved in these results when 
compared with those derived from the pressure measurements. Sant et al. [11] also shown 
that using a free wake vortex model, it was possible to derive the unsteady angle of attack 
distributions from knowledge of the aerodynamic normal and tangential forces acting on the 
blades of a yawed rotor. For that purpose 5, 10 and 15m/s cases at 30° of yaw angle were 
used. In order to calculate inflow correction curves, a 3D Lifting-Surface Inflow Correction 
Method (LSIM) was developed [12] with the aid of a vortex-panel code at University of Illinois 
at Urbana-Champaign.  Comparison of the new method with 2D methods suggested that, 
due to the 3D geometry at the root and 3D flow effects at inboard stations, the 2D wind 
tunnel method of correction currently in use at NREL over-predicts the up-wash at pre-stall 
angles of attack and under-predicts up-wash at post-stall angles of attack. Madsen et al. [13] 
presented a comparison [13] between the EllipSys3D N-S solver, and the HAWC and 
HAWC3D methods that are based on the actuator disc concept. That work focussed on 
experiments at 7m/s and 45° yaw case. They reported that the agreement between the 
experimental data and the LFA calculated with EllipSys3D was generally good, although 
some deviations could be observed for thr inboards stations. Both HAWC and HAWC3D 
underestimated systematically the LFA due to the influence of up-wash. Johansen et al. [14] 
presented a method of determining the local angle of attack. The method was based on 
determining the disturbed axial velocity in the rotor plane and was called the reduced axial 
velocity method. 
The present work is motivated by the established trend towards increased diameter HAWTs. 
This trend brings the design engineers near the edge of their knowledge envelope and 
creates an opportunity for CFD methods to be used as an economic alternative to wind 
tunnel and field experimentation. The Wind Multi-Block solver [5,16] has been used in this 
work to investigate the predictive capability of CFD and provide insight in the obtained flow 
angle measurements. The Wind Multi-Block CFD solver (WMB) employed for this work has 
been validated [2] against the NREL UAE Phase VI wind tunnel experimental data. Once 
confidence in the method was established, calculations were carried out for the complete 
NREL UAE Phase VI wind turbine. A sliding grid technique [15] has been employed in order 
to compute the rotating blades and spinner, the fixed nacelle and tower using a CFD mesh of 
7 million cells [16]. The computations were compared with experimental local flow angles. 

2 LOCAL FLOW ANGLE 

The LFA study is presented in the following subsections. First of all, a relation between 3D 
and 2D LFA, as well as, incidence angle has been studied. 
Then, the LFA & SFA obtained for the isolated cases at different wind speeds will be shown. 
Finally, the influence of the tower on the rotor aerodynamics through LFA comparison will 
close this section. Notice that for all computations the experimental probes were not 
modelled in CFD, which could have some influence especially at in-boards stations. 

2.1 2D: S809 aerofoil 

In order to find a relation between the 2D and 3D computations, identical sections have been 
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taken for both cases. In 3D, the loads and the LFA of four sections were extracted at 51%R, 
67%R, 84%R and 91%R. For 2D, in order to recreate similar condition the local Reynolds 
number of each of the sections was selected. Sectionals loads were then compared at the 
same normal coefficient (CN) values. In order to get as close value as possible to the 3D 
case, the incidence used for 2D computations was varied. The obtained CFD data had to be 
processed the same way as the experiments. To this end, the CFD pressure was extracted 
at the locations of the pressure transducers shown in Figure 1. Then the CN was obtained 
with the Equation 1 for the 2D and 3D cases. 
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Table 1 shows the direct relation between the 2D and 3D LFA. It is significant that for 5m/s 
case, the difference for the same loads from 3D LFA and 2D incidence is of 3.7-3.9°. For the 
7m/s case this differences increases to 3.25-4.85°. And for 10m/s case, this difference 
becomes almost constant like for the 5m/s case oscillating the values between 7° and 7.4°. 

2.2 Non yawed flow in isolated Rotor 

To extract the LFA from CFD, values from a small area around the location of the probe were 

used. Different circular sections extracted from the flow-field demonstrated that extraction 

circle radii between 0.01 and 0.2 chords had no significant variation (less than 1%). 

Figure 1: (a) LFA calculation 
extraction radii are presented 
for the 7m/s case and 84%R.  
(b) LFA for five different wind speeds along the span of the blade (5, 7, 10, 13 & 20m/s). 
 
The LFA results are shown in Figure 1, and as can be observed, the agreement towards the 
tip is good overall. This was expected since the outboard station surface pressure coefficient 
predictions were also good [8]. Inboards, the first two stations are under-predicted, except for 
the low or moderate wind speeds, where the flow was still attached at these sections. There, 
the agreement at 34%R is also good. Remarkably, near the mid-span of the blade, at 51%R 
station, the agreement between the computations and experiments for all wind cases is poor. 
These large differences in flow angles are not fully understood since the surface pressure 
coefficients agree well for attached flow cases at 46.6%R station [8].  
 
The differences between local flow angles for 2D and 3D computations can be used as an 
estimate of the down-wash seen by the 3D blade. At 5m/s, this approximate down-wash 
appears to be almost uniform along the span of the blade, as can be seen in Table 1. The 
LFA difference has a similar trend for wind speeds between 5 and 10m/s, while the effect 
increases on the last three span-wise stations as the blade tip is approached. The relatively 
high values at 51%R station could be explained by the root vortex formation at 25%R of the 
blade and the span-wise flow due to the high twist of that region. The analysed wind speeds 
(5-10m/s) involve attached and partially stalled flows.  At 13m/s, where the flow stalls, the 
differences between 2D and 3D LFA increase considerably. On the other hand, the 
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difference of the AoA used for the 2D computations and the measured LFA, decreases for 
outboard span-wise stations as well as with the reduction of the free-stream velocity. This 
trend is, however, not followed by the 13m/s case, where similar differences as for 10m/s 
case are listed in Table 1. 
Table 1: LFA for 2D & 3D cases with similar CN at four different wind speeds. 

 

2.3 Full wind turbine 

The trend of the experiments is well captured at all span-wise stations. The agreement 
between experiments and computations is good and shows the capability of the CFD as a 
predictive tool for full wind turbine analyses. The differences at the 51%R station may be due 
to some error in experimental data acquisition system and/or calculation, since the shape 
and the amplitude of the LFA variations are well captured.  The magnitude, however, is 
under-predicted by almost 4°. 

Figure 2: Comparisons of LFA between experiments, the isolated rotor and full wind 
turbine configuration at 7m/s case. 

Figure 3: LFA at three azimuth positions (140°, 180° & 220°) for the 34%R and full 
wind turbine configuration at 7m/s case. 

3 CONCLUSIONS AND FUTURE WORK 

The results of the local and span-wise flow angles obtained with CFD can provide insight in 
the wind-turbine flow and can be used as input, for simpler engineering methods like BEM. 
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To improve the accuracy of the obtained prediction, the flow angle probes should be 
modelled and computed with CFD, especially where the velocity ratio between the inflow and 
local velocity due to rotation is small. Alternatively, less intrusive measurement techniques 
for flow angle measurements are could be employed.  The obtained results show that CFD 
has adequate resolution to provide the details of the flow. The analysis of the data is, 
however, difficult since the 3D results contain no explicit information about flow incidence. 
Comparison with 2D data is, however, possible and provides valuable insight in the 
quantification of the blade down-wash along the span of the blades. 
In the future, the work will focus on further analysis of this flow in an attempt to derive 
reduced models for the trend of the local flow angle that could be used in conjunction with 
simpler aerodynamic tools, like BEM. 
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CFD Modeling of a Straight Blade Vertical Axis Wind Turbine (SB-VAWT) 
K M Almohammadi1), L Ma1), D B Ingham1), M Pourkashanian1)

1) Centre for CFD, The University of Leeds, United Kingdom  

ABSTRACT 

In the last few decades, the consumption of energy has been significantly increased. As en-

ergy sources in the world are being depleted, wind energy becomes one of the most promis-

ing and reliable sources of energy. In this paper a 2-D straight blade vertical axis wind tur-

bine is analyzed using Fluent in order to compare its performance at different modeling char-

acteristics. A sliding mesh technique is used in the analysis and the performance is meas-

ured by the power coefficient. The convergence is assessed by the torque profile and it is 

found that there is a significant effect of the tip speed ratio on the turbine performance. 

 

KEYWORDS 
Straight-Blade Vertical Axis Wind Turbine (SB-VAWT), Turbulence Modelling, Sliding mesh. 

1 INTRODUCTION 

As energy sources in the world are being depleted, wind energy has become one of the 

most promising and reliable sources of energy. It can be extracted using either Horizon-

tal Axis Wind Turbine (HAWT) or Vertical Axis Wind Turbine (VAWT) that transform 

some of this energy into other useful forms, such as electrical energy or mechanical en-

ergy. One of the main attractive attributes of the vertical type of wind turbine is that it is 

not affected by the changes in the wind direction, i.e. it does not need to be adjusted to 

the wind direction. 

Due to the rapid progress in technology, computational schemes have become more effi-

cient and reliable. The new facilities and advanced PCs have allowed researchers to 

change and modify the models for better understanding of the turbulence analysis. In this 

paper we determine and examine the performance of a straight-blade vertical axis wind 

turbine by simulating the flow around three airfoils using a CFD simulation.     

2 CFD TURBULENCE MODELLING 

2.1 Straight Blade Vertical Axis Wind Turbine Design 

The three airfoils of the turbine are a NACA0018 airfoil with a chord length of 0.27 m. The 

mesh near the airfoil is generated as a structured mesh, whereas it is unstructured else-

where in the domain as explained in figure 1 and 2. 
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  Figure 1. 2-D VAWT mesh illustration.

 

Unstructured mesh 
 

Figure 2. Boundary layer mesh. 
 

An upwind speed is selected to be 12.5 m/s and the tip speed ratio is fixed at 3.75. The 

straight blade vertical axis wind turbine in the study runs in a relatively low Reynolds number 

range (<   and therefore the tendency of separation is high. As a result, the analy-

sis of the forces around the airfoils requires more consideration, especially near the airfoil 

wall[3]. The forces should be analyzed up to the wall surface and the effect of the molecular 

viscosity in the eddies must be included in the selected model. It is very important to adjust 

the distance of the nodes in the first row of the mesh around the airfoil. This distance is rep-

resented by a non-dimensional quantity, known as . These nodes must be located in the 

log layer of the wall boundary in order to predict the velocity profile which can be non-

dimensionally calculated using the equation 

                                                                                                             
(2.1) 

where  and c are constants. It is known that if lies in the buffer region then the perform-

ance prediction would not be reliable due the complexity of the flow in the transition phase 

[4]. For that reason, two values of , namely 3.7 and 0.5, are adjusted in two different simu-

lations.   

For the purpose of the analysis, 2-dimensional double precision Fluent is selected, and the 

sliding mesh technique is applied between the rotating and fixed circle interfaces.  The itera-

tion is stopped and the solution is converged when all iterated quantities achieve a residual 

of less than .  

2.2 Turbulence Models 

There are many turbulence models available to be used. However, none of them is univer-

sally applicable. The choice of the turbulence model depends on many factors, such as: the 

accuracy required for the physics of the problem, computational power available, etc. Three 

turbulence models are applied for the same mesh in order to assess the prediction differ-

ences. These models are the RNG-K- , Spalart-Allmaras and K-  SST. The formulation of 

this model makes it reliable for low Reynolds number applications and account for separa-
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tion. The reason for this is that the constants in the transport 

equations become functions of the local  

 

 

Reynolds number [4]. It is found that 200 time steps per rotation are enough for a good per-

formance analysis. 

3 RESULTS AND DISCUSSIONS 

The prediction of the power coefficient for the RNG-K- , Spalart-Allmaras and K-  SST 

models are 0.38, 0.379, and 0.413, respectively. It is clear from figure 3 that the power 

coefficients differ by about 8 %. All K-  models are known to under predict near wall 

flows, and this explain the lower power coefficient obtained. It is clear that the power co-

efficients for the Spalart-Allmaras and RNG-K-  models are very close (0.3 %). The pos-

sible explanation for this is that the mesh near the wall is not sufficient for the Spalart-

Allmaras model and the wall function is applied as RNG-K- .       

          

Figure 3. Torque profile for different turbulence models. 

These models are capable of capturing the vortex shedding and secondary flows around 

the airfoils, as shown in figure 4.  
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Figure 4. Veltocity contours and vortex structure for different turbulence modes for blade 
2. 

 

Figure 5 compares the results obtained for different values of . Both mesh structures 

and all other factors are the same except for the value of . The power coefficient 

when  is 0.413 whereas it is 0.431 when  and this difference is rela-

tively low. The possible reason for this is that by reducing the distance of the first node 

from the wall will result in the power coefficient being enhanced.        

 

Figure 5. Torque profile for different values of y+. 

4 CONCLUSIONS 

The results show that the RNG-K- , Spalart-Allmaras and K-  SST models are capable of 

predicting the straight blade vertical axis wind turbine performance. There is good agreement 

in the overall power coefficient.  Also, it is clear from the analysis that there are no significant 

effects when using the mesh with  and applying the K-  SST. This may save a 

substantial amount of computational power and time. 

However, the effect of the turbine rotor and bars connecting the blades to the rotor are not 

considered in this analysis. This should be accounted for in the future work since it may sub-

stantially affect the overall turbine performance. The RNG-K-  and Spalart-Allmaras models 

should be assessed for   to check if they behave as in the K-  SST model.  
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Modal Analysis and Optimization of a Tubular Tower 
 

Ruitao Peng1),  Xiongwei Liu2)

1) University of Central Lancashire, UK,  2) University of Central Lancashire, UK 

ABSTRACT 

The inherent dynamic characteristics of the tower have a significant impact on the dynamic 

performance of the wind turbine. In order to design an economic alternative tower for a 

commercial wind turbine, the design was based on a modal analysis performed by applying 

appropriately chosen various materials and geometries. And by identifying suitable finite 

element models of towers, inherent frequencies and vibration modes were calculated and 

optimized. The results show that the design of the tower meets the design specifications. 

 

KEYWORDS 
Tower, modal analysis. 

1 INTRODUCTION 

For a wind turbine, the tower must have sufficient strength and rigidity to sustain the weight 

of the turbine and the aerodynamic forces on the rotor and the tower. The inherent dynamic 

characteristics of the tower have a significant impact on the dynamic performance of the wind 

turbine Error! Reference source not found.. 
In order to ensure the normal operation of the wind turbine, the inherent vibration 

characteristics of the turbine and tower should be matched properly to avoid the occurrence 

of resonance phenomenon. Given the material properties and geometrical shape of a 

commercial tower [2], several alternative designs were proposed by applying different 

materials and thicknesses. Consequently, modal analyses were carried out by using finite 

element method, and an alternative design was optimized to meet the design specifications. 

2 ON THE FINITE ELEMENT MODEL OF THE TOWER 

2.1 The Original Geometric Structure 

The tubular tower has a total height of 33.1724 m and is formed as a truncated cone with an 

external diameter of 3.4725 m at the base and 2.0384 m at the top (Fig. 1). The tower 

consists of 5 sections with 5 shell thickness respectively in the height direction, noted as 

Sections A, B, C, D and E. The shell thickness ranges from 11.1125 mm at the base to 6.35 

mm at the top. According to the structural characteristics of the tower, 8-node doubly curved 
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thick shell elements of reduced integration (S8R) are chosen to 

mesh the structure. An FE model is established after making some simplifying assumptions 

[3] (Fig. 2), including: 1) the tower is simplified as a 3D thin cylinder structure with fixed base 

and unrestricted top, 2) the position of mass center of the turbine is located at the top center 

of the tower. The material of the original tower is A36, which will be substituted by the 

material named Q 235 and 16Mn (shown in Table 1).This paper aims to design an alternative 

tower which has approximate natural frequencies to the original commercial one. 

                                
Figure 1: Sketch of the Tower Structure              Figure 2: Finite Element Model of the Tower 

Table 1: Physical Properties of the Tower Materials [2]

Material Density [kg/m3] Young’s Modulus [MPa] Poisson’s Ratio 
A36 7880 196~206 0.24~0.27 

Q235 7850 196~206 0.24~0.28 
16Mn 7900 206 0.25~0.3 

2.2 The Design Schemes 

There are many factors which may affect the natural frequencies of the tower. It is perceived 

that the weight is inversely proportional to the natural frequency, and the stiffness is 

proportional to the natural frequency. In order to optimize the tower structure, different 

materials and shell thickness were combined, as shown in Table 2. From the cost point of 

view, the thickness of Section A, B, C and D will be set as 12 mm; 10 mm, 10 mm and 8 mm 

respectively, and the thickness of Section E will be increased from 6.5 mm to 8 mm. 
Table 2: Design Schemes of the Tower 

Section Thickness [mm] Design 
No. Material 

A B C D E 
1 Q235 12 10 10 8 6.5 
2 Q235 12 10 10 8 7 
3 Q235 12 10 10 8 8 
4 16Mn 12 10 10 8 6.5 
5 16Mn 12 10 10 8 7 
6 16Mn 12 10 10 8 8 
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3 THE MODAL ANALYSIS AND DISCUSSION  

A modal analysis module was used to perform eigenvalue extraction to calculate the natural 

frequencies and corresponding mode shapes of the tower, and eigenvalues are requested 

using the Lanczos eigenvalue solver. Since we only care about the low-level modes, the first 

5 modes were extracted [4]. The first five eigenvalues of the tower, as computed by the 

above FE models, are listed in Table 3. It’s shown that not only the first two modes, but also 

the third and fourth modes have the same natural frequency in all the designs. The same 

mode is a result of periodical symmetry of the structure, and they have the same shape, just 

deformed in two perpendicular planes. 

Design 0 represents the original design of the tower, the tower from Design No. 1 to No. 6 

stand for our design alternatives. According to the calculated results in Table 3, compared 

with the other five designs, the first 5 frequencies of Design No. 2 are very close to that of the 

original tower and it’s chosen to be the selected optimal design. The corresponding 

eigenmodes in Design 0 and Design 2 are shown in Fig.3 and Fig.4 respectively. While the 

fifth eigenmode is manifested as whirly expansion, however the others manifested as bent 

vibrations. 
Table 3: Calculated Natural Frequencies of the Tower 

Natural Frequency [Hz] Design 
No. Material 

1st mode 2nd mode 3rd mode 4th mode 5th mode 
0 A36 3.8685 3.8685 16.828 16.828 34.986 
1 Q235 3.9359 3.9359 16.905 16.905 35.297 
2 Q235 3.8680 3.8680 16.721 16.721 35.036 
3 Q235 3.7418 3.7418 16.401 16.401 34.524 
4 16Mn 3.9714 3.9714 17.050 17.050 35.410 
5 16Mn 3.8030 3.8030 16.864 16.864 35.148 
6 16Mn 3.7757 3.7757 16.541 16.541 34.634 

 

       
a) 1st and 2nd eigenmodes                a) 3rd and 4th eigenmodes                 a) 5th eigenmode 

Figure 3: The First Five Eigenmodes of the Original Tower 
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a) 1st and 2nd eigenmodes              a) 3rd and 4th eigenmodes             a) 5th eigenmode 

Figure 4: The First Five Eigenmodes of the Tower in Design No.2 

4 CONCLUSIONS 

This paper addresses the design of an economic alternative tower for a commercial wind 

turbine, and modal analysis and optimization were carried out for several design alternatives 

via FEA. 

1) The natural frequency of first eigenmode is much larger than the operating frequency of 

0.94Hz, and there’s no possibility of resonance. 

2) By optimizing the material and the section thickness, an economic alternative tower can 

be designed to meet the design specifications.  

3) The 8-node shell element is a suitable element type to mesh the tubular tower. 
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A NOVEL FLOATING OFFSHORE WIND TURBINE CONCEPT 

 

Luca Vita1)

1) Wind Energy Division, Risø DTU, Roskilde, Denmark 

ABSTRACT 

The growth of the offshore market for wind turbines addresses the challenge to design wind 

turbines specifically for offshore condition and not necessarily using on-shore technology. 

This paper deals with a new concept for floating offshore wind turbine, consisting of a vertical 

axis wind turbine and of a rotating floating foundation. The main purpose is to have a more 

cost-effective floating offshore design. The concept is particularly indicated for big MW sizes 

and for deep water. This new configuration seems to offer many advantages but it also 

addresses a considerable number of new technological challenges that need to be 

investigated. 

 

KEYWORDS 
Offshore, floating, vertical axis wind turbine, new concept, Darrieus 

INTRODUCTION 

Offshore wind energy sector is becoming more and more strategic and attractive for 

companies and demands for deeper water are increasing. Offshore wind energy plays a 

strategic role because of the vast wind resources and the limited on shore possibilities. 

Several international research institutes are involved in research and optimization of wind 

energy systems for deep sea conditions. NREL in USA has investigated the future 

perspectives of floating offshore concepts [2], and they have developed their own 

numerical tools for horizontal axis offshore concepts [3,4]. TUDelft in Netherlands have 

also modeled floating offshore concepts [5]. NREL and TUDelft have developed their 

own concept based on a big tripod structure as a floating buoy. They estimate that in 

deep water (30-200m) this kind of basement structure is three times cheaper than the 

traditional gravity foundations. Risø DTU extended their HAWC2 code also to include 

floating constructions [6]. An overview of the different aeroelastic tools and concepts for 

offshore floating wind turbines is in [7].  

Several commercial companies have developed floating offshore projects, such as 

StatoilHydro [8], Sway [9], BlueH [10], Ecopower [11] and Nova [12] (the last one use a 

vertical-axis rotor). 
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THE NEW CONCEPT 

1.1 Description of the new concept 

The concept has been presented and fully described for the first time at the EWEC 2009 

conference in Marseille [1]. The main innovation consists of a rotating floating foundation that 

avoids the use of main bearings, Figure 1. The new concept is integrated in a wind turbine, 

and some specific technological solutions are proposed for the different components of the 

turbine: 

 
Figure 1 Artistic view of the new concept 

 

-  Rotor: Different technological solutions are possible but the vertical axis Darrieus rotor is, 

at the moment, the solution that suits best within the new concept.  

-  Blades: it is suggested to produce blades by GRP pultrusion to reduce the cost of a future 

industrial production 

- Transmission systems: The concept gives the possibility to use several technological 

solutions on the shelf and permanent magnet generators suit particularly with the concept. 

-  Safety systems: A novel technological solution consisting of water brakes is thought. 

-  Control Systems: No pitch control is needed and the control is made by rpm control. 

-  Anchoring parts: The importance of this part is relevant in a floating structure and two or 

more rigid arms are placed at the bottom of the structure to absorb the torque. 

The concept presents many advantages, some of them are: 

- No pitch control neither yaw system 

- The generator is placed into the bottom of the structure, moving down the barycentre 

of the whole structure (important for floating structure 
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- The concept is extremely simple and it is a great advantages for an industrial 

production and for an up-scale  implementation 

- Many possibilities are suitable for installation and for operation and maintenance 

1.2 Preliminary dimensions 

In the table1 and table2 are reported some preliminary data on the Darriues rotor and on the 

dimensions of the whole structure. 
Table1 Darrieus Rotor Specifications                    Table2 Structural Total Dimension 

Size 2MW 20MW

Radius of the rotor structure 

(m) 

2 3 

Radius of the submerged 

part (m) 

2.5 6.5 

Thickness (m) 0.03 0.03 

Total weight (tons) 2300 13000

Rotor length (m) 80 240 

Total length (m) 161 345 

 

 

Size 2MW 20MW 

Rotor Radius (m) 40 120 

Rotor Height (m) 80 240 

Chord (m) 2.5 11 

Torque at rated power 

(N*m) 

1.4 

106

5 107

Thrust at rated power 

(N) 

2 105 2.5 106

Rotational speed at 

rated power (rpm) 

13.3 4.1 

CHALLENGES AND STUDIES 

The new concept addresses several technological challenges. 

The main ones regarding the hydrodynamic forces on the rotating foundation, in particular 

friction and Magnus effect. A literature survey has been made regarding these forces in order 

to implement a numerical model to couple to an aeroelastic code. 

Some results about friction losses for a 2MW are reported in Figure2. The data are based on 

the formulas in 13. 

 The power losses due to friction depend from the radius and rotational speed. From Figure 2 

is visible as the friction is more sensitive to the radius variation. 

 

CONCLUSION 

A new concept for floating offshore wind turbines is presented. The concept seems to offer 

many possibilities for a more cost effective wind energy production. Several technological 

challenges are addressed from the new design. The paper reports some structural 

dimensions along with some results on predicted power losses due to friction. 
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Figure 2 Power losses due to friction for variation of the radius and of the rotational speed 
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Development of Design Methods and Requirements of Offshore 
Wind Turbines with Complex Support Structures 

 

Daniel Kaufer 
Endowed Chair of Wind Energy (SWE) at the Institute of Aircraft Design, Universität Stuttgart 

Allmandring 5b, 70569 Stuttgart, Germany 

ABSTRACT 

The research project deals with the development of improved analysis tools for offshore wind 

turbines installed on deep water support structures. The main focus is the consideration of 

the wind turbine as a whole, with regards to the coupled interaction between aero- and 

hydrodynamic loading and motion of offshore wind turbines, including complex support 

structures. Such tools are commonly known as integrated analysis tools. 

Validations will be based on code to code comparisons as well as on measurements from the 

first German offshore wind park alpha ventus. The research is part of the project ‘Verification 

of offshore wind turbines’ (OWEA). 

 

KEYWORDS 
Simulation, integrated method, aeroelastic, offshore, complex support structure 

1 INTRODUCTION 

Increasing sizes and water depths of modern offshore wind turbines (OWT) demand new 

support structure concepts. Today’s sites for offshore wind farms reach water depth of up to 

45m. The conventional structure, the monopile, is not cost-competitive in deeper water 

regions, because such dynamical soft support structures will become too heavy and thus 

expansive to resist extreme loadings. From the experiences of the oil and gas industry, 

lattice and braced structures have been identified to replace the monopile. 

 

Such deep water conditions can be found along the German coast line in the North Sea, 

where recently the wind farm alpha ventus has begun installation. The wind turbines are 

installed at approximately 30m water depth. The difficulty is the design of proper support 

structures for large offshore wind turbines. There is a lack of appropriate analysis tools 

applied by industry which allow integrated simulations of offshore wind turbines mounted on 

multi-member support structures in a single calculation. Throughout different research 

projects, integrated analysis methods have been developed but not yet validated with field 

measurements to prove their exactness. 
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2 PROJECT DESCRIPTION 

The thesis project launches in autumn 2008 at the University of Stuttgart and is part of the 

project ‘Verification of offshore wind turbines’ (OWEA) [1]. The OWEA project is a chance for 

a wide group of researchers to be part of an extensive measurement campaign. The thesis 

can be partitioned in five phases. Phase 1: developing an analysis method which allows 

integrated analysis under simultaneous aerodynamic and hydrodynamic loading; phase 2: 

plausibility checking of the method by code to code comparisons; phase 3: modelling and 

validating the REpower 5M and jacket support structure at the wind farm alpha ventus; phase 

4: evaluating measurement data of alpha ventus and comparing measurements with 

simulations; phase 5: derivation of future design methods and requirements for offshore wind 

turbines. 
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modeling solution

A methodology has been developed and 

implemented which allows integrated simulations of 

the entire OWT [2]. For this purpose the well known 

wind turbine simulation tool Flex5 has been coupled 

to the finite element code POSEIDON [3] and 

coupling the industry tool ASAS(NL), developed by 

ANSYS®, is in progress. The basic idea is to include 

the Flex5 model in the finite element code under 

compliance of a proper sub-structuring technique. 

This results in a coupled set of equations of motions 

describing the OWT as a whole. Figure 1 illustrates 

the modelling approach. The equations are solved 

in the finite element code due to the capability of the 

‘infinite’ number of degrees of freedom. Figure 1: Sub-systems and coupling 
strategy 

 

Plausibility checks with conventional simulation codes using very simple models and an 

OWT installed on a monopile have been performed. Comparisons with state of the art codes 

have been conducted in the project ‘offshore code comparison collaboration’ (OC3) within 

the IEA Wind Annex 23 [4]. The implemented coupling show very good agreement and looks 

very promising for future application in the OWEA project. 

More detailed information about the methods and first results can be found in the 

bibliography. 
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3 CONCLUSIONS AND OUTLOOK 

This paper describes briefly the planned procedure of the thesis. First objectives have been 

achieved already such as the development, implementation and validation of an integrated 

analysis tool. The next important phase is pending, as the installation of OWT’s at alpha 

ventus is in progress and the measurement campaign may start at the end of this year. 

Sophisticated models of the REpower 5M and its jacket support structure have to be built 

and validated. Finally the evaluation of measurements and comparisons between 

measurements and simulation can be started. 
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Advanced Aerodynamic and Aero-Elastic Analysis of Wind 
Turbines with coupled MBS/CFD 

 

Denis Matha 
Endowed Chair of Wind Energy (SWE) at the Institute of Aircraft Design, Universität Stuttgart 

Allmandring 5b, 70569 Stuttgart, Germany 

ABSTRACT 

The research objective is the analysis of complex fluid-structure interactions on wind 

turbines, leading to a better understanding of the underlying physics and the effects on the 

complete system regarding loads, rotor design and system performance. Special emphasis is 

put on fluid-blade aeroelastic interaction of large offshore wind turbines.  

 

An aeroelastic CFD-MBS simulation tool for wind turbines is utilized and further improved, 

based on the coupled non-linear multibody simulation (MBS) SIMPACK and a computational 

fluid dynamics (CFD) code. The results should be compared with measurement data at the 

wind farm alpha ventus in the North Sea. 

 

KEYWORDS 
CFD, MBS, aeroelastics, fluid-structure, rotor, blade, offshore, numerical,  

 

1 PROJECT DESCRIPTION 

In the industrial design process of large wind turbines a fundamental change is in the offing 

on how the complete wind turbine system is being simulated. Currently, only simplified, 

inflexible aerodynamic and structural models with a fixed set of degrees of freedom are used. 

Validation and calibration is still primarily based on empirical data and detailed numerical 

analysis of single components. 

 

In the future, advanced aerodynamic models based on CFD, coupled with multi-body and 

finite element simulation codes will be applied to directly simulate the complex dynamics of a 

wind turbine and in addition allow the flexibility to choose an appropriate degree of 

sophistication of the model. These advanced simulation tools will provide more detailed 

insight in the dynamic behavior of the complete system and will reduce the uncertainties 

related to blade dynamics since they overcome the limitations of current aerodynamic and  

 

Denis.Matha@ifb.uni-stuttgart.de    153



5th PhD Seminar 
       on 

           Wind Energy in Europe The European Academy of Wind Energy

 

structural codes. These limitations are becoming increasingly important regarding the 

development of larger turbines and blades with fast individual pitch and the expected 

increased platform and turbine motions associated with new offshore developments (fixed 

bottom & floating). Additionally, possibilities to improve simpler aerodynamic and structural 

models with data derived from the more sophisticated CFD/MBS simulations will also be 

investigated. The results will also be used to provide more understanding into the blade 

design process. 

 

The presented Ph.D. project has been started in June 2009. It is advancing the works ([1], 

[2], [3]) of S. Hauptmann at the Endowed Chair of Wind Energy (SWE) and S. Streiner at the 

Institute for Aerodynamics and Gasdynamics (IAG), both conducted at the University of 

Stuttgart. This close collaboration between the SWE and IAG will be continued by K. Meister 

and the author. 
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Urban Wind Energy 
 

Christina Beller 
Risø DTU, Denmark 

ABSTRACT 

My PhD project is to examine the application of wind energy in the built environment. This 

work is part of the determination of wind resources, present in terrain spiked with obstacles. 

To get familiar with the CFD (Computational Fluid Dynamics) solver EllipSys, simple test-

cases, already examined by others, were conducted. A simple rectangular box with 

64x64x64 cells was defined as computational domain. The boundary conditions were simple 

kept to inflow, outflow and wall. The Reynolds-Averaged Navier-Stokes (RANS) turbulence 

model was applied to three different roughness heights, z0,1=0.001m, z0,2=0.050m, 

z0,3=0.500m, and the results in terms of stream-wise velocity profile, turbulent kinetic energy 

and turbulence intensity compared to each other and against the known logarithmic 

boundary profile- satisfactorily. The meaning is to implement an obstacle in a second step 

and scan the surrounding for advisable positions for appropriate wind turbines.       

 
KEYWORDS 
CFD, RANS, boundary layer, buildings aerodynamics 

 

1 INTRODUCTION 

Wind in very complex terrain, let’s say a city, is interesting for wind engineers when it comes 

to loads on building structures, where they mostly examine the pressure distribution on the 

structure surface and not necessarily the flow field itself. Environmental research and the 

military have been investigating the propagation and dispersion of pollutants with big field 

tests, but also CFD simulations. I want to analyse the wind flow to produce energy locally. 

Here, my first approach is wind over flat terrain with different roughness heights.    

2 SETTINGS 

In the following, the input for the EllipSys code, set up in RANS mode, are announced. Flow 

over flat terrain was simulated for three different roughness heights, z0,1=0.001m,  

z0,2=0.050m and z0,3=0.500m. In a second run, boundary conditions (BC) were toggled for 

the case with a roughness height of z0,3=0.500m.  
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2.1 Computational domain 

The computational domain is a simple box of 64x64x64 cells with the dimensions 

5000mx1000mx1000m. The smallest cell-size located at the ground is 0.01m high for run1 

and 0.001m for run2 (Figure 1). 

 
Figure 1: Grid of the computational domain with y-z plane at x=2500m 

 

2.2 Boundary conditions 

run1: Inflow is defined at the yz(x=0m)-plane and at the xy(z=1000m)-plane. The sides, 

xz(y=0m)-plane and xz(y=1000m)-plane, are set as symmetric boundaries, meaning that 

parameters can evolve, but no mass crosses the domain at these planes. Plane 

yz(x=5000m) is defined as outflow. The bottom, xy(z=0m), is defined as wall and constitutes 

therewith the base of this parameter study. 

 

run2: Here, the inflow is only at the yz(x=0m)-plane. The top plane, xy(z=1000m), is changed 

from inflow to symmetric boundary. 

 

For both runs a logarithmic velocity profile is given at the inflows with 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

0

* ln
z
zuzu

κ
.        (Equ. 1) 

The von Karman constant was set to κ=0.4. With that and the chosen roughness heights 

z0,1=0.001m, z0,1=0.050m and z0,1=0.500m, the condition of u(z)=10m/s wind velocity at 

z=10m height for all three wind profiles, the friction velocities were found  to be 

u*,1=0.434m/s,  u*,2=0.755m/s and u*,3=1.335m/s. 
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3 RESULTS 

In computational fluid dynamical simulations the interesting part is how the flow field 

develops with given boundary conditions. In more complex problems one might have a 

measuring mast or kind of remote sensing device to tell about the incoming wind profile. To 

check the dependent development, a few other point-wise measurements are needed. In this 

case here, the wind profile shall be maintained over the whole domain, since there are no 

obstacles.   

3.1 Run1 

As expected, the derivative 
z

u
∂

∂  close to the wall is higher for lower roughness, than for 

higher roughness (see Figure 2, left column). Downstream the domain the profile is 

maintained, plotted for the positions x=0m, x=2500m and x=4999m. The turbulent kinetic 

energy (tke) should remain constant with the run1 BC (see Figure 2, middle column). 

Anyway, the graphs show changing tke profiles downstream, especially for increasing 

roughness heights, the numerical error grows.   

 

Figure 2: Run1 -top to bottom: plots for roughness heights z0=0.001m; 0.050m; 0.500m 
-left to right: plots of stream-wise velocity, tke, turbulence intensity at x=0m; 2500m; 4999m  
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3.2 Run2 

Seen in run1, tke remains almost constant. The constant value for tke is only an initial 

setting, coupled to the constant logarithmic velocity profile. Here comes the second BC set 

result where tke was free to develop over the whole length and height (see Figure 3). 

 

 
Figure 3: Run2 –roughness height z0,3=0.500m; left to right: plots of stream-wise velocity, tke, 
turbulence intensity at x=0m; 2500m; 4999m 

 

4 CONCLUSIONS 

Parameter studies were conducted to control the setting of the CFD tool EllipSys. The wind 

profiles were satisfyingly following the request of a logarithmic profile. To change the 

constant tke profile to a more realistic one, the BCs were changed accordingly and with a 

second run the results were also satisfying for tke. This work states a starting point for more 

advanced simulations, where solid obstacles are going to be inserted in the flow field (see 

Figure 4) in order to scan the wind energy potential, resulting from the obstacles influences.   

  

 
Figure 4: Computational domain to investigate obstacles influences on wind energy potential 
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Computational Fluid Dynamics (CFD) Modelling Of Wind Flow 
in and Around Forest Canopies. 

 

Scott Wylie, Simon Watson 
Centre for Renewable Energy Systems Technology, Department of Electronic and Electrical 

Engineering, Loughborough University, Leicestershire, LE11 3TU, United Kingdom. 

ABSTRACT 

Using the well known k-ε turbulence model [1], a CFD study has been carried out and 

compared to a wind tunnel study to assess its accuracy in modelling wind flow through and 

around a forest canopy. Adding additional source and sink terms to the turbulence model, 

has been common practice when taking into account the effect of trees on the approaching 

wind field. This research is looking at four different sets of closure coefficients, which define 

the source and sink terms, to see which can most accurately simulate the wind tunnel study.  

 

KEYWORDS 
Forest Canopy, Turbulence Modelling, Computational Fluid Dynamics.  

1 INTRODUCTION 

Utilising the framework of the well known k-ε turbulence model, many researchers have 

proposed modifications to predict canopy influences on approaching wind flows. The 

difference in these models is how they define the additional source and sink terms of the 

transport equations for turbulence kinetic energy (TKE), k, and its dissipation rate, ε. 

Equations 1 and 2 show the mathematical definition of these source/sink terms.  

 

( )kUUzACS DPdk ββρ −= 3)(      Equation 1       

( εερ εεε UCUC
k

zACS d 5
3

4)( −= )     Equation 2        

 

Where ρ is the density of air, Cd is the canopy drag coefficient (0.2 for this work), A(z) is the 

Leaf Area Density (LAD) of the canopy, k is the TKE, ε is the turbulence dissipation rate, and 

U  is the modulus of the wind speed. βp, βd, Cε4, and Cε5 are constants. In this work, a CFD 

 study will be carried out to try and simulate flow through a forest canopy, using different 

combinations of the above mentioned constants. The results from the CFD study have been 
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validated against a wind tunnel study [2] to see which set-up produces the most accurate 

representation of the wind tunnel study.  
Table 1.Summary Closure Coefficients 

Canopy model Scheme 1 [3, 4] Scheme 2 [5]  Scheme 3 [6]  Scheme 4 [7]  

βp 1.0 1.0 1.0 1.0 

βd 5.1 4.0 0 4.0 

Cε4 0.9 1.5 1.95 1.5 

Cε5 0.9 1.5 0 0.6 

2 CFD 

The simulations for this work were done using the Reynolds Averaged Navier-Stokes 

(RANS) equations implemented in the commercial CFD software ANSYS CFX 12. ANSYS 

CFX is based on a coupled solver for mass and momentum and uses an algebraic multi-grid 

algorithm for convergence acceleration. Utilising the k – ε turbulence model, the vertical 

velocity variation can be plotted and compared with measured data. 

2.1 Simulation Setup 

The forest canopy was modelled as a simple rectangular volume, contained inside a larger 

rectangular volume. The forest was simulated as a porous domain, allowing air to pass 

through it, with its LAD profile shown in figure 1, taken from [8]. To cut down on 

computational time, only half the forest canopy was modelled; by assuming a plane of 

symmetry along the boundary through the centre of the geometry. 

 

The forest canopy has a half width of 3m, a height of 7.5m, and a depth of 5.6m. The inlet of 

the domain has a half-width and half-height of 50m. The flow domain extends 100m from the 

inlet. The upstream face of the canopy was 200m downstream of the inlet. The flow domain 

was large enough so that its walls would not influence with the flow close to and around the 

forest canopy. 

 

So that the solver can reach a suitable solution, it is necessary to apply appropriate boundary 

conditions to the domain and the geometry. A free slip boundary condition was implemented 

at the top and side walls of the domain. A logarithmic wind profile was applied to the inlet of 

the domain with a zero differential pressure at the outlet. Values for k and ε were defined 

manually at the inlet of the domain, as were the source and sink terms for canopy. The 
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ground surface had a no slip wall condition applied, with its roughness (equivalent sand grain 

roughness) set to 30 times that of the aerodynamic roughness length, [8, 9].  

 

An unstructured tetrahedral mesh was used close to and inside the forest canopy, to ensure 

that the greatest changes in flow and pressure would be picked up accurately by the solver. 

Close to the inlet, outlet, and above the canopy section a swept mesh was used. This better 

resolves the undisturbed wind flow, parallel to the canopy, seen in these areas of the 

domain.  

 
Figure 12: LAD of Forest in Simulations 

3 RESULTS AND ANALYSIS 

The vertical velocity profiles at various horizontal distances were compared with wind tunnel 

measurements from [2].Table 2 shows a comparison, in percentage difference, between the 

wind tunnel data and the simulation setup in scheme 7, as the errors for this scheme are the  

smallest. 
Table 2. Percentage difference between wind tunnel data and simulation scheme 7 

   x/h 
   ‐1  ‐0.5  0.5  1  3  6  10 

z/h                      
0.2  0.16%  0.47%  20.63%  27.12%  ‐39.45%  ‐386.12%  ‐1353.54% 
0.4  ‐19.80%  ‐31.93%  10.96%  0.87%  ‐140.24%  ‐859.86%  ‐2277.66% 
0.5  ‐23.97%  ‐39.25%  ‐103.82%  ‐74.08%  ‐301.92%  ‐1177.41%  ‐1577.71% 
0.6  ‐26.52%  ‐38.64%  ‐105.71%  ‐75.46%  ‐442.47%  ‐932.17%  ‐1542.12% 
0.8  ‐19.61%  ‐31.03%  ‐21.02%  ‐96.54%  ‐344.13%  ‐356.25%  ‐355.24% 
0.9  ‐17.91%  ‐26.03%  ‐6.82%  ‐92.54%  ‐200.03%  ‐238.21%  ‐160.53% 
1  ‐20.85%  ‐16.65%  ‐2.61%  ‐12.85%  ‐132.11%  ‐160.41%  ‐116.12% 
1.1  ‐17.60%  ‐17.04%  ‐2.57%  2.92%  ‐87.36%  ‐115.77%  ‐82.82% 
1.2  ‐15.59%  ‐12.80%  ‐5.39%  2.90%  ‐56.74%  ‐80.04%  ‐68.62% 
1.3  ‐15.65%  ‐12.71%  ‐6.84%  4.05%  ‐37.80%  ‐68.11%  ‐59.49% 
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1.5  ‐10.51%  ‐8.24%  ‐7.41%  ‐3.48%  3.84%  ‐37.49%  ‐45.35% 
1.7  ‐10.62%  ‐11.25%  ‐3.70%  ‐5.00%  5.08%  ‐8.97%  ‐29.10% 
1.9  ‐8.81%  ‐6.53%  ‐3.17%  ‐1.60%  7.49%  4.97%  ‐13.15% 
2  ‐12.40%  ‐5.33%  ‐3.19%  ‐1.79%  8.17%  5.14%  ‐12.30% 
6  8.01%  14.55%  12.40%  13.06%  14.66%  15.94%  14.57% 

 

A negative percentage difference shows an overestimation in wind speed by the simulation 

and a positive difference an underestimation. 

4 CONCLUSIONS 

The setup used in this work has identified the advantage of using the k-ε turbulence model to 

predict wind flow through and around forest canopies, using the modifications outlined in [3-

7]. There are some large differences between the wind tunnel data and the simulations but 

qualitatively speaking the trends are similar. The differences in wind speed magnitude could 

be for a number of reasons like, for instance, mesh sensitivity or the difference in inlet profile 

from the wind tunnel to the simulations. All of these issues should, and will, be investigated 

further to try and make the CFD simulations as accurate as possible.  
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Compensating gear plays in the pitch actuation system of a 

wind turbine 
Jungchul Choi 
ISET, Germany 

ABSTRACT 

Torque peak due to gear play reduces reliability in a pitch actuation system. Gear play will be 

an important issue in large wind turbines with individual pitch controllers. Gear play can be 

prevented by the use of two motors instead of one. Controllers are designed to optimize 

mechanical characters of the pitch actuation system, which will include external loads, 

nonlinear friction, and disturbance. The ways to distribute torque into two pitch motors are 

studied and tested.   

 

KEYWORDS 
Gear play, pitch actuation system, wind turbine 

1 INTRODUCTION 

If the kinetic energy in wind is too large, the pitch angle of wind turbine blades has to be 

adjusted in order to limit generator torques and speed. Electric motors in combination with 

planetary gears are usually used to rotate the blades around their pitch axes. Gear play in a 

planetary gear and a geared ring-pinion cause torque peaks, which increase fatigue and 

diminish machine’s life time.  

Gear play in a wind turbine has not been an important issue as yet. However, currently 

developing large scale wind turbines require an individual pitch controller, which influences 

the aerodynamic forces acting on the individual rotor blades [1]. Individual pitch controller 

changes blades’ pitch angles much more frequently and quickly than currently used 

collective pitch controller. Thus gear play may not be ignored and a compensating tool for 

gear play should be developed.  

2 SIMULATION OF THE COMPENSATING TOOL 

2.1 Design a tool for compensating gear plays 

A way to compensate the gear play is putting two pitch motors instead of one at a blade root. 

Torques of the two motors act in opposite directions. If the sum of the torques is zero, blade 
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stays with tension in a position. Brake is not necessary. If the sum is not zero, blade rotates 

around pitch axis in the direction where the absolute value is bigger.  

In case of emergency, the pitch angle can be changed very quickly by acting torques of both 

motors in a same direction. Since torque peaks due to the gear play are not important any 

more, bigger tolerance is allowed and production cost is saved [2]. But the new system 

requires one more motor and gear, which leads more cost.   

2.2 Simulation of the design 

- Pitch actuation system (See Figure 1): 

The two-motor pitch actuation system is tested first with simulation program, 

Matlab/Simulink®. The components in the pitch actuation system are grouped into two parts. 

One is motor and gear, pinion and ring are contained in the other part. The motor and gear 

part is modelled as 1 mass-spring-damper with gear play, whereas the pinion and ring part 

owns only 1 mass and damper. Gear play in pinion-ring is transferred to the motor and gear 

part and the spring coefficient of the pinion and ring part is neglected because the part is 

very stiff as compared with the motor-gear part.  

 

Pitch actuation system 

Figure 1: simulation model for a pitch actuation system 

 

- Blade model: 

A blade is modelled as 1 mass-spring-damper. This approach is useful since we can get the 

parameters easily from the modal analysis of the blade data. In the first step, effects of 

aerodynamic force, gravity, and centrifugal force on the moment of inertia and friction are not 

considered. 

- Pitch actuator controller: 

A classical PID-controller with anti-windup is adopted first. When forces on blades, nonlinear 

friction, and external disturbance are added later, PID-controller cannot control the 

nonlinearities any more, so that a controller adaptive to nonlinear systems should be 

designed.  

- Torque distributor: 
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Calculated torque out of the controller is distributed into the two pitch motors. Three kinds of 

distributors are devised to keep tensions between two pinions (See Figure 2). The braking 

torques, those are the torque differences when the torque sum is zero, of the three 

distributors are designed to be identical. Later, the braking torque will be adjusted 

continuously according to turbulence intensity. 
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Figure 2: 3 kinds of torque distributor and torque distributor-base 

2.3 Simulation results 

Three torque distributors and a comparison model are tested. As I set the reference pitch 

angle as a sine function of 0.33Hz and 20° amplitude, input torque of ring-pinion part are 

shown in Figure 3. Torque distributor-1,3, and base pass a point where the torque of one 

motor is zero, so that their graphs have torque peaks. Thus torque distributor-2 is proved to 

be more secure than others.  

0 5 10 15 20
-1

-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1
1.2

x 10
4

time

T
or

qu
e 

(N
m

)

 

 

1st pitch system

2nd pitch system

0 5 10 15 20
-1

-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1
1.2

x 10
4

time

T
or

qu
e 

(N
m

)

 

 1st pitch system

2nd pitch system

 

0 5 10 15 20
-1

-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1
1.2

x 10
4

time

T
or

qu
e 

(N
m

)

 

 

1st pitch system

2nd pitch system

0 5 10 15 20
-1

-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1
1.2

x 10
4

time

T
or

qu
e 

(N
m

)

 

 

1st pitch system

2nd pitch system

 

jchoi@iset. uni-kassel.de   167



 5th PhD Seminar 
on 

Wind Energy in Europe 
 

 
The European Academy of Wind Energy  

 
        

Figure 3: simulation results of torque distributor-1,2,3, and base 

3 HIL-TESTING RIG FOR THE COMPENSATING TOOL 

The design is investigated with a hardware-in-the-loop (HIL) testing rig, which mainly 

consists of 4 motors and a ring (See Figure 4). Two motors are pitch actuators and the rest 

simulate loads on a blade root. The testing rig is connected to PC via inverters and a CAN 

bus. The parameters of the model, i.e. mass, damper, spring, and a gear play are 

determined with experiments. Mass is calculated from the slope and the torque when the 

motor rotates reversely. Torque at a constant motor speed is used for estimating a friction 

coefficient. Spring coefficient is gained from different angles at different torque.  

 
Figure 4: the testing rig 

 

4 CONCLUSIONS 

Torque peak due to gear play causes damage on a machine. Gear play can be compensated 

by two motors which hold a blade with tension. Dynamic mechanical characteristics of a pitch 

actuation system are optimized with a classical controller now and a controller for a nonlinear 

system later. Loads on the blade, nonlinear friction, and a disturbance will be added and 

tested with both simulation and experiment.  

 

BIBLIOGRAPHY 
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large wind turbines, EWEC 2007, Milan, Italy, May 2007 
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ABSTRACT 
As a result of high penetration levels of wind power into the European grids, and also expecting that 

these levels will be even higher in the coming years, wind power is being requested by TSOs to meet 

the same grid stability functionality and grid codes requirements as conventional power plants, 

including balancing procedures and frequency regulation facilities. 

 

The aim of this PhD is to determine how wind farms could contribute with primary and secondary 

power reserve. Based on the Wind farm Cluster structure developed at ISET e.V. in Germany, usual 

TSOs procedures for reserve power management are being considered and needed updates for wind 

power proposed. Prequalification rules for wind farms are also being analyzed as a fundamental part 

of the PhD main concept. 

 

Keywords 
Frequency control, reserve power, control strategies, prequalification rules for wind power. 

 

Introduction 
Transmission and distribution system frequency deviations are caused by unexpected unbalances 

between generation and demand, and are of particular concern in systems where the ratio of potential 

variation caused by fluctuating wind in relation to the amount of generated energy in total is high. 

These deviations could activate a significant share of primary power reserves. A further increase of 

these phenomena, for example due to high wind power penetration into the grids, could create 

frequency deviations large enough to activate the complete available primary power reserves reducing 

the security margins for frequency control and putting into question the adequacy of primary reserves 

to limit frequency variations, and secondary reserves to restore frequency variations. Up to now an 
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adequate frequency control1 depends on conventional generation resources made available by 

generation companies to TSOs for this specific porpoise [1]. 
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Figure 1 – Under frequency event due to a generation loss. 

 

Frequency control with wind power 
In order to address frequency control with wind power [2], different scenarios are proposed to be 

analyzed. Each of them is based on the install capacity relation “conventional generation-wind power”. 

This relation by each scenario will be from 100% conventional generation and 0% wind power, to an 

ideal scenario of 100% of wind power. In between these two extremes are located the current EU 

targets for 2010, 2020 and 2030 regarding wind power development (onshore and offshore). 

 

Conventional generation 100% 90% 85% 80% 60% 40% 20% 0% 

Wind Power generation 0% 10% 15% 20% 40% 60% 80% 100%
Table 1 - Wind power installs capacity scenarios to be analyzed 

 

One of the key issues in order to address frequency control with wind power is that the needed volume 

of wind power reserve for each control zone should be dynamically calculated in an accurate way by 

the TSO. By each control zone it should be considered that there are grid nodes and below each grid 

                                                 
1 Control actions are performed in different successive steps, each with different characteristics and qualities and all depending 
on each other: 
Primary control: starts within seconds as a joint action of all undertakings involved. 
Secondary control: replaces primary control after minutes and is put into action by the responsible undertakings/TSO only. 
Tertiary control: frees secondary control by re-scheduling generation and is put into action by the responsible 
undertakings/TSOs. 
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node wind farms are operating. Each wind farm has its own short and long term forecast with their 

confidence intervals and its own real time values regarding active and reactive power production. By 

each node in a given control zone, it must to be calculated the available power reserve according to 

the needs of the TSO. 

 

The definition of “Wind Farm Cluster” [4] is a logical aggregation of geographical distributed wind 

farms under a given node. The “Wind Farm Cluster” structure is a fundamental element of the 

solutions for all previously mentioned issues. Such a structure allows TSOs to control several 

distributed wind farms operating under a given node as a big power plant, requesting to them 

frequency control, among other ancillary services. 

 

Aim of this PhD 
The aim of this PhD is to demonstrate that Wind Farms are able to contribute with primary and 

secondary frequency control, by providing the needed reserve power requested by the TSOs. 

 

Through an analysis of the ancillary services which currently are being requested at wind farm level in 

the most advanced wind power countries in the world, and considering the new structure of Wind Farm 

Clusters developed at ISET e.V. as a natural evolution for wind power management structures [3] a 

concept for primary and secondary frequency control with Wind Farms will be developed and tested in 

both, simulation and real test fields scenarios. 

 

Over frequency and under frequency events will be addressed as well. Frequency response 

procedures with Wind Farms will be developed and analyzed considering primary and secondary 

power reserve provision, taking into consideration the needed quick response time. It will be also 

analyzed which control strategy could better provide the needed power reserve according to the 

frequency event which could occur. 

 

In case of an under frequency event happens, reserve active power should be injected into the grid 

contributing with the system stabilization. In order for the Wind Farms to be able to do so, they should 

be targeted during normal operation time with a certain value of active power to be reduced and 

known as an available reserve power by the system operator. 

 

How to dynamically fulfill the TSOs needs concerning the needed volumes of primary and secondary 

power reserve and the optimization of these values in order to minimize looses, are going to be issues 

also addressed in this PhD. 

 

In case of an upper frequency event occurs, active power should be curtailed according to the 

frequency variation. Control strategies to address this issue with Wind Farms will be also developed in 

this PhD, considering that each of them could be curtailed with different wind power volumes at 
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different moments. How to contribute to balance a system with wind power after an upper frequency 

event, minimizing losses and fulfilling with the needed grid time response requirements, will be 

addressed through the development of control strategies. The influence of available wind power 

forecasts and their uncertainties [5] is also going to be considered. 
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ABSTRACT 

This work investigates the using of hybrid HVDC transmission systems, comprising a Voltage 

Source Converter (VSC) and a Current Source Converter (CSC), for Offshore Wind Farms.  

The paper describes the model and the control strategies proposed for this system.  The 

hybrid model is implemented using PSCAD simulations to illustrate the proposed solution.   

KEYWORDS 
Hybrid HVDC, VSC, CSC. 

1 INTRODUCTION 

HVDC transmission may be the only feasible option for connection of a wind farm if the 

distance exceeds 100–150 km [1]. There are two different HVDC transmission technologies, 

i.e. Voltage Source Converter (VSC) using controllable switches like IGBTs and current 

source converter (CSC) or line-commutated (LCC) converter using partially controllable 

switches like thyristors [1].  CSC have been widely using for HVDC because can be used at 

very high power levels and  have less losses compared with VSC , however when the AC 

system connected to the CSC is weak, difficulties to operate, as frequent commutation 

failure, are presented [2]. VSC have attracted more attention due to beneficial features such 

as: (i) active and reactive power exchange that can be controlled independently; (ii) no 

commutation failure problem; (iii) no communications required between two stations [1]. 

However VSC are defenceless against DC faults. The Hybrid HVDC option pretends to 

combined advantages of both, while CSC can handle high power levels the VSC can give 

more flexibility to the wind farm, and compensates their drawbacks to obtain the best 

economical and technical results, the VSC overcomes the problems of the CSC to feed a 

weak AC system while CSC can help in the protection of the system [2]. In spite of the above 

mentioned advantages, the Hybrid HVDC cannot reverse the power flow easily however for 

offshore applications only one power flow direction is required. 
There have been other studies for Hybrid HVDC, in [2] is proposed a configuration and a 

controller for Hybrid HVDC, in [3] is proposed this configuration for Offshore Wind Farms. 
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2 HYBRID HVDC 

The Hybrid HVDC configuration is shown in Fig. 1; VSCs are connected to the wind turbines 

all together in the same DC bus. The onshore CSC makes the connection with AC grid.  It is 

expected that VSCs can handle the active and reactive power, while is expected to exploit 

the great capacity of the CSC. 

 
Fig. 1 Configuration of Hybrid HVDC for Offshore wind farms  

2.1 System Description 

The Fig. 2 shown the scheme of VSC connected with CSC through the equivalent model of a 

DC line. Based on this scheme, the model of the system in d-q synchronous reference frame 

to the VSC is   

 

 

 

 

Where the vector iSdq represents the line currents (d-q coordinates), vSdq represents line voltages, udq    

is the control input, vC1 is the voltage in the DC line and iDC1 is the DC current in the DC link. 

 
Fig. 2 Scheme of the Hybrid HVDC  

While to the model of the CSC is 
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Where the vector Vq represent DC voltage in Dc link, E is rms of line to-line voltage,  is the extinction 

angle and u is the commutation angle. 

2.2 Control Design 

Based on the model, the controller shown in the Fig. 3 is chosen to VSC. This control 

scheme can regulate both d and q component of the line currents in order to control the 

active and reactive power, at the same time the DC current is controlled.  

 
Fig 3. Block diagram of the VSC controller 

 

For the CSC is proposed the PI controller which is shown in the Fig.4 This PI scheme can 

regulate the DC voltage toward its reference.  

 
Fig.4 PI controller for the CSC 

3 SIMULATION RESULT 

The proposed controller was simulated using PSCAD, and using the parameters of the 

CIGRE model benchmark. Fig. 5 shows that active and reactive power are regulated to their 

references. The Fig 6.shows that DC voltage is regulated by the PI controller proposed.    
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Fig. 5 Time response of the active and reactive power (KW) 

 

 
 

 Fig. 6 Time response of DC Voltage and DC current (p.u.) 

4 CONCLUSIONS 

In this paper, a controller for a hybrid HVDC is proposed. A vector controller is proposed to 

regulate the active and reactive power and the DC current indirectly by means of the currents 

of the AC grid in d-q reference frame, while a PI controller is proposed to regulate the DC 

voltage in the DC link. Some simulations results have shown the performance of the 

proposed controller.  
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ABSTRACT 

This paper presents a 2D numerical investigation into the aerodynamic performance of a 

rooftop size straight-bladed Vertical Axis Wind Turbine (VAWT) with a NACA 0022 aerofoil. 

The aerodynamic interactions between different components of the VAWT, the effects of 

pitch angle and the position of the strut-blade joint on the performance of the wind turbine 

have been investigated using the Unsteady Reynolds-Averaged Navier-Stokes (URANS) 

method.  

 

KEYWORDS 
Vertical Axis Wind Turbine (VAWT), Aerodynamics, URANS, Sliding mesh, NACA0022 

1 INTRODUCTION 

Generating power from wind is emerging as one of the fastest growing sectors in power gen-

eration industry in recent years. For applications in urban areas, small scale rooftop size 

VAWTs are experiencing a renewed interest due to their several advantages over the Hori-

zontal Axis Wind Turbines (HAWTs), such as the independence of the wind direction, achiev-

ing the maximum power coefficient at low rotational velocity, and low noise levels [1]. Never-

theless, VAWTs suffer from several complex aerodynamic problems that limit the achieve-

ment of their best performance, of which the strong aerodynamic interactions between differ-

ent components have important impacts on the performance of such type of wind turbine. 

The application of CFD techniques can provide detailed information of the flow around the 

turbine blades and across the turbine. With the rapid increase in computing power, it is an 

emerging subject to use advanced CFD models to simulate the flow phenomena associated 

with VAWTs [1] and this paper aims to report some findings from the numerical investigations. 

2 CFD SIMULATIONS 

2.1 CFD techniques 

For the time being, the URANS method is still the work horse for solving such complex un-

steady flows as those involved in VAWTs, because of its robustness, economy and reason- 
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able accuracy compared with more advanced but usually computationally costly CFD tech-

niques, such as LES and DES. For the straight-bladed wind turbine studied, we performed a 

2D URANS simulation with the RNG k ε−  turbulence model, in order to achieve a prelimi-

nary assessment of the performance of the wind turbine. 

2.2 Computational setup 

The blade of the turbine simulated is a NACA0022 airfoil with a chord length of 0.2 m. The 

diameter of the turbine is 2.5 m. We use the configuration as detailed in [1] as a baseline 

case in which the blade pitch angle is zero and the turbine shaft is ignored. Then a series of 

models with different shaft diameters or pitch angle have been simulated so as to investigate 

the effects of the turbine shaft, pitch angle and the position of the strut-blade joint on the 

aerodynamic performances of the turbine. 

           
         Figure 1: Computational setup                Figure 2: Comparison between the computed        
                                                                             torques for various geometrical configurations 

The sliding mesh technique has been used to model the movement of the blades, as shown 

in Figure 1. The turbine rotates counter clockwise with a tip speed ratio of 3 at a constant 

wind speed of 12 m/s. The wind is modelled to enter the computational domain from left and 

exit from the right. The domain consists of two parts, a Rotational Grid which rotates with the 

same angular velocity as the wind turbine and a Stationary Grid which is stationary. The non-

equilibrium wall function is employed to account for the severe boundary layer separations 

that are expected near the blade surface. It is found that 1,000 time steps for one revolution 

is fine enough to obtain time-dependence solutions. 

3 RESULTS AND DISCUSSIONS 

Figure 2 shows the computed instantaneous aerodynamic torques exerted on an individual 

blade and the total torque produced by the turbine. The azimuth angle is defined to be zero 
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when the blade is just at the due north position as shown in Figure 4. The predicted perform-

ances are in a good agreement with the work of [3, 4]. The dynamic stall phenomena ex-

pected such as leading edge separation and trailing edge rolling up, is also captured, see 

Figure 3. It appears that the URANS method with RNG k ε−  model can capture the basic 

flow features and produce a reasonable prediction to the turbine performances. 

                               
      Figure 3: Vorticity contours near the blades       Figure 4: Velocity contours near the turbine 

3.1 Aerodynamic interactions between turbine components 

Firstly, it can be seen clearly from Figure 2 that, in all the cases, the torque generated by the 

blade, when it is travelling in the downwind phase, i.e. 180 , is much lower than 

that generated while the blade travelling in the upwind phase, i.e. 0 . This reflects 

a strong aerodynamic effect of the upwind blade on the downwind blade and can be con-

firmed by examining the fluid velocity field, see Figure 4. It can be seen that the downwind 

blades are completely covered by the low velocity wake flow of the upwind blade, or even by 

its own wake if operating at a high tip speed ratio 

360α° < < °

°180α° < <

[3].  

Secondly, the effect of the turbine shaft on the downwind blades is captured in form of a 

Kármán vortex street behind the shaft. In Figure 2, the computed torque, both with and with-

out the shafts, overlap in the upwind semi-circle. However, for the downwind semi-circle, the 

torque curve without the shafts is comparatively smooth while those with shafts have small 

ripples. Also it is found that the strength of the ripples grows as the diameter of the shafts 

increases, see Figure 5. Nevertheless, it appears that the effects of the shafts are not very 

strong in the studied cases. 

3.2 The effect of the pitch angle and the position of the strut-blade joint  

With the purpose of investigating the effect of pitch angle on the performance of the VAWT, a 

case with a pitch angle of 2-degree is simulated. It can be seen from Figure 6 that in the up-

wind phase, the performance of the turbine with a 2-degree pitch angle is smaller than that 

without pitch angle, but in the downwind phase, the situation reverses. From Figure 5, the 

averaged total torque of the turbine with the pitch angle is larger than those without pitch. 
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Figure 5: Averaged total torques for different      Figure 6: Comparison between the computed 

                 shaft diameters and pitch angles                          torques for 0.4jx c= and 0.5jx c=  

The distance of the position of the strut-blade joint from the leading edge, jx , is a design pa-
rameter for the VAWTs. Therefore, a 0.4jx c=  configuration is simulated to compare with 
the baseline configuration in which 0.5jx c= . It can be seen from Figure 6 that the perform-
ance of the turbine with 0.5jx c=  is better than that with 0.4jx c= . In order to determine the 
best position of the strut-blade joint, more research with different jx  for different working 
conditions needs to be performed. 

4 CONCLUSIONS 

The results show that the URANS method with the RNG k ε−  model can predict basic flow 

feature and present a reasonable assessment of the turbine performances. The wake flow of 

the windward blades has a strong adverse effect on aerodynamic performances of the lee-

ward blades in the operation condition studied. A moderate influence of the turbine shaft to 

the performance is discovered and it is found to be related to the shaft diameter. And the 

pitch angle, as well as the position of the strut-blade joint, also can influence the perform-

ances, although in the present cases the effects are not significant. 
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Direct Numerical Simulations of a Heaving Airfoil Using 
Spectral/HP Elements Method 

 

Medjroubi W.1) 2), Stoevesandt B.1) 2) and Peinke J. 1) 2) 

1) ForWind, Germany 2) University of Oldenburg, Germany 

 

ABSTRACT 
We consider the numerical simulation of the flow around a motionless and a heaving airfoil. 

The numerical method used is a high order method and a moving frame of reference for the 

airfoil motion. The effects of increasing the mean incidence and of the airfoil motion are 

investigated.   

KEYWORDS 
Direct numerical simulations, heaving airfoils, unsteady flows, dynamic stall. 

1 INTRODUCTION 

Wind turbines operation conditions are characterized by turbulent and direction-varying wind. 

Those conditions trigger unsteadiness which are associated with dynamic stall. This latter  

phenomenon is characterized by boundary-layer growth, detachment and re-attachment, 

making it challenging to understand and simulate numerically. The effects of varying the 

mean incidence and the frequency of oscillations on the flow and particularly on the 

aerodynamical coefficients are investigated.     

2 NUMERICAL APPROACH  

2.1 The numerical method 

The numerical method used is based on both spectral methods and finite element methods. 

The physical domain is decomposed into small sub-domains or elements and the solution is 

approximated in every sub-domain using high-order polynomials (Jacobi polynomials) [1].  

2.2 The airfoil motion 

The motion of the airfoil is enabled using a moving-frame of reference method. The Navier-

Stokes equations are written in a moving-frame of reference and a structural equation is 

derived to account for the airfoil motion [2].   
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2.3 The simulation code 

2.4 The numerical code used is the NekTar code which uses the Galerkin and 

discontinuous Galerkin formulations and high-order trial basis [3].   

3 SIMULATIONS 

The numerical simulations are 2D simulations for a NACA12 profile at moderate Reynolds 

numbers (Re < 105) and at moderate to high mean incidences (0° ≤ αmean ≤ 20°). An 

unstructured grid composed of 4000 elements is used for the simulations. 

3.1 Motionless airfoil: 

Figure 1 represents the vorticity contours at selected times at Re=1600 and a mean 

incidence αmean=12°. The white colour indicates positive vorticity, the black colour negative 

vorticity and grey regions have almost zero vorticity.  

 

 
t=1.8 

 
t=3 

 
t=6 

Fig.1: Vorticity contours at (a) t=1.8, (b) t=3 and (c) t=6 for a fixed airfoil at Re=1600 
and mean incidence αmean=12°. 

 

At t=1.8 a negative vortex is already shed in the wake while the flow at the upper-surface of 

the airfoil is still attached. At t=3 the upper-surface flow detaches and rolls at the trailing edge 

forming a positive vortex. This latter is be shed along with a negative vortex at t=6. Figure 2 

represents vorticity contours at at Re=1600 and a mean incidence αmean=20°. 
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t=1.8 

 
t=3 

 
t=6 

Fig.2: Vorticity contours at (a) t=1.8, (b) t=3 and (c) t=6 for a fixed airfoil at Re=1600 
and mean incidence αmean=20°. 

 

Compared to the case at αmean=20° the flow is delayed [3], following the same developments 

as in the previous case. In Figure 3 the lift and drag coefficients are plotted for the 

simulations at αmean=12° and αmean=20° for comparison. 

Drag coefficient Lift coefficient 

Fig.3: Drag and lift coefficients at Re=1600 at mean incidences αmean=12° and 
αmean=20°. 

 

Increasing the mean incidence results in an increase for both the lift and drag coefficients.  

3.2 Heaving airfoil: 

The airfoil is heaving with non-dimensional frequency and amplitude of oscillations of 0.3184 

and 0.01; respectively. Figure 4 represents the velocity contours for the mean incidence 

αmean=12° at Re=4500.   
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t=1.8 

 
t = 3 

 
t = 6 

Fig.4: Vorticity contours at (a) t=1.8, (b) t=3 and (c) t=6 for a heaving airfoil at f=0.3184, 
a=0.01, Re=4500 and mean incidence αmean=12°. 

 

Compared to the motionless case (at Re=4500 and αmean=12°, not presented here) the 

boundary layer separation is more important and occurs earlier. The motion of the airfoil is 

also visible in the near wake and it influences the process of vortex shedding. Figure 5 

represents the comparison of the aerodynamical coefficients for the motionless and the 

heaving airfoil. It is clear that the lift and drag coefficients increased dramatically when the 

airfoil is forced to oscillate [3].  

 
CD

 
CL

Fig.5: Drag and lift coefficients at Re=4500 for a motionless and a heaving airfoil at 
f=0.3184, a=0.01. The mean incidence is αmean=12° for the two cases. 

 

CONCLUSION 
The flow around a motionless and a heaving airfoil was successfully simulated using a high-

order numerical method. The simulations were validated against previously published results. 

Increasing the mean incidence for the motionless airfoil increases the values of the 

aerodynamical coefficients. The same result is observed when setting the airfoil in a 

sinusoidal heaving motion. 

  



 
The European Academy of Wind Energy

5th PhD Seminar 

on 

Wind Energy in Europe 

Please write your e-mail here   187

 

BIBLIOGRAPHY 
 
[1]  Sherwin, S.J. & Karniadakis, G. E.: Spectral/hp Element Methods for Computational Fluid 

Dynamics, Oxford University Press, 1995. 

[2]  Li, L., Sherwin, S. J., Bearman, P. W., Jan. 2002. A moving frame of reference algorithm 

for fluid/structure interaction of rotating and translating bodies. International Journal for 

Numerical Methods in Fluids 38, 187–206. 

[3] Akbari, M. H., Price, S. J., Aug. 2000. Simulation of the flow over elliptic airfoils oscillating 

at large angles of attack. Journal of Fluids and Structures 14, 757–777.   

 

Please indicate whether you wish to present your paper by 

Oral presentation only 

Poster only (posters should be printed and brought to Durham by the participant) 

Both oral presentation and poster 

 

 

 

 



5th PhD Seminar 
       on 

 
The European Academy of Wind Energy          Wind Energy in Europe 

zuan@risoe.dtu.dk   

 

188

 
 

Structural Design of Large Future Wind Turbine Blades under 
Combined Loading 

 

Zuzana Andrlová1), Kim Branner1)

1) Risø DTU, National Laboratory for Sustainable Energy, Denmark 

ABSTRACT 

The paper summarizes the design concept for very large wind turbine blades and review 

challenges which might be related to the upscaling of the blades to the length of 120 m. As 

the part of the initial study background data and the state of the art are briefly described. 

Later various design requirements and assumption are formed in order to define a 

geometrical outline for the 120 m long blade. Once the design criteria, geometry and 

aerodynamic properties of the blade are stated, the aeroelastic and structural analyses are 

the next step in the design process. This is requiring an interactive process usually 

conducted using numerical simulations. The application of combined load during structural 

analysis is discussed in order to provide realistic simulation of the operational and extreme 

load cases. The last part of the paper reviews the potential challenges expected during 

upscaling of the wind turbine blades. 

  

KEYWORDS 
Very Large Wind Turbines, Blade Design, Upscaling, Aeroelastic Analysis, Finite Element 

Analysis, Combined Loading. 

1 INTRODUCTION 

Issues as limited area of onshore sites in Europe, increasing demand for clean energy and 

the requirement of a higher energy output per turbine unit are currently the driving force in 

wind energy industry. Therefore the interest moves to the offshore wind turbines and wind 

farms. Thinking offshore, the environmental impact is lower, so it is the right region to take 

larger structures into consideration. The main motivation for increasing the size of wind 

turbines is that larger turbines have higher energy output per unit rotor area due to increased 

mean wind velocity with the height. The concentration of fewer but larger wind turbines on 

the most wind rich positions will be beneficial with respect to energy output, compared to a 

number of smaller turbines spread on larger and less favourable sites [1]. The purpose of 
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the PhD project is to investigate, which structural and aeroelastic design challenges can be 

expected for blades of such a very large wind turbines. As offshore wind turbines are 

supposed to increase in size, the reference turbine for the project is expected to have a 

power output of 20 MW and the length of one blade to be 120 m. 

2 THE DESIGN CONCEPT FOR 120 M BLADE 

2.1 Background and state of the art 

The optimal design of ever larger wind turbine blades is a constant challenge. The design 

process of blades for larger wind turbines is usually based on the approved concept of 

smaller blades. This approach can be in the case of very large blades inappropriate so 

innovative thinking is needed in this area. Integrated design is one of the current ideas how 

to improve the design process and performance of the rotor. Once the structural and 

aeroelastic analyses are considered at the same time, the iterative process is expected to 

bring significant results. However scaling of the current concepts is the first easy step to the 

better knowledge of the structure behaviour. Nowadays one of the biggest development 

intentions in the area of very large wind turbines is the EU project UpWind. The project looks 

towards the design of very large wind turbines (8-10MW), both onshore and offshore [2]. 

There is still a lot of discussion about various challenges and even feasibility of wind turbines 

of this size. Considering such enormous structure the crucial difficulties are expected in 

following areas: manufacturing, testing (replacement of the full scale test), transport, 

installation, operation and maintenance. 

2.2 Design requirements and assumptions 

Considering the future rotor blade to be twice longer than the longest one in these days, the 

challenges which were not important in the smaller scale become critical. Apposite examples 

are the wind shear and effect of Reynolds number changes, which have to be considered 

when talking about 120 m long blade, nearly 360 m tip height (the highest point of the rotor). 

As the reference turbine is expected to be placed offshore, the effect of the wave load and its 

combination with other loads should not be neglected. The development of the rotor blades 

in recent years shows that the blades became slender a more flexible. This tendency leads 

to intentionally prebended blades to prevent the tower collision during the operation. In this 

case the large displacement at the tip of the blade leads to the non linear effects that have to 

be considered during analyses. The fatigue caused by increase in the weight of the blade, 
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and thus selfweight loads, is expected to be one of the essential issues of very large blade 

design. Materials as carbon, wood or bamboo could be employed to decrease the weight, as 

well as new concepts of the blade structure. Significant weight reduction together with 

increased buckling capacity offers for example use of new sandwich elements in the primary 

structure of large wind turbines (main spar), more details in [1].  

2.3 Structural and aeroelastic analyses 

The structural analysis of the wind turbine blades is currently often performed using finite 

element method. As the blade structure is very complex due to the use of composite and 

sandwich materials and limited computational capacity, various concepts and simplification 

are used. The blade is usually modelled by layered shell, layered solid or combination of 

these elements. As the layered shell elements are inaccurate with respect to torsional 

stiffness determination and shear stress due to torsional loading, layred solid elements are 

recommended for more accurate models [4]. Next step to the detailed structural analysis is 

the sophisticated application of the real loads to the model. The global and local behaviour of 

the model should be validated over experimental results to ensure obtained response 

corresponds to the reality. The finite element model is generally too detailed, so the 

multibody based formulation is one of the possibilities of aeroelastic analysis of the wind 

turbine. The aeroelastic code HAWC2 developed at Risø DTU considers the blades and 

other parts of wind turbine as a finite number of 3D Timoshenko beam elements. These 

beam elements must accurately represent all of the mechanical properties of the full blade. 

The constitutive matrix can be obtained by the Beam Property Extraction Method [5] that 

determines displacements and rotations of each beam element by applying six different load 

cases. 

2.4 Combined load 

The wind turbine blade is loaded by three types of loads: aerodynamic load caused by wind 

field, the inertial load due to blades acceleration or deceleration and the sinusoidal 

gravitational load which acts with frequency corresponding to the rotation of the wind turbine 

and thus increases the fatigue loading. Nowadays the blades are mostly only tested for two 

separate load cases, flapwise and edgewise bending. The application of combined load 

during the tests is expected to improve the simulation of the real operational and extreme 

loads. The FE modelling can be improved by use of more advanced methods of applying the 

aerodynamic loading (pressure distribution over full model) instead of the simplified load 

 

 



5th PhD Seminar 
       on 

 
The European Academy of Wind Energy          Wind Energy in Europe 

zuan@risoe.dtu.dk   

 

191

 
 

application (lift and drag force on each cross-section). The loads are than applied in a 

manner which accurately simulates the way loads are applied in operation. Generally is 

expected that new load cases may become important when the blades grow in size and 

flexibility. 

3 CONCLUSIONS  

As initial step of the PhD project study on changes in aeroelastic and structural behaviour of 

the wind turbine blade when scaled from 34 m to 120 m length is going to be performed. As 

the design concept will remain the same, some issues are expected to be critical. The 

gravitational load increases cubically with the rotor diameter, the large composite and 

sandwich panels are more sensitive to buckling, profile changes during operation could 

significantly influence the energy output and flutter will need to be considered. 
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A Case Study of a 10kW Horizontal Axis                                
Wind Turbine Blade Design 

 

Xinzi Tang1), Xiongwei Liu2)

1) University of Central Lancashire, UK,  2) University of Central Lancashire, UK 

ABSTRACT 

Determination of the blade aerodynamic shape with a chord and twist distribution at a 

specified design tip speed ratio where the blade has a maximum power coefficient is the 

main task of the blade design. The aerofoil aerodynamic characteristics and the rotor 

specifications are highly important for the wind turbine power performance, which depends 

on the match between the site’s wind resource, the rotor and the generator. This paper 

addresses a case study of a 10kW wind turbine rotor blade design considering an existing 

generator and a site-specific wind speed distribution. The design process and the power 

performance prediction are presented. 

 

KEYWORDS 
Blade design; Horizontal axis wind turbine, Power performance, Site-specific. 

1 INTRODUCTION 
Wind turbine technology has become a hot issue as renewable energy guarantees 

environment-friendly and sustainable energy supply. The power performance of a wind 

turbine depends on the match between the site’s wind resource, the rotor and the generator. 

In order to maximum the annual power output, the aerofoil aerodynamic characteristics and 

rotor specifications should be carefully considered in the design process. In this paper, the 

key rotor specifications are discussed with regards to an existing generator and a site-

specific wind speed distribution. The aerodynamic optimal blade shape design and power 

performance estimation are implemented based on the blade element momentum (BEM) 

theory [1, 2, 3]. Finally the blade geometry and the predicted power curve are presented for 

maximum power coefficient control purpose. 

2 DESIGN CONSTRAINS 

2.1 Wind speed distribution 

The local wind speed distribution is the first consideration of erecting a wind turbine. Wind 

speed Weibull distribution is widely accepted for describing the wind resource, the probability 

density function of which is defined as: 
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Here, v is the wind speed, k is the shape parameter, and c is the scale parameter. 

Considering some wind farm in northern part of Britain, a shape parameter of 2.1 and a scale 

parameter of 6.89 is used, and the annual wind speed distribution is shown in Figure 1. The 

mean wind speed is found to be 6.1m/s from Equation 2. 

 ( )dvvvfV weibullmean ∫=  (2)
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Figure 1: Annual Wind Speed Distribution 

Considering maximum annual power output, it is better choose a rated wind speed which is 

close to the annual mean wind speed of 6.1m/s, but it is also worth emphasizing that a lower 

rated wind speed means a larger rotor, which causes an increase in cost. The rated wind 

speed is finally chosen according to the rated tip speed ratio in 3.2. 

2.2 An existing generator 

Due to economical reason, the turbine rotor is designed for an existing generator that is a 

permanent magnet synchronous alternator, rated power 10kW at the speed of 150 RPM. 

3 ROTOR SPECIFICATIONS 

3.1 Aerofoil type 

Aerofoil for HAWT is often designed to be used at low attack angle, where the ratio of lift to 

drag coefficient is very high. A general aviation aerofoil shape is NACA series, and dedicated 

aerofoil shapes used in modern wind turbines are: S8, FFA-W, RisØ-A1, DU and etc. DU93-

w-210 has been widely used in some European wind turbines, which has a max ratio of lift to 

drag coefficient of 118 and max lift coefficient of 1.39 at Reynolds of one million, and is 

chosen in our case. It has been found in some applications that more than one aerofoil 

shape can be used, but this may add to uncertainties in the design process, and in our 

design case only one aerofoil is used from root to tip except for the short root transition area.  
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3.2 Basic parameters 

The power extracted by the rotor from the wind is given as Equation (3), from which the rotor 

radius can be estimated.  

 23
rp RVC5.0P πρ=  (3)

Note here, P is the mechanical power but not the electrical power, Cp is the aerodynamic 

power coefficient, Vr is the rated wind speed, ρis the air density, r is the rotor radius. 

Assuming the alternator efficiency of 84%, the rated power of the rotor in our case is about 

11620W rather than 10kW. Obviously, as the rotor radius increases, the power output 

increases. But it is not a good idea to expand the rotor radius so as to increase the power 

output as expansion of the rotor radius will result in higher cost. Due to structure reason with 

an existing tower, our rotor radius is not allowed to exceed 5m. The rotor diameter is 

selected to be 9m with a first estimated aerodynamic efficiency of 0.45 and a rated wind 

speed of 9 m/s. 

The optimal design tip speed ratio for DU93-w-210 aerofoil locates around 10 according to 

Yurduseva method [3], and the maximum efficiency at the tip speed ratio of 5 to 8 does not 

vary sharply from a first estimation. Note the tip speed ratio at rated wind speed as λrated, the 

optimal design tip speed ratio λdesign should be equal to or larger than λrated to avoid sharp 

decrease of speed. Having a rotor radius of 4.5 m, a generator of 10 kW and 150 RPM, we 

can calculate λrated, Vr and Cp. And remember, Cp cannot be larger than 0.593(Betz limits). 

From a first estimation, tip speed ratio of 8 is selected to be the best match where Cp is 

about 0.45 for DU93-w-210. The rated wind speed is then calculated from Equation (4). 

 

rV
Rω

=λ  (4)

Where ω is the rotor speed, R is the rotor radius and Vr is the rated wind speed. 

The basic parameters of our wind turbine are listed in Table 1. 
Table 1: Rotor Specifications 

Parameters Value 
Power [W] 10000 

Wind Velocity [m/s] 8.8 
Number of Blades 3 

Optimal Tip Speed Ratio 8 
Air Density [kg/m3] 1.2 
Rotor Radius [m] 4.5 

Generator Rated Speed[RPM] 150 
Aerofoil DU93W210 
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4 BLADE GEOMETRY AND POWER PERFORMANCE  
With the above specifications, the geometry of the blade is obtained based on the BEM 

theory, which has a maximum twist of 26.5° and a maximum chord of 0.489m. The blade 

geometry is shown in Figure 2. The Cp was predicted using the following equation and a 

computer program was coded to calculate: 

[ ] rld
'3

r
2

p dcot)CC(1)a1(aF)8(C
h

λϕ−−λλ= ∫
λ

λ

 (5)

Here Cl and Cd are the lift and drag coefficients, λ is the tip speed ratio, λh and λr are the 

local speed ratios at hub (root) and at position r/R, φ is the angle of relative wind, a is the 

axial induction factor, a’ is the tangential induction factor and F is the tip loss factor. The 

maximum Cp is found at the tip speed ratio of 8, which is about 0.445. For maximum Cp 

control purpose, the corresponding rotor power output versus different wind speeds are 

shown in Figure 3. 

        
Figure 2: Blade Geometry                             Figure3: Power Performance Prediction 

5 CONCLUSIONS 
A case study of a 10kW horizontal axis wind turbine blade design has been carried out with 

an existing generator and a site-specific wind speed resource. With a mean wind speed of 

6.1m/s and a generator of 10kW and 150RPM, a rotor of 4.5m radius and the DU93-w-210 

aerofoil has been applied. It has been predicted to be with a power coefficient of 0.445 at the 

tip speed ratio of 8 based on the BEM theory. A further structure analysis and testing will be 

developed in the future.  
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Wind turbine blade vibration at standstill conditions 
 

Witold Skrzypinski1), Mac Gaunaa2) 

1) Ph.D. student, Risø DTU, Denmark 2) Senior Scientist, Risø DTU, Denmark 

ABSTRACT 

This paper deals with estimating whether the assumption of quasisteady aerodynamics in 

deep stall in present aeroelastic codes has an effect on prediction of the edgewise vibrations 

usually observed in deep stall in these codes. Some light is shed on this issue by computing 

chordwise damping ratio of a 2-D 3-DOF elastically mounted airfoil, both with quasisteady 

aerodynamics and with an imposed time lag in the aerodynamic response. Such model 

shows that the introduction of lag in the aerodynamic response of a vibrating airfoil 

significantly increases the amount of chordwise damping in deep stall, which indicates that 

present aeroelastic codes may overpredict deep-stall edgewise vibration. 

 

KEYWORDS 

Aerodynamics, aeroelasticity, dynamic stall, deep stall, edgewise vibration, blade vibration 

1 INTRODUCTION 

Since the introduction of computational models for the dynamic aeroelastic response of wind 

turbines, specific problems have necessitated evolution of sub-models, such as the so called 

dynamic stall models [i,ii] that model the dynamic aerodynamic response from the onset of 

separation until the flow over the airfoil is fully separated. Applying the existing aeroelastic 

tools to investigate the dynamic response of wind turbines in standstill has indicated that 

under certain conditions, the edgewise vibrational mode of wind turbine blades is negatively 

damped, leading to very big fatigue loads or even failure. Since the unstable regions occur 

for angles of attack far from normal operation, in deep stall, where the underlying 

aerodynamic coefficients are uncertain, it was initially assumed that the problem existed only 

in computations. In recent years, however, turbine failures at standstill conditions reported 

from the industry spurred new analytic and numeric investigations [iii,iv]. The investigations in 

[iii,iv] concluded that the standard aerodynamics existing in aeroelastic codes for deep stall is 

effectively quasi-steady. On the other hand, it is not known how far the quasi-steady 

approximation is from what occurs in real life. In this paper, some light is shed on how the 

aerodynamic damping is sensitive to time lag in the aerodynamic response. This is achieved 

by imposing different amounts of lag in the aerodynamic response of a nonlinear 2-D 3-DOF 

model of an elastically mounted airfoil, subjected to onset flow at different angles of attack,  
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and by computing the damping ratio of the vibrations of the aeroelastic system in the 

chordwise direction. 

2 MODEL DESCRIPTION 

2.1 Structural model 

The structural model used here was originally presented by Buhl et al [v]: 

 

Figure 1: 2-D 3-DOF model, reproduced from Buhl et al [
V
] 

where T and N are the chordwise and normal-to-chord aerodynamic force components, M is 

the aerodynamic moment, α is the angle between the chord and the onset flow, x, y and θ 

are degrees of freedom of 2-D the elastic system with linear stiffness and damping. 

2.2 Aerodynamic model 

The aerodynamic drag and moment exerted on the airfoil by the onset flow remain 

quasisteady in the model. However, the lift is governed by a dynamic stall model similar to 

the one presented in [ii]. The dynamic lift coefficient is calculated as the static lift coefficient at 

an effective angle of attack: 

            (1) 

where the effective angle of attack – which is the angle between the airfoil’s chord and a line 

representing the disturbed airflow relative to the airfoil – is calculated as: 

           (2) 

where α3/4 is the angle of attack as observed at the three-quarter chord, A1 and A2 are the 

first half of the parameters defined in the description of the aerodynamic time lag, and x1 and 

x2 are state-variables governed by the differential equations: 

       (3) 

where bi are the second half of the parameters used for defining the aerodynamic time lag, 

and 

          (4) 

where c is chord length and Vrel is airflow velocity relative to the airfoil. 
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3 PARAMETERS, MODEL VALIDATION AND RESULTS 

3.1 The choice of parameters 

The choice of parameters – namely: A1, A2, b1, b2 – characterizes a specific temporal 

behavior of the aerodynamic model. Such a choice is visualized by plotting the unit response 

function, defined as: 

              (5) 

where s is non-dimensional time, . The choice of three parameter sets made here is 

presented below, together with the respective response functions: 

 

Figure 2: Response functions characteristic for the three sets of dynamic parameters 

The first response function is an approximate representation of a thin airfoil’s inviscid 

response [ii], and is therefore expected to be faster than the response function needed for an 

airfoil in deep stall. The aeroelastic behavior, including also damping characteristics, for the 

full nonlinear 3-DOF aeroelastic system depends on the aforementioned response functions. 

Therefore, the next chapter presents the dependence of the damping ratio of the chordwise 

vibrations on the choice of the response function parameters and compares the results 

obtained using a quasisteady aerodynamic response. 

3.2 Model validation and presentation of results  

The model is validated by comparing the chordwise damping ratio obtained using the 

quasisteady aerodynamic response with the damping ratio from the analytical linearized 1-

DOF quasisteady model presented in [iii]. This comparison is shown in Figure 3 along with 

the damping ratios characteristic for the aerodynamic response functions presented above. It 

is observed that the results of the present model compare well with the analytical model, thus 

validating the present implementation.  The main finding from the comparison of the QS 

response and the other response functions is that even for the case #1 – where the response 

is as fast as for inviscid flow – most of the regions with negatively damped vibration vanish. 

The effect is even more pronounced for cases #2 and #3. This, together with the fact that the 

standard aerodynamics existing in aeroelastic codes for deep stall is effectively quasi-steady,  
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indicates that these aeroelastic codes may overpredict vibration in deep stall. One should 

also remember that it is reasonable to suspect that the aerodynamic response in deep stall – 

where the flow is massively separated – is presumably slower than for attached inviscid flow, 

i.e. in case #1. The next step of the current work is to investigate whether the present 

aerodynamic model can be used to describe the main unsteady aerodynamic response in 

deep stall and, if so, find one or more sets of parameters for the response function that can 

be used for prediction of standstill response of wind turbines.  

 

Figure 3: Damping ratios of the quasisteady and lagged models 

4 CONCLUSIONS 

This paper deals with estimating whether the assumption of quasisteady aerodynamics in 

deep stall in present aeroelastic codes might affect prediction of edgewise vibration in deep 

stall in these codes. The present findings indicate that the introduction of lag in the 

aerodynamic response of a vibrating airfoil significantly increases the amount of damping in 

deep stall. This indicates that present aeroelastic codes – characterized by the potentially 

inaccurate assumption of quasisteady aerodynamics in deep stall – may overpredict the 

edgewise vibrations in deep stall seen in simulations of standstill response of wind turbines. 
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Nonlinear Model Predictive Control of Wind Turbines 
 

L. C. Henriksen A1), N. K. Poulsen2)

1) Risø DTU, Denmark, 2) DTU Informatics, Denmark 

ABSTRACT 

The work presented in this paper describes a proposal of how to implement nonlinear model 

predictive control of wind turbines. The control problem for the entire wind speed range is 

comprised into one constrained optimization problem. This integrated control problem is 

different from previous work of the author, where the overall control problem was divided into 

of a subset of control problems, depending on wind speed. 

 

KEYWORDS 
Nonlinear Model Predictive Control, Constraints, Pitch and Generator Torque Control 

1 INTRODUCTION 

The never-ending pursuits of making wind turbines last longer or using less material in their 

construction necessitates the need for improvement of control strategies, sensors and fault 

detection schemes. In this work the focus is on control strategies. A candidate control 

strategy is Model Predictive Control (MPC), typically based on linear models of the plant to 

be controlled. MPC offers the ability to handle constraints and is used to honor the 

constraints on the actuators, i.e. pitch angle and -rate and torque and –rate. MPC has 

previously been investigated with application on wind turbines in [1,2]. Usually actuators are 

designed such that velocity constraints are hardly ever encountered and as results the 

benefit of MPC is arguably questionable. MPC can however also be implemented using 

nonlinear models, enabling optimal nonlinear control of nonlinear plants and promising 

superior performance within a model-based control design framework. In this paper the 

preliminary work of constructing a suitable Nonlinear MPC method is presented. 

2 OBJECTIVE FOR CONTROL OF WIND TURBINES 

Nonlinear Model Prediction Control seeks to minimize an objective function within a 

prediction horizon where  is the current time and  is the final time of the prediction 

horizon. The objective function of the control problem is given as 

 
(1)

subject to the constraints 
 (2)
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(3)

 

The nonlinear ordinary differential equations of the simplified wind turbine model are 

described by eq. (2). Eq. (3) describes constraints, such as pitch angle, pitch rate etc. The 

actual control problem also includes soft constraints, but these have been excluded here to 

keep the expression simple. It should be noted that for practical reasons it is necessary to 

reformulate the infinite dimensional continuous-time problem into a finite dimensional 

problem with a finite number of discrete time steps. 

 

The cost function eq. (1) contains different terms: The final time term  aims to give 

infinite horizon stabilization properties and the linear quadratic regulator weight matrix  is 

calculated under the assumption of a linear unconstrained model. The dynamic term  

includes various velocity and acceleration terms that should be minimized according to the 

weighting matrix . The reference tracking term  includes generator power and –

speed, which should be as close to their nominal values as the given wind speed permits in 

order to maximize power production. A steady state optimization of the control problem over 

wide range of wind speeds shows that below rated wind speed, the optimal solution gives a 

unique generator speed and pitch angle, while above rated wind speed multiple solutions 

giving the nominal power production exist. It is thus necessary to enforce that the generator 

speed should be driven towards it nominal value when above rated wind speeds. The 

weighting matrix  should be constructed in way that reflects this need. 

3 PRACTICAL ISSUES 

The implemented algorithm is based on a trust-region optimization algorithm [3]. Currently 

typical computation times are in the order of seconds when in fact the time available is only 

the sample time, which is in the order milliseconds. The problem of inadequate computation 

speed renders any real world application of the control algorithm infeasible until the algorithm 

has been significantly improved or is implemented on faster hardware. 
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Data-driven control for wind turbines with smart rotors 
 

Gijs van der Veen1), Jan-Willem van Wingerden1), Michel Verhaegen1)

1) Delft Center for Systems and Control, Delft, The Netherlands 

ABSTRACT 

Active control of blade deflections is becoming more and more important for the wind energy 

community. Comparing traditional stall controlled turbines with today's individual pitch 

controlled turbines we see that loads can be reduced, leading to lighter or larger turbines.  

A relatively novel concept is to use a number of control devices that locally change the 

aerodynamic forces on the wind turbine blade. The success of distributed load reduction 

greatly depends on the sensors that measure the loads and a controller that processes the 

measured signals and generates the actuation signals. In this project we focus on the 

development and validation of time-varying control methodologies, and investigate how much 

performance can be improved compared to state-of-the-art designs and how it depends on 

the number of actuators and sensors we use.  

 

KEYWORDS 
Data-driven control, smart rotors, modal control, robust control 

1 INTRODUCTION 

Active control is becoming more and more important for the wind energy community. If we 

compare the `old' stall controlled turbines with today's individual pitch controlled turbines we 

see that the loads can be reduced, leading to lighter or larger turbines. However, limited 

actuator bandwidth and component fatigue impose constraints on the pitch system. Due to 

the increasing size and cost of wind turbines and the limitations of individual pitch control, 

control engineering is becoming a critical enabling technology. New control concepts are 

necessary which can deal with the distributed nature of turbulence, and guarantee an 

economic lifetime of at least 20 years for the next generation of offshore wind turbines 

(diameter over 150 meters).   

  

One novel concept is to use a number of control devices that locally change the 

aerodynamics forces on the wind turbine blade. The success of distributed load reduction 

greatly depends on the selection of appropriate sensors that measure the loads, and a 

controller that processes the measured signals and generates the actuation signals. In this 
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project we focus on the development and validation of time-varying control methodologies 

(such as Model Based Gain Scheduled Robust Control or Data Driven Robust Control), and 

investigate how much performance can be improved compared to classical time-invariant 

state-of-the-art-designs. One of the key performance metrics will be the reduction of fatigue-

critical loads such as blade root moment. Furthermore, we investigate how the optimal 

performance depends on the number of actuators and sensors we use (Individual Pitch 

Control vs. ‘Smart’ rotor).  

2 PROOF OF CONCEPT AND BEYOND 

The potential of using deformable trailing edges to locally influence the aerodynamics loads 

on wind turbine blades has been demonstrated by several research groups. See e.g. [1], [2]. 

Many of the available studies focussed on single input-single-output control designs to 

investigate the achievable load reductions (Figure 1), predominantly in terms of blade root 

moments. These proofs of concept stimulate further research into full-span rotor blades with 

one or more trailing edge devices. Issues will be raised as: 

- What are optimal locations to change the aerodynamic loads locally? 

- Which sensors provide the most relevant signals to achieve load reductions? 

- What are the most suitable controlled variables to achieve the desired load 

reduction goals? 

 
Figure 1: The adaptive blade used in [1] to demonstrate the potential of active load reduction 

The earlier proofs of concept stimulate a thorough investigation into multivariable control. In 

this case, multiple sensor inputs and multiple actuator outputs need to be integrated in a 

multivariable control design. A study of the blade mode shapes, combined with the 

aerodynamic interactions, will provide fundamental insight into the dynamics and what the 

key locations are along the blade for sensing and actuation.  
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3 CONTROLLER DESIGN 

Inevitably, the distributed control of wind turbine blades will require processing a sizable 

amount of signals, converting inputs to control outputs according to some control algorithm. 

Recent developments in data-driven control theory Error! Reference source not found. 
allow online identification of the relevant dynamics of the system. These dynamics vary with 

the operational condition of the turbine, most notably with rotational speed and wind speed. 

Connected with an optimal control law such as predictive control, there is an intrinsic level of 

fault tolerance and robustness. Alternatively, a fixed controller with gain scheduling may be 

designed to cover the (identified) operational conditions of the turbine. 

One of the main challenges in this project will be to devise fast and efficient control 

algorithms by exploiting data structure. This is absolutely necessary to allow the algorithms 

to run real-time on present day hardware. The issue of computational complexity is still a 

considerable bottleneck with many of the modern control methods. 

4 CONCLUSIONS 

In this research we aim to develop systematic results for the control design of smart rotor 

blades. These results should include constructive methods for sensor and actuator 

placement to provide the greatest control authority. Additionally, suitable control techniques 

will be investigated that are streamlined enough to run on state-of-the-art hardware and 

possess the necessary robustness to deal with the varying nature of wind turbine dynamics 

across the operational conditions.  
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Optimisation of Wind Turbine Rotor Using Cost of Energy as a 

Parameter and the effects of the Weibull Distribution 
T.S.Yeow1), A. Cuerva 2), J.Alvarez3), A. Munuera 4)

E.T.S.I. Aeronáuticos, Universidad Politécnica de Madrid,Spain,  

ABSTRACT 
A study of determining the optimum radius size for a 3MW land based horizontal axis wind 
turbines was conducted using cost of energy production as a parameter to obtain the 
optimum value of rotor radius with corresponding rated velocity. The optimisation processes 
were found to be dependent of the Weibull distribution of potential sites. The results obtained 
shows that the combination of specific rotor radius and rated velocity can produce significant 
reduction in energy production costs. This supported the current need of optimisation for a 
specific wind farm. Wind farms with stringent noise limitation also benefits from customized 
wind turbine designs. 
 

KEYWORDS 
Cost of energy, Weibull distribution, Wind turbine rotor optimisation. 

1 INTRODUCTION 

Wind farm sites around the world has been observed to have almost similar wind 
distribution with similar characteristics of c=7 and k=2. Most wind turbine manufacturers can 
be assumed to be designed their wind turbines based on these conditions with optimisation 
also focused on wind farm installations in these wind conditions. With the current competitive 
state of the industry, new design practices are pushing towards the lowest cost of energy 
production rather than low turbine cost. Therefore, it has become necessary for wind turbines 
to be optimised accordingly to individual wind farm sites. Though this design methodology is 
considered costly as wind turbines are built purposely for a chosen site, current market 
conditions can make this an economically viable option in the near future. These 
developments are the reasons that this work has been carried out. The work aims to achieve 
and show that customization of wind turbines to sites resource can give significant cost 
reduction in energy production.  

2 METHODOLOGY 

2.1 Model of the Wind Turbine Rotor 
A generic design of a wind turbine is required. Utilising a wind turbine rotor design 

Matlab toolbox developed in Universidad Politécnica de Madrid, Spain, a 3MW rated wind 
turbine can easily be designed. By inputting known blade airfoil data and the desired chord 
wise airfoil distribution into the toolbox, a preliminary design of a turbine rotor can be 
obtained. While the toolbox is capable of aerodynamic optimisation, the objective of this work 
does not require that to be done. 

Once the values of andmax PC opλ  are known, it is possible to obtain a value for the rotor 

radius, R with the corresponding rated velocity,  and the rotational speedNV RΩ . The 
following parameters are also necessary: efficiencies (mechanical and electrical) : Mη and  
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Eη , rotational speed limit due to noise limitation : and technological limit for specific 

power rating based on existing turbines in the market :  & . 

Ω NLR

minSP maxSP
The model of the turbine rotor and the parameters used in this study are as follows: 

Blade = TESTBladeT1 with ,op  7.9225λ = max 0.5112PC = , θop = 0 rad, 0.95mη = , 

0.95eη = and . Operating conditions are set to: 3000000 NP = W 3 /inV m s= , , 

and  

25 /outV m s=

8760 /NHY hours year= 31.225 /kg mρ =

2.2 Technological Limits Defined by Current Technological State 

A study of existing wind turbines shows that most turbines exist in the range 
of . With the data available, we can obtain a minimum and maximum 
rotor radius for a given specific power rating. 

2350 550 /SP W m< <
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The noise limitation on the maximum rotational speed allowed imposes a limitation to 
the rated velocity with the expression given by: 

 ,
Ω NL

N NL
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RV
λ

=  (3)  

This limitation can also be further imposed onto the relation between the radius of the 
rotor and the rated velocity. This gives an additional limitation onto the minimum radius 
allowable. 
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Figure 1 Design region bounded by technological limits (  and 

), blade tip speed limited by noise and for rotor radius. 
min,SPR

max,SPR maxP
 
The relation between and , NR V ,Ω NLN RV  is given by the following equation: 

 
2 3

Ω ,θ 01
2

op

N NL
P C

N
E M N

P RC
VR Vη η ρπ

⎛ ⎞
− =⎜

⎝ ⎠
⎟  (5) 

The equation above defines a surface ( ),Ω ,NL Nf R R V 0= . Using the blade design used 
previously and maintaining the operating conditions, a surface can be generated as shown in 
Figure 1. 

2.3 AEP Calculation 

The wind resource of a particular site is dependent on many factors which are mainly 
geographical and seasonal wind patterns. These constant changing factors make it hard to 
have a constant wind resource data profile for year to year prediction. However, in predicting 
wind speed variations for a particular year, it is possible to represent in a probability 
distribution. The common practice is to use a Weibull distribution which has been found to 
give satisfying representation of the variation in hourly mean wind speed over a year. It is 
characterized by a scale parameter, c and a shape parameter, k, which describes the 
variation of the mean speed.  

The probability density function of the Weibull distribution can be expressed as 

 ( )
1

exp
kk

k

U Uf U k
c c

− ⎛ ⎞⎛ ⎞= −⎜ ⎜ ⎟⎜ ⎝ ⎠⎝ ⎠
⎟⎟  (6) 

This allows for a specific site to be classified in terms of Weibull parameters c and k. 
Then the average wind speed  can be calculated. aveV
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To calculate the annual energy production, the power 
curve is combined with the Weibull distribution of the wind resource. This can be expressed 
as: 

  (8) ( ) ( ).
cut out

cut in

V

V

AEP NHY P v p v dv
−

−

= ∫
( )P v        power curve function 
( )p v             wind distribution function 

 
The total energy produced by the wind turbine over a period of a year can be obtained 

using this value of capacity factor with the assumption that the wind resource is known by its 
Weibull characteristics. The total annual energy is given by ((Ω , , ,NL NAEP f R V c k= for a 
selected value of radius and blade tip speed limit due to noise, operating a corresponding 
rated velocity over the period of one year.  

2.4 Cost of Energy Calculation 

Fingersh, Hand & Laxson (2006) gives COE as the levelized cost of energy produced 
per kilowatt hour and is calculated by the following equation: 

  
( )

net

FCRxICCCOE AOE
AEP

= +  (9) 

 
Where COE : levelized cost of energy ($/kWh), FCR : fixed charge rate (constant 

$)(1/yr), ICC : initial capital cost ($) and AEPnet : net annual energy production (kWh/yr), while  
AOE  =     annual operating expenses 

 =     
( )

net

O & M  LRC
LLC 

AEP
+

+
 

)

    

Where LLC : land lease cost, O&M : levelized O&M cost & LRC : levelized replacement 
/ overhaul cost 

They developed the cost model as an update and more accurate model compared to 
Harrison and Jenkins (1993) model. The WindPACT cost model used scaling relationships 
developed during their WindPACT rotor study project. It is interesting to note though that 
both cost models shows that optimum rotor size is not particularly sensitive to the type of 
technology installed on the wind turbines. Also in maintaining the objective of this study of 
optimisation, it is deemed not necessary to consider different wind turbine technologies. 

3 RESULTS 

3.1 Case 1: c=7, k=2.5 

The results are presented in contours of (Ω , , , ,NCOE f R V R c k= as can be seen below. 
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Figure 2 Cost of Energy for a given H/R and chosen technology options 
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Figure 3 COE value versus Radius showing optimum radius for lowest COE. 

 
Referring to Figure 2, the COE values are represented by the cutting lines in the figure. 

For a given value of blade tip speed limit due to noise, Ω NLR it can be easily read from the 
figure the value COE with its corresponding radius. Naturally, it is assumed that the value 
COE would generally follow the behaviour of (Ω , )AVE N NL NP P g R V⁄ = which is dictated by the 
AEP produced and the radius size. However, in the figure, it is obvious that COE are not only  
dependent on the AEP but instead is influenced by many factors such as rotor size and 
machine rating in scaling relationships.  

This is apparent as seeing the minimum COE values are generally obtained from a 
larger set of rotor operating in rated velocity range of 10-11 m/s and lowerΩ  . NLR

3.2 Case 1: c=10.5, k=2.5 

In Figure 3, this region of minimum COE is given by smaller rotor diameters operating in 
higher rated velocity range of 11.5-12.5 m/s and higherΩ .  NLR
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Figure 4 Cost of Energy for a given H/R and chosen technology options 
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Figure 5 COE value versus Radius graph showing optimum radius for 

lowest COE. 

For both cases having the same rotational speed limit due to noise, the optimum rotor 
radius for the lowest COE varies greatly. In the first case, the minimum value is not achieve  
within the limits while in the second case there is a clear minimum which represents the 
optimum rotor radius. 

4 CONCLUSIONS 

The paper proved that wind turbine rotor size can be optimised to achieve the lowest cost of 
energy production. The COE is proven to be a design parameter that can result in significant 
reductions. The potential of the total reduction coupled with optimisation in other aspects 
such as aerodynamics and material would eventually lead a very lean and efficient machine. 
Customization of wind turbines for selected wind farm sites will be a design practice worth 
considering in the future with the shown benefits in this work. 
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Wind farm – fuel cell hybrid energy system for reducing power 
fluctuations in wind farms 

 

J. E. Villena-Lapaz1), A. Vigueras-Rodríguez1), E. Gómez-Lázaro1),  
J. A. Fuentes-Moreno2), A. Molina-García2)  

1) Renewable Energy Research Institute, University of Castilla la Mancha, Spain 

2) Technical University of Cartagena, Spain 

ABSTRACT 

With the increasing production of wind power worldwide, power fluctuations have an impact 

on power system operation and costs. Power systems with high wind penetration give rise to 

concerns about the adverse effects of wind farms on power operations and their stability.  

In order to reduce these power fluctuations, a simple wind farm-fuel cell stack hybrid power 

system has been proposed. Fluctuations are evaluated through ramp rates and reserve 

requirements in both systems: the wind farm and the wind farm-fuel cell hybrid system, and 

they are compared. The model proposed improves the behaviour of the system in terms of 

power fluctuations.  

 

KEYWORDS 
Power fluctuations, hybrid system, ramp limitation.  

1 INTRODUCTION 

Regarding the integration of wind energy in power systems with high wind penetration, the 

power fluctuations are a relevant issue that must be studied Error! Reference source not 
found.. The integration of the power produced by wind farms is evaluated through ramp 

rates and reserve requirements calculated as suggested by Parson et al. Error! Reference 
source not found..  
The ramp rates are calculated as the difference between the average power produced in one 

time interval and the previous one: 

Pramp�j�= P�j�− P�j− 1�                                                     (1) 

   

The reserve requirements deal with the energy reserves that have to be allocated in 

advance, and so it quantifies the difference between the instantaneous power in the following 

interval and the averaged power at the current interval: 
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Pres�j�= P �j�− Pmin�j�1�                                                    (2) 

 

Therefore these power ramp rates are the ramp requirements the electrical system would 

have to compensate, keeping constant the production. For instance, this can be done by 

regulating the other power plants with an opposite ramp.  

The worst cases regarding the power system are the most negative ramp rates in the wind 

farm and the greatest reserve requirements, so the percentile 99% and 1% respectively, are 

used as a way of characterizing the integration difficulties. 

In order to improve these indicators, a simple wind farm-fuel cell stack hybrid power system 

has been proposed.  

2 SYSTEM DESCRIPTION 

Using the wind farm aggregated simulator shown in Error! Reference source not found. 
and Error! Reference source not found., several 2-hour series of available power have 

been simulated for average wind speeds which follow a Weibull distribution. The fuel cell 

produces energy to attenuate the variations in the power production of the wind farm. Thus, 

the power produced by the wind farm is averaged every two minutes, the total power 

produced by the hybrid system is calculated in real time as the sum of that value and the fuel 

cell power production, and the derivative in each point (every two minutes) of the total power 

is approximated, also in real time, using the two previous values and the one at that point 

itself. Finally, the power that the fuel cell will produce during the next two minutes is equal to 

the power produced during the previous interval minus the variation experimented by the 

system total production.  

 
PT�j�= PWF�j��PFC �j� 

PFC�j�= PFC�j− 1�− � PT�j�= PFC �j− 1�− k �3PT�j�− 4PT�j− 1��PT �j− 2�� 
Where 

 PT�j�is the total power produced by the hybrid system in the jth interval. 

 PWF�j�is the power produced by the wind farm in the jth interval. 

 PFC�j�is the power produced by the fuel cell in the jth  interval. 

 � PT�j�Is the variation of the power produced by the hybrid system at the end of the jth  

 interval. 

 and  � PT�j�= 3PT �j�− 4PT �j− 1��PT �j− 2�comes from the approximated derivative 

of a  function using the two previous values: f ' �x�≈ 3f �x�− 4f�x− h�� f �x− 2h�
2h  
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Interval size of two minutes has been considered because, according to Error! Reference 
source not found., it's enough if compared with the time the fuel cell needs to reach the new 

level of power when a sudden change in demand occurs.  

 

The fuel cell proposed in this model is always producing power between two values, thus 

avoiding the lack of time a real device needs to get restarted when it's stopped. In that way, 

the minimum power that the stack produces is been fixed to 0,05 pu (5% of the wind farm 

nominal power). Different maximum values of the power produced by the fuel cell, from about 

0,4 pu to the minimum, 0,05 pu, have been set. The last case corresponds to a fuel cell that 

is always producing the same amount of power (0,05 pu). 

In figure 1, an example of a 2-hour series of power is presented. The blue line corresponds 

to the power produced by the wind farm, averaged every two minutes. The variable nature of 

the wind causes fluctuations of this production, as one can see in the figure. From that 

variations, as explained above, the fuel cell power production is calculated in real time, and it 

is represented by a green line. Finally, the total amount of power produced by the wind farm-

fuel cell stack hybrid system is drawn in red.  

After that, one of the regulation techniques for smoothing the fluctuations of a wind farm is 

implemented Error! Reference source not found.. In this work, positive ramp limitation is 

applied to the 2-hour series of wind farm power. In the case of study the power losses 

associated with this regulation technique are  5%. This corresponds to a maximum slope of 

4.7 x 10-3  pu / min Error! Reference source not found.. From the curtailed power produced 

by the wind farm, the fuel cell acts in order to compensate the fluctuations that exist despite 

the ramp limitation technique used, as detailed above. Finally, the total amount of energy 

produced by the hybrid system is analysed and compared again with the case in which the 

wind farm operates alone and no regulation is used.         

In figure 3, an example of a 2-hour series of power is presented. Here, the black line 

represents the power produced by the wind farm when the positive ramp limitation is applied. 

The fluctuations of the power generated by the hybrid system, represented by a red line in 

figure 1 and figure 3, are perceptibly lower than those of the wind farm when operating alone.  

Ramp rates and reserve requirements, and percentiles 99% and 1% respectively have been 

calculated for both the wind farm in one hand, and for the hybrid system proposed in the 

other hand, and they have been compared for different values of the fuel cell maximum 

production. In the case of no ramp limitation applied (figure 2), as expected, when the fuel 

cell produces a constant amount of energy, there is no improvement in neither the ramp 

rates nor the reserve requirements. As seen in the figure, from the point of view of power 

fluctuations, a fuel cell that produces a maximum of 25% of the wind farm nominal power 

would reduce power ramp rates by nearly 70%, and the reserve requirements by 60%.  
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Thus, taking a fuel cell capable of producing power between 5% and 10% of the wind farm 

nominal power, which is possible to implement in the Renewable Energy Research Institute 

laboratory, the improvement in the ramp rates is 18%, and in the reserve requirements, 14% 

approx. In the second case of study, with tamp limitation, ramp rates and reserve 

requirements, and percentiles 99% and 1% respectively have been calculated for both the 

wind farm without any curtailment in one hand, and for the hybrid system proposed in the 

other hand, and they have been compared. In this case, when the fuel cell produces a 

constant amount of energy, there is an improvement in either the ramp rates and the reserve 

requirements, due to the effect of the ramp limitation (see figure 4).   

As seen in figure 4, a fuel cell that produces power between 0,05 pu and 0,1 pu, the 

proveme

nt in both 

the ramp 

rates and 

the 

reserve 

requireme

nts is over 

21%.   

im

 

Figure 1: 
Example of 

a 2-hour 
series 

power production of the wind farm, the fuel cell-stack and the hybrid system  

 

Figure 2: 
Improve
ment in 

percentil
s 99% or
ramp 

rates and 
1% of 

reserve 
requirem

ents 
when 

reducing 
the maximum power produced by the fuel cell from 40% to 5% of the wind farm nominal power  
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Figure 3: 
Example 

of a 2-
hours 
series 
power 

productio
n of the 
nd farm

the fuel 
cell-stack
and the 
hybrid 
system 
when 

positive 
ramp 

limitation is applied  

wi , 

 

Figure 4: 
Improvem

ent in 
percentile
s 99% or 

ramp 
rates and 

1% of 
reserve 

requireme
nts when 
reducing 

the 
maximum 

power 
produced 

by the fuel cell from 40% to 5% of the wind farm nominal power, in the case in which ramp 
limitation has been applied to the wind farm power production    
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3 CONCLUSIONS 

Studies of the power fluctuations of a wind farm-fuel cell hybrid power system have been 

carried out, comparing them with the wind farm-only system.  

The model proposed enables the fuel cell to generate energy as a function of the total power 

variation in real time. As a consequence, power fluctuations, estimated trough ramp rates 

and reserve requirements, get considerably lower.  

If ramp limitation is applied to the wind farm power production, the improvement is even 

higher. Moreover, since the fuel cells produces power depending on the fluctuations of the 

wind farm, and these are lower because of the ramp limitation, the variation in its production 

is lower too, which means better behaviour and easier implementation in a real device. 

The authors in this paper have focused in power fluctuations, without taking into 

consideration efficiency aspects. For instance, infinite amounts of hydrogen are available, so 

the fuel cell can generate as much power as desired. Further studies will get closer to real 

cases, and some real experimentation will be carried out at the Renewable Energy Research 

Institute. 
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Turbine Wakes  
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and Computer Science  

ABSTRACT 

In order to calculate the wakes of wind turbines and their interaction in wind farms, the 

current state of the art is to solve the incompressible Navier-Stokes equations with a suitable 

turbulence model (e.g. a RANS or LES model), and with an actuator-type approximation of 

the wind turbine blades [4]. Especially in LES it is important that the numerical scheme used 

not only conserves first-order quantities as momentum but also second order quantities like 

kinetic energy [2]. The method of Harlow and Welch [1] posesses this property through the 

use of staggered grids, and has been used in so-called symmetry-preserving discretizations 

[6]. In such discretizations, sometimes called mimetic, the difference operators mimick the 

properties of the underlying differential operators. In this way the discrete kinetic energy can 

only change due to viscous dissipation, leading to a discretization that is stable on any grid. 

 

We have tested a second-order and fourth-order symmetry-preserving discretization in two 

dimensions and have found that the inclusion of a body force, as presented in actuator-type 

formulations, is more straightforward then when using a colocated discretization like in [3]. 

Furthermore we have shown that accurate results can be obtained for a number of laminar 

flow benchmark test cases, including discrete energy conservation in case of unsteady flows.  

 

These ideas of symmetry preservation and conservation are currently pursued in extending 

the method to turbulent flow. Instead of adapting the diffusive operator of the Navier-Stokes 

equations, as done in RANS computations, in our opinion it is more logical to model 

turbulence through approximations of the non-linear convective term, since this term is 

responsible for transferring energy from large to small scales of the flow. Convection-

operator based turbulence models should then be constructed such that the symmetry and 

conservation properties are preserved [5]. Higher-order schemes will be necessary to avoid 

interference of the subgrid-scale model with truncation errors. The use of this approach for 

turbulent atmospheric flows is one of the topics of ongoing research. 
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