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DeepWind 
• A radical new design- aiming for better COE and a more reliable wind turbine  

– Few components-less failures at less cost 
– Pultrusion-less failures; cost approximately 30% of conventional blade 
– Operation not influenced by wind direction 
– New airfoil profiles  available for better efficiency 
– Simple stall control with overspeed protection 

• Rotating spar with high Aspect ratio-Less displacement than existing concepts 
• No nacelle-low center of gravity - high stability 
• Upscaling potential 
• Insensitive to wind turbulence 
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Design suites(1) 
 General FE model 
 Wind 

Atmospheric 
Turbulence 

Shear 
 Aerodynamics 

Dynamic stall 
Actuator Cylinder 

 Hydrodynamics 
Magnus force 
Morrison forces 
 Friction 

 Mooring lines 
 Generator control 
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Design suites(2) 
• Generator design tool 
• CAD design tool 
 

 
 
 

Optimization 
Simulation 
Visualization 
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Bearing design-test rig 

6 4 May 2015 

Presenter
Presentation Notes
The DeepWind operating conditions are characterized by the bearing loads, the shaft torque and speed, the ambient conditions and the dynamic loading. The bearings will be required to carry loads while the shaft is stationary, during acceleration and under all operating conditions. The ambient conditions include the water pressure and temperature, the chemical composition of the water and the presence of life in the water. The load bearing capacity of a bearing is a function of the operating speed, the torque and the forces applied to the shaft. Forces applied to the bearing must be resolved into components along the tube axis and components normal to the tube axis. Components along the axis are known as thrust components and components normal to the axis are known as radial components.
In order to design a magnetic bearing that supports the shaft reliably in the housing, it will be necessary to control the forces generated by the bearing somehow. This is because the relationship between the magnetic force and the distance is in unstable equilibrium. The controlled or active magnetic bearing was chosen for study because it can be controlled to respond well to the changing loading conditions expected in the DeepWind application. A Design Tool was developed by the team to enable rapid evaluation of the journal and thrust bearings as required. This tool was validated on a purpose built laboratory test rig. The design tool was programmed on the MATLAB platform, and linked to a dynamic model in SIMULINK. 
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Preconditions-Site(Karmøy, No) 

7 4 May 2015 

Velocity of the water currents at the surface [m/s] 0, [0.35,0.7] 
Maximum significant wave height Hs [m] 14 

Maximum peak wave period TP [s] 16 

Wind speed (limit wind speed of the design) [m/s] <25 

Latitude: 59° 
8'44.88"N,  

Longitude: 5° 
1'25.66"E 

DHI’s Hindcast model 
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Sketch of the concept 
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• Modified rotor shape 

 |ε|<5000E-6 m/m 

 Sectionized NACA 0018,0025 
profiles 

 Light rotor with pultruded 
blades 

• Simple conical support tower  

• Floater design implemented 

• Generator at end of rotating 
spar 
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Airfoil development 

9 4 May 2015 

LTT WT TUDelft 

Presenter
Presentation Notes
DeepWInd is also about development of modern airfoil suitable for VAWTs.
The intension is to have  good performance and have good stiffness index for the profile.

Airfoil development via a genetic algorithm minimises a dual-objective function: an aerodynamic performance function and a structural performance function; the definition of the objective function is presented in REFERENCE Simao Ferreira, C. and Geurts, B. (2013). Aerofoil optimisation for vertical axis wind turbines.

Secondly wind tunnel investigations in the Low turbulence WT of TUDelft have been carried out to verify the calculated profile coefficients. To the right hand side the comparison between measured(which are PIV, Wake traversing) and calculations  with Xfoil have been done and show good aggreement.
The performance of a rotor with thick asymetrical airfoils like the DU12W262 VAWT airfoil outperform in calculations the traditional NACA0018 profiles at low tip speed ratios.
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Blade Design 

1st DeepWind 5 MW baseline design 10 04/05/2015 

Pultrusion: 

 

Constant chord over length 

Low manufacturing cost + 

Structural strength for thin profiles  - 
 

 

 

.:. Structural stiffeners  to improve  strength in blade cross  section 

 5 MW blade section,  1st baseline 
Rotor shape: 

 

Gravity and centrifugal loads are important for VAWT rotor blade shape design 

Present design fully shape optimized  
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Blade shape optimization 

11 4 May 2015 

Loading: Sea state 3, 24 m/s no turbulence 
“Pultrusion is one of the most cost-efficient composite manufacturing 
methods to produce constant cross sectional profiles at any length”.  
DeepWind-from idea to 5 MW concept Energy Procedia (2014)   

Presenter
Presentation Notes
The Optimized blade profile having a low weight and high stiffness is obtained according to the design evaluations based on the standstill calculations in ANSYS software . According to the design evaluations performed, an optimized blade having low weight and high stiffness is obtained leading to the maximum linear elastic strain being less than 5000 µm/m. The design loads of the DeepWind 5 MW turbine are calculated using HAWC2
A static analysis of the rotor subjected to the calculated design loads in  is carried out using a general purpose finite element (FE) software ANSYS. The schematic of the structural simulation is shown in lefthand Figure. The design loads are applied at 7 specified locations of the rotor blade as shown. These loads consist of forces (Fx, Fy, Fz) and moments (Mx, My, Mz) calculated for the deterministic flow and a wind speed of 24 m/s at sea state 3. The tips of the rotor are assumed to be fixed to the shaft. 

The deformation of the rotor under applied design loads is shown in left hand FIgure and compared to the one obtained under standstill calculation. It is seen that, under the design loads, the rotor is lifted up as compared with the undeformed and self-weight conditions. The strain distribution along the blade height is shown in right hand Figure. The strain level under the design loads are in the limit of maximum elastic strain level, i.e. 5000 µm/m, as obtained also for the standstill calculations. However, the strain distributions are relatively more complex due to the non-uniform distribution of the applied design loads, i.e. discrete loads.
According to this static analysis it is found that the sectionized blade developed in the DeepWind 2nd iteration for 5 MW design can carry the design loads calculated by HAWC2 for the deterministic flow and a wind speed of 24 m/s at sea state 3, i.e. the strain level is predicted as less than the maximum limit 5000 µm/m.
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Pultrusion manufacturing 

12 4 May 2015 

100 mm 
 Baran I, Tutum CC, Hattel JH. The internal stress evaluation of the pultruded 

blades for a Darrieus wind turbine. Key Eng. Mat. 2013; 554-557: 2127-2137 

Presenter
Presentation Notes
a process modelling tool has been developed for the pultrusion manufacturing method. With this model the curing of the matrix material can be analysed and questions with regard to size of specimens can be answered. The specimens analysed in the simulation has been of smaller size and are simplified as seen on the slide , where a 100 mm wide blade profile is analysed. The ongoing work on the simulation model incorporates larger specimen and also verification with manufactured specimens, but according to the model, the manufacturing of blades with material thickness 60 -80 mm material thickness is possible with the pultrusion process. This will be adequate for the 20 MW windturbine . The limiting factor for pultrusion industry is currently the ability of the pulling mechanism to pull the profile of the matrices. A 3 m wide pultruded specimen has been manufactured. Todays pulling capacity on the market is 80 T.
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Industrial joints solution 

13 4 May 2015 

Courtesy of SSP 
Technology A/S 

© 

Slim profile-------Joint------Thick profile 

r1 r2 

 Investigation of potential extreme load reduction for a two-bladed 
upwind turbine with partial pitch,” Taeseong Kim, Torben J Larsen, and 
Anders Yde, Wind Energy, submitted 2013. 

Presenter
Presentation Notes
In DeepWind, the sectionized rotor concept has been developed in which three pultruded blade profiles are connected to each other. Several solutions for this connection are available such as using an adhesive for bonding the sections together. However, there is no available reference in the literature related to this bonding process. Another solution is to co-cure a mechanical connection to the blade profile. An example is shown in the left hand picture, where a root section is pre-manufactured and co-cured with the blade for a large horizontal wind turbine.
This type of connection could be combined with a similar connection on the accompanying blade part as shown in the right hand picture. The inner blade part may be manufactured with other techniques or materials as the outer blade part for lower costs or ease of assembly. The concept of assembly of blade sections with bolted connection is also known for large horizontal wind turbines as given by reference.
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Floater 

14 4 May 2015 

• Gravity stability: vertical distance 
between COG and BC 

• If Rotation around COG and weak 
Pitch-Surge coupling :    .:. 
Tn5=2Pi √(I55+a55/k55) 

 

• Avoid resonance 

 Tn> wave periods with significant 
energy contents 

 (I55 + a55) increase or decreasing k55 

 

CB 

COG 

Presenter
Presentation Notes
The stability of a free floating spar relies primarily on the vertical distance between the mass center COG and the buoyancy center BC. Rotational stiffness is obtained by non-homogenous mass distribution such as heavy ballast at bottom and a voluminous part on the upper part. If the rotation is assumed around COG in the paper plane, we have (as usual) a weak coupling between pitch rotation and surge motion. The uncoupled resonance period is then approximately Tn5 where k55 is the pitch stiffness, and I55 and a55 are the mass moment and added mass moment of Inertia.



DTU Wind Energy, Technical University of Denmark 
   

    
   

Floater 
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Presenter
Presentation Notes
Te left hand figure shows how the vertical location of the rotor blade mass centre affects the natural periods and static inclination of the turbine. Lowering the mass centre reduces the angle and reduces the pitch natural period. A sensitivity analysis showed that optimizing the floater size for various blade mass centres reduced the cost of the floater, but marginally. Similar cost reductions arte obtained by reducing the mass of the rotor tower.
A real future application of the DeepWind floating will be as a part of the deep sea offshore farm, not different from other concepts. However, anchoring  is a cost sensitive issue in planning. Sharing the same anchoring points as optimal as possible as shown with the hexdiagonal layout is a step in this direction of reducing costs. 
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Safety system 

16 4 May 2015 

Demonstrator testing 

blades hitting water 

 

 

Wave 

Before  hit  after 

Presenter
Presentation Notes
The concept is intended to have a water brake safety system in case of overspeed situations.
From the demonstrator tests carried out in Roskilde Fjord on the 1 kW wind turbine, we were inspired to look at an alternative but promising option which is sinking the complete Deepwind  turbine.
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Safety system 

17 4 May 2015 

Idea from 
Demonstrator testing 

blades hitting water 

 

 Huge Rotor Inertia 

Slow rpm 0.6 rad/s 

 

Max sinking depth to 
avoid mooring line 
twisting is 65 m  

≈ 50 deg twist 

.:. To be verified 

36 m 

Presenter
Presentation Notes
For the 5 MW wind turbine the inertia forces are large and the time for a revolution low, about 6 rpm.
The promising option of sinking the complete Deepwind is to allow the floater to get filled with sea water. The maximum sinking depth to avoid the twisting of the mooring lines is 65 m. while the required depth is 36 m. This 36 m. corresponds with 50 degrees of “rotation” of the mooring arms, which is acceptable.
However we need to simulate run away situations.
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Results Blade shape-modified Troposkien 
shape 

18 4 May 2015 

• Blade length ≈200 m 

• Blade weight ≈ 45 T 

• Less bending moments 
at blade root and 
predominantly tension 

Presenter
Presentation Notes
Within the methodology the combined effects of blade gravity at standstill and met-ocean loads during operation is demonstrated by an iteration approach propagating into a rotor  shape almost tolerant to turbulent aerodynamics. Internal blade loads are mostly tension like, and use of the more thick profile assist the roots allows better bending moment resistance.
The shape is much different than before, with a blade weight that has reduced by a factor of 4 compared to the 1st baseline design and now with a specific weight of around 225 kg/m.




DTU Wind Energy, Technical University of Denmark 
   

    
   

Results-Electrical system 

19 4 May 2015 

Direct Drive 

Permanent Magnet 

Radial Flux 

Height x Dia ≈3m x 6m 

Weight (core material) ≈ 90 T 

 

Presenter
Presentation Notes
For the generator  a direct drive permanent magnet radial flux machine was designed with the dimensions of height over diameter to approximately 3 by 6 m and having core materials of approximately 90 T weight. On the right hand side a sketch of the stator-rotor details from the design tool. 
However the generator has to operate at deep underwater conditions and withstand outer loads and environmental conditions of saline water. For O&M issues design is also crucial for the electrical system to operate safe. An idea is to place the converter in the enclosure shared with the generator, and needs access possibilities from above or to have it as an independent module attached to the system, but  with easy demounting possibility to get it up at the surface.



DTU Wind Energy, Technical University of Denmark 
   

    
   

Results-Electrical system 

20 4 May 2015 

2p damping with notch  
filter and PI controller 

All active turbine control 
via generator torque 

Grid integration  

4 quadrant inverter 

 

Presenter
Presentation Notes
The Darrieus turbine is not self-starting. To start it and connect to the grid, a 4-quadrant inverter is used. This also allows independent control without use of a transformer. In this way the turbine is controlled by a single speed reference supplied to the converter controller. We have looked into interaction of the grid and turbine dynamics.
The baseline controller is essentially a standard PI controller with a notch filter on measured rotational speed that takes out 2p speed variations, thereby allowing 2p speed variations that compensate for 2p aerodynamic torque variations such as to give a fairly smooth generator torque and torque on mooring system.
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Results-power curve 

21 4 May 2015 

Presenter
Presentation Notes
The power curve is shown here for different sea states, Blue SS1 Red SS2 Green SS3. Circles are mean values and whiskers are +- 1 standard deviation. The variation is mainly caused by the pulsating aerodynamics
torque during each revolution from the 2-bladed rotor .
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Results-pitch 

22 4 May 2015 

Presenter
Presentation Notes
The Figure shows that the turbine pitches increasingly as the wind speed increases, which is also expected because the thrust increases with the wind speed. 
In the high end wind speed the turbine tilts about 2-3 deg more than intended.
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Results-roll 

23 4 May 2015 

Presenter
Presentation Notes
Here we demonstrate that the Magnus force effect is nicely predicted with the simulation tool.
The roll behavior seen in  the Figure might appear peculiar because there is a significant increase in the roll angle for wind speeds above 14 m/s. However, this is easily explained by the Magnus force that is proportional to the sea current. The simulated sea states are defined with a discrete increase in current at 14 m/s. Thus a discrete increase in the roll angle, which is mainly affected by the Magnus force, is also expected around 14 m/s.  
Indeed here we comfortably met the intention of less than 10 Deg tilt, a nice result in terms of that the Magnus force is a quantity of same magnitude as the thrust for this site.
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Results-moments 

24 4 May 2015 

Presenter
Presentation Notes
The damage equivalent moments from the Figure demonstrate that  it is evident that the capability of modeling the Magnus Force is crucial for estimating the correct loads.
The full set of certification load cases (following IEC) will be applied on the concept.
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Conclusions 

25 4 May 2015 

• Demonstration of a optimized rotor design with pultruded, sectionized 
GRP blades 

• Aerodynamic stall control, a robust and simple electrical controls 

• 2 Blades with 2/3 less weight than 1st baseline 5MW design, and Less 
bending moments in root, and tension during operation 

• Potential for less costly light weight rotor 

• Use of moderate thick airfoils of laminar flow family with smaller CD0 
and good CP  increase efficiency  and increase structural rigidity 

• Floater :successful design in harsh environment 

• Industrial solutions  available for joints, underwater generator  and 
mooring system 

• No show stopper- the concept can be developed further in an industrial 
optimization process 

• COE/LCOE: DeepWind technology in a steep learning curve  

• The 20 MW is far beyond current wind turbine sizes 

 

 

Presenter
Presentation Notes
The 5 MW design is fixed and the concept is further investigated on COE. Preliminary cost indications are that COE is less than 1€/kWh. We are also looking into LCOE.

For the 20 MW case, upscaling issues will be addressed
How to go from  Reynold numbers of 1 Mill to 10 Million, and unsteady effects in stall region
Large PM generator
Steps for implementing magnetic bearings
Pultrusion of 7-10 m chords?

The 20 MW is far beyond current wind turbine sizes, so in terms of standards and availability of components at the required ratings there are many open questions. But these are more related to market readiness and manufacturing than the technology itself.
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