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Abstract. Large-scale floating vertical axis wind turbines have great potential for offshore applications. This paper will 
review the recent developments for generating torque and controlling vertical-axis wind turbines (VAWTs) specifically for 
floating applications. The phenomena presented include dynamic stall and pitching of the blades, as well as design of 
airfoils for VAWT applications.  

Keywords: wind energy, floating offshore, torque controls, aerodynamics, vertical-axis wind turbines, rotor configurations, 
flutter, standstill vibrations 

INTRODUCTION 

The increasing demand for renewable energy has resulted in new wind turbine systems, greater installed capacity, new 
designs and new levels of maturity over the last three decades [78]. Wind turbine systems offer increasing reliability 
in technical aspects, such as lifetime and operating availability. They provide electricity from wind at a competitive 
cost compared to other existing methods of energy supply. The areas available to wind farms are getting constricted, 
and the way the society use wind energy is changing. As a result of this, new markets have opened. One such market 
is offshore wind, where new and different concepts must be considered. The vertical-axis wind turbine (VAWT) can 
be beneficial for floating offshore concepts, as floating VAWTs have inherent advantages when compared to floating 
horizontal-axis wind turbines (HAWTs).  Recently, major efforts have been undertaken in both Europe and the United 
States to explore this technology. The recent study made on the offshore DeepWind VAWT concept, a floating large-
scale Troposkien-shaped Darrieus turbine, see Figure (Fig.) 1, used the technology for VAWTs developed by Sandia 
between 1970 and 1995 [4]. In the DeepWind project1 [57] the previous research was applied to a floating wind 
turbine. A report from Sandia reviews the development and configurations of VAWTs, and the lessons learned [70]. 
The DeepWind VAWT concept is challenging existing offshore wind technology, and has drawn attention due to its 
new design, well suited for offshore conditions [58]. This project1 challenged on the assumption that stall- and variable 
speed control of a Troposkien shaped Darrieus rotor will be more cost competitive than a pitch controlled H-type 
Darrieus rotor. In the USA, Sandia National Laboratories has renewed R&D efforts in VAWTs, investigating 
innovative VAWT rotor technologies at large-scale, along with efforts to pursue optimal configurations for floating 
wind turbines (See Fig. 2a). Several different rotor types [64] and floating system configurations [25] have been 
evaluated for a floating VAWT system [29,30]. Meanwhile, research on VAWTs is conducted on a global scale at 
universities, and some issues do not have a definite answer. It is currently unclear if the VAWT can be more 
economical than existing HAWT for floating offshore applications, and there is no academic agreement on how to 
derive the most energy from a VAWT on commercial scale with a competitive cost of energy (COE). The 
demonstration project INFLOW [38] combines in a similar way as DeepWind several technologies, in a configuration 

                                                 
1 See for concept details and results www.DeepWind.eu 
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of two counter-rotating, pitch controlled H-rotors without guy-wire support (See Fig. 2b). [23] describes in a 
comparative study a HAWT and two VAWT rotors (Darrieus and H-type), on structural dynamics, control systems, 
maintenance, manufacturing and electrical equipment. In recent reviews, [3] summarizes latest research conducted at 
Uppsala University on a 200 kW and a 12 kW land based VAWT, with H-rotor similar to INFLOW concept [3].  

 

(a)     (b)                                                          (c) 
FIGURE 1 (a): 5MW DeepWind conceptual design. (b): DeepWind towing scene. (c): DeepWind installation scene [20] 

This article reviews and summarizes the development trends in VAWT design and control for floating offshore 
applications, different designs based on ingenuity and simplicity, energy effectivity, controls mechanisms and 
influences on COE. The complexity of the control mechanism has an influence on the COE. Both building cost, which 
is a part of the capital expenditure, CAPEX, and operation and maintenance cost, called OPEX, will increase as more 
moving parts are added. The aim is to describe advantages and disadvantages of the various methods of control for 
VAWTs, with a focus on performance and energy production.  

Limited information exists in literature on full-scale VAWTs measurements, in this article we deal mainly with 
many observations from numerical studies, from laboratory testing - and from small-scale experiments2. We also 
realize that this survey comprehends a limited amount of references from literature on the topic of VAWTs; vast 
amounts of information exist on research and developments on airplanes, from the marine sector, from the Oil & Gas 
industry, and information about HAWTs developed over the years. Omitted here are details that have been achieved 
in aerodynamics, in aeroelasticity and efforts translating these results into the field of wind energy. An example of 
service to readers provided by wileyonline.com updates a survey on wind energy literature on a regularly basis. We 
give in this paper a selection of the many details in the extensive field, and cover some essential points with focus 
towards aerodynamics and its control, and the structural implications.  

On controls, [3] reports an Uppsala H-rotor with PMG generator and electronics converter. [49] describes the 
control algorithm for the DeepWind 5 MW conceptual design, and [62] summarizes the electrical aspects on generator 
and bearings with the overall simplicity outlined in [58], and in [63] on the power electronics converter. 

On review of offshore floating wind energy, [34] elaborates on the potentials of using HAWTs with floating 
support structures, hereby explaining on the principles, challenges and interactions with controls advocating for careful 
design of HAWT pitching mechanism. Therefore, the reference addresses some common challenges for VAWTs. 

                                                 
2 A offshore measurement campaign was planned in INFLOW for 2017, but cancelled due to termination of the project 
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(a) 
            

(b )                                                                                         ( c) 
FIGURE 2 (a): Different innovative rotor configurations considered in Sandia’s VAWT research [64].(b): INFLOW concept: twin 
rotor on tri-floater [38].(c): Power curves for pitch and stall regulated wind turbines 

APPROACHES AND METHODS 

This paper will look into pitch-regulated and stall-regulated vertical axis wind turbines. Pitch-regulated wind 
turbines have increasing power up to the rated wind speed, and then produce constant power up to a cut-out wind 
speed. This is achieved by pitching the blades along the longitudinal axis. At the cut out speed, the pitch control is 
usually no longer able to limit the rotational speed, unless pitching increases the rotor drag. At these high wind speeds, 
the structural integrity of the turbine can also be threatened by vibration, turbulence or gusts. 

The blades and in particular the airfoils of a stall-regulated wind turbine are designed for constant tip speed ratio 
λ=ωR/U0 in such a way that the rotational speed ω decreases for wind speeds U0 above a certain value, where power 
is limited onwards. The control is by far non-trivial to make the design protect the wind turbine from over speeding. 
A reduced rotational speed leads to a decrease in power production. As the angle of attack continues to increase above 
a limit, stalling occurs, and the area of the blades that stalls propagates towards larger parts of the blade.  

The main difference between pitch-regulated and stall-regulated wind turbines is at high wind speeds, where the 
pitch turbines can have a constant power production, while the stall-regulated turbines decrease power in dependency 
on rotational speed (See Fig. 2c). It is obvious, that curved blades are impracticable for using technically existing 
pitching devices. Both pitch-regulated and stall-regulated turbines have devices (e.g. spoiler, water brake, see [57]), 
that can keep the turbine still or in safe motion at very high wind speeds, above cut-out speed. Five different aspects 
of control of VAWTs will be assessed in this review: airfoil design, the dynamic stall phenomenon, active & passive 
pitching of the blades, and braking/parking strategies for VAWTs.  

A VAWT has three main phases of operation: starting up and operation below and above rated wind speed, and 
the aspects of control is evaluated in each of these three phases. [15] gives a survey of the VAWTs in comparison with 
HAWTs in key topics such as technology, conversion efficiency, upscaling, fatigue, and machinery position. [80] 
gives a dynamic model of a 2-bladed 5 MW Darrieus type turbine integrated with the OC4 DeepCwind semi-
submersible support structure in a model-to-model comparison. The 2p response and first natural pitch motion from 
wind can be observed when the wind is combined with wave.  [19] makes a review on trends and technologies in 
floating vertical axis wind turbines (FVAWTs) and summarizes the use of conceptual platforms on stability for a 
tension leg platform (TLP), a semi-submersible and spar buoy  with different rotor configurations, such as 5 MW 
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Darrieus rotor. Resonance of floating VAWTs has been studied recently [54] where the impact of the floating support 
structure on modes of vibration was analyzed and compared with land-based and shallow-water monopole supports. 
Comparative studies on different FVAWT concepts have been conducted recently in [16] and [58]. [17] summarizes 
guidelines for the VertiWind VAWT project, being a predecessor of a design for the Industrialization Setup of a 
Floating Offshore Wind Turbine [38]. 

On the operation of a Darrieus rotor in an oblique flow, [65] find with a vorticity formulation an increase in power 
output as the oncoming wind becomes increasingly oblique comparted to that developed at normal flow conditions. 
The height over radius, tip speed ratio and the wake interaction are main contributors for this finding. In comparison 
to the tilted operation on the DeepWind demonstrator conducted in a wind tunnel, the study showed differences on 
the rotor efficiency [10], as seen in Fig. 9c in comparison with measurement on the Sandia Ø2m rotor with NACA0012 
airfoils. 

New Airfoils for VAWTs 

The airfoil design can greatly enhance the properties of a VAWT, both related to increased power production and 
the self-starting ability. [61, 36] show, that these properties are highly linked to airfoil thickness and the camber and 
reflex property. The airfoil pressure efficiency CP is highly dependent on these parameters for favorable combinations 
of local pressure increase/decrease along the flow direction. Most research in VAWTs is conducted on rotors using 
NACA airfoils, modified NACA airfoils such as SNL1850, SNLA2150 or Somers new airfoil, S824 [70].  

TUDelft developed tailored airfoils for DeepWind (DU12W262), chambered with reflex properties of the trailing 
edge that gives a steeper CL curve than a similar NACA airfoil. TU Delft has also done research on thick airfoils 
[DUyyWxxx], where airfoil design methodology is explained [76]. The DU96 profile was originally intended as an 
airfoil section with position close to the tip of HAWTs. The performance of the designed airfoil has been tested for a 
range of Reynolds numbers in the order of 0.7 to 1 million, relevant for small to medium sized wind-energy 
applications. 

[13] performs a study on a Darrieus rotor with asymmetric blades using the NACA 2415 airfoil. The analysis 
concluded that a cambered airfoil can have enhanced start-up capabilities, but that there are losses due to lower 
performance at higher tip speed ratios. The same authors then showed that a modified NACA0018 airfoil with a hinged 
tail would have better self-starting performance than the NACA2415 [14]. [71] show that directed guide vanes can be 
an advantage in straight bladed Darrieus VAWTs, then [72] conducts an experimental study of the effect of guide 
vanes. This study shows that the power coefficient and the torque coefficient are independent of the number of guide 
vanes. Cambered airfoils can make the turbine self-starting and increase the power production below rated. 

Several airfoil designs for VAWTs have been evaluated over the past decades, and technology developed for 
aircrafts could serve as inspiration for transfer of technology into VAWTs. Classic design guide lines for the NACA-
airfoils3 can be found in [35], [61], NACA bulletins (e.g. TN3007 [40]), and modern textbooks. Sandia-airfoils, 
cambered airfoils from TU Delft: DUyyWxxx, the RISØ4 , FFA, NREL and various symmetrical airfoils information 
are found in different reports from the parent organizations. Studies for achieving maximum lift for airplanes [36,40] 
show, that maximum lift can be considerably increased by the use of a nose flap for profiles, where the point of 
turbulent separation is located close behind the profile nose [45]. However, the stalling characteristics are very 
important to target when designing airfoils for VAWTs. 

Dynamic stall 

The observation of edgewise oscillations, instabilities or vibrations on modern HAWTs and later VAWTs were 
under extensive investigations by Sandia, see a list of references [70]. This encouraged the community to try to 
understand the physics behind dynamic stall, starting with studies on wings undergoing aircraft flutter (controlled 
aerodynamic instability phenomenon) treated for damped or divergent motion in [74] for oscillating or heaving wing 
sections. Theodorsen set up a 2-DOF system in non-stationary potential flow, with vortex flow acting at the trailing 
edge under Kutta condition at low angle of attacks. The results were pressure forces on the suction and pressure side 
of the airfoil, inducing small oscillatory excursions about a position of equilibrium. The classical flutter is applicable 
to 2D airfoil conditions, with lift coefficient CL=2πα providing a response 2παF(k), where F is a complex function 

                                                 
3 NACA-airfoils were used in wing design of airplanes, and they are widely used as airfoil properties reference 
4 Particular airfoil types have been designed for wind turbine rotors, type A,B,C,P type, see[7, 8, 9] 
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and k is the reduced frequency. This linear theory is only valid for non-stalled conditions for VAWTs. Explanation of 
self-oscillatory motions by using the example of the Tahoma Narrows bridge disaster in 1940 [81] eradicates 
misconceptions between the aerodynamically induced condition of self-excitation in a torsional degree of freedom 
and the «elementary forced resonance of a mechanical oscillator». The disaster has served as motivation for studying 
vortex separation on bluff, square and rectangular cross-sections. [32, 31] studied the physical phenomena related to 
stall-induced vibrations. [68] studied this for HAWT blades at standstill, and this reference should be applicable on 
VAWTs with high angles of attack during normal operation [69]. Improved sub-models for the wind turbine blade 
vibration problem are described here. These are usually called dynamic stall models. The paper also includes the 
model from [47]. Every airfoil has a point where the pressure generated by the circulation around the airfoil causes 
the flow to detach. At this point, the increase in lift force halts, and the drag forces increase. But the transition from 
one state to the other cannot be instantaneous, and trailing edge stall emerges. A sub-model for trailing edge stall for 
HAWTs is incorporated adequately by [47]. An unpublished report [59] investigates the applicability of this model 
for VAWTs, and recommends a modification of the instantaneous lift coefficient due to the circular motion of VAWT 
blades. In the case of normal operating HAWTs, [6] studied the particular double stall phenomena. These phenomena 
were observed during power performance measurements on HAWTs as far back the mid-80´s. The double stall has a 
massive, undesirable effect on the determination of maximum loads, due to an observed instant shift from one load 
level to another. [1,5] combines information of literature survey, wind tunnel study, and CFD simulations to determine 
the origin and effect of leading edge stall, specifically on NACA 63 -2nn and RISØ airfoils4. The wind tunnel study 
on a NACA 63-2nn blade showed clear distinct levels of stall on a non-tapered airfoil, very similar to stalling patterns 
known from airplanes [36]. High drag level occurred when low lift was observed and low drag level emerged when 
high lift was present. From experiments, [1] concludes that zigzag tape of various roughness applied on the leading 
edge eradicates double stall on NACA 63-215. Another conclusion is that double stall on airplane airfoils appears as 
leading-edge stall, trailing-edge stall or a combination depending on the thickness of the airfoils. Important parameters 
affecting maximum lift are Reynolds number (Re), airfoil shape and turbulence. Computational fluids dynamics (CFD) 
investigation on NACA 63-215 and RISØ airfoil4 for fully turbulent and transitional flow were made, and 
computational results from transitional flow agrees well with measurements of leading edge stall. [1] further stated 
from known literature: i) a highly cambered or thicker airfoil section does not present difficulties to the flow around 
well rounded leading edge, and ii) CFD results supports this conclusion. Furthermore, iii) double stall is closely related 
to the actual geometry of the leading edge of the airfoil. An airfoil iv) subjected to a change of surface roughness from 
rain or bugs can avoid double stall, and that v) double stall probably can be avoided with new airfoils design. 

An experimental wind tunnel facility situated at TUDelft was used to measure dynamic stall with the particle image 
velocimetry (PIV) method on a rotating Ø0.5m H-rotor[18]. This can be used experimentally to benchmark rotors in 
dynamic stall conditions around λ~4.5.  The small rotor size leads however to an expected discrepancy due to the Re 
effects, in the order of 102-103 in comparison with a MW full-scale rotor. In absence of full-scale experiments, previous 
works on VAWTs [51, 22] deal with applying computational methods for predicting dynamic stall (elaboration of 
principal stages of leading edge originating dynamic stall, λ<4) and often comparing with available references, in 
particular with experimental results obtained by Sandia [70]. A PIV study conducted in a water tunnel on dynamic 
stall of a NACA0018 airfoil, undergoing various unsteady motions at k~0.12, showed flow behavior associated with 
the driving pitch/surge frequency for leading edge vertical structure[21]. A secondary separation mode, twice the 
pitch/surge frequency, shows for nose down pitching an anti-spinning vortex system reattaching effect. The results, 
obtained at Re of about 105, share prior to stall similarities observed in similar experiments carried out at TUDelft 
[67]. Full-scale VAWT flow effects incorporate Coriolis terms, in comparison laboratory experiments are conducted 
with pitching/surging blade in a uniform onset. However, Coriolis effects on the boundary layer and double stall 
during these laboratory tests using NACA airfoils seems not to be observed. Literature on other tests for studying 
double stall on VAWTs at high Re is not known to the authors. 

The above information applies as general cases to the conditions of a blade or airfoil pitching around a central axis. 
Darrieus turbines with fixed blades are characterized by low, or even negative torque, at tip speed ratios λ below that 
at which they are designed to run [λ< ~3]. This means that they have a difficulty self-starting and need grid supply 
that can drive the turbines to speed when enough wind is measured. In turbulent wind, this low torque inhibits their 
energy capture. Particular airfoil chamber and reflex design offers ways to enhance self-starting, because of their high 
influence on maximum lift and stall capability. One control method described in this paper is the passive control by 
dynamic stall. A VAWT has an inherent unsteady aerodynamic behavior due to the variation in angle of attack with 
the angle of rotation, and the experienced velocity and Re. Therefore, dynamic stall is an intrinsic part of the operation 
of a VAWT at low tip speed ratios, and it has a significant impact on both loads and power [52]. The dynamic stall 
phenomenon can both inhibit self-starting and keep the turbine from over-speeding at wind speeds above rated. The 
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peak power attains at wind speeds of narrow range, though the turbine drive train and generator must be sized to accept 
the maximum power output in a safe way. Therefore, a reduction of the rated wind speed compared to a turbine 
operating without upper power limit is economically favorable [ the reduction will influence the set point of the  lower 
cut-out wind speed]. Since the wind is infrequent in the range above the regulation wind speed, the net loss of produced 
power is relatively small. It therefore allows the use of smaller, less costly equipment [52]. Additionally this feature 
enhances safety issues concerned with start-up at high wind speed.  

Development in modern HAWTs has shown it is possible to modify stall properties using stall strips [75]. Stall 
strips are triangular shaped devices attached to the leading edge of an airfoil. The purpose of the strips is to initiate 
flow separation. HAWT rotor developments have also shown that vortex generators (VG) are an effective way to 
impact the stall properties of an airfoil. A VG is a small vane attached to the lifting side of the turbine blade, usually 
in the height order of the boundary layer. The effect of VG is to delay dynamic stalling, and local flow separation. 
VGs generate vortices that energize the boundary layer making it more resistant to separation and subsequent stalling. 

Pitching blades 

Straight-bladed H-rotors have two more options for control: the active and passive pitching of the blades. By 
pitching the blades in a cyclic (and blade independent) way, it is possible to increase the time that an airfoil produces 
lift. This gives an overall increase in power production below rated wind speed but at the expense of the turbine being 
independent on wind direction. Pitching can also be used to control the power output at rated wind speed, and avoid 
over-speeding when the wind is gusty. When the turbine experiences wind speeds above rated power, blades can pitch 
so that there is less lift and more drag. This effect is due to increasing flow separation along the blade length (blades 
are pitched into stall). In a reverse controlled process, loads and power can be reduced by pitching towards lesser angle 
of attack, which is a feasible way to do alleviation.  In the report of [79] they evaluate the potential of a circulation 
controlled vertical axis wind turbine with straight blades for being able to facilitate boundary layer control (by 
blowing) and cyclic pitching of the blades hereby increasing the efficiency of the rotor.  A number of researchers have 
demonstrated that the provision of variable-pitch blades will make the Darrieus turbines self-starting. For instance, it 
has been shown that if the blade pitch angle is varied as a sinusoidal function of the azimuth angle, in phase with the 
variation of the angle of attack, the amplitude of the angle of attack variation experienced by the blade can be reduced 
[56]. 
 

Active pitch of a H-rotor with straight blades 

The active pitch designs may be defined as those systems that produce blade pitch change through means other 
than the direct action of the aerodynamic forces acting on them [56]. This can be achieved by systems that measure 
and calculate proper pitch angles continuously, and uses actuator systems to drive the blades to the desired angle. 
VAWTs can also have blades that are driven by a central cam. In [28] this method was tested with four different 
amplitudes of pitch variation. The results show that large amplitude gives a good starting torque and good performance 
at low λ, but the turbine is unable to reach higher λ and high efficiency. Small amplitude showed to give good 
performance in high λ but resulted in poor starting capabilities. This indicates the need to have a variable pitch scheme 
where the amplitude is variable. This is difficult to achieve with the cam-design. Another requirement would be a 
measurement and control system to register the wind speed relative to rotor speed at different wind direction. Another 
possibility is to use circulation control and particularly design it for best combination of load reduction and power 
utilization over a revolution, making it possible to meet e.g. the above stated requirement. Practical circulation control 
application, as well as its complexity is explained recently in [24]. In [55] the optimal variation of angle of the blades 
for a two-bladed H-Darrieus wind turbine using a genetic algorithm is determined. The 7 kW turbine had constant 
chord blades with a NACA 0015 airfoil. Analytical functions were considered for describing the azimuthal variation 
of the blades’ pitch angle; a sinusoidal one and a more general one. When the pitch is optimized towards the lower 
wind speeds, it returns a gain of almost 30% in annual energy production with a polynomial optimal pitch control.   
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(a)                                                                                              (b) 
FIGURE 3 (a): Power versus wind speed for the 7 kW VAWT with fixed and variable pitch blades. (b): Power coefficient versus 
TSR for the 7 kW VAWT with fixed and variable pitch blades. afact = 1 is simple sinusoidal variation of pitch, afact = -2 is a 
general expression that relates blade pitch to local flow conditions.[ 55] 

The paper regards the “variable pitch” as a viable solution to the alleviation of the negative effects of dynamic 
stall, which is efficiency loss and vibrations, as well as an improvement in the rotors self-starting capabilities and 
torque ripple smoothing [42, 56]. The 30% increase in annual production might justify the supplementary costs related 
to the implementation of the variable pitch system, see Fig. 4 [55]. The amplitude of sinusoidal blade pitching motion 
should vary with the wind speed and TSR to maximize the power output [39]. For λ< 0.5, high amplitudes [~35°] 
works better, while for λ more than 2.0, the pitch amplitude should be reduced to around 10°. 

Passive variable-pitch of a H-rotor with straight blades 

The problem of achieving a decreasing pitching of the blades with increasing λ, as well as the need for a 
measurement and control system is the main arguments for a passive variable-pitch system. Here, pitching is 
determined directly by the wind forces acting on the blade. The blade is free to pitch along a spanwise, longitudinal, 
axis near the leading edge. The aim is to point into the apparent wind. [12] and [42] shows that two different passive 
variable-pitch VAWTs can achieve self-starting using what is called an inertial type of pitch control. The design by 
Kirke and Lazauskas has a threshold that must be exceeded by the aerodynamic moment on the blade before any 
pitching will occur [42]. This prevents small oscillations, and lets the turbine operate as a standard fixed-blade Darrieus 
turbine at high λ. However, an impact each time the blade passes zero pitch position must be handled. Kirke built and 
tested a turbine of 6 m diameter, and even though some discrepancies were found between measured and predicted 
results, it proved to achieve self-starting and gave more credibility to the inertial type pitch control. 

Thus the main component of torque ripple, when the blades remain largely un-stalled, occurs at a frequency of 
twice the rotational frequency, and its half-amplitude is roughly 100% of the mean torque [73].  

Pitching will provide a more even load scheme over the cycle, by lowering the load in the first part, then increasing 
it in the last part. 

Loading 

The choice between straight or curved blades is probably mainly determined by structural considerations reflecting 
that centrifugal loading of straight blades are more costly than using lesser aerodynamically efficient blade airfoil 
sections. As shown in various references for VAWTs, see for example [70] and demonstrated particularly on the 34m 
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Sandia rotor [70] both pitch and non-pitched VAWTs generates cyclic loads occurring in the central column 
connecting the blades. For a 2-bladed turbine large cyclic drag and side-forces will occur at two cyclic peaks per rev 
in the tower base and contributing to fatigue of the column. A 3-bladed rotor will average the load peaks over the rotor 
revolution cycle more evenly compared a 2-bladed. The aerodynamic torque for a 2-bladed configuration generated 
is near zero when the blades are moving directly up- and down-wind, and reaches a maximum at one-quarter revolution 
from this position. 

Aeroelastic instabilities originating from flow adding energy into the structure [negative damping effect] are 
sources of unwanted excessive vibrations and fatigue, as shown in [78], [27] on an onshore Deepwind concept, and in 
[49] on simulation results of the structural modified- compared to the original DeepWind design. In this study, 
edgewise instabilities observed during operation for the original design were remedied by changing structural 
stiffnesses in blades and tower without changing weight more than 10%, and modification of the generator controls 
and floater length, though edgewise vibrations persisted during standstill.  Classical flutter aeroelastic instability has 
been addressed for large-scale VAWTs in recent work at Sandia [53].  In this study, flutter margins for different rotor 
types including Darrieus and V-VAWT rotors were analyzed for rotors composed of both glass and carbon materials. 

Braking Strategies 

Mechanical and aerodynamic braking are required in wind turbines to avoid overspeed and for bringing the rotor 
to rest above the cut-out speed and below the cut-in speed.  Mechanical braking is provided by mechanical disc brakes, 
or similar.  In VAWTs, although mechanical brake requirements may be larger than for HAWTs, mechanical brake 
requirements may be reduced through stall control and generator torque, as touched upon above. Aerodynamic 
braking, on the other hand, can be provided by blade pitch, which is standard in HAWTs; and this approach is utilized 
in several VAWT designs although it is only applied in the case of straight bladed H-VAWT configurations.  For the 
case of other VAWT rotor types, such as Darrieus rotors, aerodynamic braking, and braking in general, is more 
complicated.  This leads to larger and/or redundant braking systems and to consideration of novel braking strategies. 
As an example of a novel braking strategy considered for VAWTs, in a series of prior Sandia studies a “pumped 
spoiling” approach was investigated wherein a large number of small holes were drilled in to the upper and lower 
surfaces of the VAWT blade near the equator [43].  The air volume through the carefully designed hole placements 
was controlled to achieve rotor load reductions, which was demonstrated for the Sandia 5m VAWT. 

RESULTS 

Airfoils for VAWTs 

Sandia has developed a tailored airfoil SNLA1850 for their VAWTs and by FloWind Corp. on SNLA2150 and 
S8245 for better performance of the FloWind Ø19 m rotor. These airfoils have a sharp leading edge, which makes 
them suitable for higher tip speed ratios. The root sections of a phi-rotor experiences higher angle of attack, so the 
rounded leading edge of a standard NACA airfoil performs better. The tailored airfoil exhibits more reliable turbine 
operation via better tip speed ratio range cut-off near the peak CP condition over the standard NACA 4-series, and is 
implemented on a 3-bladed DeepWind turbine, see below. The DeepWind project used symmetric common reference 
NACA Airfoils for designing the reference 5 MW wind turbine concept, but had an intention to experiment with the 
camber/reflex airfoils from TU Delft. We believe that this would enhance the DeepWind rotor for higher energy 
production. The airfoil tailored to a specific section of a blade serves two purposes: Structural strength and 
aerodynamic performance. Different propelling forces between the root and equator section would cause localized 
edgewise bending on a blade of a uniform dimension from the root to the equator section. This edgewise bending is 
insignificant for small-scale rotor, but for large-scale rotors, it would be detrimental. Thus, in order to minimize the 
fatigue, airfoil chord dimension was altered, so that the propelling force would be uniform from the root to the equator. 
In addition, the chord of the root section was made thicker for the same purpose of reducing fatigue due to bending, 
and compensate for lower TSR and higher angles of attack. In the actual case, DU12W262 airfoil shape is the result 
of an optimization for aerodynamic and structural performance [60]. Selected from an initial population of airfoils 
through a genetic algorithm, the shape is evaluated via two objective functions. The optimization algorithm used was 
presented firstly in [67]. The structural objective function was defined as the bending stiffness in flapwise direction 

                                                 
5 http://www.airfoils.com/index.htm, accessed 17-08-2016 
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of the airfoil per wall-thickness, in reference to the centroid of the airfoil. The aerodynamic function is based on a 
determined range and distribution of angles of attack over the turbine revolution. The range of angles of attack will 
vary for different tip-speed ratios and different values of 3c/2R (assuming rigid, fixed pitch blades); for the present 
case, a single evaluation interval of angles of attack (Δα =14º) is accounted for in a range of possible angles of attack 
-20º<α<20º. The function is based on the angles of attack distribution described in [67]. Any variation of dynamic 
pressure with the azimuthal position is not taken into account, due to the relatively lower impact shown in a secondary 
analysis, where it was found that the dynamic pressure variations mostly average out across leeward and windward 
regions. The optimized airfoil generation produces geometrical shapes with a wide range of thickness, among which 
the one with t/c = 26.2% was chosen. The resulting DU12W262 airfoil shape is presented in Fig. 4. 

 

FIGURE 4 DU12W262 airfoil geometry [60] 

The DU12W262 airfoil shape has been tested on a model of chord c=0.25m, span s=1.25m, aspect ratio AR=s/c=5 
and thickness t/c=26.2%. The model has been vertically installed in the closed-circuit low-turbulence wind tunnel 
(LTT) of the TU Delft laboratories, in an octagonal test section 1.80m wide, 1.25m high and 2.60m long, resulting in 
a blockage ratio from 3.6% to 4.7% in the range from  -20⁰ to 20⁰ angles of attack. The pressure computation, see Fig. 
5 for Re 1.0×106 shows the evolution of the pressure coefficient along the suction and pressure side, in comparison 
with data reproduced from XFOIL computations. Despite the effect of the laminar separation bubble, a good 
agreement is found a part from the closest region near the leading edge at +5⁰ angle of attack, where the PIV 
underestimates the peak suction pressure. Further investigation remains to elucidate the role of the laminar bubble in 
the airfoil optimization procedure. It is supposed that the laminar separation bubble will allow for the wide drag bucket 
and thus the high lift-slope. In particular, it has been confirmed that the location of the laminar bubble does not vary 
significantly with angle of attack. 

The variability of the airfoil performance with different Re numbers has been investigated in more detail by use 
of the wind-tunnel wall-pressure sensors. Fig. 6 presents the airfoil lift coefficients for different Reynolds numbers, 
in both free (a) and forced boundary layer transition (b) configurations as obtained from integration of the wind-tunnel 
wall-pressure. Fig. 6 and Fig. 7, (a) show a relatively low effect of Re in the performance of the airfoil under free 
transition, mainly evidenced by a slight slope variation induced in the lift curve. With decreasing Re, a shift of the 
curve towards negative lift is noticeable. The configuration with forced transition in Fig. 6 and 7 (b) presents a similar 
behavior with the change in Re, although the effect of the fully turbulent flow in the airfoil delays stall to respectively 
+15º and -20º angles of attack, in comparison to +10º, -12º in the clean configuration. 
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(a)                                                      (b)                                              (c) 
FIGURE 5  Pressure coefficient distribution for top [T] and bottom [B] airfoil surfaces [S], results from PIV integrated pressure, 
XFOIL. Angles of attack -5⁰(a), 0⁰(b), +5⁰(c), Re=1.0 ×106 [60] 

 

 
(a)                                                                              (b) 

FIGURE 6 Lift coefficient (experimental) for the DU12W262 under free(a)] and forced (b) transition [60] 

 
(a)                                                                          (b) 

FIGURE 7 Drag coefficient (experimental) for the DU12W262 under free a) and forced (b) transition [60] 

The XFOIL simulations agree for most of the range of angles with measurements [not shown here], slightly over-
predicting lift for angles higher than +10º. Few differences are noticeable for the two investigated Reynolds numbers, 
which are primarily detectable on the measured drag coefficient. Similar to the lift coefficient distribution, the drag 
coefficient shows typically higher values reported in the separated zones than in the XFOIL simulations, a fact ascribed 
to the way the boundary layer transition is obtained in the experiment with respect to the XFOIL simulations. The 
calculations are further carried out for the forced transition test cases and compared again to the wall-pressure probes 
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and to the wake rake results. The resulting curves show a much higher over-prediction of the experimental results 
compared to the XFOIL simulations. The forced transition is experimentally obtained with zigzag tape of 0.4mm 
thickness and 6mm pitch and positioned at 2% chord. Although the height of the zigzag tape is within the commonly 
used height range [from 0.07mm to 0.47mm], the relatively high value might justify the discrepancies with the XFOIL 
simulations, especially in the separated region. Similarly, in the XFOIL simulation, the airfoil transition is imposed at 
2% chord and the results computed. The airfoil sensitivity to the presence of fully turbulent flow is relevant, especially 
with respect to the free-transition case. No-hysteresis phenomena are noted in any of the steady change of angles of 
attack. 

A comparison of the performance of DU12W262 and NACA0018 is given in Fig. 8 reveals, that an improved lift 
increase over angle can be achieved with DU12W262, and that Cd differentiates in comparison with NACA0018 some 
additional effects when comparing measured Cd with numerical results. Fig. 9 shows that the discrepancies observed 
for the two airfoils have two different origins. While for the NACA0018, the source is a difference between 
experimental and numerical prediction of the lift slope, in the case of the DU12W262, the discrepancy is mainly due 
to a higher experimental drag than predicted numerically. The difference in drag for the DU12W262 is most probably 
a consequence of the difference between the numerically predicted transition inside a small laminar bubble for 
minimum drag and a different behavior in the experimental results. Although the presence of a small separation bubble 
and transition can be observed in the experimental results, such a phenomena is very sensitive, and can lead to smaller 
or larger drag values than predicted. 

The simulations using the experimental and numerical airfoil polar results in Fig. 9 and Fig. 10 show that the new 
DU12W262 airfoil out-performs the NACA00xx series airfoils that were used in the initial population of the genetic 
optimization method from which the DU12W262 originated. However it is also realized, that the flow curvature effect 
experienced by a blade section of a VAWT primarily can be coped with operating rotors in a flow. Future experiments 
of a VAWT blade section in rotation could answer on the flow curvature effects, in particular on how it would suppress 
or support aerodynamic damping.  

 

FIGURE 8 Numerical and experimental polar for the airfoils DU12W262 and NACA0018 [60] 

From Fig. 9c a comparison of CP between the Ø2m Sandia- and the DeepWind demonstrator rotor is made, showing 
free field and wind tunnel measurements for specific conditions, and compared with computations conducted with 
different airfoil databases on the Sandia rotor[11]. The difference in rotor efficiency for a simulated MW turbine (Fig. 
9a, and Fig. 9b with measurements indicate Re influences compared to full scale. The difference in CP (Fig. 9c) seems 
to originate from differences between NACA0012 and DU26W12 airfoils efficiency, rather than rpm differences. In 
addition, a note on the efficiency decrease of the DeepWind  rotor from tilted turbine operation. 
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Dynamic stall 

Self-induced vibrations shown in [69] on a DU96-W180 airfoil at 90deg angle of attack revealed instability effects, 
and compared with the lift coefficient performed by DUW262, in particular in deep stall, the airfoil should be checked 
on potential occurrence of self-induced vibrations. 

 

 

 
(a) (b) 

 
(c) (d) 

FIGURE 9 Simulated and measured power coefficient (CP) of a three bladed VAWT as a function of tip speed ratio (λ) . (a): for 
the DU12W262 and NACA0018. (b): comparison of 2D experimental data for the DU12W262, NACA0015, NACA0018, 
NACA0025, and NACA0030 using 2D numerical data [60]. (c): VAWT rotor performance of   Ø2m DeepWind demonstrator rotor 
tested in Politecnico de Milano wind tunnel [10] and compared with experimental and theoretical performance data for similar 
rotors [11].(d): Static lift coefficients for different airfoils, obtained in LTT wind tunnel of TUDelft [76]. 

Pitching of blades 

[56] developed a concept with flexible elastomeric components, but concluded that a combination of lower 
torsional stiffness while providing enough tensile stiffness, appears to be difficult. Another challenge is that the 
material properties could change with time, thus affecting the sensitive response of the blades. The other concept 
tested by [56] produces the restoring moment from inertial loads in rolling contact with the rotor. The results were 
promising, but are stated to require more refinement to reduce effects of friction and parasitic drag. A comparison 
with the simple pendulum design of Sicard[66] and Kentfield[41] predicts performance in the same range as the rolling 
concept, and further study is required to see if the added control over the restoring moment is proving beneficial, or if 
it makes the turbine less reliable or more expensive. 

λ λ 
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Curved blades 

In a large-scale phi-rotor, gravity-induced bending stress becomes significant, since the length of a typical phi-
rotor blade is almost three times (Deepwind~2.7[58]) a HAWT blade for a turbine with the same swept area and 
solidity. [55, 70] mention that gravity-induced stress is related to rotor height-to-diameter (H/D) ratio. Lower H/D 
ratio leads to greater gravitational stresses, but the type of airfoil can be tuned to minimize gravity and radial 
aerodynamic influences.  On the optimization for limit stresses occurring in the blades, a detailed analysis of the 
Troposkien shape resulted in a modified Troposkien shape with blade maximum strain 5000×10-6 m/m [57] and with 
industrialized blade section junctions[58]. On the influence of struts and parasitic drag, [2] estimations of this made 
the relative importance of keeping parasitic drag low. Sandia also made the conclusions that for phi-rotors i) Two-
blade design is more cost-effective than three blades, ii) Struts should be kept short or possible eliminated since they 
add parasitic drag and cost, and iii) the blade airfoil shape should be tailored [70]. 

Straight-bladed H-rotors 

Sandia reported further that the H-rotor has a high potential for cost-effective offshore wind power generation [70]. 
They mention that the support bar for an H-rotor can be used as an aerodynamic braking system in strong winds. The 
airbrake system is a standard aerodynamic brake for commercial airplanes, which deploys extended flaps during 
landing. For straight-bladed small VAWTs, the gravity-induced bending stresses are of less importance, as the blades 
are shorter and have lower bending moment. The blades are more rigid at the same chord-length and thickness than a 
phi-rotor blade, positioned vertically, and supported by arms. The support arms are responsible to carry the gravity-
induced bending stresses, and can be tapered from the shaft to the blade. Drag-effects and damping occurs with 
potential considerable amount. The recent straight-bladed H-rotors are made of glass-fibre reinforced plastics and 
carbon fiber reinforced-composites, which can sustain continuous cycles of edgewise and flapwise bending stress 
during the blades service life. In the 1970s-1980s, the stress-reducing Troposkien shape was important for aluminum-
rotors, but it is not as important today. The previously mentioned aerodynamic effects from parasitic drag and from 
struts [2] is compensated by the increased performance of the H-rotor, as its blade equatorial portion to rotor height 
ratio becomes unity. A multi-megawatt H-rotor requires investigations into strong and lightweight rotor-shafts, as an 
extended rotor shaft is prone to vibration and fatigue, primarily due to torsional stress on the shaft. Classical flutter 
might be a concern for straight-bladed [pitch-regulated] turbines, while dynamic stall-induced vibrations tend to be a 
concern for stall-regulated turbines, [32,31]. The INFLOW concept[38] utilizes a rotor shape with straight blades 
utilizing power increase, caused by operating in a tilted offshore environment. Pitching and counter-rotation rotors are 
in this case obviously dependent on wind direction influences. As mentioned, a trade-off between aerodynamic effects 
gained by an optimized H-rotor (such as INFLOW concept) against structural effects and wind direction sensitivity 
experienced by a platform has to be investigated experimentally. 

Loading 

As mentioned, the DeepWind concept has a modified rotor blade shape, with a constraint defined as a limiting 
blade strain, allowing to park and to operate safely. Analyses of the floating system with respect to vibrations were 
carried out using conventional NACA airfoils. A re-analysis has to be made with tailored DUWind airfoils, 
investigating on the risk of potential rotor blade instabilities. 

For the INFLOW concept, the load and power sensibility with direction changes of wind, wave and ocean current 
has to be investigated and measured. This would also apply for wind shear and wind veer. 

CONCLUSION / DISCUSSION 

This paper presents a comprehensive review of the state-of-the-art in important aspects of torque generation and 
control of floating vertical-axis wind turbines. The paper summarizes what has been done from early research in the 
1970s to present day. In the following, we provide a succinct summary of the main concluding points of the paper. 

Important fundamental criteria for a well operating straight or curved bladed VAWT should be attained from 
lessons learned of addressing risk factors in the DeepWind VAWT project: 

1. Structural Resonance of the elastic modes of the rotor can cause destructive vibrations if they are coincident 
with the per rev excitations of the aerodynamic loads.  All these resonances must be avoided. The best (but 
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perhaps overly expensive) solution is to put all the elastic modes above the first three harmonics of the loading 
in the operating range 

2. Instability: Flutter (aeroelastic instability) and whirl (divergence instability) must be predicted and avoided.   
These instabilities are independent of wind excitation (and self-excited) and will depend only on operating 
speed. 

3. Turbine performance depends on the stall regulation of power. VAWTs are exposed to dynamic stall, for 
which triggering also influenced by whether the airfoil has clean or soiled surface.  Loads are also highly 
affected by the nature of the dynamic stall.  

FVAWTs encounter excitation from the sea, and impacts from the floating support structure on modes of vibration 
have to be investigated. A careful analysis of the trade-off between efficiency and loads for COE has to be made on 
the H-type and the curved bladed VAWT. In comparison with DeepWind, INFLOW is a demonstration of technologies 
and trying to learn the lessons from the ongoing project. A number of important design changes of the H-design have 
been undertaken in the project: 

 The rotor blades design intended to be used in the INFLOW prototype project VertiWind turned using blades 
with straight sections and twisted helically around the central axis, into using a 3-bladed rotor design with 
straight blades. 

 Classical flutter might be a concern for straight-bladed (pitch-regulated) turbines, while dynamic stall-induced 
vibrations tend to be a concern for stall-regulated turbines. 

 The initial design of a semi-submerged tri-floater type of floater with one turbine per floater as superstructure 
changed towards a design with doubling the electrical output by two counter-rotating turbines per floater 
allowing at the same time large tilt excursions during operation. However, the COE added value from 
aerodynamics, loadings and particular design has to be elaborated and verified experimentally. 

The projects addressed show that the VAWT technology is in a technological position to analyze and to realize 
findings and R&D solutions known from existing wind turbine - and aircraft industry, to provide more efficient and 
less costly concepts. 
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