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ABSTRACT 

This report provides an overview on the current state of wind turbine control and 

introduces a number of active techniques that could be potentially used for control of 

wind turbine blades. The focus is on research regarding active flow control (AFC) as it 

applies to wind turbine performance and loads.  The techniques and concepts described 

here are often described as “smart structures” or “smart rotor control”. This field is 

rapidly growing and there are numerous concepts currently being investigated around the 

world; some concepts already are focused on the wind energy industry and others are 

intended for use in other fields, but have the potential for wind turbine control. An AFC 

system can be broken into three categories: controls and sensors, actuators and devices, 

and the flow phenomena.  This report focuses on the research involved with the actuators 

and devices and the generated flow phenomena caused by each device.  
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Disclaimer: 

Given the nature of research in a progressive field such as wind energy, it is very 

difficult to mention every potential AFC device and to report precisely on all of the past 

and up-to-date findings.  If a device or research paper is not mentioned within, it is 

because it was not found during the literature survey.  Publications up through 2007 were 

used in this report. 
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NOMENCLATURE 

Ajet Cross-sectional area of jet 

Af Flap aspect ratio (Lf / Lg) 

Aref Planform area of rotor blade, ref. area for momentum coef. 

b Airfoil span length / Turbine blade span 

B Blowing ratio 

c Airfoil chord length 

CD Sectional drag coefficient 

CL Sectional lift coefficient 

CM Sectional pitching moment coefficient 

CP Coefficient of pressure 

Cμ Momentum coefficient ( m& jetVjet / 0.5ρVref
2
Aref) 

d Diameter of orifice 

D Duty cycle 

f Pulsing Frequency 

F
+
 Reduced pulsing frequency (f X / V) 

FA Actuator force 

h Height of device from airfoil surface 

i Electric current 

k Reduced airfoil frequency (ωc/2U∞) 

L Sectional lift (L = 0.5ρV
2
cCL) 

Lf Spanwise length of flap 

Lg Spanwise length of gap between flaps 

Lref Reference length; chord = 1.0 

LT Length of tab 

Lx Lever arm length in x direction 

Ly Lever arm length in y direction 

M∞ Freestream Mach number 

m&  Mass flow rate of air 

n Rotational speed of blade 

Re Reynolds number (ρU∞Lref/μ) 

SR Solidity ratio (span covered by device / total span of model) 

t Physical time (seconds) 

T Non-dimensional time (U∞t/c) 

U∞ Freestream velocity 

V Velocity over airfoil/blade 

VAC Voltage (AC) 

VDC Voltage (DC) 

Vjet Velocity of jet 

Vref Rotor tip speed 

VRMS Root mean squared voltage 

x Distance (along chord) 

X Representative lengthscale of separation zone 
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y Distance (from airfoil surface)  

z Distance (along span) 

α Angle of attack (degrees) 

αm Mean angle of attack (degrees) 

αstall Angle of attack at stall (degrees) 

βflap Flap angle (degrees) 

δ Boundary-layer thickness 

Δ Change or difference 

θ Angle of rotation (degrees) 

θpitch Blade incidence angle 

ρ Air density 

ω Frequency of pitch oscillation 

  

Acronyms  

AFC Active flow control 

AFW Active flexible wall 

ATEG Adaptive trailing edge geometry 

CAD Computer-aided design 

CFD Computational fluid dynamics 

COE Cost of Energy 

CCW Circulation control wing 

DBD Dielectric barrier discharge 

DS Delay stall 

FCSD Flexible composite surface deturbulator 

HAWT Horizontal axis wind turbine 

HiMVG High-frequency micro vortex generator 

LPT Low pressure turbine 

MEM Micro-electrical mechanical 

MiTES Miniature trailing-edge effectors 

MVG Micro vortex generator 

NREL National Renewable Energy Laboratory 

O&M Operations and maintenance 

PIV Particle imaging velocimetry 

PVGJ Pulsed vortex generator jet 

RPM Revolutions per minute 

SVG Smart vortex generator 

UAV Unmanned aerial vehicle 

VG Vortex generator 

VGJ Vortex generator jet 

ZNMF Zero net-mass flux 
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1 INTRODUCTION 

1.1 Background 

Wind energy is the fastest growing source of energy in the world today, with an 

average growth rate of nearly 30% per year for the past 10 years.
1
  The U.S. installed 

capacity surged 45% in 2007, now totaling more than 16,800 MW, which generates an 

estimated 48 billion kilowatt-hours (KWh), enough to power 4.5 million homes.
2
 For 

many utility companies, wind energy has become not only the renewable energy of 

choice, but also the least-cost option for new generation. With global warming, energy 

security, and rising fuel prices being main public concerns, it is feasible to assume that 

the growth of the wind energy industry will continue. However, it is still important to 

improve upon the technology in order to keep wind energy economically competitive 

with traditional and other renewable energy sources. This is done by lowering the cost of 

energy (COE), which can be accomplished in a number of different ways. There are three 

independent variables that go into calculating the cost of energy; the energy capture of 

the turbine over its lifetime, the capital cost of the turbine, and the operations and 

maintenance (O&M) costs. O&M costs can be further divided into scheduled and 

unscheduled costs. 

CostMOCostCapital

CaptureEnergyLifetime
COE

 &   

  

+
=  (Eqn. 1) 

 

There are several different ways to lower the COE.  By simply looking at the 

equation, one way is to make more reliable turbines, thereby reducing the downtime and 

O&M costs. Another is to decrease the amount of materials or improve manufacturing 

techniques that would allow the capital cost to drop. Technological advances to wind 
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turbines is becoming even more critical because capital costs are rising due to increasing 

raw material costs, high turbine demand, and increasing cost of energy inputs. Another 

technique used to reduce the COE is by increasing the rotor diameter and turbine size; 

this has been happening since the beginning of the commercial wind industry. A larger 

turbine can capture more energy throughout its lifetime, and although the cost of the 

turbine will increase and potentially O&M will increase as well, the COE has been able 

to decrease.  

Significant growth of wind turbine size and weight over the past few decades has 

made it impossible to control turbines passively as they were controlled in the past.  

Modern turbines rely on sophisticated control systems that assure safe and optimal 

operation under a variety of atmospheric conditions. As turbines grow in size, the 

structural and fatigue loads become more pronounced. Implementing new and innovative 

load control techniques could decrease excessive loads, which affect the rotor and 

surrounding components. Extreme structural and fatigue loads are key factors in turbine 

design and the reduction of these loads could create a significant decrease in turbine cost 

by reducing required materials, lessening scheduled and unscheduled maintenance, and 

improving overall turbine reliability. This engineering challenge, which is economically 

driven by the push to lower the COE, has led to intensive research around the globe to 

improve the techniques of controlling rotor power and loads. 

There are four areas that influence the control of rotor power and turbine loads for a 

given wind speed. They can all be addressed when analyzing the lift equation for a wind 

turbine blade. 
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α

 (Eqn. 2) 

  

1. Blade incidence angle (variable pitch) - pitchθ  

2. Flow velocity (variable speed rotor) - n 

3. Blade size (variable blade length) - b 

4. Blade section aerodynamics - 
αLC , oα  

The blade incidence angle, pitchθ , can be controlled by pitching the blades and/or by 

designing an aeroelastic twist into the blade. Flow velocity is adjusted by using a 

variable-speed rotor, n, where n = RPM/60. These two control techniques (variable speed 

and blade pitch) are implemented on most modern machines. Variable diameter rotors, b, 

would allow control over the blade size and are being investigated as a means to increase 

energy capture and minimize loads during high winds. The fourth area, and the focus of 

this report, is the control of blade section aerodynamics, 
αLC  and oα , by implementing 

active flow control (AFC) methods.   

The remaining portion of this chapter discusses the developments in wind turbine 

control and introduces some new control methods. Chapter 2 provides a general 

background on active flow control.  In Chapter 3, the various active flow control devices 

are presented and discussed.  

1.2 Wind Turbine Control 

Turbine control can be divided into two categories, passive control and active control. 

A considerable amount of research has been performed in these two areas.  Passive 

techniques improve the turbine’s performance and/or reduce loads without external 
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energy expenditure.  Examples of this include the yaw movement of a free-to-yaw 

downwind rotor and aeroelastic blade twist. 

Active control requires external energy, or auxiliary power. Therefore, more in depth 

studies must be conducted to ensure that the increase in energy output can offset the 

external energy required for load control as well as the increase in turbine capital and 

O&M costs. Some traditional methods of active control are rotor yaw, blade pitch, and 

variable-speed rotors.  Examples of advanced active flow control devices are trailing-

edge flaps, microtabs, and synthetic jets. These and other devices are discussed in detail 

in Chapter 3 of this report. A flow chart showing the avenues of turbine control and some 

examples is shown in Fig. 1-1. 

 

 
Fig. 1-1 Flow chart showing wind turbine load control techniques. 
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In general, the goal of wind turbine control is to balance the following requirements:
3
 

1. Setting upper bounds on and limiting the torque and power experienced by the 

drive train, principally the low-speed shaft. 

2. Minimizing the fatigue life extraction from the rotor drive train and other 

structural components due to changes in wind direction, speed (including 

gusts), and turbulence, as well as start-stop cycles of the wind turbine. 

3. Maximizing energy production. 

Requirement #2 is directly related to the loads experienced by the turbine during 

operation.  The loads can be divided into two main categories: aerodynamic and 

structural.
4
 These loads are related by the aeroelastic coupling. The relative velocities 

around the blade sections influence the aerodynamic loads on the rotor.  Most of these 

loads occur in a periodic nature (appearing in multiples of the rotor frequency) but some 

stochastic components also exist. The contributing factors to these loads are horizontal or 

vertical wind shear, tower shadowing, turbulence, and yaw and tilt misalignment.
4
  In 

addition to the two main categories of loads, gravitational forces can also have an impact 

by producing periodic structural loading on the rotor blades. To minimize these loads, 

control systems should be able to reduce the fluctuations of the aerodynamic loads or add 

damping to the structural modes.
5
  

The immediate goal of the control strategy depends on the operating region of the 

turbine, which is determined by the wind speed. Fig. 1-2 illustrates the four distinct 

operating regions. 
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In Region I, the wind speed is too low for the turbine to generate power.  Region II, 

also called the sub-rated power region, lies between the cut-in speed and rated speed. 

Here the generator operates at below rated power.  The theoretical shape of this curve 

reflects the basic law of power production, where power is proportional to the cube of  

the wind speed. In Region III, the power output is limited by the turbine; this occurs 

when the wind is sufficient for the turbine to reach its rated output power. Region IV is 

the period of stronger winds, where the power in the wind is so great that it could be 

detrimental to the turbine, so the turbine shuts down. 

1.3 Developments in Wind Turbine Operation for Load Control 

At the beginning of the commercial wind energy industry, turbine operation was 

simple.  The turbines were small (tens or hundreds of kWs in rated power), operated at a 

constant speed and used passive methods (stall control) to regulate power. The turbines 

were equipped with rotor blades that were designed to intrinsically regulate the power 

using fixed-pitch designed to operate near optimal tip-speed in Region II.  As the wind 

 
Fig. 1-2 Typical power curve of a commercial wind turbine, 

showing the four operating regions. 
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speed increased, the angle of attack increased and the flow about the blade would begin 

to stall, thereby increasing drag and limiting the amount of absorbed power.  The 

simplicity of this control concept contributed to wind energy’s rapid success; however, 

the evolution towards larger rotor blades soon made this control concept uneconomical. 

Nowadays, most large turbines (one to several MWs in rated power) use variable-

speed rotors combined with active collective blade pitch to optimize energy yield and 

control loads.  In Region II, turbines tend to operate at fixed pitch using variable rotor 

speed to maintain an optimal tip-speed ratio and maximize energy capture.  In Region III, 

the rotor operates at near constant speed and the blades are pitched to maintain the torque 

within acceptable limits.  The control of the blade pitch and rotor speed has not only led 

to greater power regulation, but also to lighter blade construction due to a lower load 

spectrum and a lighter gear box due to reduced torque peaks.
4
 Difficulties arise in 

turbulent winds when excessive loading (both extreme and fatigue loads) occurs, which 

leads to premature wear on turbine components. Using current technology, it is difficult 

to mitigate these loads; pitching of the entire blade is too slow and variable rotor speed 

allows shedding for some of the high loads, but not all.  The need to mitigate excessive 

loads has led to investigations of new methods of control.  

1.4 Investigations into New Control Methods 

Variable-speed rotors and collective pitch are not capable of handling oscillatory or 

fatigue loads. These loads occur as a result of rotor yaw errors, wind shear, wind upflow, 

shaft tilt, wind gusts, and turbulence in the wind flow.
6
 More sophisticated control 

methods are needed to account for these loads. Some methods that will be presented in 
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this report are advanced blade pitch control, blade twist control, variable diameter rotors, 

and any number of flow control devices. 

1.4.1 Advanced Blade Pitch Control 

1.4.1.1 Description 

Pitching is the act of rotating each blade around its spanwise axis in order to change 

the effective angle of attack to the wind.  It is used to limit the peak power, optimize rotor 

efficiency, and slow down the rotor.  The traditional method of pitch control uses a 

collective mode, in which all blades are adjusted simultaneously. Advanced methods of 

pitch control (cyclic pitch and individual pitch) are being investigated.  These innovative 

concepts were first developed for the rotorcraft field and have been adapted to the wind 

industry.
7
  

Cyclic pitch control varies the blade pitch angles with a phase shift of 120° to 

alleviate the load variations caused by rotor tilt and yaw errors, whereas individual pitch 

control adjusts the pitch angle of each individual blade independently. This method 

requires the measurement of the local inflow angle and relative flow velocity for each 

blade.  The goal is to create two load-reducing systems (collective pitch and individual 

pitch) that are independent, where collective pitch is used to keep the power at a desired 

level by adjusting pitch based on the mean wind speed and the individual pitch regulator 

is to minimize loads without affecting the power output.
8
 

Cyclic and individual pitch control can reduce fatigue loads due to yaw errors, wind 

shear, up flow and shaft tilt. Not only do the blades benefit from this control strategy, but 

reductions in loads on the drive train, nacelle structure, and tower are also seen.  However 
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these control techniques are less capable of reducing the loads due to wind gusts and 

turbulence.
9
  

1.4.1.2 Background 

Research by Larsen, Madsen, and Thomsen
8
 and by Bossanyi

9
 has shown that load 

reductions are possible using advanced pitch control.  They conducted aeroelastic 

numerical simulations to analyze both cyclic and individual pitch control and compared it 

to collective pitch methods. The turbine used in the simulations had a nominal rated 

power of 2 MW and a rotor diameter of 76 m. The results indicated that advanced pitch 

control could lead to a reduction of up to 30% in both 20 year fatigue loads and extreme 

loads on many major turbine components. A separate simulation by Bossanyi
9
 showed 

that individual pitch control could reduce the fatigue loads at the hub by 30-40% and at 

the blade roots by 20-30%.   

A more recent control approach suggested using feed forward control based on the 

incoming wind field instead of or in addition to using local flow measurements at the 

blade. Van der Hooft and van Engelen
10

 suggested the estimation of incoming wind speed 

based on energy balance and Hand, Wright, Fingersh, and Harris
11

 proposed the use of a 

LIDAR system to directly measure the upwind incoming flow field.  These methods may 

further improve the performance of individual pitch control. 

1.4.1.3 Wind Turbine Control 

There are three major concerns when considering individual pitch control.
6
 First, the 

entire blade still must be pitched. The flow conditions along a long blade are not uniform 

and therefore pitching the entire blade may not be ideal. Second, the pitching mechanism 

may be unable to act fast enough to relieve the oscillating loads due to wind gusts.  These 



 22 

 

gusts have rise times on the order of a couple of seconds and last for 5 to 10 seconds; the 

International Electrotechnical Commission (IEC) wind turbine design standard calls for 

consideration of an extreme gust that lasts for 10 seconds where the wind speed increases 

by 35% from the mean wind in a period of just over two seconds.
12

  Third, there is a 

concern that individual blade pitch will result in over-use of the pitching mechanism.  It 

is important to design turbines to use individual pitch from the start; retrofitting current 

turbines with individual pitch control will lead to premature failure of the pitch 

mechanism due to the resulting high duty cycle.  Challenges with implementation include 

response time requirements to counter load perturbations, the need larger pitch motors, 

and the power required to operate the system under a new control strategy.
6
  

1.4.2 Blade Twist Control 

1.4.2.1 Description
13,14,15,16,17,18

 

One concept for controlling fatigue loads on a wind turbine blade is to use passive 

blade bend-twist coupling
13-18

.  The aeroelastic tailored blade is designed so that the twist 

distribution changes as the blade bends due to aerodynamic loads.  This is now possible 

through the advent of composite materials, which can be implemented in a deliberate 

fashion to control flap-twist coupling. For example, an off-axis (e.g. 20°) orientation of 

reinforcement fibers (e.g. glass, carbon, Kevlar, etc.) along a supporting spar will cause 

the spar to twist under sufficient bending strain.
18

 The transient loads due to wind gusts 

theoretically could be reduced because the blade would twist towards lower angles of 

attack, thereby mitigating the loads and potentially reducing pitch activity as well.  
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1.4.2.2 Background 

According to Lobitz and Veers
14

, bend-twist coupling can lead to a 20 - 70% decrease 

in fatigue damage to the turbine, corresponding to a 20 - 30% decrease in fatigue loads.  

An economic analysis by General Electric showed that reductions in COE of around 6% 

could be expected from a moderately aeroelastic tailored blade.
18

  

1.4.2.3 Wind Turbine Control 

Some of the challenges with this concept include reduced energy capture, higher 

costs, and blade integrity issues.
18

 First, reduced energy capture may occur due to altering 

a blade that is designed for optimum energy capture at rated speed by causing it to twist. 

Basically, energy as well as loads will be shed. Second, higher costs associated with 

materials and manufacturing techniques may make the concept uneconomical.  Third, the 

fabrication technique may lead to decreased stiffness and additional material may be 

required to counteract additional blade deflection.  

Active blade twist control can be conceptually achieved by embedding active 

laminates such as piezoelectric material in the spar caps of the blade.  There are several 

challenges that face this concept, including blade structural integrity, cost of active 

materials, and actuation power requirements.
6
  

1.4.3 Variable Diameter Rotor 

1.4.3.1 Description 

This concept
18,19

 is capable of improving energy capture in low wind speeds and 

reducing loads on the rotor in high wind conditions. Variable diameter rotors operate by 

extending/retracting a tip blade out of a root blade (Fig. 1-3) to increase/decrease the 

diameter (Fig. 1-4).   During low-wind speed, a large rotor diameter provides more 
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capture area, which results in larger aerodynamic loads and an increase in energy capture. 

However, this operation generates larger blade root and tower base bending loads.  In 

higher wind speeds, the rotor diameter can be decreased to avoid excessive loads.  The tip 

blade would extend and retract independently of the pitching mechanism and it would 

respond to gross changes in the wind speed; the pitch control would still be used to 

regulate power. 

 

Fig. 1-3 Illustration of extendable blade. 

1.4.3.2 Background 

A collaboration of DOE, Energy Unlimited, and Knight and Carver
19

 manufactured 

and tested turbine blades with this design on a 120 kW turbine.  The prototype blade (Fig. 

1-4b) was created using Kenetech 56-100 tips mounted within Aerostar 9-meter blades.  

The blades were capable of adjusting length from 8 m to 12 m.  Additional changes were 

 
Fig. 1-4 a) Illustration of the variable diameter rotor system, b) Photograph of test blades, fully 

extended prototype next to a standard 9 m blades. (Source: DOE19) 
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made to the turbine and more sophisticated controls were developed for proper control of 

blade length. Results from this prototype showed that a potential increase in power 

production in low winds is possible, about 20-50% above that of a standard blade in wind 

speeds from 7-9 m/s.  A decrease in performance was found to occur at rated speed; this 

was most likely due to the poor aerodynamics of the prototype.  The measured power 

curves for different blade lengths are shown in Fig. 1-5. Computational experiments 

showed improved aerodynamic performance at all wind speeds, accompanied by an 

increase in peak and fatigue loads during low wind speeds.   

 

This design is now being developed by Frontier Wind (formerly Energy 

Unlimited), who is continuing to test the prototype turbine, making advances in blade 

design and developing more sophisticated control algorithms. GE Wind
18

 also has 

researched this concept and has reported that a reduction in COE of approximately 18% 

could occur with a properly designed and operating full-size turbine equipped with a 

variable blade system.
18

 

 
Fig. 1-5 Measured power curves of the prototype blades. (Source: DOE19) 
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1.4.3.3 Wind Turbine Control 

The variable diameter rotor has potential for increasing energy production for a given 

load spectrum.  The initial results from the small prototype turbine show that the concept 

works; the next step is to develop a full-scale prototype turbine. There are several 

engineering challenges that must be resolved in order to make a successful and 

marketable turbine.  The challenges include complex control strategies, the need to 

maintain a high aerodynamic efficiency, increased blade weight, and general issues with 

durability and reliability of the system as a whole.  

1.4.4 Active Flow Control 

Active flow control (AFC) is the control of the local airflow surrounding the blade.  

The purpose of flow control is often to improve the aerodynamic performance of an 

airfoil or lifting surface. However, for utility-scale wind turbines the main focus is to 

reduce extreme loads, which occur during high wind activity, and to mitigate fatigue 

loads, which vary along a blade and can occur randomly.  To do this, active load control 

devices or “smart” devices must include actuators and sensors located along the span of 

the blade.  The system must be able to sense changes in the local flow conditions and 

respond quickly to counter any negative impact on blade loading. This arrangement 

provides active “smart” control over the rotor.  By definition, a smart structure involves 

distributed actuators and sensors and one or more microprocessors that analyze the 

responses from the sensors and use integrated control theory to command the actuators to 

apply localized strains/displacements to alter system response.
20

 Numerous investigations 

on the use of AFC devices show that significant load reduction is possible.   
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2 ACTIVE FLOW CONTROL 

Flow control is being researched for a number of fields other than wind energy. 

Researchers in fields such as manned and unmanned airplanes, rotorcraft, and gas 

turbines are all interested in and investigating the potential benefits of active load and 

flow control. 

In general, the intent of flow control devices is to delay/advance transition, to 

suppress/enhance turbulence, or to prevent/promote separation. The ensuing effects 

include drag reduction, lift enhancement, mixing augmentation, heat transfer 

enhancement, and flow-induced noise reduction.
21

  However, these effects are not 

necessarily mutually exclusive.  Improving one objective may have adverse effects on 

other areas.  The goal is to choose a flow control scheme that achieves an overall 

beneficial goal with minimal tradeoffs.   

2.1 Flow Control Methodology 

Flow control methods are categorized similarly to the load control techniques 

explained earlier; either passive or active. Some passive techniques include geometric 

shaping to manipulate the pressure gradient, the use of fixed mechanical vortex 

generators for separation control, the addition of a Gurney flap at the trailing edge, and 

the placement of longitudinal grooves or riblets on a surface to reduce drag.
22

 

Active control methods can be broken into two categories: predetermined and 

interactive (open- or closed-loop). A flow chart displaying flow control methodologies is 

shown in Fig. 2-1. To demonstrate the difference between the methods, the case of 

constant blowing to enhance post-stall lift will be used. 
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Predetermined control introduces steady or unsteady energy inputs without concern 

for the state of flow.  Therefore, there are no sensors required for this method and the 

control loop is open.  In this situation, the constant blowing device would operate 

continuously with no regard for the wind speed or pitch angle.  

In contrast, an interactive control system contains an actuator, a controller, and a 

sensor.  The system can either operate in open- or closed-loop form.  Open-loop control 

does not observe the output process that it is controlling; therefore, it cannot determine if 

its input has achieved the desired goal. In the example, the constant blowing device 

would be programmed to turn on once a set angle of attack is exceeded.   

Closed-loop control utilizes feedback to compare the actual output with the desired 

output. A feedback control law is used to drive the actuator or device in order to 

 
Fig. 2-1 Flow control methodologies diagram. (Source: Kral22) 
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minimize the error between the reference value and the feedback signal.  In the example, 

the blowing device would have an additional sensor to detect the onset of flow 

separation.  It would be programmed to turn on once flow separation is detected. 

Closed-loop systems would be the most beneficial for wind turbine control.  The main 

advantages are energy consumption and safety. Predetermined systems operate 

continuously even when the device is not needed, thereby using excess energy.  Open-

loop systems would be more efficient, but at times would still operate unnecessarily. In 

addition with using excess energy, both of these systems could also be detrimental to the 

system since they do not observe the output. Improper control of active devices has been 

shown to have serious negative impacts on turbine operation and overall safety.  By using 

feedback, the control system can be configured to turn on and shut down the AFC system 

as needed. 

2.2 Flow Control Categories 

Flow control can be broken down into the three separate categories: control/sensors, 

actuators/devices, and flow phenomena. The communication starts with the controls and 

sensors, which continuously update the system controller on the flow properties and the 

overall operation.  When adjustments are required, the controller commands the actuators 

to activate the flow control devices. The devices then change their method of operation, 

altering the local flow phenomena. The sensors track this change and the cycle repeats. 

Fig. 2-2 displays the flow control categories and lists some examples related to wind 

turbine control. The figure shows that tackling a flow control problem requires a multi-

disciplinary approach and research in many areas.  
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2.3 Flow Control on Wind Turbines 

This report focuses on different AFC devices and actuators, including their associated 

flow phenomena. It does not go into detail about the necessary sensors and controls, 

which are critical components of a complete system. Although research is being 

conducted in these areas, it is beyond the scope of this report.  However, as one 

investigates possible devices it is important to keep the complete system in mind. 

Fig. 2-3 presents one possible layout of a control strategy for a complete system.  

This layout includes two types of controllers, a master controller and individual blade 

controllers. The master controller would have similar duties to those found in traditional 

wind turbine controls (manage pitch angle, tip-speed ratio, etc), but would also 

communicate with the blade controllers.   The blade controller would receive input from 

the sensors (local flow conditions and/or strain in the blades), communicate with the 

 
Fig. 2-2 Feedback flow control triad. (Source: Kral22)  
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master controller, and then output commands to the AFC devices located on the blade.  

Fig. 2-3 illustrates trailing-edge devices coupled with leading-edge sensors.  However, as 

detailed later in Chapter 3, there are several different types and locations of AFC devices. 

 

It is important to remember that the primary purpose of active flow control (AFC) 

systems on wind turbines is the following: 

• To mitigate excessive loads (extreme, fatigue, cyclic, etc.) caused by variations 

in the wind.  

One foreseeable way to counter excessive loads is to supplement current full-span 

pitch control with AFC devices. Pitching would still be used to optimize energy yield and 

control aerodynamic torque, while AFC devices would be able to react quickly to reduce 

 
Fig. 2-3 Control strategy diagram of a complete system. 
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the oscillatory, high-frequency loads caused by turbulent winds. The operation of AFC 

devices also has some potential secondary benefits: 

1) Devices may be deployed to increase lift of the blade at low wind speeds, 

allowing the turbine to cut-in earlier and capture additional energy. 

2) On downwind machines, these devices could deploy every revolution to 

counteract the tower wake effect. 

3) Active devices could aid in energy capture and load mitigation on turbines that 

experience high array effects. 

4) Devices could be used to prevent tower strikes, allowing for larger diameter rotors 

to be used and thereby increasing energy capture.
6
 

5) Aerodynamic performance enhancement and noise reduction could be realized by 

maintaining laminar flow over the blade. 

6) The blade could operate higher on the lift curve with the devices protecting the 

blade from getting into stall. 
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3 FLOW CONTROL DEVICES 

Overall, there are fifteen (15) devices that will be discussed in this report. While these 

devices have shown potential for wind turbine control and merit future research, none of 

them have matured to a point of being tested on full-scale turbines.  Also, several of the 

techniques have not yet been investigated for wind turbine control.  Instead, many of the 

techniques have focused on other fields such as rotorcraft or unmanned aerial vehicles 

(UAVs). Since all of the devices function differently, both mechanically and 

aerodynamically, and are at varying stages of maturity, it is difficult to make direct 

comparisons. The first step in discussing the numerous AFC devices is to define a 

labeling scheme that can be used to classify each concept.  A proposed four (4) layer 

scheme utilized in the present report is presented in Table 1.  The labeling scheme was 

derived from a paper on AFC for UAVs by Wood
23

. 

1
st
 Layer 

The first layer identifies the technique as a geometric device (G) or a fluidic device 

(F).  Geometric devices (G) move a portion of the external surface, thereby changing the 

section shape and attaching the airflow about the airfoil.  Fluidic devices (F) actively 

change the flow about the blade section by either adding air into or subtracting air from 

the external flow. There are two devices that do not fall into one of these two categories. 

One device, synthetic jets, is classified as a combination of geometric and fluidic (G / F) 

devices as it uses mechanical motion, which is not in contact with the external airflow, to 

oscillate a membrane in a cavity inside the airfoil and this, in turn, generates air motion in 

the external flow. The other device, plasma actuators (P), uses an electric field to 

generate a body force on the surrounding fluid, thus modifying its behavior. 
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2
nd

 Layer 

The second layer describes the location of the device, such as near the leading edge 

(LE), near the trailing edge (TE), or mid-chord (MC). 

3
rd

 Layer 

The third layer describes how the device adjusts the lift curve.  Investigations of the 

AFC devices show that the lift curve of an airfoil is affected in one of two ways. First, the 

device shifts the entire lift curve up or down, which is done by effectively changing the 

camber of the airfoil.  This is labeled as increasing lift (I) or decreasing lift (D). Many 

devices are capable of shifting the lift curve both up and down; those are labeled (I/D). 

Second, the device extends the lift curve of the airfoil to stall at a higher angle of attack, 

this is labeled delay stall (DS). Fig. 3-1 displays the two different ways that the lift curve 

can be adjusted.  

 
Fig. 3-1 Adjustments in lift curve due to flow control techniques, a) DS devices, b) I / D devices 

(Source: Berg et al.6)  
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Description of modified blades with DS devices 

To successfully mitigate loads, the device must be able to decrease the generated lift.  

At first observation, delaying stall (DS) only increases lift at high angles of attack as 

shown in Fig. 3-1a. This does not decrease lift; therefore, DS devices would not be 

considered as an option for load alleviation. Although they could contribute to some of 

the secondary benefits listed in Section 2.3. However, an idea presented by Corten
24

 

provides an alternative method of using DS devices to 

reduce turbine loads.   

The common application of DS devices (in this 

example, passive vortex generators) is to add them onto 

an existing design to increase CLmax and delay stall. 

Corten’s idea is to redesign blade so that the maximum 

sectional lift of a blade with a DS device equals that of 

the original blade without a DS device. Fig. 3-2 demonstrates the difference in chord 

length between the redesigned, or modified, blade and the original blade.  The idea can be 

more easily explained by analyzing the lift equation:  

cVCL L ⋅⋅⋅⋅= 2

maxmax
2

1 ρ   (Eqn. 3) 

 

where ρ is the air density, V is the air velocity over the blade, c is the chord length, and 

CLmax is the maximum lift coefficient.  If CLmax is increased by a DS device, then the 

chord, c, could be reduced a comparable amount so that the generated lift still equals that 

of the original blade. The outcome of this redesign is illustrated in Fig. 3-3. The 

maximum sectional lift, Lmax, of the original blade and the modified blade are equal; 

Fig. 3-2 Airfoils with 

comparable lift generation. 

(Source: Corten24) 
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however, the slope (ΔL/Δα) has been decreased. The benefits of reducing the slope are 

explained below and illustrated in Fig. 3-4. 

 

 
Fig. 3-3 Comparison of modified blades with the same chord and same lift. (Source: Corten24) 

 

 
Fig. 3-4 Diagram of benefits using modified blades with DS devices. (Source: Corten24)  
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The oscillating loads on a turbine are caused by sudden changes in lift seen by the 

blade.  These changes in lift can be caused by a number of events, one of them being 

turbulence. Turbulence can increase/decrease the wind velocity, V, increase/decrease the 

angle of attack, α, seen by a rotating turbine blade, or it can do both.  Therefore, to 

reduce these oscillating loads, the sudden changes in lift have to be mitigated. This can be 

accomplished by reducing the lift curve slope (ΔL/Δα). The reduced slope does three 

things that help to reduce the loads.  One, the lift variation (ΔL) for a given Δα is 

reduced. Two, the maximum lift for a given Δα is lowered.  Three, the magnitude of the 

maximum negative lift is reduced. This reduction is important during emergency 

shutdown for pitch-to-feather machines.  As the blades pitch rapidly, they pass into 

negative angles of attack during which the rotor can experience high loads.    Corten’s 

research indicated a potential reduction of 20-40% for lift variation, a potential reduction 

of 6-12% for extreme lift, and a potential reduction of 20-40% for maximum negative lift. 

The primary benefit of modifying blades with DS devices is to decrease oscillating 

loads. Secondary benefits are associated with the reduced chord, allowing for smaller 

blades and, thus requiring less material. 

4
th

 Layer 

The fourth and final layer differentiates between a steady (S) and unsteady (U) device 

(i.e. a device whose position varies with time about a nominal setting). For example, a 

trailing-edge flap system, although it could be in continual motion, is simply changing 

position to create a series of steady state conditions and is therefore considered to be a 

steady device.  The motion itself is not used to create an aerodynamic control force, as is 

the case of, i.e., pulsed vortex generating jets.  Most of the devices that operate unsteadily 
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are also capable of steady operation; therefore, these devices are labeled (S/U).  However, 

research into these devices has shown that unsteady, or pulsed, operation is usually more 

effective. 

 
Table 1 Classification chart used to label each AFC device. 

 
 

Table 1 shows all fifteen devices that will be discussed.  To more easily present the 

various AFC devices, the discussions on each device are broken into four sections. The 

sections are as follows: 

1) Description - introduces the device and describes how it works, both 

mechanically and aerodynamically. 

2) Classification – explains the classification for the device. 

3) Background – presents a history of the research, including some results and the 

present state of the device. 

4) Wind Turbine Control –discusses the potential each device has for the wind 

energy industry, including its advantages and disadvantages and the hurdles that 

the technology faces. 
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Commonalities of AFC devices 

The purpose and potential benefits of AFC devices have been explained, but how they 

operate has not.  Although each device operates differently, there are certain 

characteristics that are required for a device to be successful.  

• It must be small in size so that a number of devices can be distributed along a 

portion of the span to provide sectional flow control at different locations of the 

turbine blade.  This also means the device should be scalable, meaning it can be 

effective across a range of chord lengths. 

• The device must have a fast activation speed.  This is necessary to counter the 

high frequency oscillatory loads and to provide proper aeroelastic control. 

• The activation forces and power requirements must be low so that the energy to 

operate the AFC system is lower than or equal to the additional energy gain from 

the turbine.  This allows for the secondary benefit of improved energy capture.  

• The AFC system needs to be reliable and dependable.  The turbine should be able 

to maintain operation if one or more AFC devices fail.   

• It is necessary for the device to be durable and robust in order to withstand the 

harsh environments seen by turbines.  Basically, the addition of a flow control 

system should not drastically increase maintenance costs.  The lifetime of the 

system also should be similar to the lifetime of the turbine and its components. 

• The integration of the AFC system into a turbine blade needs to be taken into 

consideration from both a manufacturing and maintenance point of view.  Current 

blade manufacturing techniques should still be used; if a device fails, it should be 

easily replaceable in an inexpensive and straightforward manner. 
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• In the end, the driving factor for the success or failure of an AFC system is 

economics.  A successful system must be able to reduce the cost of energy for 

wind turbines. 

All of the AFC devices will face certain challenges that will have to be overcome 

before any degree of implementation can be reached on commercial wind turbines.  Since 

the vast majority of actuators and sensors will have to be placed on or within the turbine 

blade, substantial modifications to the blades will be required. This will add complexity 

to the entire system and require a more sophisticated control system that would be 

capable of properly operating the AFC devices. Research on several devices has indicated 

that improper control of AFC devices could have a detrimental effect on the performance 

and safety of a wind turbine.  

3.1 Traditional Trailing-Edge Flaps 

3.1.1 Description 

Traditional trailing-edge flaps, or ailerons, have been utilized in the past on wind 

turbine blades for aerodynamic braking and load control.  Fig. 3-5 shows a wind turbine 

blade modified with a large trailing-edge flap being tested at the National Wind 

Technology Center in Boulder, Colorado. There are two different configurations 

(depending on torsional stiffness of the blade) in which ailerons can be used for load 

control.
6
 On a torsionally stiff blade, deflection of the flap to the pressure surface 

generates an increase in aerodynamic load and a deflection to the suction side decreases 

the aerodynamic load.  On a torsionally soft blade, a deflection of the flap towards the 

pressure surface will create a pitching moment that twists the nose of the blade towards 

the pressure surface, thereby decreasing the angle of attack and, hence, the load.  
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Likewise, a flap deflection in the opposing 

direction twists the blade toward the 

suction surface, thereby increasing the 

angle of attack and, hence, the load on the 

blade. 

3.1.2 Classification 

G -  geometric device 

TE -  located at the trailing edge of the blade 

I / D -  capable of deploying in both directions and therefore can adjust the lift 

curve up and down 

S - operates by changing the deflection angle in a steady-state manner 

3.1.3 Background 

Initial investigations of active flow control devices were performed by the National 

Renewable Energy Laboratory (NREL) in the 1990’s.  The devices, often called ailerons, 

were analyzed for power regulation and aerodynamic braking.  Wind-tunnel experiments 

examined the performance of ailerons at different configurations.
25,26

 Field tests also were 

performed using the aileron device at fixed positions (no active control), during which 3-

D effects associated with variable span-wise deployment of the control devices were 

identified during turbine operation.
27

 

Stuart, Wright, and Butterfield
28,29

 discuss the possible advantages of active devices 

for turbine control to mitigate the effects of damaging loads. A simple numerical control 

case study using ailerons is presented along with simulations investigating the use of 

actively controlled devices for load reduction.
28

 In this study, the intention was not to 

design an optimal controller, but rather to successfully implement a simple PI control 

 
Fig. 3-5 Wind turbine blade with trailing-edge 

flap in test stand. (Source: NREL6) 
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scheme using the aeroelastic analysis code FAST
30

.  The controlling ailerons were 

located on the outer 30% blade span.  The controlled aileron case showed a reduced 

response time for a step-gust wind input, with reduced root flap bending moments and 

improved power regulation during a simulated turbulent wind input. Additional 

simulations
29

 were also conducted using a more advanced design approach for the 

controller.  The FAST code, along with system identification tools, was used to generate 

a wind turbine dynamic model for use with the active aileron.  Simulation results 

indicated that aileron load control could assist in power regulation and reduce root flap 

bending moments during a step-gust and turbulent wind situation.  

3.1.4 Wind Turbine Control 

The trailing-edge flap design instantly comes to mind as a potential for wind turbine 

control because of its success in aircraft control.  However, there are several concerns 

with the NREL flap design including its large size, additional weight, complex linkage 

systems and slow response. Additional power requirements to actuate the large flap and 

aeroacoustic noise generated by gaps are also a concern.  

3.2 Nontraditional Trailing-Edge Flaps 

3.2.1 Description 

Nontraditional trailing-edge flaps use newer technology, such as piezoelectrics and 

“smart” materials, to improve upon traditional trailing-edge flaps. Whereas traditional 

flaps tend to be heavy, slow, and take up a large portion of the chord, nontraditional flaps 

have a quick activation, are lightweight, and occupy less chord.  These improvements 

allow nontraditional flaps to counter the extreme and fatigue loads. There are three 
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devices discussed in this section; the compact trailing-edge flap, the adaptive trailing 

edge geometry (ATEG), and the adaptive compliant wing. 

Compact Trailing-Edge Flaps  

A compact trailing-edge flap is being researched for rotorcraft control.  The compact 

design, seen in Fig. 3-6, is comparable to a scaled-down NREL aileron; however it uses 

small piezoelectric actuators located inside the blade to quickly move a tension rod that 

deflects the flap. The compact design allows for the quick deployment required to reduce 

rotor vibrations. 

Adaptive Trailing Edge Geometry (ATEG) 

The Adaptive Trailing Edge Geometry (ATEG) 
35-39

 is a trailing-edge flap that has no 

seems or hinges. The deformable flap is made of piezoelectric actuators that are attached 

to the main airfoil. It has the ability to deflect quickly and independently along the span 

of the blade.    The ATEG is capable of rotating through a flap angle range, ßflap, of � 3.0 

to +1.8 degrees. Fig. 3-7 illustrates the approximate size (relative to the airfoil chord) and 

deflection angles of the ATEG. Deflecting the ATEG towards the suction side (negative 

ßflap) shows a downward translation in the lift curve, whereas a deflection to the pressure 

side (positive ßflap) moves the lift curve upward, increasing aerodynamic load.   

 
Fig. 3-6 Left: CAD model showing the layout of the piezoelectric actuated flaps. (Source: Enenkl 

et al.33), Right: Photo of actively controlled piezoelectric flaps on the BK117 blade. (Source: Roth 

et al.34) 
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Adaptive Compliant Wing 

The third device considered to be a nontraditional flap is the adaptive compliant wing 

developed by FlexSys, Inc.
31

 and the U.S. Air Force Research Laboratories. A compliant 

mechanism is defined as a mechanism that relies on elastic deformation of its constituent 

elements to transmit motion and/or force.
32

 The concept and the aerodynamics are similar 

to those of the ATEG; however, the internal actuation mechanism is different.  This 

design (Fig. 3-8) uses conventional electromechanical actuators to deform a compliant 

structure that takes the shape of the trailing edge.  The flap can deflect over a range of 

+10 to -10 degrees at speeds up to 20 deg/sec and it can also twist differentially up to one  

degree per foot over the span of the model.
32

  

 

 
Fig. 3-7 Illustration of main airfoil and the ATEG trailing-edge flap.  Three 

different positions of the ATEG are shown. (Source: Bak et al.39) 

 
Fig. 3-8 Adaptive compliant wing wind tunnel model shown in a) -10° position and b) 10° position. 

(Source: Kota et al.32) 
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3.2.2 Classification 

G - geometric device 

TE - located at the trailing edge of the blade 

I / D - capable of deploying both directions and therefore can adjust the lift 

curve up and down 

S / U - both steady and unsteady (oscillating) operation are being researched 

3.2.3 Background 

Compact Trailing-Edge Flaps  

The most recent compact trailing-edge flap was developed under the ADASYS 

project (a collaboration of Eurocopter, EADS CRC, Daimler Chrysler Research Labs and 

DLR).
33,34

 A functional full-scale rotor was built and tests of the system demonstrated 

large reductions (50-90%) in vibratory loads. 

Adaptive Trailing Edge Geometry (ATEG) 

Several computational experiments have been conducted for development of the 

ATEG to be used for wind turbine control. Analytical studies conducted at Risoe 

National Laboratory-DTU showed that significant reductions in the RMS of the unsteady 

load level (simulating fatigue loading) are possible with an actively controlled trailing-

edge flap. Using a 2-D potential-flow solver, Basualdo
35

 investigated the movement of an 

airfoil in a turbulent flow field and found that the standard deviation of the airfoil 

position normal to the chord could be reduced using an AFC device.
35

  Troldborg
36

 

studied the static and dynamic aerodynamic performance of a 2-D airfoil equipped with 

different shaped ATEGs. Three different shapes were analyzed: rigid, soft curved, and 

strongly curved.  The static simulations showed that the soft curved flaps performed 

better.  These studies showed that an oscillating airfoil superimposed with an oscillating 
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ATEG could significantly reduce the amplitude of the lift generated over a wide range of 

reduced airfoil frequencies, k, of 0.09 – 0.36, where k is defined as; 

k =
ω  c

2  U∞

  (Eqn. 4) 

 

where, ω is the frequency of pitch oscillation, c is the chord length, and U∞ is the 

freestream velocity. The reduced airfoil frequency is used to quantify the speed of an 

airfoil’s oscillations. Physically, it represents the portion of the oscillation cycle, in 

radians, that elapses during the time it takes the local flow to travel half a chord length. 

This parameter is important when analyzing performance during dynamic stall (the 

process of boundary-layer separation from an airfoil experiencing a dynamic increase in 

angle of attack). 

Two-dimensional aeroelastic studies conducted by Buhl, Guanna, and Bak
37

 showed 

that the ATEG could reduce the standard deviation of the normal force on an airfoil 

caused by changing wind speeds; up to 95% for a sudden step in wind speed and up to 

81% for a turbulent flow (10% intensity).  

A similar test was conducted using a simplified aeroelastic model of a Vestas V66 

wind turbine to look at the equivalent flapwise blade root moment.  Anderson, Gaunaa, 

Bak and Buhl
38

 found that the flapwise moment was reduced 60% for inflow with a 

turbulent field of 10% intensity using a 7 m ATEG on a 33 m blade.  
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This preliminary research led to the 

construction of a physical model equipped 

with the ATEG system (Fig. 3-9).  In 2006 

Bak, Gaunaa, Anderson, Buhl, Hansen, 

Clemmensen and Moeller
39

 performed 

wind tunnel tests on a Risoe-B1-18
40,41

 

airfoil with a 16.4% maximum thickness-

to-chord ratio and a chord of 0.66 m (26.0 in.) equipped with 9%c piezoelectric actuated 

flaps. A total of 36 Thunder
©

 TH-6R piezoelectric bender actuators were used to form a 

flap along the entire span (1.9 m).  

The results from the wind tunnel experiments
39

 included steady and dynamic tests at 

40 m/s, corresponding to a Re = 1.66 × 10
6
.  The steady state tests showed that deflecting 

the ATEG towards the pressure side (positive ßflap) at an angle of ßflap = 1.5° resulted in a 

� CL = +0.036 and deflecting it towards the suction side (negative ßflap) at an angle of 

ßflap = -2.5° resulted in a � CL = -0.066.  The drag was almost unaffected by the actuation.  

A step change of the ATEG from ßflap = -3.0° to +1.8° showed that, within the linear lift 

region of the airfoil, a � CL = 0.10 - 0.13 could be obtained. Steady lift results are shown 

in Fig. 3-10. 

 
Fig. 3-9 Wind-tunnel model with trailing edge 

ATEG. (Photo by Risoe DTU National 

Laboratory for Sustainable Energy39) 
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The tests also showed the ATEG’s ability to cancel out the load variations of the 

airfoil in a sinusoidal pitch motion and that it was possible to reduce fluctuations 

(measured in � CL) by 80%.  The phase shift between the ATEG motion and pitch motion 

proved to be a significant variable; large reductions were accomplished with a phase shift 

of 30°. Experiments simulating improper control (a 180° phase shift from the optimal 

shift) increased the � CL by 70%.   

Additional experiments
42

 testing the capabilities of the ATEG concept were carried 

out by DUWIND (Delft University Wind Energy Research Institute).  The goal of these 

tests was to show that vibrations in a dynamically scaled blade due to randomly varying 

aerodynamic loads could be significantly reduced using trailing edge devices. A reduced 

scale wind turbine blade (span = 90 cm, chord = 12 cm) embedded with four Thunder
©

 

TH-6R piezoelectric bender actuators
43

 was tested in a wind tunnel (Fig. 3-11). The 

actuators formed two different flaps of 50%c and were covered with soft foam and a latex 

skin. The blade was constant thickness with no twist along the span.  The model was 

 
Fig. 3-10 Steady airfoil characteristics for the Risoe-B1-18 fitted with 

ATEG. Lift coefficient vs. AOA for different flap angles. (Source: 

Fuglsang et al.41)  
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attached to the ceiling of the tunnel with the bottom 

end allowed to deflect freely. The change in 

flapping bending strain on the blade root and the 

acceleration of the deflecting tip were measured. 

Both feed forward (open loop) and feedback (closed 

loop) control strategies were used in the 

experiments. The feedback control experiments 

showed reductions in root strains from 60-95%. 

Adaptive Compliant Wing 

Research on the adaptive compliant wing has 

been conducted in a collaborative effort with 

FlexSys, the Air Force Research Lab’s Air Vehicle Directorate, and Lockheed Martin. 

The concept is designed for high-endurance aircraft. Wind tunnel and in-flight tests were 

conducted to demonstrate the potential of this technology for effective gust load 

alleviation. Wind tunnel tests showed that as the flap angle was changed from -8° to +8°, 

CL increased from 0.1 to 1.1 without significantly affecting drag. The in-flight test 

section had a 50 in. span and a 30 in. chord. The flap was capable of deforming +/- 10° at 

a rate up to 30 deg./sec and twisting up to one degree per foot of span.
44

 The in-flight 

tests were carried out at high altitude and high subsonic conditions. Complete results 

from these tests have not been released.  

 

Fig. 3-11 DUWIND’s “smart blade” 

experiment tested at TU Delft LSLT 

wind tunnel. (Source: Barlas and van 

Kuik4)
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3.2.4 Wind Turbine Control 

Nontraditional flaps operate on the same principle as traditional flaps, to change the 

sectional camber by deflecting the trailing-edge portion of the airfoil. However, the use 

“smart” materials (in these concepts: linear and bending piezoelectric actuators, and 

compliant structures) make these devices aerodynamically superior to the traditional flap. 

This is due to minimal drag production over a wide lift range.  Traditional flaps tend to 

produce flow separation and increase drag during deployment.  

Promising results have been shown in numerical studies, wind-tunnel experiments, 

and also in mechanical design.  Additional research to continue development of 

nontraditional flaps must address many criteria including the required aerodynamic 

shapes, the required stiffness and dynamic response, and the weight and power required 

to actuate the control surface.
32

 

Although these “smart” materials offer many advantages, they often come with their 

own set of problems. Inherent drawbacks of these concepts include scalability to large 

models and the durability and reliability of the deployment devices (both piezoelectric 

and compliant structures). Long-term use is a concern because creep or degradation of 

these materials can occur, which would drastically limit their performance. A high-

voltage electric power supply would be required to activate the piezoelectric material 

based actuators. 
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3.3 Microtabs 

3.3.1 Description 

Active translational microtabs have been proposed as a viable and effective device for 

active load control applications. The concept involves small tabs located near the trailing 

edge of an airfoil, similar to Gurney flaps.
45

  The tabs are deployed approximately 

perpendicular to the airfoil surface to a height on the order of the boundary layer 

thickness (1-2% chord). This slight movement affects the aerodynamics of the airfoil by 

shifting the point of flow separation (Kutta condition), in turn, altering the trailing-edge 

flow conditions and effectively changing the camber. This phenomenon is illustrated in 

Fig. 3-12 using instantaneous streamlines from computational simulations. Lift 

enhancement is achieved by deploying the tab on the pressure (lower) surface and lift 

mitigation is achieved by deploying the tab on the suction (upper) surface. 

 

 

 
 

Fig. 3-12 Instantaneous streamlines of an S809 airfoil with a 1.1%c pressure surface 

tab located at 95%c.  Inset: Tab region with critical instantaneous streamlines 

denoted by arrows (Ma = 0.25, Re = 1 × 10
6

, α= 0°). (Source: Chow and van Dam56) 
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3.3.2 Classification 

G - geometric device 

TE - located near the trailing edge of the blade 

I / D - capable of deploying both directions and therefore can adjust the lift 

curve up and down 

S / U - steady and unsteady operation by using on/off deployment 

3.3.3 Background
46,47,48

 

The initial development of the microtab concept was conducted by researchers at UC 

Davis in the late 1990s.
46-48

 Both computational and experimental studies on lower 

surface microtabs on the GU25-5(11)8 airfoil
49

 were performed in 2-D and 3-D 

operation.  The effects of tab height, tab location and tab spacing were all investigated for 

3-D applications.  The results indicated that a tab of 1%c in height, located at x/c = 95% 

on the lower surface provided the best compromise for lift, drag, and volume 

constraints.
46

 For both numerical and experimental tests, a 30-50% increase in CL was 

seen in the linear lift region with 1%c tabs.
46

 

Standish and van Dam
50

 and van Dam, Standish, and Baker
51

 conducted more 

comprehensive 2-D computational experiments further examining tab height and location 

on both upper and lower surface on the S809 and the GU25-5(11)8 airfoil. Pressure 

surface tabs demonstrated an increase in lift over all angles of attack, whereas suction 

surface tabs only decrease lift at angles of attack throughout the linear region. The 

suction surface tabs lose effectiveness at the higher angles of attack because the flow 

separates forward of the tab location. The optimal location for the lower surface tab in 

terms of lift and drag was again found to be around 95%c with a height on the order of 

the boundary layer thickness, or ~1%c. The computational studies were validated in the 
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wind tunnel on the S809 airfoil. The results
52

 are shown in Fig. 3-13 and agree very well, 

especially in the linear region.  

Although earlier reports on 3-D investigations indicated that solid tabs generate the 

best lift enhancement, gaps may be necessary for actuation purposes and for some 

pitching moment and drag reduction benefits.
53,54

 Mayda, van Dam, and Yen-Nakafuji
55

 

performed more detailed computational investigations on the 3-D effects of microtabs by 

modeling finite width tabs on a semi-infinite wing.  Studies showed that tab effectiveness 

reduced as the gap size was increased. The amount of gap can be identified with a 

solidity ratio, SR, defined as;  

SR =
span covered by tabs

total span of model
 (Eqn. 5) 

 

 Computational results indicated that a solidity ratio of 85% or higher should be 

maintained for proper effectiveness.  A solidity ratio lower than 75% allows the flow to 

reattach at the trailing edge, thereby drastically reducing the tab’s performance. 

 

 
Fig. 3-13 Comparison between experimental and computational results for lower surface tabs on the 

baseline S809 airfoil with a Re=1×106. (Source: Baker et al.52) 
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In order to fully understand the behavior of these devices, Chow and van Dam
56,57

 

conducted computational studies analyzing the unsteady behavior and potential 

nonlinearites during the deployment of a pressure surface microtab integrated into a S809 

airfoil. For analysis purposes, a non-dimensional deployment time, Tdeployment, was used to 

study the tab’s motion.   

c

tU
T

deployment

deployment

⋅
= ∞

  (Eqn. 6) 

 

where U�  is the free-stream velocity (m/s), tdeployment is the actual deployment time (s), 

and c is the chord length (m).  

The transient flow behavior for Tdeployment = 1 can be seen in Fig. 3-14 and Fig. 3-15. 

As the tab deploys, a low-pressure region and a counterclockwise vortex form just aft of 

the tab.  Up until a non-dimensional deployment time of T = 0.8 (Fig. 3-14/15f), the 

emergent tab-generated vortex acts like a separation bubble.  As the bubble extends past 

the trailing edge, an interesting phenomenon occurs; the suction surface flow at the 

trailing edge is entrained back into the pressure surface vortex. Fig. 3-14/15g shows the 

suction surface flow being drawn around the trailing edge and back towards the tab.  The 

flow continues traveling on the pressure surface, driven by the vortex, and up the aft part 

of the tab until it reconnects with the pressure surface flow from upstream of the tab.  A 

new stagnation point is formed at the tip of the tab, where the two flows leave the 

airfoil/tab surface (Fig. 3-14/15h). The shift of the separation point from the trailing edge 

to the end of the tab changes the Kutta condition of the airfoil.  In this situation, the 

effective camber is increased and CL is increased.  The results from the computational 

studies on the dynamic behavior of tabs show that only small transient effects are seen 

during deployment; therefore, these devices can be designed and operated as simple “on-
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off” devices.  This allows for the use of more simple control strategies and actuation 

mechanisms.  

The latest wind-tunnel experiments investigating the microtab concept were 

conducted on a blade tip model.
58

 The half-scale model (model span of 24.7 in.) was 

representative of the outboard 10% of the ERS-100 horizontal-axis turbine blade.  This 

experiment was the first test of the microtab’s performance in a fully three-dimensional 

flowfield. Tab heights of 1% and 1.5% chord were investigated under free and fixed 

transition at Reynolds numbers of 350,000 and 460,000.  The tests used static, single-

piece (non-segmented) tabs running the span of the model located at 95%c on the 

pressure surface and at 90%c on the suction surface. The microtabs showed similar 

effectiveness as seen in the two-dimensional tests.
58

  Nearly constant lift increases of 9% 

and 22% were achieved with lower (pressure) surface 1%c and 1.5%c tabs, respectively. 

Lift reductions in the linear lift regime of 20% and 30% were seen for upper (suction) 

surface 1%c and 1.5%c tabs, respectively.  These results confirm that tabs are effective in 

fully three-dimensional flowfields, a crucial step towards potential full-scale applications.  
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Fig. 3-14 Cp contours in tab region during 

deployment, (Tdeployment = 1). Darker regions 

indicate lower pressure. (Source: Chow  and 

van Dam57) 

 
Fig. 3-15 Instantaneous streamlines in 

trailing-edge region of S809 airfoil during tab 

deployment, (Tdeployment = 1). (Source: Chow  

and van Dam57) 
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Further research has been conducted on the effectiveness of tabs using aeroelastic 

simulation in conjunction with a simple control program.  For this analysis, 

FAST/AeroDyn software
30,59

 was used along with MATLAB’s Simulink
60

.  The NREL-

developed Simulink/FAST interface was modified to simulate independent control of 

several radial sections of microtabs on each blade and also to allow for inputs that model 

the time dependence of the section lift and drag changes as the microtabs are deployed 

and retracted. The NREL Controls Advanced Research Turbine (CART), a 600 kW two-

bladed upwind turbine, was modeled to demonstrate the impact of microtabs on blade 

loading.  Since earlier simulations showed that the control effectiveness of the microtabs 

is optimized if they are located on the outer 25% of the blade span,
61

 the model was 

equipped with a microtab system in this configuration on the suction surface of the blade. 

A simple control-system simulation was designed to deploy the section of microtabs on 

one blade every time it passed in front of the tower.   The loads on only that one blade 

were attenuated.  As the blade passed the tower, the tabs were retraced and the load 

attenuation diminished. This simulation was meant to provide only a graphic 

demonstration of the impact of microtabs; this is not a situation that would actually be 

implemented for actual turbine operation.  The results for a 15 m/s steady wind (no 

turbulence- or gust-induced loading) and an 18.2 m/s turbulent wind are shown in Fig. 

3-16 and Fig. 3-17, respectively.  In both cases, a positive tip displacement indicates 

movement toward the tower; a smaller displacement means more tower clearance.  The 

microtab-equipped blade passed upwind of the tower at an azimuth angle of 180°.  Under 

both situations, the deployment of the tabs reduced the blade tip displacement, thus 

increasing the tower clearance of the tip by about 0.25 m.  Analysis of the loads revealed 
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that the blade root fatigue damage was increased as a result of tab deployment.  

Deployment of the microtab system at other times was also simulated and showed an 

increase in loads and deflections. Improper control is a concern for all AFC devices.   

 

 
Fig. 3-16 Effect of microtabs on tip displacement of CART turbine. (a) 

Time series of tip displacements, (b) Tip displacements as a function of 

rotor azimuth angle (Source: Berg et al.6) 

 
Fig. 3-17 Effect of microtabs on tip displacement of CART turbine. (a) 

Time series of tip displacements, (b) Tip displacements as blade passes 

in front of tower (Source: Berg et al. 6) 
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3.3.4 Wind Turbine Control 

The microtab system consists of small devices that are capable of creating changes in 

lift comparable to the changes created by much larger flaps.  Appealing features include 

small size, fast activation, mechanical simplicity of the design, low power requirements 

and a short linear deployment distance. The perpendicular motion of the tab relative to 

the flow requires significantly smaller forces for a given change in sectional lift 

compared to a traditional trailing-edge flap. The major hurdle facing this concept is 

minimizing air leakage between the tab and the blade.  Substantial leakage would 

generate aeroacoustic noise and negatively affect the turbine’s performance.  The far aft 

location of the tabs makes it challenging to install an actuator near the tabs.  For this 

reason, an appropriate design would include a lever arm connecting the tab to an 

electromechanical actuator placed near 70%c. If a motor and lever arm configuration 

were to be implemented, measures to reduce possible misalignment would have to be 

taken.  

3.4 Miniature Trailing-Edge Effectors (MiTEs) 

3.4.1 Description 

Miniature trailing-edge effectors (MiTEs) are small 

translational flaps, approximately 1-5% chord in height, 

located at the trailing edge. The MiTE concept was inspired 

from the Gurney flap
45

 and is similar to the microtab in many 

ways.  The aerodynamic force alteration is produced by a 

small region of separated flow directly upstream of the flap, 

with two counter-rotating vortices downstream of the flap 

 
Fig. 3-18 Geometry of (a) 

Gurney flap and (b) MiTE 

attached to a sharp and blunt 

trailing edge airfoil. (Source: 

Lee and Kroo63) 
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effectively modifying the trailing-edge Kutta condition.  The difference between the 

microtabs and the MiTEs is the location.  The MiTEs are located at the trailing edge, 

therefore a blunt trailing edge with a thickness at least the same as the flap height is 

required to provide a space for storing the flap when retracted (Fig. 3-18). The flap has 

three possible positions; up, down, and neutral.  Lift enhancement occurs when the flap is 

in the down position and lift mitigation is realized when the flap is in the up position. 

3.4.2 Classification 

G - geometric device 

TE - located at the trailing edge  

I / D - capable of deploying both directions and therefore can adjust the lift 

curve up and down 

S / U - steady and unsteady operation 

3.4.3 Background 

The MiTE concept
62

 has been 

researched since 1998 at Stanford 

University where numerous 

computational and experimental 

studies have been conducted. A CAD 

model of a wing equipped with a 

MiTE system is shown in Fig. 3-19. 

One study performed by Lee and Kroo
63

 analyzed the three dimensional aerodynamics of 

the MiTEs using an incompressible Navier-Stokes flow solver. The study looked at the 

impact of flap aspect ratio, Af, on the lift distribution and overall performance.  The flap 

aspect ratio is defined as; 

 
Fig. 3-19 Concept wing with MiTEs. (Source: Bieniawski 

et al.65) 
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g

f

f
L

L
A =   (Eqn. 7) 

where Lf is the length of the flap and Lg is the length of the gap between two flaps. The 

flap height was kept constant at 1%c and Lf was equal to Lg, meaning that in all cases 

50% of the wing was covered by tabs. Results indicated a linear relationship between CL 

and the spanwise length of the flap, Lf. The knowledge of this relationship could provide 

designers with more freedom when selecting the spanwise flap length to fit their specific 

needs.  

Another computational study by Lee and Kroo
64

 investigated the steady and unsteady 

aerodynamics of MiTEs. The focus was on the change in lift, drag, and pitching moments 

with fully deployed MiTEs as compared to a clean configuration.  The steady state 

simulations looked at different trailing edge thicknesses, flap sizes, Reynolds numbers, 

and angles of attack. One result showed that a larger ΔCL occurred for larger flap heights.  

A flap height of 3.0%c had a maximum ΔCL of approximately 0.45 for both the sharp and 

blunt trailing edge 

configurations. Some of 

the results are shown in 

Fig. 3-20. Several other 

steady state results can be 

found in the 

publication
64

. The 

unsteady effects were 

analyzed using time 

 
Fig. 3-20 Change in lift coefficient with respect to angle of attack for 

varying flap heights (Source: Lee and Kroo64) 
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accurate computations. The studies looked at the vortex shedding phenomenon and the 

frequency response of a deploying flap.  Fig. 3-21 displays CFD images of streamlines 

and a stagnation pressure map of a deploying MiTE.  

Stanford researchers
65

 also looked into novel approaches for control of MiTE 

systems.  A flight vehicle equipped with MiTEs and a distributed flight control system 

with remote control was developed and tested.  The vehicle had a six foot span flying 

wing with a 12 in. chord and a 30° sweep. The flaps had a maximum deployment of 2%c. 

The experiments demonstrated that the MiTE system was capable of providing adequate 

rates in pitch, roll, and yaw.  

 
Fig. 3-21 Streamlines and stagnation pressure map of a moving flap from neutral to down position. 

(Source: Lee and Kroo64) 
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3.4.4 Wind Turbine Control 

The MiTES have similar advantages to the microtabs; they are small, require little 

activation force, and can respond quickly.  The upside to this type of flap is that the far 

aft location provides more effective lift control and there is no need for slots in the blade 

construction, which reduces the modifications to the blade.  However, the tradeoff is that 

a blunt trailing edge is mandatory.  This will decrease performance of the turbine when 

the device is not active and research has shown blunt trailing edges generate noise in the 

tip region.
66

 

3.5 Microflaps 

3.5.1 Description 

Microflaps are also derived from the Gurney flap
45

 and are similar to both the 

microtab and MiTE concept.  Instead of a translational device like the microtab and 

MiTE, the microflap is a rotating device. It takes the position of the trailing edge and is 

able to rotate 90° in both directions. The optimum height is similar to that of the 

microtabs, which is on the order of the boundary layer thickness (1-2% chord). A CFD 

model of a microflap is shown in Fig. 3-22. Rotating the flap up towards the suction 

surface reduces lift and rotating it down towards the pressure surface increases lift.  
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3.5.2 Classification 

G - geometric device 

TE - located at the trailing edge of the blade 

I / D - capable of deploying both directions and therefore can adjust the lift 

curve up and down 

S / U - steady and unsteady operation 

3.5.3 Background 

Computational studies conducted by van Dam, Chow, Zayas, and Berg
67

 used a 

modified NACA 0012 airfoil with a semi-circular cove truncating the trailing edge.  The 

flap was constructed within the cove and extended out, forming the trailing edge.  The 

flap had a semi-circular arc leading edge with a diameter of 0.330%c and a chord length 

of 1.495%c.  The goal of this computational study was to analyze the flap’s time-

dependent effect on sectional lift, drag, and pitching moment and its effectiveness in 

mitigating high frequency loads on a wind turbine. The flow conditions used were Re = 

1.0 million and M�  = 0.25. Several studies with varying non-characteristic flap 

deployment times (Eqn. 6) were carried out and the results are shown in Fig. 3-23. 

 
Fig. 3-22 Microflap with body-fitted O-grid in retracted and fully deployed (down) positions. 

(Source: van Dam et al.67) 

 



 65 

 

The overall transient behavior of the microflap was found to be similar to that of the 

microtabs.  The flaps had a slightly faster initial response time and larger lift 

effectiveness due to the placement at the trailing edge. The flap placement also increased 

bluff-body vortex shedding. 

3.5.4 Wind Turbine Control 

This concept is appealing because the trailing-edge location provides more effective 

lift enhancement than the microtabs and the design does not require a blunt trailing edge 

as does the MiTEs.  Limited studies have been conducted on this concept, which makes it 

difficult to define all of the benefits and drawbacks. Some anticipated hurdles are 

minimizing air leakage and designing a simple, effective actuation system that is capable 

of rotating the flap bi-directionally to an angle of 90°.  
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Fig. 3-23 Airfoil pressure contours (left) and instantaneous streamlines (right) due to deployment of 

microflap. (Source: van Dam et al.67) 
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3.6 Active Stall Strips 

3.6.1 Description 

Small stall strips, or spoilers, are placed parallel to and near to the leading edge (x/c < 

0.1) to provide control over the stalling characteristics of an airfoil.
68

 The strips operate 

by separating the flow near the leading edge.  Studies have been conducted for both 

passive and active control. Passive strips were designed to be implemented on stall-

regulated wind turbines, but with modern variable-pitch turbines they do not provide any 

advantages. Active strips, on the other hand, could provide some benefits for turbine 

control. Active stall strips would be capable of deploying and retracting in response to 

changes in local flow conditions.  Instead of increasing CL with deployment, as many of 

the other AFC devices do, active stall strips decrease CL and increase CD as a means of 

control. Although, nearly all stall strips in use today are static except for the actively 

controlled stall strips on the Lockheed-Martin U-2 airplane.  

3.6.2 Classification 

G - geometric device 

LE - located near the leading edge of the blade 

D - used only to decrease lift 

S - deploys in a steady operation 

3.6.3 Background 

There has not been much recent research regarding this device. A 1991 paper by 

Lewis, Potts, and Arain
68

 summarized experiments looking at optimal location and size of 

a spoiler on a NASA LS (1)-0417 MOD airfoil. This airfoil was selected because of its 

use on the Orkney 3 MW wind turbine.  Three spoiler heights (3 mm (0.767%c), 6 mm 

(1.535%c), and 9 mm (2.302%c)) at five different chordwise locations (one on the lower 
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surface, one on the leading edge, and three on the upper surface) were tested at different 

angles of attack. The locations and heights of the tested spoilers, along with predicted 

streamlines, are shown in Fig. 3-24. 

Active strips were found to be most effective at location No. 5 (x = 2.9%c). At this 

location, small spoiler heights (h < 0.77%c) provided drag control without inducing 

major stall and associated buffeting. The height of the strip could be adjusted depending 

on what type of control was needed.  For stable (unstalled) control, the stall strip could be 

deployed only a short distance to provide adequate control. Results showed that a height 

of 0.77%c could decrease CL/CD decreased from 70 to 18.  In this configuration, the strip 

acted as a turbulence promoter, inhibiting boundary layer separation.  Greater 

deployment distances (0.77%c < h < 1.53%c) provided control by inducing upper surface 

stall and was found to be more suitable for braking.  At these heights, the strip acts as a 

flow separation trip resulting in a CL/CD reduction from 18 to 3.4. The differences in the 

 
Fig. 3-24 a) Location of leading edge spoilers showing the first 10% of chord, b) Prediction of 

leading edge streamlines for varying angles of attack. (Source: Lewis et al.68) 
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lift curves for spoilers located at position No. 2 and position No. 5 on Fig. 3-24 can be 

seen in Fig. 3-25. 

3.6.4 Wind Turbine Control 

There has not been any recent research investigating this control approach. The past 

research was conducted for wind turbine control, but additional numerical computations 

and experiments should be conducted to further understand the aerodynamics and to find 

an optimal location and size. A control limitation of this device is that it is not possible to 

increase CL.  Stall strips operate in a similar manner to the microtabs and share some of 

the same concerns, mainly maintaining tight tolerances between the strip and the many 

body of the blade.  Although, air leakage isn’t a concern since the strips are only location 

on the suction surface. The forward location is beneficial from an implementation 

standpoint since there is plenty of space inside the blade to house an actuator; however, 

major concerns arise from an aerodynamic perspective because slight modifications near 

the leading edge of the blade could have detrimental effects on the overall performance. 

 
Fig. 3-25 Lift curve results for spoiler positions, a) position 2 – leading edge, b) position 5 – active 

spoiler position. (Source: Lewis et al.68) 
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3.7 Vortex Generators 

3.7.1 Description 

Vortex generators (VGs) are simply solid tabs mounted on the airfoil surface that 

promote mixing and mitigate boundary layer separation.  VGs that are appropriately sized 

and correctly oriented produce coherent helical vortex structures that cause mixing 

between the air in the freestream and boundary layer.
69

 They are commonly used to 

reduce flow separation and increase CLmax. However, at attached flow conditions 

conventional VGs significantly increase drag. Examples of different VG types, including 

geometric parameters, are shown in Fig. 3-26a; a simple arrangement of ramp-style VGs 

on a wing section is displayed in Fig. 3-26b. 

 

Investigations in reducing the height of VGs found that under certain aerodynamic 

conditions, a properly designed “micro vortex generator” (MVG) can be just as effective 

in delaying separation in low speeds as a traditional VG.
69

 MVGs are defined as having a 

height between 10% and 50% of the boundary-layer thickness.  The smaller size has the 

 
Fig. 3-26 a) VG types and geometric parameters. (Source: Lin et al.69), b) Illusration of VG 

arrangement on a wing section. (Source: Barrett and Farokhi70) 
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advantage of incurring less drag compared to traditional VGs; however, the generated 

vortices are not as strong and the placement of the MVG with respect to the flow 

separation region is much more critical.  For these reasons, conventional VGs tend to be 

more effective. The MVGs are best for applications where the flow-separation location is 

relatively fixed; in this situation they can be placed just upstream of the separation point. 

3.7.2 Classification 

G - geometric device 

LE - located near the leading edge of the blade 

DS - used to delay stall 

S - steady operation by deploying to different heights 

3.7.3 Background 

Although passive VGs are useful under certain conditions, active VGs have a greater 

potential for wind turbine control. Experiments were conducted by Barrett and Farokhi
70

 

to demonstrate the potential benefits of active VGs, or smart VGs.  The experiments used 

a ramp-style VG configuration with shape-memory-alloy (SMA) actuators along with a 

shear-flow separation sensor and an optimal controller to form a smart vortex generator 

(SVG) system to optimize lift-to-drag ratio (L/D) and CLmax as a function of angle of 

attack.   
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Investigations and experiments were conducted to determine the optimum shape, 

type, size, and placement of the ramp-style VGs on a NACA 4415 airfoil section with an 

8 in. chord at a chord Reynolds number, Re = 4.27 × 10
4
.  The VGs were placed 8-15%c 

from the leading edge. The smart ramp VGs triggered by a leading-edge shear-flow 

sensor and controller, was capable of deploying the VGs to an operational height of 0.22 

in. in 0.8 s while consuming 9.2 W of power. Wind-tunnel results showed that CLmax and 

� stall increased from CLmax = 1.26 at �  = 12.5° to CLmax = 1.42 at �  = 14.3° (Fig. 3-27a).  

The SVG was able to adjust its height to maximize the lift-to-drag ratio; the height (in 

inches) is also displayed in Fig. 3-27a. The tests showed that the L/D ratio increased up to 

42% above �  = 12.5° (Fig. 3-27b), while displaying a minimal change (less than 0.1%) 

in drag.  Performance tests indicated that the active vortex generators were capable of 

both delaying stall and unstalling the airfoil.  Unstalling is achieved by activating the 

VGs during post-stall operation, when the flow is separated, to reattach the flow.   

 

 

 

 
Fig. 3-27 a) Lift curve and deflection height for SVG system, b) L/D vs. alpha for the SVG system. 

(Source: Barrett and Farokhi70) 
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Research on micro vortex generators (MVGs) as a means of flow-separation control 

has shown that properly designed devices can be just as effective in delaying separation 

as conventional VGs. Lin
71

  evaluated conventional and micro VGs by comparing oil-

flow visualization experiments conducted over a 2-D, 25°-sloped, backward-facing 

curved ramp in a shear flow tunnel. He studied several different types and sizes of MVGs 

and VGs and concluded that even though MVGs produce weaker vortices, properly 

designed MVGs would produce strong enough streamwise vortices to overcome 

separation and tended to be more efficient.  The MVGs successfully reduced the extent of 

separation by almost 90%.  

Using VGs and MVGs as a means to suppress separation bubbles on a low Reynolds-

number aircraft was first investigated in the early 1990s. Many low-Reynolds number 

airfoils (Re < 1 million) experience a laminar separation bubble for angles of attack 

below stall. The separation bubble is formed just downstream of the maximum suction 

pressure; the laminar boundary layer separates and produces an unstable shear layer that 

rapidly transitions to a reattached turbulent boundary layer that continues to the trailing 

edge.
69

 Small separation bubbles have little effect on lift but can create a significant 

increase in drag. An experimental investigation
72

 was conducted on a Liebeck LA2573A 

airfoil using various MVG configurations to eliminate separation bubbles and reduce 

airfoil drag. Results showed that significant drag reduction, over a range of lift 

coefficients, occurred for all three types of generators (wishbone MVG with h/δ ~ 0.3, 

ramp cone MVG with h/δ ~ 0.4, wishbone VG with h/δ ~ 0.8) at the design condition. 

The MVGs showed a larger decrease in drag (38% for a wishbone MVG) compared to 

the traditional VGs (30% reduction for wishbone VG). 
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3.7.4 Wind Turbine Control 

Fixed vortex generators have been extensively researched and implemented on wind 

turbines, but not for active load control applications, rather they are typically installed 

near the root of the blade to mitigate inboard flow separation.  However, active VGs 

could be placed in the outboard region of the blades and be used for control purposes by 

increasing CLmax and � stall only when necessary. The implementation of active VGs 

would require actuators and slots in the blade. Similar to other AFC devices, the 

requirement for slots in the surface of the turbine blade raises concerns about possible 

reduced performance and noise generation. The forward placement of the VGs is 

advantageous because there is plenty of space to house an actuation system within a 

turbine blade. 

The main disadvantage of active VGs and the other DS devices is that they only are 

capable of delaying stall. Delaying stall is not as desirable for control purposes as 

adjusting the entire lift curve as the I/D devices are able to do. One possible solution is to 

take Corten’s
24

 idea (described in the introduction of Chapter 3) of passively applying 

VGs to wind turbine blades one step further and utilize actively controlled VGs, similar 

to the research conducted by Barrett and Farokhi
70

.  However, in this configuration the 

VGs would be normally deployed instead of normally retracted.  The VGs could then 

retract in certain situations to reduce CLmax and minimize loads; the downside of using 

normally deployed VGs is that they increase drag at attached flow conditions. One 

advantage of this is to use design blades with shorter chords, this could save weight and 

cost on materials. This idea could possibly be applied to other DS devices discussed 

throughout this report.   
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3.8 Blowing and Suction 

3.8.1 Description 

Conventional blowing and suction techniques delay stall by adding high-momentum 

air into the boundary layer.  Blowing devices add stored high-momentum air through 

slots in the aerodynamic surface. Suction devices remove low-momentum fluid near the 

surface, which deflects high-momentum free-stream fluid towards the surface, thus 

reenergizing the boundary layer.
73

  

The introduction of high-momentum air, from either blowing or suction, into the 

boundary layer assists in overcoming adverse pressure gradients, postponing separation. 

The blowing/suction slots can be located near the leading edge and/or near the trailing 

edge as shown in Fig. 3-28. The slots are normally positioned in a near uniform fashion 

along the span of the blade and the blowing/suction can occur steadily or unsteadily. The 

presence of the slots can change the effective shape of the airfoil at higher angles of 

attack, causing an increase in drag; however, at low angles of attack this is generally not 

an issue. 

 

 
Fig. 3-28 Illustration of possible blowing/suction 

configuration showing slot locations and deflectable flap. 

(Source: Greenblatt and Wygnanski73) 
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The slot, or jet, momentum coefficient defines the relative strength of blowing (Cμ > 

0) and suction (Cμ < 0). 

refref

jetjet

AV

Vm
C

2

2
1

∞

=
ρμ

&
  (Eqn. 8) 

 

where m& jet =  ρjetVjetAjet is the mass flow rate of air through the slot, Vref is the reference 

freestream velocity, and Aref is the planform area. Physically, this coefficient represents 

the ratio of slot momentum to free-stream momentum. 

Pulsed operation is also possible.  Pulsed blowing sends short pulses rather than a 

continuous jet of fluid into the boundary layer and has been found to be more effective.  

The improved effectiveness is believed to come from the production of vorticity inside 

the boundary layer.  This additional vorticity transports additional free-stream momentum 

into the boundary layer, therefore requiring less momentum to be injected through the 

slot itself. The reduced forcing frequency, F
+
, is commonly used to characterize the ratio 

between the actuator forcing frequency and the frequency at which fluid events will be 

convected down the blade surface by the freestream flow.
74

 

F
+ =

f ⋅ X

V
  (Eqn. 9) 

 

where f  is the pulsing frequency of the blowing/suction device, X is the representative 

length scale of the separation zone where eddies or unsteady waves are present (normally 

the distance from the actuator to the trailing edge), and V is the velocity of the flow past 

the actuators (normally the freestream velocity, U∞). 
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3.8.2 Classification 

F - fluidic device 

LE/TE - located either near the leading edge or trailing edge 

DS - used to delay stall 

S / U - can be configured to operate in both modes 

3.8.3 Background 

The application of blowing for flow control on rotors has a long history with the first 

flight test occurring in 1955 on a Cessna CH-1 helicopter.
75

 Recent experiments by 

Seifert, Daraby, Nishri, and Wygnanski
76

 comparing steady and pulsed blowing leading-

edge slots showed that pulsed blowing was more effective.  A NACA 0015 airfoil 

equipped with a leading-edge slot was tested for Reynolds numbers between 150,000 and 

750,000. The experiments showed that pure pulsed blowing from the leading edge at a 

very low momentum coefficient, Cμ = 0.0008, and at a reduced forcing frequency, F
+ 

= 

0.8, increased the lift coefficient at α = 16° by 30% relative to the non-blowing case.  The 

steady blowing case with the same momentum coefficient did not show any effect.  

Research conducted by Weaver, McAlister, and Tso
77

 looked at the benefits of using 

steady and pulsed blowing to improve the dynamic stall characteristics of the airfoil.  The 

Boeing-Vertol VR-7 airfoil (used on helicopter rotors) equipped with an upper surface 

blowing slot was used.  The airfoil had a chord of 4.0 in., a slot span of 7.9 in., and a slot 

height of 0.003 in.  The airfoil was tested in a water tunnel with a Reynolds number of 

100,000 and underwent sinusoidal pitching oscillations described by  

α = αm + 10° sin(ωt)  (Eqn. 10) 

where α is the angle of attack, αm is the mean angle of attack, ω is the frequency of pitch 

oscillation, and t is time.  
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The experiments investigated αm values of 10° and 15° at reduced airfoil frequencies, 

k, from 0.005 to 0.15 (ω is related to the reduced airfoil frequency  through Eqn. 4). The 

reduced forcing frequency, F
+
, ranged from 0 to 3 and the momentum coefficient, Cμ, 

ranged from 0.03 to 0.66. Unsteady lift, drag, and pitching-moment loads were measured, 

and fluorescent dye was used to visualize the flow.  The results showed that steady, 

upper-surface blowing trapped a separation bubble near the leading edge during a portion 

of the airfoil’s upward rotation. The presence of the separation bubble was attributed to 

significantly enhancing the lift. The largest changes in CL were obtained at the lowest 

reduced airfoil frequencies, the lowest mean angle of attack, and the highest value of Cμ. 

The performance decreased as the reduced frequency and mean angle of oscillation 

increased.  Pulsed blowing showed similar effectiveness and offered the largest 

improvement at F
+
 = 0.9.  Under certain conditions, both blowing types increased the 

CLmax; pulsed blowing increased it by 20% and steady blowing by 12%.   

3.8.4 Wind Turbine Control 

Although these techniques have been successfully implemented on aircraft, there are 

many concerns related to wind turbine applications.  The conventional design, using slots 

and stored high-momentum air, would be difficult to implement on turbine blades.  Main 

concerns would be added weight and complexity of spanwise slots and the need for 

compressed air storage. Much of the research regarding conventional blowing and suction 

is now outdated; however, past studies have paved the way for the development of other 

unconventional devices that use the same fundamental approach.  These devices would 

be more appealing for turbine control and many of them are discussed later. 
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3.9 Circulation Control 

3.9.1 Description 

Circulation control is one concept derived from conventional blowing and suction 

research.  The circulation control wing (CCW) was developed to increase the circulation, 

which increases the sectional lift coefficient of an airfoil.
78 

 The device is comprised of a 

series of thin high-velocity jets that blow high-momentum air tangentially over the 

rounded trailing-edge surface of an airfoil. Under the influence of this jet, the boundary 

layer remains attached along the curved surface longer than usual and moves the rear 

stagnation point towards the pressure (lower) side of the airfoil thereby increasing the 

circulation around the entire airfoil.  This flow phenomenon is called the Coanda effect
79

, 

a balance of the pressure and centrifugal forces. 

3.9.2 Classification 

F - fluidic device 

TE - located at the trailing-edge of the blade 

I / D -  most research has been involved with increasing lift, however it is 

realistic to use this technique to decrease lift also 

S - steady blowing has been researched 

3.9.3 Background
80,81,82,83,84 85,86,87.8889,90,91,92

 

The CCW has been researched extensively both numerically
78,80-84

 and 

experimentally
85-88

. To make earlier CCW designs more effective, the trailing edge of the 

airfoil was modified to have a rounded edge with a larger radius. The disadvantage of this 

modification was a high drag penalty while the jet was off.
85

 One solution to this was to 

make the lower surface of the trailing edge a flat surface, while keeping a highly curved 

upper surface.
85
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Recent studies have focused on the potential benefits of CCW on wind turbine blades. 

Tongchitpakdee, Benjanirat, and Sankar
78

 performed computational studies evaluating 

the performance of circulation control on the NREL Phase VI rotor, which has S809 

blade profiles. The NREL Phase VI rotor, a stall-controlled HAWT, has been 

successfully tested in the wind tunnel and used in the past as a validation tool for a 

number of numerical studies. Prior to modeling circulation control, the flow solver was 

validated for the baseline case with the NREL rotor experimental database
89-92

. 

Calculations were performed for the NREL Phase VI rotor at two wind speeds, 7 and 15 

m/s, and three yaw angles, 0°, 10°, and 30°. The jet momentum coefficients (Eqn. 8) 

ranged from 0 to 0.10. 

 

Fig. 3-29 displays the change in the flow field, at a low wind speed of 7 m/s, as the jet 

momentum coefficient is increased, thus increasing circulation about the airfoil. The 

resulting deflection of the streamlines near the trailing edge can be observed in the figure. 

 
Fig. 3-29 Computed streamlines over the airfoil at 7 m/s, 0° yaw. (Source: Tongchitpakdee et al. 78) 
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The jet remains attached to the curved trailing edge, thereby improving the suction on the 

trailing-edge suction surface. The front stagnation point also is affected; as Cμ increases, 

the stagnation point moves further back on the pressure surface, and substantial turning of 

the flow outside of the boundary layer is observed. 

At 7 m/s, the flow was well behaved and fully attached over the blade, allowing the 

CCW to be effective. Tests at the higher wind speed of 15 m/s did not prove as effective 

due to flow separation forward of the jet.  Liu
84

 evaluated the possibility of installing a 

second jet near the leading edge to prevent leading edge stall. He found that the 

combination of a blowing jet and a CCW could suppress 2-D airfoil stall and improve the 

effectiveness of the CCW at high angles of attack.   

3.9.4 Wind Turbine Control 

Much of the research on CCW is being conducted to produce large values of lift and 

therefore induce a larger loading to create more power. This strategy is not beneficial for 

load reduction. However, circulation control may potentially mitigate excessive loads if 

controlled properly or the device could be installed on the pressure surface of the airfoil. 

One major drawback of this system is the need to install air ducts running the length of 

the turbine blade to supply the jets with high-pressure air. A second drawback is the 

required rounded shape of the trailing edge, which results in increased drag and 

aeroacoustic noise due to vorticity shedding. 
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3.10 Plasma Actuators 

3.10.1 Description 

Surface non-thermal plasma actuators operate by creating an electric field between 

two electrodes, an anode (+) and a cathode (-). By applying a large voltage difference 

between the electrodes, an electric field is formed and induces an “electric wind”, or 

“ionic wind”, close to the surface. The electric wind is formed by collisions between 

drifting ions and the neutral particles in the electrode gap region
93

. The induced wind acts 

as a body force and drives the nearby fluid, creating a zero-net mass flux (ZNMF) jet, 

modifying the boundary-layer airflow profile and postponing separation. The behavior of 

the actuators is dependent on geometrical parameters (electrode shape and size, gap 

distances, etc), electrical parameters (voltage, waveform and frequency if AC, etc), 

ambient air properties (temperature, pressure, humidity, wind speed, etc), and the nature 

of the dielectric wall.
91-9394

  

Today, there are many different configurations that are classified as plasma actuators.  

New devices or different configurations are researched and developed every year. Four 

configurations will briefly be discussed to develop a conceptual understanding of plasma 

actuator dynamics.  The devices are 1) DC surface corona discharge, 2) AC surface 

dielectric barrier discharge, 3) sliding discharge, and 4) wall jet. The descriptions of these 

devices are discussed in further detail by Moreau, Benard, Jolibois, and Touchard
95

. 

The DC surface corona discharge actuator consists of two wire electrodes mounted 

flush on the surface of a dielectric profile (Fig. 3-30a). When a high DC voltage (>10 kV) 

is applied, a corona is formed around the smaller diameter wire (usually the anode) and 

an electric wind is created tangential to the surface between the two electrodes. The 
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electric wind is capable of modifying the boundary-layer airflow profile. Fig. 3-30b 

displays a visualization of a low velocity airflow along a flat plate.  If the actuator is off, 

the smoke remains horizontal.  When the actuator is active, flow above the anode is 

entrained towards the surface from the outer layer, causing the smoke to be drawn to the 

surface and then accelerated in the discharge region. The advantage of this device is that 

it requires a simple power supply, however the design is limited to an electric wind 

velocity of only a few m/s.   

The AC dielectric barrier discharge (DBD) is composed of two flat electrodes 

mounted on both sides of a dielectric material. One is grounded and the other is 

connected to a high AC voltage (several kV) with a frequency between 100 Hz and 

several kHz. A plasma sheet of blue ionized air is visible on the upper side of the 

dielectric as it extends between the two electrodes as shown in Fig. 3-31. It looks like a 

quasi-uniform glow, but in fact it is constituted of micro discharges distributed uniformly 

in time and space along the electrode length. The electrical power consumption is slightly 

more than the DC surface coronas, but a higher electric wind velocity is generated and 

this can exert stronger effects on the local flow conditions. 

 
Fig. 3-30 a) Schematic side view of the DC corona discharge actuator, b) 2D visualization of 

manipulated airflow along a flat plate. (Source: Moreau et al.93)  
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The sliding discharge actuator is capable of generating a stable plasma sheet. It was 

first used for airflow applications by Roth and Sherman
96

. As shown in Fig. 3-32a, it uses 

three plane electrodes; two are flush mounted on the wall surface of a dielectric and 

exposed to the air (#1 and #3) and the other (#2) is on the opposite side of the dielectric.  

Electrodes #2 and #3 are connected together and usually grounded while electrode #1 is 

excited.  If a voltage with appropriate AC and DC components is applied to electrode #1, 

a plasma sheet is formed as shown in Fig. 3-32. 

The plasma wall jet or plasma synthetic jet was introduced by Jukes, Choi, Johnson, 

and Scott
97

 in 2004 and is illustrated in Fig. 3-33a. This device uses two air exposed 

surface electrodes and one covered electrode to create two separate surface dielectric 

barrier discharges. If electrodes #1 and #3 are excited by the same high voltage, a plasma 

jet perpendicular to the surface is created.  If the electrodes are excited by two different 

voltages, the angle of the jet is modified.  For example, if VAC1 > VAC2, the jet is 

deflected to the right (Fig. 3-33). This configuration is different from to the other plasma 

 
Fig. 3-31 a) Schematic side view of the AC Barrier discharge actuator, b) top view of produced 

discharge. (Source: Moreau et al.93)  

 

 
Fig. 3-32 a) Schematic side view of three-electrode discharge actuator, b) top view of produced 

discharge. (Source: Moreau et al. 93) 
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actuation devices; instead of generating a plasma region parallel to the wall it creates a 

vertical wall jet that penetrates into the boundary layer.  The wall jet is able to generate 

vortices in the boundary layer, which improves the effectiveness of the device by 

increasing the mixing between the free-stream flow and boundary layer flow.  Another 

important feature of the plasma synthetic jet actuator is that it can easily be reversed to 

act as a suction or blowing device. Recent studies have analyzed the performance of 

different electrode configurations, including pulsed operation.
98,99

  

3.10.2 Classification 

P - plasma device applies a body force to surrounding flow 

LE - located near the leading edge of the blade 

DS - used to delay stall 

S / U - can be configured to operate in both modes 

3.10.3 Background 

The use of plasma actuators as a means of aerodynamic flow control is a relatively 

new concept.  Before 2000, there were few published works on the topic. The first 

significant scientific papers were published in 1968 by Velkoff and Ketchman
100

 and in 

1978 by Yabe, Mori, and Hijikata
101

.  It was not until the mid 1990’s that research began 

to take off and a few research groups analyzed airflow control using the most basic 

plasma actuator device, DC surface corona discharge.
102,103

 In 1998, Roth, Sherman, and 

Wilkinson
96

 published their first results pertaining to a surface dielectric barrier discharge 

 
Fig. 3-33 Schematic side view of the wall jet device, a) VAC1 = VAC2, b) VAC1 > VAC2. (Source: 

Moreau et al.93)  
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(DBD).  The initial research on surface plasma and the development of these simple 

devices allowed many researchers in aerodynamics to study the effects of plasma 

actuators without being a specialist in plasma generation. This has led to considerable 

growth in the field since 2000.  Now more than 30 groups are working in the field and 

over 150 papers have been published to date. A more detailed background on the 

development of plasma actuators can be found in Moreau
91

. 
104,105,106,107,108,109,110

 

Corke and his fellow researchers have been researching separation control over 

airfoils with plasma actuators for the past 5 years
104-110

. Their first publication
104

 looked 

at using a single DBD actuator for flow control; results showed that a measurable lift 

increase occurred over a range of angles of attack accompanied by an increase in drag.  

The plasma effect was compared to a slight increase in camber.  Another study
105

 

compared the use of passive mechanical vortex generators with a plasma-based active 

method.  The airfoil used was a NACA 663-018 with a chord of c = 12.7 cm.  Different 

actuator locations were tested, one at the leading edge (x/c = 0) and the second at 

x/c = 0.5. Reynolds numbers ranged from 79,000 < Re < 158,000.  The primary result 

was that the actuators delayed stall by 8° with up to a 400% improvement in lift-to-drag 

ratio.  Results indicate that the optimum location for plasma actuators is close to the 

leading edge.   
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Since 2003, Corke et al. 
105-107

 

have conducted numerous 

experiments on flow control on the 

NACA 0015 airfoil and have 

shown that stall can be 

successfully delayed. One study 

obtained the lift curve of an airfoil 

with a DBD actuator powered on 

and off (Fig. 3-34). The results showed that the plasma actuator successfully delayed stall 

and increased CL for �  > 15°. Moreau et al.
91

 brought up the concern that past 

experiments could not explain if the delayed stall was due to the plasma actuators adding 

momentum into the boundary layer or was due to the laminar to turbulent transition 

induced by the presence of the actuators causing the boundary layer to trip. They showed 

that the plasma actuators were, in fact, capable of preventing flow separation and 

promoting flow reattachment.  This work also showed that actuators were most effective 

when placed near the separation point, similar to vortex generators and other flow 

separation mitigation devices. 

Jolibois, Forte, and Moreau
111

 also investigated the optimal location for plasma 

actuators.  The study involved seven independent DBD plasma actuators mounted on the 

suction side of a 1 m chord NACA 0015 airfoil.  To prevent uncertainty about the flow 

transitioning due to the physical presence of the actuator, the researchers tripped the flow 

at the leading edge with a turbulator. Flow visualizations and PIV measurements were 

recorded to further understand the physical effect of each actuator.  This study concluded 

 
Fig. 3-34 Comparison of computed lift coefficient with 

plasma on and off, Re = 158,000. (Source: Post and 

Corke106) 



 88 

 

that the optimum location for effectiveness and efficiency was at the separation point. 

However, this is difficult to achieve, as the natural separation point of an airfoil will 

change as a function of the angle of attack and Reynolds number. 

Fig. 3-35 illustrates the streamlines of the time-averaged airflow over an airfoil at 

α = 15°.  In the absence of plasma acutation, the airflow naturally separates at x/c = 0.45.  

When a downstream actuator (x/c = 0.70) is activated, the airflow partially reattaches and 

the separation point is shifted to x/c = 0.55, demonstrating that these actuators retain their 

effectiveness even when not optimally placed. 

 

Fig. 3-36 presents the velocity profiles on a flat plate at a free-stream velocity of 

5 m/s for both numerical and experimental studies. The experimental study compared the 

velocity profiles of different plasma electric current values. Increasing the current 

generates a more powerful electric wind and has a greater effect on local velocity. The 

numerical study illustrated the change in the velocity profile due to a DC actuator that 

acted in both co-flow and counter-flow directions. The results showed that the plasma 

actuators are capable of increasing or decreasing the localized velocity near the flat plate. 

The free-stream velocity used in these studies was relatively low. Fig. 3-37 shows that 

plasma actuators do not have such an impact on the velocity profile when the free-stream 

velocity is increased.   

 
Fig. 3-35 Streamlines of the time-average airflow above the suction side of a NACA 0015 airfoil at 

α = 15°, a) no actuation, b) actuation at x/c = 0.70, c) actuation at the natural separation point at 

x/c = 0.45. (Source: Moreau et al.93) 
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3.10.4 Wind Turbine Control 

Plasma actuators have received considerable attention over the recent years as a 

practical flow control device due to their advantages over fluidic and mechanical devices.  

They are able to directly convert electrical energy into kinetic energy, which is used to 

modify the airflow. They have advantages over mechanical devices; the device is simple, 

lightweight and uses no moving parts; therefore, it is likely not be a source of vibration or 

noise. Unlike fluidic devices, plasma actuators do not require a source of high-

 
Fig. 3-36 a) Numerical velocity profiles in the boundary layer of a 5 m/s free airflow along a flat 

plate, with co- and counter-flows, b) Measured jet velocity profiles for time-averaged current values. 

(Source: Moreau91)  

 
Fig. 3-37 Velocity profiles, with and without corona discharge, in the boundary layer at 5,10, and 

17 m/s. (Source: Moreau91)  
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momentum air. Therefore, compressed air storage and plumbing running the length of a 

turbine blade is not needed. Research has also shown that the presence of the electrodes 

does not interfere with the surrounding airflow when inactive and major modifications to 

the turbine blade are not required for installation. Another feature is that plasma actuators 

can be designed to operate in co-flow and counter-flow conditions, which allows for 

more options when controlling localized flow. 

The primary disadvantages are maintaining a stable plasma region, low efficiency and 

the requirement of high voltage lines running inside the turbine blades. Under certain 

conditions and configurations, maintaining a stable electric wind can be difficult.  Plasma 

devices have reduced performance in higher wind speeds. In fact, studies
91

 indicate that 

the performance is quite low at a wind speed of 17 m/s, whereas other AFC devices have 

proved effective at wind speeds above 30 m/s. This is one area that advancements in 

plasma actuators need to be made. Another area for improvement is the energy 

conversion efficiency. The energy conversion from electrical to kinetic energy has a low 

efficiency (a few percent
91

); a large part of the electrical power goes into gas heating 

rather than direct gas motion.  
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3.11 Vortex Generator Jets 

3.11.1 Description
112,113,114,115

   

Vortex generator jets (VGJs) are 

jets of air that pass through a wall (the 

skin of an airfoil) and into a crossflow 

to create a dominant streamwise 

vortex.
112-115 

The vortex remains 

embedded in the boundary layer over 

the airfoil and entrains high-

momentum air from the undisturbed flow into the boundary layer.  This process helps 

mitigate boundary-layer separation and leads to an increase in CLmax and � stall. The vortex 

created by the VGJ and the traditional VG is very similar; however, the VGJ is more 

controllable and less intrusive.  A schematic of a simple VGJ is shown in Fig. 3-38.  

3.11.2 Classification 

F - fluidic device 

LE - located near the leading edge of the blade 

DS - used to delay stall 

S / U - both steady (conventional) and unsteady (pulsed) operation have been 

researched 

3.11.3 Background 

In 1990, Lin, Howard, and Bushnell
117

 studied various passive and active methods for 

controlling two-dimensional turbulent separated flows. The VGJs were found to be the 

most effective method investigated at that time. The VGJ was compared to the traditional 

solid vortex generator and found to produce similar benefits but without any additional 

 
Fig. 3-38 Schematic of a VGJ actuator shown with a 

pitch angle of 30° and a rotatable plug to vary the 

skew angle. (Source: Khan and Johnston116) 
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drag penalty. Johnston and Nishi
113

 researched spanwise arrays of VGJs and showed that 

arrays were effective in reducing the size of the separated regions of the flow. In 1992, 

Compton and Johnston
115

 determined that a vortex produced from a single VGJ 

resembled the vortex produced by a traditional solid vortex generator, but the VGJ vortex 

tended to decay at a slightly faster rate downstream. 
118,119,120,121,122

 

Additional research focused on the development of a pulsed vortex generator jet 

(PVGJ), which has been found to be more effective and efficient in delaying stall.
118-122

  

This is due to both the enhanced vorticity production associated with the impulsively 

started jet flow and to the reduction in mass flow due to a reduced duty cycle, or pulse 

cycle (typically 10% to 50%).  The pulsing system can be designed to readily adjust three 

parameters; the pulsing frequency, the jet velocity ratio, and the duty cycle.  These 

parameters can be optimized to produce coherent structures that maximize energy 

addition into the boundary layer to prevent separation. 

The advantages of PVGJs are actively being investigated for application in several 

fields, including aircraft, low-pressure gas turbines (LPT) and unmanned aerial vehicles 

(UAVs).  Magill and McManus
123

 showed that this flow control method can enhance the 

lift, and hence the maneuverability, of advanced military fighters in post-stall flight. The 

PVGJs increased lift (CLmax increased by 7%) and L/D ratio, while minimizing additional 

drag. Other research conducted by Magill and McManus
124

 demonstrated separation 

control in a subsonic flow over a NACA 4412 airfoil equipped with a simple leading-

edge flap.  The maximum lift coefficient was increased by more than 20% under 

optimum conditions.  However, this increase was severely degraded if the pulsing 

frequency and amplitude were not properly tuned.   
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Bons, Sondergaard, and Rivir
74,125,126 

performed studies with both steady and pulsed 

jets on a LPT model. These studies showed that VGJs could reduce wake losses up to 50-

65%.  Other learned items were that the key mechanism to properly control PVGJs is the 

starting and stopping of the pulses rather than the injection itself and that pulsing may 

play a reduced role at higher Reynolds number. 

Heinzen, Hall, and Chokani
127

 investigated the effectiveness of both VGJ and PVGJ 

systems on an Unmanned Air Vehicle (UAV) wing. The effectiveness of delaying stall 

was measured by pressure distribution changes on the top surface of the wing. 

Experiments in both the wind tunnel and in flight were carried out.  The PVGJs were 

placed on the leading edge of the flap and were activated to test their ability to delay the 

onset of stall.  The results showed that PVGJs were effective at delaying stall and the best 

results occurred when the reduced frequencies (Eqn. 9), F
+
, were near unity. When 

implemented in a test flight, the PVGJs increased lift and enhanced control at high angles 

of attack. 
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Tensi, Bourgois, Bonnet, Breux, and 

Siauw
128

 recently investigated stall delay 

on a NACA 0015 airfoil equipped with 

VGJs jets mounted on the upper side of 

the model at a chord location, x/c, of 30%. 

The jets were found to introduce strong 

streamwise vortices into the flow. The test 

setup had VGJ pitch and skew angles of 

30° and 60°, respectively, and flow 

conditions of V�  = 40 m/s and Re = 0.93 × 

10
6
. The angle of attack, � , ranged from 

9° to 16° and jet momentum coefficient, 

Cμ, (Eqn. 8) from 0 to 0.9%. Several tests 

were carried out analyzing the change in 

CL and CD and the amount of separation 

delay.  Results (Fig. 3-39) indicated that 

the VGJs were effective in increasing 

CLmax (5-10%) and decreasing CD (up to 

50%). A greater effectiveness was seen as Cμ was increased. Laser tomoscopy 

observations were conducted at higher incidences (�  = 16° and 17°) to visually show the 

effect of vortex generating jets (Fig. 3-40). Laser tomoscopy utilizes special equipment to 

display and characterize aerodynamic speed fields and it can provide airflow images and 

identify the time-accurate size and position of the vorticity structure. 

 
 

Fig. 3-39 Effect of VGJ jet momentum 

coefficient, Cμ, on CL, CD, and L/D. (Source: 

Tensi et al.128)  
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Fig. 3-40 Laser sheet visualization of VGJ effects. (Source: Tensi et al.128)  

 

3.11.4 Wind Turbine Control 

Steady and pulsed vortex generator jets have shown promise in both numerical and 

experimental studies. Additional studies should be conducted using wind turbine airfoils 

and flow conditions. 

Overall, this device has many appealing features for turbine implementation.  The 

forward location of the jets is beneficial for installation purposes. Another advantageous 

feature is the wide controllability of the device.  The strength, penetration distance, and 

angle of the vortex can be adjusted allowing for many options of flow modification. The 

device has no complicated mechanical system and does not interfere with the flow when 

inactive.  The system does, however, require compressed air lines. Further research is 

needed to determine the air requirement and power consumption.  Measures may also 

need to be taken to ensure the exit ports remain free of dirt, insects, or ice.   
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3.12 High-Frequency Micro Vortex Generators 

3.12.1 Description 

Another design concept that has been derived from the traditional vortex generator is 

the High-Frequency Micro Vortex Generator (HiMVG). Similar in operation to the 

PVGJs, the HiMVG uses mechanical motion to generate periodic vortices. These vortices 

cause high-momentum streamwise air to be driven towards the surface, thus energizing 

the boundary layer and mitigating separation. The vortices are created by a mechanical 

element (or micro vortex generator) that oscillates rapidly within the boundary layer at a 

certain frequency. Fig. 3-41 displays one design of a HiMVG system that uses a 

piezoelectric actuator and a compliant structure to rapidly oscillate the vortex generator 

blade. 

3.12.2 Classification 

G - uses an oscillating geometric device to produce vortices in the fluid that 

affect the aerodynamics 

LE - located near the leading-edge of the blade 

DS - used to delay stall 

U - only used in the unsteady configuration 

3.12.3 Background 

As mentioned earlier, the development of the HiMGV can be traced back to the 

traditional VG, but more specifically to the micro vortex generator (MVG), a compact 

version of the traditional VG. Lin
69,71

 conducted research on reducing the size of vortex 

generators to sub-boundary layer heights (0.2 to 0.4 times the boundary-layer height), 

while still maintaining their effectiveness.  Lin’s optimized MVG shapes were used for 

the HiMGV design because of their small size and light weight, which allowed the 
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HiMVG to rapidly oscillate at high 

frequencies. Other studies that were 

critical in the development of the 

HiMVG include the research conducted 

on PVGJs and the periodic excitation 

control studies by Seifert, Darabi, and 

Wygnanski
129

. The fundamental 

difference between the HiMVGs and the 

PVGJs is that the latter uses high-

momentum air as the working medium 

to produce the unsteady excitation, whereas the physical presence and mechanical motion 

of the HiMVGs creates the unsteady excitation. 

In 1995, the Air Force Research Laboratory developed a first generation HiMVG
130

 

with limited oscillation frequency of 10-20 Hz. This frequency range was found to lie 

well below the requirement for optimum separation control; however it was adequate to 

confirm that separation control was feasible and was used for static testing of the vortex 

generator array.   

In 2004, a second generation HiMVG was built and tested by a collaboration of 

FlexSys, Inc.
31

, the University of Michigan, and the U.S. Air Force Research 

Laboratory.
131

 The system design used displacement amplification compliant structures, 

coupled with an appropriate actuator, to increase the deployment frequency. The design 

was capable of oscillating MVGs at the optimum frequencies and amplitudes needed for 

separation control for different flow fields. The compliant structure had a displacement 

 
Fig. 3-41 Schematic of a HiMVG system. (Source: 

Osborn et al.131) 
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amplification of 20:1, which 

enabled a deployment height of 5 

mm (0.4 times the boundary 

layer height) to be reached.  The 

system, consisting of two voice-

coil actuators and seven blades, 

was capable of operating 

between 0 and 90 Hz. The model 

consisted of a flat plate with a rounded leading edge and a variable angle trailing-edge 

flap at 65%c. The flap was used to separate the flow while the HiMVG system, mounted 

on the flat plate portion of the model, attempted to keep the flow attached even when it 

passed the deployed flap. A surface-mounted static pressure array measured pressures 

during the experiments. A higher pressure measurement indicated a strongly attached 

flow and a lower pressure measurement indicated flow detachment. The system was 

tested in the wind tunnel at wind speeds of 55 ft/s and 70 ft/s in the University of 

Michigan subsonic wind tunnel.  

Results of the 70 ft/s test case can be seen in Fig. 3-42. The figure shows that 

maximum CP (indicating a strongly attached flow) was achieved at a deployment 

frequency of 60 Hz. Similar to the results from the PVGJ study
127

, the HiMVG system 

performed optimally (large improvement in pressure recovery) when the reduced forcing 

frequency (Eqn. 9), F
+
, was near unity. The dynamic operation of the system was more 

effective at avoiding boundary layer separation than was conventional static deployment, 

reinforcing the concept that the addition of periodic excitation into a separating turbulent-

 
Fig. 3-42 HiMVG dynamic test results for U∞ = 70 ft/s. 

(Source: Osborn et al.131) 
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boundary layer increases the momentum transfer across the shear layer, enhancing its 

resistance to separation under adverse pressure gradients.
131

  Periodic excitation 

improved the lift, even when it did not fully eliminate separated flow.
132

 Future work 

identified by the researchers
131

 includes replacing the voice-coil actuators with suitable 

piezoelectric actuators to allow for a maximum frequency of 240 Hz.  

3.12.4 Wind Turbine Control 

The results show promise for HiMVGs as a means of active flow control. As a first 

step towards turbine control applications, computational and experimental studies should 

be conducted on wind turbine airfoils and flow conditions to ensure the technology will 

be effective. 

The advantage of using these devices rather than fluidic devices is that there is no 

need for a compressed air system.  This simplifies the overall design, eases 

implementation, and reduces system weight. The location of the device is advantageous 

because there is plenty of space inside the blade to house the actuation system.  The total 

system would require minimal power since the compliant structure allows for a small 

force and a short actuation distance. 

Concerns with this design are similar to those for the microtab, in that tight tolerances 

are required. When the device is inactive, gaps between the blade and the HiMVG could 

create noise and reduced performance, especially since the device is located nearer to the 

leading edge. Degradation of the compliant structure over time may also be of concern. 



 100 

 

3.13 Synthetic Jets 

3.13.1 Description 

Synthetic jets create streamwise vortices that are 

similar to those generated by pulsed vortex 

generator jets. The primary difference is that 

synthetic jets are zero net-mass flux (ZNMF) 

devices, i.e. they do not require a high-momentum 

air source.  The jets are commonly generated by using an oscillating diaphragm that is 

located in a cavity embedded flush with the aerodynamic surface. They are formed from 

the working fluid flowing over the airfoil. Fig. 3-43 shows an illustration of a typical 

device used to create a synthetic jet. The diaphragm is operated so that fluid is 

alternatively sucked into the cavity and then ejected in a periodic manner, creating 

discrete vortical structures that flow from the surface.  The jet is created by the advection 

and interaction of these vortices. The jets interact with the flow over the surface by 

displacing the local steamlines and inducing an apparent or virtual change in the shape of 

the surface. Jets are typically located at 10-20%c and can be installed at any angle to the 

aerodynamic surface. 

3.13.2 Classification 

G / F - geometric device generates fluidic motion 

LE - located near the leading edge of the blade 

DS - used to delay stall 

U - unsteady device  

 
Fig. 3-43 Synthetic jet production 

principle. (Source: Tensi et al.128) 
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3.13.3 Background
 133 134,135,136,137 138,139,140

 

The first synthetic jet that was integrated into an aerodynamic surface was developed 

by James, Jacobs, and Glezer
133

 in 1996.  The researchers investigated the formation of 

synthetic jets using an oscillating diaphragm mounted flush on a flat plate submerged in 

water.  These experiments showed that the jets are produced entirely from radially 

entrained fluid. The jets were observed as small clusters of cavitation bubbles appearing 

and subsequently collapsing near the center of the diaphragm during each oscillation 

cycle. Numerous researchers have since investigated the aerodynamic qualities of 

synthetic jets and integration of synthetic jets into flow control systems. A number of 

publications have been written on synthetic jets in both experimental
134-137

 and numerical 

studies
138-140

.  

Experiments by Seifert, Bachar, Koss, Shepshelovich, and Wygnanski
141

 investigated 

a NACA 0015 airfoil equipped with unsteady suction and blowing near the leading edge 

tangential to the surface.  The study consisted of wind-tunnel tests at high angles of 

attack, where the airfoil would reach maximum lift and eventually stall, creating a wake 

region above the aft region of the airfoil. The test showed a significant increase in 

maximum lift when using a relatively low momentum input. Observations also showed 

synthetic jets caused reattachment of the flow in the trailing-edge region. 

Numerical simulations have supported some of the experimental findings. Donovan, 

Kral, and Cary
142

 simulated the experiments of Seifert et al
141

. Using an unsteady 

Reynolds Averaged Navier-Stokes (RANS) incompressible flow solver with a turbulence 

model, they found that a significant lift increase, about 29%, in the post-stall regime 

could be obtained using synthetic jets. Performance was improved when the actuator was 

placed close to the airfoil leading edge. Further studies by Ravindran
143

 confirmed that 
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unsteady tangential suction and blowing could 

be used for separation control and that the lift 

increased as the blowing coefficient, Cµ, 

increased. 

Recent experiments by Tensi et al.
128

 

showed the positive effect of synthetic jets on 

the reattachment of a separated boundary 

layer. The low-speed wind tunnel tests were 

conducted on a NACA 0015 airfoil equipped 

with synthetic jets located at x/c = 20%.  In 

total, 61 injectors with a pitch of 30° relative 

to the wall and diameters of d = 3 mm were 

installed into the model.  Three non-

dimensional frequencies, F
+
 = 3.2, 4.5, and 

6.7, were tested over a range of angles of attack with an air velocity of U�  = 6 m/s (Re = 

0.4 × 10
6
). Qualitative observations were made using tomoscopy observations and PIV 

(Particle Imaging Velocimetry) measurements; some results can be seen in Fig. 3-44 and 

Fig. 3-45.  PIV technology is an optical method used to take accurate, quantitative 

measurements of the speed fields of the seeded airflow from the data on vortex 

trajectories.  The efficiency of the jet system was also quantified by comparing the extent 

of separation shown in PIV measurements. 

 

 
Fig. 3-44 Tomoscopy flow visualization of 

synthetic jet operation (Cu = 1.94%, F+ = 6.7). 

(Source: Tensi et al.128) 
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3.13.4 Wind Turbine Control 

The unique attributes of synthetic 

jets, coupled with the development of 

actuators that are easily integrated into 

the aerodynamic surface, make synthetic 

jets attractive for active flow control.  

The system consists of small actuators 

that require minimal power.  No 

compressed air lines are needed; this 

simplifies the system and reduces the 

weight. The location (~20%c) of the 

actuators is advantageous for installation 

and actuator housing and is not too close 

to the leading edge where problems may 

arise from slight airfoil modifications.  

Investigations on wind turbine airfoils and flow conditions should be conducted to 

study the effectiveness of synthetic jets for load control.   The presence of the cavities 

may interfere with the flow patterns while the device is inactive, thereby generating noise 

and decreasing performance.  Tight tolerances would be necessary to limit the 

interference.  Other concerns are decreased performance due to soiling and icing of the 

blades.      

 
Fig. 3-45 PIV measurements of synthetic jet 

operation. (Source: Tensi et al .128) 
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3.14 Active Flexible Wall 

3.14.1 Description 

The micro-flexural active flexible wall (AFW)
144

 is a device that detects the onset of 

boundary layer separation and introduces small disturbances into the boundary layer near 

the leading edge of the airfoil to counteract the growth of flow separation.  The device 

consists of an array of transducers that are mounted inside a flexible housing, made of an 

inner wall and an outer wall.  The entire system is thin (50-100 microns) and the flexible 

housing is affixed to the leading edge of an aerodynamic surface in such a way that it is 

virtually non-intrusive to the flow when not actuated.  

The device provides an active flow separation control system that locally interacts 

with the boundary-layer flow and is capable of operating in two modes: a sensor mode 

and an actuator mode.
144

 In sensor mode, the system is able to detect small disturbances 

in the flow that occur when the flow begins to separate from the trailing edge.  In actuator 

mode, the transducers are activated and begin to vibrate the outer surface of the housing, 

causing small perturbations in the flow. The controller is capable of using spatial location 

and frequency content of the input signals to determine which transducers to excite and at 

what frequency in order to prevent or delay flow separation.  The transducers selected for 

activation are typically immediately upstream of the separation point. 

3.14.2 Classification 

G  - small mechanical vibrations create perturbations on the airfoil surface, 

generating vortices 

LE - located near the leading edge of the blade 

DS - used to delay stall 

U - unsteady operation 
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3.14.3 Background 

The physical model (Fig. 3-46) consisted of a flexible housing with an outer layer 

made of 6� m thick Mylar sheet with an aluminum coating and an inner layer of 0.02 mm 

thick polyamide sheet.  The transducers were made of copper strips of two different sizes 

(high and low) to provide upper and lower limits for the vibrating Mylar sheet. The high 

and low strips were alternatively spaced about 1 mm apart.  The AFW was attached to the 

leading edge of a NACA 0012 airfoil. The system was capable of operating in both 

sensor mode and actuator mode.  In the sensing mode, a DC bias (90V) is applied 

between the Mylar and high copper strips; flow induced vibrations of the membrane can 

be detected as an induced AC signal picked up from the Mylar and the copper strip of 

interest.  In the actuation mode, an AC signal (8-48 kHz, ~150 Vrms) is applied to copper 

strips located near the separation point; this induces micro-flexural vibrations of the 

flexible Mylar membrane at the two points of actuation.  The displacement amplitudes of 

the membrane were typically on the order of 0.1 μms, about three orders of magnitude 

smaller than the boundary layer thickness. The power consumption for this setup was 

about 30 W for a 30 cm span. 

Investigations looked at using the AFW device to delay stall during static
145

 and 

dynamic situations
146

.  Wind tunnel experiments were conducted using a NACA 0012 

airfoil equipped with distributed pressure tabs.  The model had a chord of 291 mm and a 

span of 450 mm.  Static stall experiments found that the optimum excitation location was 

just forward of the separation location.  This location corresponded to x/c = 0.03 for test 

conditions of Re = 57,800 and �  = 15.5°.  The optimum excitation frequency was found 

to be 3.4 kHz, twice the frequency of the AC actuation signal. At optimum conditions, 
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the separation was delayed, causing a 4% increase in the section lift coefficient, CL. The 

dynamic stall experiments used the same airfoil with flow conditions of Re = 6.13 × 10
5 

and a reduced airfoil frequency, k, (Eqn. 4) of 0.105. Two strips were excited at 

frequencies of 8, 20, 24, and 48 kHz.  Results showed the AFW system could delay 

airfoil stall by 9% (from �  = 19.6° to 21.4°).  

3.14.4 Wind Turbine Control 

The main advantages of this device are that it can be applied to a turbine blade 

without major modifications, has low power requirements, does not affect the flow when 

inactive and can operate in both sensor and actuation mode. Further investigations on the 

ability to control wind turbine loads using both the sensor and actuation mode of this 

device should be conducted. The AFW is located very near the leading edge and at that 

location potential problems may arise if the device becomes soiled or damaged.   

 

 
Fig. 3-46 Schematic of the AFW. (Source: Sinha146) 
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3.15 Shape Change Airfoil 

3.15.1 Description
147,148,149

 

The shape change airfoil, or adaptive airfoil, operates by physically changing the 

shape of an airfoil.  Piezoelectric material is used to form part of the upper surface of the 

airfoil and, as it deforms, the camber changes. The design by Munday and Jacob
147-149

 is 

shown in Fig. 3-47. This particular design has the actuators mounted within the airfoil 

such that the free end of the piezoelectric material lines up with the main part of the 

airfoil when the actuator is at its smallest effective radius (most curved). A thin plastic 

sheet is placed over the actuator to smooth the profile and the entire assembly is wrapped 

in a latex membrane to hold it together and eliminate seams.  When the actuators are 

deployed to the greatest effective radius (close to being flat), they push against the upper 

cross-section and physically change the camber.  

The system is designed to operate by rapidly deploying and retracting the 

piezoelectric actuators; this motion not only modifies the camber of the airfoil but also 

generates vortices in the flow about the airfoil (Fig. 3-48).  The vortices convect 

downstream while entraining high-momentum free-stream air into the boundary layer, 

thereby postponing separation. 

 
Fig. 3-47 a) Schematic (a) and model (b) of the adaptive wing. (Source: Pern et al.152) 
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3.15.2 Classification 

G  - physical changes in the camber are used to generate vortices  

MC - located near mid chord 

I - increases lift 

S / U - only modest improvements are seen in steady operation, unsteady 

operation is more effective 

3.15.3 Background 

The first experiments with the shape change airfoil were conducted by Pinkerton and 

Moses
150

 in 1997.  Their objective was to assess the ability of a new piezoelectric 

actuator to alter the upper surface geometry of a subscale airfoil.  The piezoelectric 

actuator, called Thunder
43

, was developed by NASA and is capable of larger bending 

displacements (several mm) than previous piezoelectric actuators.  The goal was to use 

Thunder to change the airfoil’s camber, which, in turn, would adjust the local flow field 

around the airfoil to increase maximum lift and delay stall. The study focused on the 

feasibility of the actuator rather than aerodynamic performance.  

Research in 2002 expanded upon the concept and looked into the aerodynamics and 

optimal control strategies.  A modular test section was built using the base profile of a 

NACA 4415 and the actuation system as described previously in Section 3.15.1. Munday 

and Jacob
147

 analyzed the effects of static shape changes (the actuator remained 

stationary at a number of pre-determined positions) by collecting force and PIV 

measurements.  They concluded that only modest improvement in L/D can be achieved 

Fig. 3-48 Schematic of flow control mechanism. (Source: Pern et al.152) 
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with static actuator positions. Maximum actuator displacement slightly increased both lift 

and drag and increased L/D by 2%.  

Pern
151

 investigated a circular-arc airfoil and showed that an airfoil with an 

oscillating, rather than a fixed, camber setting would produce higher lift coefficients. This 

improved performance was due to vortex generation; the oscillating motion created a 

series of vortices that added momentum and entrained the flow above the boundary layer 

towards the surface.  The boundary-layer thickness downstream of the vortex source was 

drastically reduced because the flow was energized and remained attached, despite the 

adverse pressure gradient.  If only one vortex was created, the flow would lose quickly 

momentum and separate due to the adverse pressure gradient.  By oscillating the upper 

surface, vortices were continually generated and traveled downstream, adding to the 

energy of the flow and overcoming the adverse pressure gradient.
152

 

Additional experiments
149

 evaluated the performance of a NACA 4415 airfoil 

equipped with the shape change system by measuring the separated flow thickness at 

70%c using smoke-wire flow visualization.  Researchers conducted a series of low-speed 

wind tunnel tests at Re = 2.5 × 10
4
 and 5.0 × 10

4
, angles of attack of 0°, 3°, 6° and 9°, and 

at reduced frequencies F
+
 (Eqn. 9) ranging from 0 to 11.  Flow visualization showed that 

the uncontrolled airfoil experienced large separation; however, oscillating the curvature 

of the upper surface reduced flow separation.  Oscillating the surface with a small 

amplitude of 0.002c reduced the size of the separated flow region by 30-60% as 

compared to flow over a similarly shaped static wing. 
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Pern, Jacob, and LeBeau
152

 

expanded upon the previous tests by 

evaluating the performance under a 

wider range of flow conditions, 

actuation frequencies and amplitudes. 

The angle of attack was varied 

between 0° and 24° at Re = 2.5 × 10
4
, 

5.0 × 10
4
, 7.5 × 10

4
 and 1.0 × 10

5
.  In 

this experiment, there were four 

modules, each with a chord length of 

0.203 m, connected together to form 

a span of 0.33 m.  In this 

configuration, the actuator could 

change the profile of the suction 

surface by about 0.01c.  The 

maximum deflection of 3 mm peak to 

peak occurred at x/c = 0.45. 

Increasing the camber when the angle 

of attack, � , was between 4° and 20° resulted in an increase in L/D. The measured lift 

and drag characteristics for F
+
 = 0, 0.1, and 0.2 at Re = 1.0 × 10

5 
are shown in Fig. 3-49. 

Increases in CL were much more prominent for the lower Reynolds number test cases. 

Observations from flow visualization and smoke-wire visualization (Fig. 3-50) showed 

that the oscillating frequency was the main factor for flow control.  The researchers also 

 
Fig. 3-49 Lift and drag characteristics at Re = 1.0 x 105. 

(Source: Pern et al.152)  
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suggested that a significant reduction in separated flow occurred at frequencies F
+
 > 0.1. 

CFD analysis showed good qualitative agreement in the development of the vortex with 

the wind-tunnel experiments. The location of vortex formations was at about x/c = 0.5 in 

both computational and experimental studies.   

 

 

3.15.4 Wind Turbine Control 

This concept has shown promise in both computational and experimental studies. The 

shape change airfoil has a smooth deployment area, giving it an advantage over other 

methods which require holes or slots in the exterior skin of the airfoil.  There would be 

minimal problems associated with noise generation and reductions in performance due to 

soiling. The greatest hurdle of this concept is that the piezoelectric material covers a large 

portion of the chord.  This could be problematic with implementation on full-sized blades 

and could have detrimental effects on the overall structural integrity.  Difficulties with 

 
Fig. 3-50 Smoke-wire flow visualization at Re = 7.5 x 104, α=8°.  (Source: Pern et al.152) 
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using deforming piezoelectric actuators can also arise from the requirement for a high-

voltage source and reduced performance over time due to creep.  

3.16  Device Summary 

Active flow control is a rapidly growing field and with numerous devices being 

investigated. It is impossible to list all of the devices that could be used for future wind 

turbine control; however, this report attempted to introduce some of the most promising 

devices. Overall, fifteen (15) potentially useful devices were discussed.  A description of 

how the device works, both aerodynamically and mechanically, was presented. A 

classification system was created to help separate the devices and a brief research 

background on each device was included. Comparisons between each device are difficult 

to make because they are all at varying stages of research and are applied to different 

fields. However, their advantages and disadvantages related to possible wind turbine 

control were discussed.  

The main characteristic that separates the devices into two classes is how they adjust 

the lift curve; either by delaying stall (DS) or by shifting the curve up or down (I/D).  

Since wind turbines normally operate in the linear region of the lift curve, the devices that 

have the most promise for load alleviation are I/D devices. However it was shown that 

DS devices could still be used. Investigations into the AFC devices have shown that there 

is substantial potential for the improvement of wind turbine control.   

The purpose of this report was not to directly compare devices or recommend the 

most viable device for turbine control; instead it was meant to provide the reader with a 

global view of today’s research that could make significant contributions to wind turbine 

control in the future. As research progresses, specific flow control devices will begin to 



 113 

 

stand out as viable options for load control.  Of course, the true test of an AFC device 

will be a field demonstration on a large-scale wind turbine. At this time, field tests are 

many years away and more research is needed before this can be achieved.   
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4 CONCLUSION 

The wind industry is rapidly growing and signs indicate that it will remain this way 

for years to come. As the industry has grown, so has the size of the turbines.  Significant 

growth has made it impossible to control turbines passively as they were controlled in the 

past; therefore, modern turbines rely on sophisticated control systems to assure safe and 

optimal operation under a variety of atmospheric conditions. As the rotors continue to 

grow in size, the industry needs to make yet another shift in their approach to turbine 

control by considering localized flow control along the blades. Larger rotors experience 

more pronounced structural and fatigue loading, particularly in turbulent winds. This 

loading can have a detrimental effect on the rotor and surrounding components and can 

lead to an increase in O & M and a decrease in turbine life.  Implementing new load 

control techniques could decrease excessive loads, which are key factors in turbine 

design.  

The AFC devices introduced in this report are possible solutions to these issues. 

These devices are small, lightweight, and can actuate at speeds that can counter the 

loading from turbulent winds.  Improved control could lead to increased turbine life, 

reduced required materials, improved energy capture, better overall performance, and 

reduced COE of wind energy. Lowering COE ensures competitive prices against 

traditional and other renewable energy sources and the continued maturation of the 

industry. 
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