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or decrease. After providing some general background on 
wind turbine blade aerodynamics and on the atmospheric 
flows in which HAWTs operate, the review focuses on flow 
separation control and circulation control mainly through 
experimental investigations. It is followed by a discussion 
about the overall limitations of current studies in the wind 
energy context, with a focus on a few studies that attempt 
to provide a global efficiency assessment and wind energy-
oriented energy balance.

List of symbols
a	� Axial velocity reduction factor on blade airfoil
a′	� Radial velocity increment on blade airfoil
c(r)	� Local airfoil chord at radial position r (m)
c�	� Momentum coefficient
ṁinj	� Injected mass flow rate (kg/s)
vinj	� Injection velocity (m/s)
r	� Radial position on the blade (m)
CD(r)	� Local airfoil drag coefficient value at radial posi-

tion r
CL(r)	� Local airfoil lift coefficient value at radial posi-

tion r
CL�(r)	� Lift curve slope in the linear region of CL(r)

CT	� Thrust coefficient
D	� Wind turbine rotor diameter (m)
L(r)	� Local airfoil lift value at radial position r (N/m)
R =

D

2
	� Wind turbine rotor radius (m)

T 	� Thrust force (N)
U∞	� Upstream time-averaged velocity (m/s)
Uhub	� Upstream time-averaged velocity at hub height 

(m/s)
Urel(r)	� Relative incoming flow velocity on airfoil at 

radial position r (m/s)
�(r)	� Aerodynamic airfoil angle of attack at radial 

position r (°)

Abstract  To reduce the levelized cost of energy, the 
energy production, robustness and lifespan of horizontal 
axis wind turbines (HAWTs) have to be improved to ensure 
optimal energy production and operational availability dur-
ing periods longer than 15–20 years. HAWTs are subject to 
unsteady wind loads that generate combinations of unsteady 
mechanical loads with characteristic time scales from sec-
onds to minutes. This can be reduced by controlling the 
aerodynamic performance of the wind turbine rotors in real 
time to compensate the overloads. Mitigating load fluctua-
tions and optimizing the aerodynamic performance at higher 
time scales need the development of fast-response active 
flow control (AFC) strategies located as close as possible 
to the torque generation, i.e., directly on the blades. The 
most conventional actuators currently used in HAWTs are 
mechanical flaps/tabs (similar to aeronautical accessories), 
but some more innovative concepts based on fluidic and 
plasma actuators are very promising since they are devoid of 
mechanical parts, have a fast response and can be driven in 
unsteady modes to influence natural instabilities of the flow. 
In this context, the present paper aims at giving a state-of-
the-art review of current research in wind turbine-oriented 
flow control strategies applied at the blade scale. It provides 
an overview of research conducted in the last decade deal-
ing with the actuators and devices devoted to developing 
AFC on rotor blades, focusing on the flow phenomena that 
they cause and that can lead to aerodynamic load increase 
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�0(r)	� Airfoil zero lift angle of attack at radial position r 
(°)

�twist(r)	� Blade twist (°)
�pitch	� Collective blade pitch setting (°)

� =
�R

U∞

	� Wind turbine tip speed ratio

�	� Wind turbine rotor rotational velocity (rad/s)

1  Introduction

To reduce the levelized cost of energy (LCoE), the energy 
production, robustness and lifespan of horizontal axis wind 
turbines (HAWTs) have to be improved to ensure optimal 
energy production and operational availability during peri-
ods longer than 15–20 years. HAWTs operate in a very 
hostile environment for energy production and durability, 
since the wind conditions they encounter in the atmospheric 
boundary layer are strongly inhomogeneous and unsteady.

HAWTs are therefore subject to unsteady wind loads 
which are responsible for combinations of unsteady mechan-
ical loads with characteristic time scales from seconds to 
minutes. The wind conditions can become even more hos-
tile when HAWTs are arranged in parks, since the HAWT 
wakes, which are characterized by a velocity deficit and pro-
duction of turbulence, can impact other wind turbines. When 
not properly managed, these working conditions may lead 
to severe transitional overloads as well as fatigue cracks on 
the blades after only 5 years of operation. Alleviating the 
impact of upstream wind fluctuations would lead to more 
sustainable life conditions for the rotors, enabling design 
optimization and material savings and inducing improved 
economics and reduced LCoE. According to the Long-term 
Research Agenda by the European Academy of Wind Energy 
(van Kuik et al. 2016) and to the Strategic Research and 
Innovation Agenda by the European Technology and Innova-
tion Platform on Wind Energy (ETIP Wind 2016), this can 
be achieved by controlling the aerodynamic performance 
of HAWT rotors in real time to compensate the overloads.

Concurrently with load mitigation, it may also be relevant 
in specific situations, such as during start-up, to improve the 
instantaneous power performance by locally increasing the 
aerodynamic performance of blade sections.

Some even consider that actuation on blades could 
replace pitch control on offshore HAWTs regulated by 
stall (where the noise impact is not relevant), using the 
separation location on the suction side as a control param-
eter of the aerodynamic performance. This could therefore 
transform a passive control such as stall regulation into an 
active one. An additional benefit could also be expected 
on the HAWT start-up velocity, by assisting the start-up 
process with active flow control (AFC) on blades. These 

possible applications imply studying AFC efficiency for a 
wide Reynolds number range (105–107).

The standard way to improve aerodynamic performance 
and to reduce load fluctuations on current HAWTs is based 
on mechanical pitch control, modifying the overall blade 
pitch, using the instantaneous wind velocity measurement 
at the hub location or instantaneous electrical power as an 
input. The implementation of fast response collective, then 
individual, pitch control systems increases the operating 
flexibility of the rotor, since it optimizes the pitch angle 
of the blades at a time scale of 10 s and can mitigate part 
of the load fluctuations due to wind fluctuations. Mitigat-
ing the load fluctuations and optimizing the aerodynamic 
performance at higher time scales need the development of 
fast-response AFC strategies located as close as possible to 
the torque generation, i.e., directly on the blades. As dis-
cussed in Barlas and van Kuik (2010), progress in applying 
rotor control for HAWTs has benefited from many relevant 
research studies and has achieved results in the aerospace 
field. Up to now, however, no AFC strategy has been inte-
grated in industrial HAWTs. Only passive control, such as 
vortex generators located close to the root in low torque pro-
duction areas of the blades is used. At the prototype stage 
(Technology Readiness Level 7), the most conventional 
actuators currently used in wind turbines are mechanical 
flaps/tabs (Johnson et al. 2010; Barlas and van Kuik 2010; 
Ferreira et al. 2016) (similar to aeronautical accessories). 
Furthermore, some more innovative concepts based on flu-
idic and plasma actuators are very promising, since they are 
devoid of mechanical parts, have a fast response and can be 
driven in unsteady modes to influence the natural flow insta-
bilities, such as Kelvin–Helmholtz or von Karman ones.

The two papers by Johnson et al. (2010) and Barlas and 
van Kuik (2010) constitute, to the best of our knowledge, the 
first state-of-the-art reviews on AFC applied to wind turbine 
blades. In Johnson et al. (2010), 15 devices were described 
with respect to their potential for aerodynamic load mitigation. 
Because the devices presented varying stages of maturity, no 
attempt was made to compare them and no field tests had been 
conducted to prove their effectiveness at that time, though the 
microtab concept was presented as a viable option for AFC. 
Barlas and van Kuik (2010) also argued that trailing edge flaps 
were a viable option and gave a wider review of control meth-
ods including a discussion of sensors and controllers.

In this context, the present paper aims at giving a state-of-
the-art review of current research into wind turbine-oriented 
flow control strategies applied at the blade scale. It provides 
an overview on research conducted in the last decade deal-
ing with the actuators and devices devoted to developing 
AFC on rotor blades, focusing on the flow phenomena that 
they cause and that can lead to aerodynamic load increase 
or decrease. It does not go into details about complete AFC 
systems that include sensors and control methods.
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The following two sections provide some general back-
ground on wind turbine blade aerodynamics and on the 
atmospheric flows in which HAWTs operate to keep spe-
cific features of HAWT aerodynamics in mind. Section 4 
discusses the recent experimental studies on flow separation 
control and circulation control. It is followed by a discus-
sion about their overall limitations in the wind energy con-
text, with a focus on a few studies that attempt to provide 
a global efficiency assessment and wind energy-oriented 
energy balance.

2 � Aerodynamic operating conditions of wind 
turbine blades

When considering how large size classical HAWTs operate, 
the primary issue is aerodynamics, since the aerodynamic 
configuration governs the wind turbine (WT) performance 
as well as the aerodynamic loads which determine the struc-
tural sizing of the blades and of all the components.

First, assuming the upstream wind flow as homogeneous 
and steady, with velocity U∞, WT blades can be considered, 
from an aerodynamic point of view, as large aspect ratio 
lifting systems in rotation. Thus, at first approximation, 2D 
approaches such as blade element or lifting line are well 
suited for understanding how they operate. Accordingly, a 
blade is a set of airfoils along its span. Each airfoil is sub-
jected to a relative incoming flow combining the upstream 
wind velocity with the rotating motion of the blade. To this 
relative incoming velocity, a reduced axial flow velocity has 
to be added together with a rotating flow motion. Both veloc-
ity modifications are associated with the effect of the WT 
on the incoming flow on the blade airfoils (axial and radial 
induction effects with 3D tip corrections for the blade ele-
ment momentum theory—3D velocities induced by the wake 

shed from the blades’ airfoil trailing edges and the associ-
ated tip vortex for the lifting line theory) (Fig. 1a).

The combination of the axial reduced velocity U∞(1 − a) 
with the relative flow velocity associated with the rotor 
motion and induced flow rotation at blade position r: 
−�r

(

1 + a�
)

, with � =
�R

U∞

, the WT tip speed ratio, leads to 

the relative incoming flow velocity Urel(r) on each airfoil 
(Fig. 1b). The local airfoil angle of attack: �(r) = � − �, 
with � = �twist(r) + �pitch, where β is the local airfoil angle 
setting relative to the rotor plane, which is the sum of the 
twist �twist(r) along the blade and the global WT pitch control 
�pitch.

Urel, α, a, a′ depend on the radial position r of the airfoil 
on the blade, and the summation of the contribution of each 
airfoil along the blade results in the aerodynamic perfor-
mance (torque, power, etc.) and global load on the wind 
turbine.

As seen in Fig. 1c, most of the airfoil contribution to the 
blade aerodynamic loads as well as to the WT shaft torque 
is associated with the lift L(r), the aerodynamic force com-
ponent perpendicular to the local relative velocity Urel , 
particularly since pitch-regulated WTs are considered, for 
which the angle of incidence always remains—under normal 
working conditions—below stall, and which, at optimum, 
corresponds to the maximum lift to drag ratio.

Accordingly, lift may be expressed as:

in the linear region of the lift versus incidence curve:

Consequently, HAWT aerodynamics may be addressed 
considering the following parameters:

(1)L(r) =
1

2
�U2

rel
(r)c(r)CL(r);

(2)CL(r) = CL�(r)
(

�(r) − �0(r)
)

.

Fig. 1   a Velocity diagram of the wind turbine; b velocity and c force diagrams of an airfoil of the blade
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–	 The number of blades.
–	 The geometry of the blades: rotor radius R and airfoil 

characteristics distribution along the blade span (airfoil 
type, aerodynamic characteristics CL(r), chord c(r), twist 
�twist(r)).

–	 The tip speed ratio λ through mean wind velocity U∞ and 
rotor rotational velocity Ω.

–	 The pitch setting �pitch.

As far as thickness is considered, stall-regulated WT air-
foils are most often rather thick airfoils, with the maximum 
relative thickness t∕c located as far aft as possible (typically, 
21% at about 38% of the chord for the classical S809 WT air-
foil—Somers 1997), generally for structural reasons (light-
ness, rigidity) as well as aerodynamic ones (progressive 
stall lift curve). In the case of pitch-regulated WT, inboard 
airfoils most generally have high t∕c, whereas outboard 
ones tend to have t∕c values lower than 20%. For example, 
the NREL 5 MW WT is equipped with DU (Delft Univer-
sity) airfoils with t∕c varying from 40% at r∕R = 16–21% at 
r∕R = 66% approximately, and turning into an NACA one 
with t∕c = 18% from r∕R = 75.5% (Jonkman et al. 2009).

Once the airfoils’ chord distribution along the blade 
c(r) has been defined, including some structural concerns 
together with aerodynamic issues related to load distribution 
on the rotor disc (Schubel and Crossley 2012), the design of 
the HAWT focuses particularly on the twist angle distribu-
tion �twist(r). This is done by considering a design tip speed 
ratio value and an optimum airfoil angle of attack. The opti-
mum angle of attack �opt selected usually corresponds to a 
lift to drag ratio around the maximum value for performance, 
which also offers an incidence margin relative to stall, so 
that the lift coefficient is around 80% of its maximum value 
(Somers 1997).

This translates into an optimum twist distribution �twist(r) 
which is associated with the specific design tip speed ratio. 
If the tip speed ratio is not at its design value, then the angle 
of attack distribution is no longer optimum along the blade, 
and the performance is decreased.

An additional parameter has to be mentioned: the Reyn-
olds number, Re = Urel c(r)

�
, which varies along the blade span 

with the radial position, depending on the blade geometry 
and the kinematic conditions U∞ and Ω. Its main effect is 
on the airfoil aerodynamic lift performance, which may be 
strongly downgraded at low Re values. It means low values 
of U∞ and/or Ω and/or radial position r, especially at high 
CL values and at stall (stall angle of attack, maximum lift 
coefficient) (Somers 1997).

As the loads on the HAWT result from the added con-
tributions of each airfoil along the blade, from the struc-
tural point of view, the aerodynamic load distribution on 
the blades induces efforts in the blade structure, one of the 
most important of which is the bending moment along the 

blade, which is maximum at the blade root, not forgetting 
the chord-wise torsion moment

Once the aerodynamic design has been finalized, power 
production will depend on the upstream wind velocity. Clas-
sical large-scale HAWT power curves show four regions 
(Johnson et al. 2008):

In region I, wind velocity is too low to allow the HAWT 
to start. In region 2 (sub-rated power region), the wind has 
reached a high enough velocity to start the wind turbine, and 
power production increases according to the cubic depend-
ency of the collected power on the wind velocity. In region 
III, power reaches the rated power and is kept constant by 
means of the wind turbine regulation system. Region IV 
corresponds to the wind turbine shutdown at such high wind 
velocities that the WT could be damaged or even destroyed.

Focusing on regions II and III, large modern HAWTs 
operate with a variable rotor rotational velocity Ω together 
with collective pitch control �pitch. In region II, rotor velocity 
increases with wind velocity so that HAWTs operate at their 
design tip speed ratio, with optimum working conditions up 
to the rated power. In region III, blade collective pitch is set 
so that the rotor operates at constant torque with a constant 
rotational speed Ω, such that power output is kept constant 
(rated power) whatever the wind velocity, up to shutdown. 
One drawback associated with the low t∕c values for out-
board airfoils is blade flexibility, both spanwise bending and 
chordwise twisting, making blade pitch less controlled along 
the blade.

Performance improvements in region II, where the HAWT 
operates at the design tip speed ratio, concern improving air-
foil aerodynamic performance at low Re, allowing the wind 
turbine to start at lower wind speed and provide improved 
performance at low wind velocity. In region III, performance 
is voluntarily reduced relative to the design tip speed ratio 
by means of pitch control.

3 � Wind turbines are aerodynamic systems 
immersed in atmospheric flows

Wind velocity is neither spatially nor temporally constant. 
WTs are therefore aerodynamic systems immersed in atmos-
pheric flows. The approach flow is strongly inhomogeneous 
in the vertical direction, following a power law whose expo-
nent is directly dependent on the type of terrain (Fig. 3a). 
For example, the wind speed gradient through the rotor 
ranges from 1.5% above slightly rough terrain such as off-
shore conditions to 5% above very rough terrain such as 
forest canopies (under neutral stability conditions). Addi-
tionally, the approach flow is highly turbulent, with a stream-
wise turbulence intensity ranging from 5 to 30% (Fig. 3b) 
(Kaimal and Finnigan 1994; ESDU 1985; Counihan 1975). 
Wind conditions are also driven by the thermal stability of 
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the atmosphere, leading to even more scattered operating 
configurations. Unlike aeronautical applications, the relative 
velocity encountered by the wind turbine blades is not sig-
nificantly higher than the wind speed; therefore, its proper-
ties are not negligible compared to the blade moving speed.

As an example, a typical 3 MW turbine has a rotor radius 
R of 50 m and a hub height of 90 m. It reaches its rated 
power (region III in Fig. 2) when the wind speed at hub 
height Uhub is around 13 m/s and its rotor speed Ω is 1 rad s−1 
(one revolution in 6 s), leading to a shear time scale Ts ≈ 6 s. 
Due to the wind speed gradient on the vertical dimension, 
the blade encounters 6 s periodic wind speed fluctuations of 
±5 to ±14% (derived from Fig. 3a) and, so, the geometric 
angle of attack fluctuations of ±5 to ±10% at a radius of 
Rd = 3/4 R (typical location where the maximum loads are 
generated), leading to periodic flapwise bending moment 
fluctuations at the blade root of ±10 to ±40%, depending on 
the terrain (Burton et al. 2001; Sathe et al. 2013).

Atmospheric turbulence generates additional 3D wind 
speed fluctuations of the same order of magnitude, but 
the associated time scales are broadband and non-deter-
ministic, from tenths of seconds to several minutes, cen-
tered on the most energetic eddy-related time scale from 
around Tt ≈ 3–15 s, depending on the terrain. Traditionally, 
the velocity statistics due to atmospheric turbulence are 

represented with a Gaussian probability distribution, which 
is expected to be acceptable up to ±3�, with � the standard 
deviation of the statistics (Counihan 1975). Beyond these 
limits, it has been proven that the turbulence has an anoma-
lous distribution due to the intermittency of turbulence (Pei-
nke et al. 2004). This is illustrated by a higher probability of 
occurrence of short-time or small-scale wind gusts, called 
extreme events. As a result of the strong coupling between 
the inflow turbulence and the HAWT response, the intermit-
tency of atmospheric turbulence can be observed in the wind 
turbine aerodynamic load fluctuation distributions (Mücke 
et al. 2010). This means that the nature of the turbulence 
should be taken into account as a particular source of distur-
bance during the control system identification.

Both sources of fluctuations, the periodic one due to shear 
and the non-deterministic one due to turbulence, are super-
imposed on the local inflow conditions of the blade and their 
individual effects cannot be easily identified. On the other 
hand, with a classical blade chord of 2 m (at the radius Rd), 
the typical time scales of both fluctuations are at least 100 
times higher than the typical chord time scale Tc ≈ 40 ms, 
leading to an almost steady-state problem from the aero-
dynamic point of view and hence for the control strategies 
used to mitigate these fluctuations (nevertheless, dynamic 
stall, characterized by time scales of the order of magnitude 
of the chord time scale must be taken into account during 
blade design).

These spatial and temporal wind fluctuations can have 
two kinds of effects on WT operation:

–	 Fluctuations around nominal loads inducing fatigue of 
the blade structure, when pitch regulation is either not 
efficient enough, or too complicated or challenging to 
achieve.

–	 Extreme loads, above nominal ones, in the event of a 
rapid wind velocity increase, when pitch regulation is 
too slow to be able to avoid them, and the stall mar-
gin together with dynamic stall hysteresis are unable to Fig. 2   Typical power curve showing the operating regions

Fig. 3   a Typical mean wind 
speed and b turbulence intensity 
profiles for different terrains 
under neutral stability condi-
tions. Wind speed profiles are 
designed to reach a typical 
nominal wind speed of 13 m s−1 
at a hub height of 90 m. Gray 
shaded areas show the rotor 
location. Black lines show the 
hub height
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reduce aerodynamic loads by means of stall. This may 
increase structural loads above what is acceptable by the 
structure, or require an oversizing of the blade structure 
to be able to resist such loads, associated with higher 
structural mass, cost, etc.

4 � Wind energy‑oriented flow control strategies

From this brief analysis of the aerodynamics of large 
HAWTs and its effects on performance and structural loads, 
it is clear that air flow control on wind turbine blades may 
be valuable to tackle three issues. The first one is improving 
the low wind velocity behavior of the HAWT to improve 
performance. The second is reducing the load fluctuations 
and induced structural fatigue at nominal working condi-
tions, with a view to reducing maintenance requirements 
and thus increasing the reliability of the wind turbine. The 
last one is reducing the extreme loads associated with high 
wind velocities, leading to blade mass and cost reduction.

Depending on the issue concerned, distinct flow control 
strategies will be considered. When the working lift is set to 
its optimal operating value (usually 80% of the maximum 
lift obtained with this blade section, Burton et al. 2001), 
the flow is fully attached to the blade. The inflow velocity 
fluctuations may generate relative velocity fluctuations at 
the blade, in magnitude and direction. The lift fluctuates 
around the working lift, but without reaching the maximum 
lift before stall. Aerodynamic load fluctuations are therefore 
generated. A control strategy focusing on alleviating these 
fluctuations is possible and would be based on the control 
of circulation, which is made possible by placing actuators 
at the trailing edge of the blade section. Despite this precau-
tion on the design limit of 80% and in the event of very high 
inflow velocity fluctuations, the stall angle could be reached, 
leading to strongly deteriorated aerodynamic performance, 
magnified by the presence of a hysteresis on the angle of 
attack to reattach the flow that makes the return to the opti-
mal working lift configuration difficult to obtain. In this 
configuration, circulation control becomes inappropriate, 
whereas separation control would be suitable. Ideally, this 
type of control requires arranging distributed actuators all 
over the suction side of the blade. However, separation con-
trol can be advantageously developed for different purposes 
as load mitigation during nominal operation, active stall 
regulation (in areas where the noise impact is not essential) 
and improving the start-up process, when the local angle of 
attack is very high.

The non-deterministic nature of the turbulence forces 
the control strategy to be based on a feedback loop, react-
ing to a detected disturbance. Having access to the incom-
ing flow properties in real time means that this information 
can be taken into account in the control loop, leading to a 

predictive control strategy (Schlipf and Kühn 2013). This is 
made possible thanks to new LiDAR measurement systems 
mounted on the wind turbine nacelle that measure in quasi 
real time the incoming flow fluctuations at a distance from 
30 to 150 m upstream of the wind turbine rotor (Wagner 
et al. 2014). Even if this system encounters limitations due 
to the inhomogeneity of the turbulent flow and its constant 
evolution during advection, it widens the scope of possibili-
ties in terms of control opportunities.

4.1 � Flow separation control

As mentioned earlier, flow separation and aerodynamic stall 
appear on the suction side of wind turbine blades even if 
they are designed to prevent this configuration. These phe-
nomena mainly occur during the start-up process, when the 
pitch angle of blades cannot be appropriate for the whole 
span and when the effective velocity and angle of attacks 
change to reach the nominal rotor velocity rotation. The sep-
aration process can be characterized by time scales that are 
rather short in comparison to the airfoil time scale, inducing 
dynamic stall. Additionally, the high-level turbulence inten-
sity in the freestream flow is also a source of intermittent 
stall periods on critical blade parts. Associated time scales 
can generate dynamic stall for the shorter ones and quasi-
static stall for the higher ones. This leads to a performance 
loss and can generate additional load fluctuations. These 
situations justify the need to study the AFC on partially to 
massively separated flows on wind turbine blades, for steady 
and unsteady flow configurations.

In the literature, all actuator technologies are used but 
with a predominance of fluidic (Ekaterinaris 2004; Mal-
donado et al. 2010; Stalnov et al. 2010; Wang et al. 2011; 
Shun and Ahmed 2012; Troshin and Seifert 2013; Chawla 
et al. 2014; Niether et al. 2015; Xu et al. 2016) and plasma 
actuators (Nelson et al. 2008; Meijerink and Hoeijmakers 
2011; Walker and Segawa 2012; Greenblatt et al. 2012; 
Greenblatt and Lautman 2015; Ben-Harav and Greenblatt 
2016; Brownstein et al. 2014; Jukes 2015). Action strategies 
are mainly driven by the capacity to generate 3D longitudi-
nal vortices in the boundary layer as close as possible to the 
separation point, to promote the transfer of high momentum 
flow toward the wall and to delay, or suppress, the separa-
tion. Consequently, actuators are designed to act as vortex 
generators (VGs). Given the dependence of the separation 
location on the wind conditions (wind speed and angle of 
attack), no universal actuator location on the airfoils exists. 
Studies are therefore performed with a fixed actuator loca-
tion (Maldonado et al. 2010; Stalnov et al. 2010; Wang 
et al. 2011), or with a finite number of locations distributed 
all over the suction side, working separately or simultane-
ously (Nelson et al. 2008; Meijerink and Hoeijmakers 2011; 
Troshin and Seifert 2013; Chawla et al. 2014).
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The intensity of action can be transposed as a momen-
tum coefficient c� for plasma and fluidic actuators (Cat-
tafesta and Sheplak 2011). It indicates the ratio between 
the momentum supplied by the actuator and a reference 
momentum. For airfoil configurations, it is classically 
written as:

Equation (3) is used for plasma actuators, where T  is the 
global thrust force supplied by the plasma actuator to the 
local flow and characterized by an “ionic” wind, similar 
to a wall jet in quiescent air. This force can be deduced by 
the momentum theory applied to the wall jet (Meijerink 
and Hoeijmakers 2011). The power consumption can be 
directly measured through the electrical circuit supply 
(Brownstein et al. 2014). Equation (4) is used for fluidic 
actuators, where ṁinj is the injected mass flow rate and vinj 
the injection velocity.

Both types of actuators can work continuously (in com-
parison to the airfoil time scale) or with an unsteady mode. 
In that case, the acting frequency is reduced by the airfoil 
time scale, which corresponds to the ratio between the 
chord length and the upstream reference velocity. Various 
studies have shown that the acting frequency can play a 
role on the control efficiency but that it is not the primary 
parameter. On the other hand, having some acting reduced 
frequencies lower than 1 could generate some strong load 
fluctuations that would be of damage for blade fatigue 
(Ekaterinaris 2004). Gross and Fasel (2012) applied AFC 
to control a laminar separation bubble on the suction side. 
In that case, the frequency was a key parameter since the 

(3)c� =
T

1

2
�U2

∞
.Aairfoil

,

(4)c𝜇 =
ṁinjvinj

1

2
𝜌U2

∞
.Aairfoil

.

physical mechanism responsible for the control efficiency 
was the excitation of the natural instabilities of the laminar 
boundary layer.

For 2D configurations, the control authority indicator 
is the gain or loss in lift coefficient compared to the base-
line case ΔCL. In the cases where the objective is to delay 
the separation, and so to delay the stall for higher angles 
of attack, a gain of ΔCL ≈ 0.1−0.3 can be achieved in the 
upper part of the lift curve, which is a promising result, 
according to the authors. Additionally, Niether et al. (2015) 
applied a spatially optimized continuous action with blowing 
jets on a 2D airfoil to smooth out the lift curve close to the 
stall region and they were able to reduce lift fluctuations by 
one order of magnitude in cases of incursions to stall regime 
due to external conditions. Wang et al. (2011) reduced lift 
fluctuations by 12% with a closed-loop control of blowing 
jets for a 2D airfoil with the presence of large-scale unsteadi-
ness in the freestream flow.

This variation of ΔCL ≈ 0.1−0.2 is definitely unsatis-
factory if one plans to use AFC to replace standard pitch 
regulation by an active stall regulation. Pereira et al. (2014) 
showed that this objective would require generating a lift 
reduction of up to ΔCL ≈ 0.7, whereas they were able to 
reach 0.3–0.4. Indeed, a notable feature of their study is that 
they extrapolated experimental results obtained on a 2D 
airfoil to a HAWT configuration, using the blade element 
momentum (BEM) method to determine the potentialities of 
this type of control on a full-scale rotating machine.

Jukes (2015) studied two plasma flow control strategies 
on a two-blade rotating HAWT model (Fig. 4). He compared 
the efficiency of co-flow and VG-type plasma actuators for 
reducing the drag coefficient, deduced from the integration 
of the velocity deficit in the blade wakes. He showed that 
the radial body forces generated by plasma VGs are of para-
mount importance in rotating separated flows.

Two full-scale experiments with plasma actuators 
are worth mentioning. The first one was performed on a 
10 m-diameter HAWT using DBD actuators located at the 

Fig. 4   Schematic view of HAWT from downstream. Co-flow plasma 
actuators on left hand blade (DBD-CFs). Plasma vortex generators on 
right hand blade (DBD-VGs). Plasma forms in the light gray region 
adjacent to the thick black upper electrodes, with forcing direction 

indicated by arrows. Lower schematics show operating principles 
Reprinted from Jukes (2015), original figure 4; with permission from 
Elsevier
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leading edge and along 4 m of span (Tanaka et al. 2013). The 
increase in production during plasma activity was shown to 
be at least three times higher than the actuator power supply. 
The second one was performed on a 20 kW HAWT (9.5 m 
in diameter), using actuators located at mid-chord or close 
to the trailing edge on the suction side (Cooney et al. 2016, 
Fig. 5). A power gain from 2 to 6% depending on the operat-
ing points was observed, even if the limited operating life-
time of the actuators prevented reaching converged datasets.

Studies about AFC of dynamic stall are often related 
to vertical axis wind turbines (VAWT), where the rotation 
axis normal to the wind direction leads to even more com-
plex flow unsteadiness. Greenblatt et al. (2012), Greenblatt 
and Lautman (2015) and Ben-Harav and Greenblatt (2016) 
applied DBD plasma actuators at the leading edge of a lab-
oratory-scale VAWT and reported that an increase in gain of 
38% could be reached for a power supply delivered to plasma 
actuators of a few percent.

Maldonado et al. (2010) and Wang et al. (2011) have pro-
posed closed-loop control strategies. Both developed simple 
controllers with the aim of reducing load fluctuations during 
large-scale unsteadiness. The first one targeted the minimi-
zation of the root strain spectrum (3D finite span translating 
airfoil), whereas the second one targeted the minimization of 
the pressure fluctuations at the leading edge (2D translating 
airfoil). Both showed the ability to significantly reduce load 
fluctuations, but these strategies were not further developed 
in subsequent publications.

Troshin and Seifert (2013) showed the benefit of a closed-
loop control with synthetic jets distributed on the suction 
side to recover the decrease performance due to degraded 
surface quality.

4.2 � Circulation control

As mentioned above, mitigation of load fluctuations on 
HAWT rotor blades, also known as load alleviation, most 
generally refers to reducing the magnitude of the fluctuations 
of the bending moment on the blade where it is at its maxi-
mum, i.e., at the root, to reduce fatigue loads on this critical 
part, and thus extend lifespan. Therefore, as this bending 
moment mainly comes from the lift distribution on the blade 
airfoils, the lift on some part of the blade has to be either 
increased or reduced by means of an AFC device without 
changing the incidence on the airfoils.

It has also been noted that, for large-scale HAWTs, blade 
airfoils operate with some incidence margin relative to stall 
and this requires the aerofoils equipped with AFC devices 
to operate in the linear part of the CL vs incidence curve. 
Therefore, this lift control belongs to the generic issue 
known as “circulation control” (CC), which refers to the 
relation between the aerofoil lift and the velocity circulation 
around it. As far as the amplitudes of CL variations required 

for load alleviation on large HAWT are concerned, Cooney 
(2009) mentions, on a simple computational basis, that vari-
ations around ±0.1 or 0.2 are suitable. Holst et al. (2015), 
who simulated the NREL 5 MW large HAWT subjected to 
inflow fluctuations with the FAST aerodynamic/aeroelastic 
tool, provided realistic time series of lift fluctuations show-
ing the variance of the lift coefficient to be of the order of 
ΔCL = ±0.2. Thus, the order of magnitude of CL variations 
of ±0.1 or ±0.2 is commonly considered as a satisfactory 
target for AFC devices efficiency.

Looking at the literature, most of the references deal with 
2D airfoil laboratory implementations (and computations) 
of AFC actuators. One can also find some 2D laboratory 
closed-loop lift control applications. In this case, the HAWT 
blade load alleviation problem is replaced by a simpler alter-
native one which consists in subjecting a 2D aerofoil to load 
fluctuations, essentially by means of velocity variations, and 
developing AFC techniques—including actuator and closed-
loop control—to keep lift as constant as possible. Concern-
ing devices for circulation control around an aerofoil, two 
kinds of technologies are encountered: mechanical and 
fluidic. Mechanical systems were the first to be introduced 
and were generally developed for aeronautical applications, 
and not specifically for HAWT, but are now the most wide-
spread techniques. The first can be mentioned as the plain 
flap which has been considered in the case of HAWT (Berg 
et al. 2007), a modern variant of which is the flexible flap 
(Pechlivanoglou et al. 2010). It rapidly appeared that smaller 
and lighter devices could be of interest for HAWT applica-
tions, such as Gurney flaps (GF) or microtabs, which are 
small fixed or deployable surfaces located near or at the trail-
ing edge (TE) and extending perpendicularly to the airfoil 
surface. Cooperman et al. (2014) and Cooperman and van 
Dam (2015) considered a set of deployable tabs (Fig. 6) and 

Fig. 5   Renewegy VP-20 wind turbine with retrofit plasma actua-
tors on the blade’s suction side Original figure  26 reproduced from 
Cooney et al. (2016); reprinted by permission of the American Insti-
tute of Aeronautics and Astronautics, Inc
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obtained ΔCL values between 0.18 and 0.19. They presented 
the results of an experimental 2D constant lift closed-loop 
system based on this technology, showing a reduction of 
the deviation from the desired value of lift by 70–80% on an 
airfoil subjected to air speed changes.

Nikoueeyan et al. (2014a, b) studied the effects of deploy-
able GFs on a thick TE and showed very good efficiency, 
exhibiting a ΔCL value between 0.5 and 0.7 (Fig. 7). Holst 
et al. (2015) investigated the flow associated with a finite 
width GF, displaying the 3D effects. They applied their 
experimental results to HAWT simulations and were able 
to show a reduction of load fluctuations in the case of large 
HAWTs and power control without pitch in the case of small 
ones.

Fluidic systems are also of interest in CC applications. 
Two possibilities exist: one is associated with an angular 

TE airfoil and the fluidic AFC device acts as a “virtual 
flap”, and the other one is associated with a rounded TE, 
and makes use of the Coanda effect to deflect the flow at 
the trailing edge and generate CC. Cooperman et al. (2014) 
compared computed blowing jets on a 2D configuration 
with the microtabs presented above, and simulated in this 
case a 2D constant lift control system. They achieved ΔCL 
values comparable with those obtained with the microtabs 
presented above (Fig. 8), but do not mention the corre-
sponding c� value. De Vries et  al. (2014) investigated 
experimentally and numerically the effects of a synthetic 
jet perpendicular to the surface of an airfoil near the TE. 
The experimental setup did not allow high enough fre-
quencies to have significant effects, but computations indi-
cated ΔCL of the order of 0.2 with reduced frequency 
F+=20 (F+ =

fjc

U∞

, where fj is the synthetic jet frequency, c 

the airfoil chord and U∞, the incoming flow velocity).
Circulation control using the Coanda effect on rounded 

TE has generated a great number of studies with aero-
nautical applications in mind. A recent work has revealed 
renewed attention. Wetzel et al. (2013) showed the inter-
est of such a system with blowing jets on a rounded TE 
for underwater applications. In the case of wind turbine 
applications, Braud and Guilmineau (2016) developed a 
distributed blowing jet array that generates 3D effects on a 
rounded TE which proved experimentally and numerically 
efficient (ΔCL maximum of 0.25 at 8° of incidence with a 
momentum coefficient c� = 0.049; see Eq. (4)).

Together with classical blowing or synthetic jet flu-
idic actuators, the development of plasma technologies in 
flow applications with dielectric barrier discharge (DBD) 

Fig. 6   Spanwise section of the S819 m model with linearly actuated 
microtabs: a full airfoil profile, b detached aft section Original fig-
ure 1 reproduced from Cooperman et al. (2014)

Fig. 7   The original DU97-W-300 airfoil and the 10%c thick trailing 
edge flatback airfoil Original figure  2 reproduced from Nikoueeyan 
et  al. (2014b); reprinted by permission of the American Institute of 
Aeronautics and Astronautics, Inc

Fig. 8   OVERFLOW simulation showing the flow velocity and 
instantaneous streak lines around an airfoil with an activated pressure 
side jet, α = 0°, Re = 1.0 × 106 Original figure 2 reproduced from 
Cooperman et al. (2014)
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plasma actuators has allowed their application to circula-
tion control. Nelson et al. (2008) and Cooney (2009), in 
addition to the stall delay mentioned in the previous sec-
tion, developed a CC strategy. A DBD near the angular TE 
of an S827 airfoil allowed them to obtain an average lift 
coefficient increase of 0.075. The effect of plasma actua-
tion is presented as equivalent to increasing the camber 
of the airfoil, and they point out that the potential of the 
approach is in using multiple plasma actuators at different 
x/c locations, combining their effect.

Kotsonis et  al. (2014) used a DBD actuator on a 
rounded TE. Though at rather low Reynolds number values 
(1.4 × 105–2.8 × 105), their experiments showed a ΔCL of 
about 0.1. They also analyzed the effect of the position of 
the DBD, and its effect on the wake flow field. Baleriola 
et al. (2016) also used a DBD actuator on a rounded TE and 
showed (Fig. 9) that it was possible to achieve positive and 
negative lift variations (ΔCL of about ±0.08) with two dedi-
cated sets of multi DBD plasma actuators. Because of the 
electrical nature of the surface plasma actuation, the tangen-
tial jet remains attached to the wall and follows its curvature 
in a more efficient way than a jet subjected to the Coanda 
effect (Fig. 9). Lastly, Feng et al. (2012) combined GF and 
plasma actuation at low Reynolds number and showed that 
the two effects added together, with a GF effect on ΔCL of 
about 0.5, while plasma actuation on the GF added an extra 
ΔCL of about 0.2.

At the WT scale, a certain number of numerical simula-
tions of HAWT behavior submitted to simulated incoming 
turbulence are reported. They make very generally the use 
of 2D experimental or computational results for the airfoil 
behavior with AFC in a 3D approach based on BEM or 
lifting line with free vortex wakes. An example is Zhang 
et al. (2014), who developed an aero-servo-elastic model 
based on FAST/Aerodyn and Matlab/Simulink software. 
They simulated the NREL 5 MW HAWT equipped with 
a “smart rotor control” including a torque generator and 
collective pitch controller, with deformable TE flaps on 
the blades controlled independently by a feedback loop 
method. Results showed in particular that, under the IEC 

extreme wind shear condition and compared with the 
original collective pitch control method, the extreme load 
on blades was effectively reduced. The maximum reduc-
tions in the flapwise root moment and the tip deflection of 
blades were up to 43.1 and 40.1%, respectively.

Very recently, an example of a complete 3D HAWT 
computation was presented by Chen and Qin (2017). A 
3D RANS computation in the rotational framework of the 
NREL Phase VI blade was compared with wind tunnel 
experimental data. This computation included TE flow 
control microtabs and microjets together with a divergent 
trailing edge as a passive flow control device. The results 
appear very interesting, demonstrating that deploying TE 
flow control devices can effectively improve the power 
output of a stall regulated wind turbine, and above all, 
the possibility of taking AFC into account in a real 3D 
numerical approach.

The literature reveals very few experimental HAWT con-
trols for load alleviation, either in the laboratory or on site 
field tests. Nevertheless, the collaborative efforts on AFC via 
trailing edge flaps on a small research wind turbine in the 
TU Berlin large wind tunnel facility reported in Vey et al. 
(2015) and the work by Berg et al. (2014) at Sandia may be 
mentioned . In this study, a WT rotor with TE flaps has been 
developed and field tested. Results show the control capabil-
ity of the TE flaps, the combined structural and aerodynamic 
damping and direct observation of time delays associated 
with aerodynamic response. Nevertheless, no practical load 
alleviation has yet been reported.

5 � Discussion

Table 1 in the Appendix summarizes the main experimental 
studies related to AFC for wind energy applications that are 
cited here. From the present review, some general conclu-
sions can be drawn regarding the relevance of the aerody-
namic configurations and of the efficiency assessment of 
AFC.

Fig. 9   Time-averaged magni-
tude velocity field and vector 
fields of the flow induced under 
quiescent air conditions by 
plasma actuators located at the 
rounded trailing edge of a cir-
culation control-oriented airfoil 
and acting toward the pressure 
side (left) and toward the suc-
tion side (right). Electrodes are 
represented in orange Original 
figure 8 reproduced from Bale-
riola et al. (2016)
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5.1 � Aerodynamic configurations

A HAWT is composed of rotating blades, but only a few 
authors study this problem with a 3D rotating configura-
tion, but rather choose a 2D translating configuration. 
This is justified by the fact that it is particularly complex 
to embed some actuators and sensors in a rotating body 
(particularly at laboratory scale), and that the measure-
ment diagnostics are often reduced to more global infor-
mation such as rotor torque and extracted power. Even 
if the latter are crucial for wind energy applications and 
are used as final indicators of control efficiency, they are 
not sufficient to interpret the strongly 3D aerodynamic 
phenomena taking place on the rotating blades. Moreo-
ver, reducing the configuration to a 2D problem leads 
to totally neglecting the 3D properties of the separation 
area on a rotating body, due to centrifugal forces. Indeed, 
the reverse flow on the suction side of blades has a com-
ponent along the span toward the tip that modifies the 
overall pressure distribution. This simplification from 3D 
to 2D is less critical when the flow is attached since the 
3D study can be reasonably modeled by a combination of 
successive 2D configurations along the span.

The Reynolds number similarity is also a recurrent 
issue. Most investigations are performed through wind 
tunnel experiments or numerical simulations for Reynolds 
numbers based on the chord of O(105), whereas mod-
ern wind turbines reach O(106–107). This has two main 
consequences:

–	 It might be necessary to trip the transition on the 
tested airfoils to prevent the transition to the turbulent 
boundary layer from occurring in the wrong place and 
the presence of laminar bubble separation.

–	 Even if the transition is triggered, the drag coefficient 
is strongly dependent on the Reynolds number (unlike 
the lift coefficient), meaning that the consequences of 
the AFC on both aerodynamic loads cannot be fully 
extrapolated to higher Reynolds number configura-
tions.

The freestream turbulence effects on the flow control 
efficiency are also totally ignored in wind tunnel experi-
ments. This can be justified by the fact that the most 
energy-containing turbulent eddies in the atmosphere 
are 1000 times larger than the boundary layer thick-
ness on blades, but residual turbulence at smaller length 
scales might have an effect on the different flow control 
processes.

Bearing all these limitations in mind, studies on 
2D translating airfoils in low-turbulent flows remain 

indispensable and an essential step on the way toward 
more realistic, and hence more complex configurations.

5.2 � Efficiency assessment of active flow control 
and wind energy‑oriented energy balance

After 40 years of research in the field of AFC, and consid-
erable relevant research in aerospace applications, some 
important questions remain unanswered:

–	 The upscaling of innovative control strategies devel-
oped at small scales to the full scale is still challeng-
ing. Both papers (Tanaka et al. 2013; Cooney 2009) 
illustrate the technical problems encountered in per-
forming robust actuator integration and reliable field 
measurements. Despite promising outcomes, it remains 
difficult to assess AFC benefits. To our knowledge, fur-
ther literature showing convincingly the efficiency of 
AFC on real-scale research or industrial demonstrators 
is required. Moreover, the physical mechanisms and 
their key scales are not fully identified and cannot be 
extrapolated to other scales. In other words, the similar-
ity laws of the actuators still need to be studied.

–	 The wide variety of actuators and configurations that 
are studied makes the identification of the most effi-
cient actuators with respect to the tested configura-
tions and flow regimes almost impossible. If the energy 
capture is targeted, an extensive analysis of the action 
efficiency, based on an (wind energy oriented or not) 
energy balance between the supplied and the gained 
energy with several actuator types according to a class 
of given geometries and to pre-defined objectives still 
needs to be performed. If load mitigation is targeted, 
the efficiency assessment becomes more delicate since 
it refers to more elaborated metrics coupling aerody-
namic and structural behaviors. The action efficiency 
should be quantified according to weight loss and/or 
WT life duration increase due to fatigue load reduction.

It is worth mentioning the definition of a wind turbine-
oriented Aerodynamic Figure of Merit AFM3 by Stalnov 
et  al. (2010) to evaluate the overall system efficiency 
by considering the ratio between the generated power, 
with and without AFC during the HAWT start-up pro-
cess (assuming φ ≈ 45°, common angles during start-up 
conditions):

(5)AFM3 =

[

(L − D)Ueff

]

controlled
− 2Pelect

[

(L − D)Ueff

]

baseline

,
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where L and D are the lift and drag components of the aero-
dynamic force projected in the wind turbine’s rotation plane, 
respectively. Ueff refers to the effective freestream velocity. 
Pelect is the power provided to the actuators. The subscript 
baseline refers to uncontrolled conditions. This type of figure 
of merit is a first step toward a better assessment of actuator 
efficiency in a specific sector of applications as demonstrated 
in Troshin and Seifert (2013) and illustrated in Fig. 10. 

Indeed, AFM3 is used to assess different control strategies 
performed to recover aerodynamic performances for wind 
turbine thick airfoils with degraded surface quality over an 
incidence range. Values of AFM3 greater than 1 indicate an 
energy benefit provided by AFC.

In Barlas and Van Kuik (2010), aerodynamic device con-
cepts were compared in terms of lift control capability; see 
Fig. 11. In the same vein, Pechlivanoglou (2013) attempted 
to estimate the overall performance of 14 actuators in vari-
ous technical fields that are relevant for the wind energy sec-
tor (Fig. 12), including wider features such as blade imple-
mentation, cost or operation capabilities.

6 � Summary and future trends

The wind energy sector gives rise to aerodynamic issues that 
the active flow control scientific community has identified 
as challenges to take up. Through the present review, it has 
been shown that the motivations for applying AFC on wind 
turbine blades are various and require non-universal AFC 
strategies, leading to the conclusion that the future develop-
ments are probably in the development of spatially distrib-
uted actuation.

The AFC research dedicated to wind energy was initially 
characterized by a transfer of knowledge from aeronauti-
cal to wind energy applications, whereas the interactions 
between both communities are now better balanced. The 
fundamentals of fluid dynamics are identical, but this trend 
also generates some limitations since the actual operating 

Fig. 10   Wind turbine-oriented Aerodynamic Figure of Merit AFM3 
vs the angle of attack for different strategies of AFC using syn-
thetic jet arrays distributed on the suction side of a thick airfoil with 
degraded surface quality. The effect of excitation by three actuator 
rows on lift in four cases: (1) open loop, all slots at constant ampli-
tude; (2) open loop, with slots 2 and 3 at constant amplitude; (3) open 
loop, with amplitudes distributed automatically based on separation 
location; (4) closed-loop lift control. Re = 0.5 106 Original figure 20 
reproduced from Troshin and Seifert (2013) with permission of 
Springer

Fig. 11   Comparison of aerody-
namic device concepts in terms 
of lift control capability Origi-
nal figure 9 reproduced from 
Barlas and van Kuik (2010) 
with permission from Elsevier
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conditions of wind turbines are seldom taken into account 
in the studies. A gap between the AFC performance under 
controlled boundary conditions at laboratory scale and under 
atmospheric conditions at full scale is indeed observed. It 
leads to difficulties in evaluating convincingly the outcomes 
and up to now prevents reaching the Technology Readiness 
Level 7 (system prototype demonstration in operational 
environment). This is in fact a general criticism that can be 
applied to most AFC applications that generally stay at a 
level described as promising, but rarely reach an industrial 
level of integration (see Crowther et al. (2010) for a provoca-
tive article about flow control fallacies).

While the overall scientific interest of studying AFC 
effects on flows is not questioned, its applicability to engi-
neering domains will remain uncertain if future studies do 
not provide better proof of their efficiency in real operating 
conditions. This depends on several objectives that need 
to be developed in the future:

–	 In collaboration with industry, better identify the wind 
energy-oriented targets of AFC that are priorities 
(improve performance under nominal operating con-

ditions, improve the start-up process, alleviate loads, 
etc.) and the metrics to quantify its capacity to reach 
the objectives in a completely integrated process.

–	 From a technological point of view, make a joint effort 
for transdisciplinary studies to develop more mature 
active flow controllers, in terms of durability, compact-
ness, controllability and integration into wind turbine 
dedicated industrial products.

–	 Develop studies on the upscaling issue to reduce the 
gap between more promising results obtained at the 
laboratory scale than at full scale.

If these preliminary steps are accomplished, wind tur-
bine-oriented active flow control could finally play a role 
in the design process of wind turbines.

Appendix

See Table 1.

Fig. 12   Estimation of the over-
all performance of 14 actuators 
in different technical fields 
Table reproduced from Pech-
livanoglou (2013), page 111. 
Courtesy of Pechlivanoglou
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