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Wake Structure : Side View

What is the wind turbine wake phenomenon ?
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Wind farm control is an active and
growing field of research in which the
control actions of individual turbines in a
wind power plant are coordinated to
minimise wake interactions.

• Photograph taken by 
Christian Steinus in 2008, 
photo taken on the 
special atmospheric 
conditions.

• And what we nicely can 
see in this photograph is 
that there is interaction 
between turbines, so 
wake interaction.
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A turbine, standing in the wake of another turbine, will experience a higher
structural loading due to a higher turbulence intensity, and will not extract the
same amount of energy as a turbine standing in the free wake.
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Task44 WP

WP2 Uncertainty Quantification /
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Review and best practices for wind farm control field validation

WP2
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Paul Fleming, Task 44 Operating Agent
(paul.fleming@nrel.gov)
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https://ieawindtask44.tudelft.nl/

https://www.linkedin.com/company/iea wind task 44 wind farm flow control/
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IEA Wind Task 44 Wiki

LinkedIn

https://www.youtube.com/@ieawindtask44talks21
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Quote source: TWIND Summer School - Session_Morning_07_07
More info: https://twindproject.eu/

TWIND aims to create a network of excellence that will dynamize a pool of specialized research professionals and trainers in the domain of offshore wind energy.
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Wind farms that can reduce the effect of wakes

• The main objective is to get more energy
out of the wind farm, but also taking into
account that we don't want to increase
the loading too much on the individual
turbines.

• We typically build a first principles model.
But the first principle model doesn't
capture all the dynamics of a real wind
farm or a real wind turbine.

• So what we believe is that we always
have to augment our mode l wi th
measurements. And again, we use here
the data driven control approach.
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• In reality, we don't have access to the flow information.
So the only thing that we have is measurements. So we
only have measurements on a turbine level.

• So what we have to do if we want to do wind farm control
and maybe this repositioning (floating). And we have to
reconstruct the wind field.

• Then if we have the wind field we have to predict what's
going on.

• And then we have to optimize. And then we can do a
repositioning (floating). But we can also use already
existing control technology on a turbine to maximize the
energy capture and or to reduce the structural loading in
the wind.
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Reconstruction wind field

Prediction wind field

Real time optimization

Quasi steady flow control
Axial induction based control

• Induction control ( ) is basically derating ( ).

• If we derate the first turbine, then it will let energy go. And then
we hope that the energy that we let go will be picked up by the
turbines in the wake.

• We hope that the sum of the energies will be bigger than the
greedy approach.

• Now recent results basically show that actual induction control
doesn't work. So the energy that we let go is not picked up by all
the other turbines.

• High-fidelity wind tunnel and field tests have shown that the
benefits of induction control are very limited.

Static wake control concepts rely on affecting the wake through
relatively slow changes of the control degrees of freedom of the
turbine in a way that affect the time-averaged properties of the wake.

14



Quasi steady flow control
Wake steering using yaw offsets

• On the other side, there is another existing control technology
which is called wake steering.

• We misalign the first turbine with the main wind direction.

• If we misalign the turbine, we can redirect the wake. So what we
try to do is that the wake doesn't hit the turbines downstream.

• This technology seems to have a lot of potential in wind tunnel
experiments, high fidelity simulations, and field experiments.
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Static wake control concepts rely on affecting the wake through
relatively slow changes of the control degrees of freedom of the
turbine in a way that affect the time-averaged properties of the wake.

Quasi steady flow control
Wake steering using yaw offsets

• At the left, we see the baseline. And at
the right, we see the optimized setting.

• The optimized setting meaning that we
had a first principles model, in this case
the FLORIS.

• Then we optimized the optimal YAW
settings. And what we nicely see is that
we can do wake steering.

• Now in the graph, we can also see the
potential and the amount of energy
that we can now extract out of a wind
farm (Of course, this is a high fidelity
simulation).

• The wind conditions are more or less
steady. It's the same inflow direction
and also the turbulence intensity is
more or less the same.

• So we believe that also if we really
want to apply wake steering in a wind
farm, we also have to make it more
robust with respect to time varying
conditions.
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Closed loop wind farm control schemeOpen loop wind farm control scheme

Key words : data driven approach,
MPC ( ) principle
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• Here, we focus on the challenges related
to triggering and interacting dynamically
with wakes and turbulence as a means to
control wind farm flow and to speed up
wake breakup or to increase mixing and
entrainment into the wakes.

• Recently, some first studies suggest that
this effect may be leveraged to
signif icant ly increase the energy
extraction of wind farms.

Dark blue shading corresponds to an isosurface of the velocity;
light blue shading in the horizontal plane corresponds to velocity magnitude.

Illustration from an LES study (SOWFA), 10MW Wind Turbine

Normal operation wake (Periodic) dynamic induction control Helix approach

Wake Mixing
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• However, then still you have to do all the safety checks and look at all the loads.

• So implementation wise, on paper it seems easy, but for industry it's quite a big step.

Wake Mixing

����
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• Pitch motion amplitude: ±5 [deg] 
• Pitch motion period: 0.8 [s] 

Wake-Mixing



ValueParameter

10Inflow wind speed [m/s]

0.442Rotor diameter [m]

3.6Tip speed ratio of the upstream wind turbine [-]

1556Rotor speed of the upstream wind turbine [rpm]

1000Sampling frequency [Hz]

60Sampling time [s]

5Pitch motion amplitude [deg] 

0.8Pitch motion period [s]
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The power generation performance of the 
wind turbine was evaluated by varying the 
blade rotation speed.

The power output of downstream WT |  Methods

• °
• Fixed
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• °, ° °
• Pitch motion

4.6% increase

The power output of downstream wind turbine

 W Power Nm Torque rad/s Angular velocity

When yaw angle is 0°, the power

output of the downstream WT is

increased by pitch motion of the

upstream WT.
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• The power generation performance of the wind 
turbine was evaluated by varying the blade 
rotation speed.

• Torque was measured and power output was 
computed. 



Overview of wind farm flow control concepts and 
important elements that play a role

1 Introduction

1.1 Main control objectives studied to date
1.2 Control approaches
1.3 Outline

2 Wind farm flow control physics: turbulence, wakes and
the atmospheric boundary layer

2.1 Quasi steady flow effects
2.1.1 Axial induction based control
2.1.2 Wake steering using yaw offsets

2.2 Wake dynamics and turbulence
2.2.1 Wake dynamics
2.2.2 Boundary layer turbulence

2.3 Mesoscale effects, blockage and wind farm wakes

3 Control algorithms

3.1 Current practice — Open loop control
3.2 The closed loop paradigm
3.3 Synergies with artificial intelligence and other digitalization
concepts
3.4 Controllability, observability, and sensors

4 Validation and industrial implementation

4.1 Proof of concept studies in high fidelity simulation tools
4.2 Validation in wind tunnel experiments
4.3 Validation via field tests
4.4 Industrial implementation

5 Integrated design and systems perspective

5.1 Progress in wind farm design optimization research
5.2 Wind farm control co design (CCD)
5.2.1 Wind farm CCD for AEP and LCoE objectives
5.2.2 Wind farm CCD for profitability objectives
5.2.3 Wind farm CCD for non economic objectives

6 Conclusions

Wind farm control has been a topic
of research for more than two
decades. It has been identified as a
core component of grand challenges
in wind energy science to support
a c c e l e r a t e d w i n d e n e r g y
deployment and transition to a
clean and sustainable energy system
for the 21st century.

In summary, the field of wind farm
flow control is an active area of
research and innovation, with many
interest ing mul t id i s c ip l inary
cha l l enges ( ) , and exc i t i ng
prospects for the increase of the
total value of wind energy for
society.
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https://www.youtube.com/watch?v=DEERw41UU08&t=6s 23


