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What is the wind turbine wake phenomenon ?

Transition region

Near wake region Far wake region

Velocity deficit b Velocity deficit
maximum minimum

Incoming flow <

v
A
v

Interaction with nacelle

Helical tip vortex Brake down vortices

.
——

Approximately:
> -axisymmetric

-self-similar

-Gaussian
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Illustrated by T.Uchida

Interaction with tower

Shear layer Wake edge
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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.

V4 R T7—LHEIX BAOFEERA
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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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Work Package 1

Track the evolving state
of the art in wind farm
control through
collection of research
results and expert
elicitations

Develop set of

recommendations and
best practices

Work Package 2

Characterize and
quantify sources of
uncertainties

Develop methods for
estimating AEP/loads
with overall uncertainty

Develop set of
recommendations and
best practices

/ Work Package 3 \

Characterize the
building blocks which
define wind farm
control

Build an overview of
available options,
specifications and
assess TRL of each

Give a full landscape of
the solution space

/ Work Package 4 \

Collaborate and
coordinate with other
|[EA Tasks and other
wind farm control R&D
activities

Based on tasks 1-3 and
external projects,
identify research gaps

Develop research
roadmap

@m-?wj‘uz‘ﬁ@ﬁﬁ@

XA ICWP2AZSN  Uncertainty Quantification / FHEEME D EE{L

111“,0)7°EI°)I’7I\&0)5E@




" MTG_20220523
" MTG_20220531

1EA Task44 WP2 Monthly Meeting

E 3T

2023/7/25

A =1 \ A _
I ) 2 A Y \ . Juvzsh IEA Taskdd
W —— J MTG_2022061 5 P F kg 2023 4: 7 J] 25 H (%) 23 :00-24 : 00
/ - / Yt Microsoft Teams

"
MTG_20221208 e (GRS | Aur = HE
u 5% ESS e
MTG_20230201 i 1. discussing and coordinating work on the paper “Review
" and best practices for wind farm control field
t t . MTG_20230301 validation.”
* Monthly meetings > :
e %
MTG_20230425
u |_E SR
MTG_20230627 1. discussing and coordinating work on the paper “Review and best practices for wind farm

o H H ”
* “Review and Best Practices” papers N MTG 20230725 Qe

b MTG_20230926 J§46# ¢ Eric Simley@NREL

> Taskdd 2 v —TPIEP O OMS, & AEOM N F 72 &2 2 ki

i) MTG_2023 1024 > ORI E LT

2 4 F v : Review and Bast Practice for Wind Farm Flow Control Filed Assessment

* MTG_20231113_GeneralMTG | '™

: Overview of Field Validation Method for Wind Energy Application

Review and best practices for wind farm control field validation

Introduction

* Presenting at a monthly meeting!

Review of Wind Farm Control Field Validation Experiment

® MTG_20231129 i "

%t 1 Recommendation for Filed Validation of Wind Farm Flow Control

it : Demonstration of Filed Validation for Example Wind Plants
it © Conclusion
IEA Wind Task 44 Wiki @ V) v 27 234 FICAH
https://ieawindtask44.tudelft.nl/

Active Wake

Control
Validation
Methodology

Forward and inverse uncertainty quantification for robust wind
farm design and control

Details on uncertainty quantification
methodology

IEA Task 44 Wind Farm Flow Control

Nassi 0, Wind Energy Scientist TNO
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TWIND, Delft, The Netherlands

Full professor TU Delft, DCSC,

Data Driven Control, Wind Turbine

and Wind Farm Control

(Lab HP) https://www.janwillemvanwingerden.nl/

DATA

DRIVEN
CONTROL

&

Systems and

%
TUDelft

Smart wind farms Y
y] iy-,'

Jan-Willem van Wingerden | &

. . r/: ',.kw\\ \ __.R\_\

% Task44 ) Operating Agent ‘;

Delft Center for

Control

Wind farms that can reduce the effect of wakes
W

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 model with

Quote source: TWIND Summer School - Session_Morning_07_07
More info: https://twindproject.eu/

measurements. And again, we use here
the data driven control approach.

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.



Lidar (sensors)

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.

13
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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
Co I‘Itl‘Ol TeCh n 0 I Og Ies turbine in a way that affect the time-averaged properties of the wake.

« Induction control (5&#l4H) is basically derating (&7EHK).

« 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.

Quasi-steady flow control
Axial-induction-based control




Control Technologies

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.

15

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
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Quasi-steady flow control
Wake steering using yaw offsets

FLORIS optimized

—Baseline
—FLORIS optimized |
1200 1400 1600 1800 2000

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.

16



Open-loop wind farm control scheme

Closed-loop wind farm control scheme

17

Time-Varying Atmospheric

conditions

Wind Farm Flow
Controller

Look-Up
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External

Input A

Measurements
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Time-Varying Atmospheric
conditions
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Open-loop diagram
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Closed-loop diagram
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Baseline

Total Mean Power: 5.4 MW

18

Normal-operation wake (Periodic) dynamic induction control

Pulse

Total Mean Power: 5.2 MW

Helix

Total Mean Power: 5.2 MW

80

5.2 MW

Helix approach

60
so

40

Time=628

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

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

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
significantly increase the energy
extraction of wind farms.




Baseline < Pulse < Helix
Total Mean Power: 6.1 MW Total Mean Power: 7.2 MW Total Mean Power: 8.2 MW

&
downstream downstream //BD downstream !
power power power
production production production
=0.7 MW 70 m =3.0 MW 2B

6D

upstream
power
production

=5.2 MW

upstream
power
production

upstream
power
production

* 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.
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Pitch motion amplitude: £5 [deq]
Pitch motion period: 0.8 [s]

FE=ECOEE

20

_Specifications

*Max wind speeds  : U=30m/s (60m/s at Znd test section)

Tumning vanes *Turbulence intensity : @y /U < 0.5%
: X-axis, 0-15m : Y-axis, 0-3.2m : Z-axis, 0-1.5m




e Y =0°+4+30°-30°
Flow  Pitch motion

ty

x/D=5

Parameter

Value

Inflow wind speed [m/s]
Rotor diameter [m]

Tip speed ratio of the upstream wind turbine [-]
Rotor speed of the upstream wind turbine [rpm]
Sampling frequency [HZ]

Sampling time [s]

Pitch motion amplitude [deg]

Pitch motion period [s]

10
0.442
3.6
1556
1000
60
+5
0.8

P =0°
Fixed

The power generation performance of the
wind turbine was evaluated by varying the

bl

ade rotation speed.



P[W]

The power output of downstream wind turbine
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4.6% increase

upstream WT.

50 100

150 200 250

w [rad/s]

1 4

The power generation performance of the wind
turbine was evaluated by varying the blade

rotation speed.

Torque was measured and power output was

computed.
P [W] : Power
Tr [Nm] : Torque
w [rad/s] : Angular velocity

When yaw angle is 0°, the power
output of the downstream WT is
increased by pitch motion of the



‘.: WIND FARM
5 FLOW CONTROL

IEA Wind Task 44

[ 2
20225 | ~/ 1 WIND
&
https://doi.org/10.5194/wes-2022-24 eawe \ 5 ENERGY
Preprint. Discussion started: 22 March 2022 ufops RT3 40 S 5 SCIENCE
DISCUSSIONS

© Author(s) 2022. CC BY 4.0 License.

Wind farm flow control: prospects and challenges

Johan Mezers', Carlo Bottasso, Katherine Dykes®, Paul Fleming®*, Pieter Gebraad®, Gregor Giebel®,
uhfe Gogmen?, and Jan-Willem van Wingerden®

'KU Leuven, Mechanical Engineering, Celestijnenlaan 300A, B3001 Leuven, Belgium
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With Wake Steering
Turbines

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

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
accelerated wind energy
deployment and transition to a
clean and sustainable energy system
for the 21st century.
BAIRINF—RZCH T DIHRRERED
PREREVTRESNTWLS.

In summary, the field of wind farm
flow control is an active area of
research and innovation, with many
interesting multidisciplinary
challenges(2€), and exciting
prospects for the increase of the
total value of wind energy for
society.
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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



