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Summary

This work shows an ongoing activity with the
main goal of developing a Digital Twin model to
be applied to a wind farm optimal control strat-
egy. Currently, the control technique is focused
on the Wake Steering for a given layout of the
cluster.

1. Introduction

A Digital Twin (DT) is defined as a vir-
tual representation of a physical asset enabled
through data and simulators for several pur-
poses, among which real-time prediction, mon-
itoring, informed decision-making, control and
optimization [1]. Wind farms are aimed to max-
imize the power output reducing collateral costs
such us maintenance costs. The maximization
of the power output can be achieved only by
means of smart strategies and optimization tech-
niques about the layout of the wind turbines
and the wake inside the cluster. Due to sev-
eral reasons (technical, environmental, bureau-
cratic constraints), sometimes the layouts are
rigid, therefore the only way to optimize the
energy production is to operate specific coor-
dinated control techniques on the single tur-
bines. The main techniques are Wake Steering
(or Wake Redirection) and Wake Recovery; the

former is the most studied in literature and is
based on specific desired yaw misalignments of
upwind turbines in order to move the wake away
from the downwind turbines, while the latter
is represented by some specific actions (for in-
stance dynamic axial induction control through
IPC or derating wind turbines) to have a faster
recovery of the downwind speed.

Since Wake Steering has shown very promising
results for "freeze" layouts, the goal of this study
is to give a wind farm designer a compact and
reliable tool able to predict the control strategy
for the yaw of each turbine in a wind farm with
a given wind history.

In order to choose the proper simulation tool,
the first step has been doing an exhaustive nu-
merical validation of the wind tunnel campaign
for the EU Project CL-Windcon [2], performed
by Politecnico di Milano. Among all of them,
FLORIDyn (3| has been preferred as a basis for
its low computational costs, its simplicity and
the possibility to manage a dynamic simulation.
The expected result is an improvement in
power output with respect to the greedy strat-
egy (therefore, without any coordinated control
techniques), having the advantage of avoiding a
static and rigid Look-Up Table, extracted for in-
stance via FLORIS [4], for single wind speeds.



2. Software Validation

The wind tunnel campaign was performed be-
tween 2017 and 2019, including seven entries
with several tests to characterize the wake shed
and to validate open-loop control techniques for
the EU Project. The tests to perform this vali-
dation were three: the first two were with con-
stant wind speed and constant wind direction,
while the third one was with constant wind
speed but variable wind direction to validate
open-loop control techniques.

Regarding the static tests, the first test was with
two aligned turbines, while the second one with
a slight lateral displacement of the downwind
turbine under a yawed condition; the last one
represented a dynamic condition to use a Look-
Up Table pre-tuned by FLORIS (statically) for
different wind directions.

The goals of the validation were to find the best
tool to describe sufficiently well these tests, com-
paring the simulated wakes at specific distances
with the real data and to improve the static
open-loop strategy of wake steering.

The tools chosen for the validation were
FLORIS, FAST .Farm [5] and FLORIDyn: they
are low and medium-fidelity open-source soft-
ware; more sophisticated analyses were omitted
in order to privilege the relatively low computa-
tional cost for a sufficient level of accuracy.
The static tests showed a very good level of fi-
delity for all the tools, also capturing the asym-
metric wake due to the yawed condition for
the second test. The worst result came from
FAST.Farm, especially regarding the computa-
tional time: while FLORIS and FLORIDyn’s
output were ready in 1 second, FAST.Farm re-
quired more than 30 minutes, due to a forced
choice of a very small-time step to describe cor-
rectly the wake dynamics inside the tool. More-
over, since the default parameters of FAST.Farm
were calibrated with SOWFA for NRELSMW,
the accuracy was negatively affected by this un-
precise calibration since the wind turbine model
of the campaign had a rotor diameter of a 1.1 m
and a rated rotor speed of 850 rpm (TUM Gl
Model).

The dynamic test was performed only in FLORI-
Dyn (see Figure 1), because FLORIS incorpo-
rates only steady-state engineering wake models,
while FAST.Farm was not suitable because of
its complex and expensive implementation com-

pared to FLORIDyn.
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Figure 1: FLORIDyn: Screenshot of Test 3

The control strategy (LUT) was implemented in
the code of the software and validated.

The wake output was affected by error due to the
small layout and a very dynamic yaw condition.
That final result was not considered as determi-
nant, because it was defined as a pathological
case: the wake calculation in FLORIDyn uses
points (Observation Points) that contain flow in-
formation, travelling at the undisturbed speed;
longitudinally the layout was included in 11 me-
ters (10 diameters), therefore the parcels trav-
elled the whole cluster in less than three seconds
(considering the wind speed of test 3), while in
a more realistic scenario 10 diameters are more
than 1 km, so the travel time of the observation
points is much higher and the inaccuracy from
the numerical model has a smaller impact.

3. Towards a Digital Twin

The new tool has been developed in FLORIDyn
due to its good performance shown in the vali-
dation chapter and a very simple and intuitive
structure of the code.

The structure of this “primitive” digital twin can
be divided into four categories: Inputs, Initial-
ization, Optimum Control and Simulation. Fur-
thermore, the inputs are classified in “General
Inputs” (environment and layout) and “Initial-
ization Inputs”; while the former ones are the
classical inputs that change for each case study,
the latter ones are an intrinsic characteristic of
this code.

The methodology is based on a Dynamic Look-
Up Table, built by an automatic initialization
process, where only few inputs (the “Initializa-
tion Inputs”) are managed by the designer. The



initialization consists in a series of simulations,
each of which involves only one turbine experi-
encing a set of yaw misalignments for a specific
wind condition. The designer determines the
number of simulations and the computational
time, choosing the resolution of the vectors that
represent the input of the simulations. In fact,
N, D, 7 are respectively the number of elements
of the initialized vectors of wind speed, wind di-
rection and the yaw misalignments. The last one
is from -30 to 30 degrees and represents all the
conditions that the single turbine must experi-
ence in one simulation of the initialization. The
other two are shaped in function of the wind con-
dition from the general outputs and, therefore,
determine the number of simulation (N x D).
This process leads to the construction of a
database for the wake steering technique, where
the element (d,n) contains important informa-
tion extracted from the simulation for wind
speed n and wind direction d: a column vec-
tor 7 x 1 stores the power production for each
yaw misalignment, while a matrix 7 x (M — 1)
represents the wake. Specifically, each element
of this matrix represents the wake at a specific
relative position of a downwind turbine with re-
spect to the closest upwind turbine for a yaw
misalignment of the latter: the relative positions
are automatically calculated immediately after
knowing the layout of the farm (M is the num-
ber of wind turbines that influence each other,
identifying upwind and downwind turbines for a
given wind history).

A higher resolution of the database, obviously
increases the accuracy of the optimal control
that will be explained in the next lines, but the
computational cost could become a decision fac-
tor: for instance, an initialization with N = 5,
D = 10, 7 = 13 requires less than 5 minutes,
while another one with N =30, D =31, 7 =27
approximately 4 hours.

This strategic structure allows the implementa-
tion of a very basic algorithm to develop the
control technique of Wake Steering: the goal is
to maximize the overall power production of the
farm, neglecting other constraints such as ulti-
mate loads and fatigue, finding the optimal com-
bination of yaw misalignment of all the turbines
excepting for the last one (its wake is harmless,
so the Greedy control strategy is always the best
one).

Thanks to the already explained methodology,
it is possible to extract the whole set of combi-
nations of the total power of the farm and look
for the one that maximizes the power output.
In fact, there is a for-loop to create iteratively
the optimum yaw for the upwind turbines us-
ing the database: for each time step of the
wind history, the structure of the database is
extracted for the specific wind speed and wind
direction; for the first upwind turbine, the wind
input will be the undisturbed flow condition,
while for the downwind turbines there will be
"7-combinations" of wind speed and wind direc-
tion due to different yaws of the upwind turbine.
The total combinations for each time step will
(M=1) " 5o the main limitation is the expo-
nential complexity of this tool: if M increases,
the tool can be very inefficient, so for this reason
at this moment only small groups of turbines of
a cluster are considered, classifying a priori the
upwind-downwind disposition.

Some tests (see Figures 2, 3) have been per-
formed to show that even if the algorithm is not
fully optimized, the control technique from this
new tool improves not only the greedy technique
(each turbine uses an individual yaw control to
have zero yaw misalignment for each wind direc-
tion), but also the LUT of FLORIS, used in the
third test of the validation process, when the ve-
locity varies rather than remaining constant (see
Figure 3).
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Figure 2: Control Strategy and Power Produc-
tion (Constant Wind Speed)
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Figure 3: Control Strategy and Power Produc-
tion (Linear Wind Speed Increase)

4. Conclusion

This promising tool is not restricted to a sin-
gle wind speed like open-loop strategy “LUT
FLORIS”, therefore with variable wind speed
the ongoing Digital Twin (DT) is the only opti-
mization tool to be robust and to still perform
a good strategy. In fact, comparing the energy
production with the greedy strategy, for a con-
stant wind speed and sinusoidal wind direction
(see Figure 2) the new tool presents +11.65%,
while LUT FLORIS achieves a similar result
with +11.94%; instead, the situation changes
when there is a ramp wind speed around the
rated speed: the former continues to signifi-
cantly improve the greedy strategy (+8.54%),
whereas the latter, if not updated again, reduces
its effectiveness (4+6.13%) (see Figure 3).
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Figure 4: Robustness Analysis, Confidence
Level with 1000 Simulations

Moreover, a Monte Carlo analysis with 1000 sim-
ulations was conducted to verify that the confi-
dence level for specific initialization inputs was
limited. The results (see Figure 4) show that
the ongoing Digital Twin also demonstrates ro-
bust behavior when white noise is applied to the
input wind conditions.

The next steps will aim to solve the inefficient
algorithm for big clusters, overcoming the ex-
ponential complexity through the introduction
of alternatives such as Heuristics, Dynamic Pro-
gramming, and Metaheuristics. The last ones,
like genetic algorithms, can be particularly suit-
able because they explore solutions efficiently.
Another promising direction is the use of a sur-
rogate model for initialization, reducing com-
putational costs and enabling integration with
Deep Reinforcement Learning to learn an opti-
mal Wake Steering control policy offline, avoid-
ing costly re-optimizations during online deploy-
ment.

Another useful future development could be an
interface between FLORIS and the future DT to
achieve a pre-initialization to obtain the optimal
layout thanks to the Genetic Random Search al-
gorithm, already implemented in FLORIS, and
then start the loop of the new tool presented in
this work. For this purpose, the most comfort-
able choice could be using FLORISSE that ba-
sically represents FLORIS via MATLAB, since
FLORIDyn and the ongoing DT are in MAT-
LAB.

A more sophisticated addition could be the im-
plementation of different mode control optimiza-
tion techniques such as wake recovery through
derating and wake recovery through dynamic in-
duction factor.

In conclusion, the current tool can be defined
as a Physics-Based Model, because it uses nu-
merical wake models, validated through exper-
imental data from the wind tunnel campaign.
However, future implementations may incorpo-
rate features such as Neural Networks, which
could serve as a foundation for developing a Pre-
scriptive DT, providing optimized recommenda-
tions and automated decision-making to design
a coordinated control strategy for wind farms.
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