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ABSTRACT

For the testing of floating wind turbines in a wave basin,
several methods have been developed to include the wind tur-
bine loads acting on the floating foundation. To simplify, there is
one main choice for the modelling of the wind turbine loads at the
scale of the basin: using a physical rotor in a wind field, or using
hybrid methods where the wind turbine loads are computed and
applied by actuators to the model. Each approach aims at repro-
ducing the loads that the wind turbine generates at the Froude
scale chosen for the construction of the model. Transferring
these loads can therefore be seen as a step that is common to
all methods. While these loads are essential for the modelling of
the wind turbine and its interaction with the floating foundation,
they are not yet systematically measured nor reported in all basin
tests of a floating wind turbine. Most surprisingly, the benefit of
measuring of the wind turbine loads transferred to the floating
foundation are not explicitly mentioned in the main guidelines on
how to test floating wind turbines [e.g.: ITTC]. This paper gives
some examples of diverse test set-ups where these loads are mea-
sured and it explains how the wind turbine thrust is analytically
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retrieved from these measurements. It also emphasizes why mon-
itoring the loads actually transferred to the floater adds up to the
quality of the test results and confidence in the experiments.

NOMENCLATURE

DNV-GL Det Norkse Veritas - Germanischer Lloyds.

DOF Degree of freedom

FOWT Floating Offshore Wind Turbine.

ITTC International Towing Tank Committee.

MARIN Maritime Research Institute of The Netherlands.

MaRINET2 Marine Renewable Infrastructure Network for En-
hancing Technologies 2.

PSD Power Spectrum Density.

RPM Rotation per minute.

INTRODUCTION

The experimental study of floating wind turbines in wave
basins has brought a tide of new developments to the basin
model-testing methodology in the last decade ( [1]). From per-
formance scaling of the rotor to hybrid testing, new approaches to

Copyright © 2023 by ASME



extend the modelling of the loads accounted for in model-tests to
the wind turbine loads have been highly refreshing and a source
of inspiration for progress in other area of testing: for instance,
performance scaling is applied to tidal turbines ( [2]), hybrid test-
ing is used for the modelling of innovative mooring systems (on-
going work at MARIN) and the inclusion of current loads ( [3]).
The trend to use actuators for the emulation of new types of load-
ing next to the wave loads in a wave basin is meant to last. It
is undeniable that the use of actuators provide a good and sim-
ple solution to emulate other loads than hydrodynamic loads in
a wave basin. Off the shelves products (like ducted thrusters,
drones) of the aeronautical modeling industry are affordable, ro-
bust and light. This motivates many experimental facilities to ex-
plore new applications where these products can be used as load
actuators (e.g. [4]). Classification’s societies and advisory bod-
ies for model-testing have acknowledged this trend and started to
issue various documents to assist the investigators in the use of
these actuators. Nevertheless, there seems a be a blind corner in
this new development: there is no real emphasis on the benefit
of measuring the loads in real-time that actuators deliver during
the model tests. The recent release of the ITTC technical docu-
mentation dedicated to the testing of Marine Renewable Energy
devices does not mention it ( [5]). The recommended practise on
the coupled analysis of floating wind turbines issued by DNV-GL
also omits this topic ( [6]). There are very few publications that
claim to monitor the load produced by actuators and even fewer
that shared any record of these loads (e.g.: [7] and [8]). MARIN
has been monitoring the loads experienced by the wind turbine
quasi-systematically since the very first test of a floating wind
turbine (Sway AS in 2007). These loads have been measured in
a large variety of set-ups. MARIN is commonly using 6 compo-
nent load frames as load sensors for this purpose. Figure 1 shows
such load frame assembled as part of the original MARIN SMW
scaled wind turbine ( [9]). A similar sensor has been used during
hybrid testing at multiple occasions with diverse solutions repre-
senting the wind turbine. Figure 2 highlights the location of a 6
component load frame underneath the structure representing the
wind turbine in an hybrid testing set-up using winches to apply
the wind turbine loads. The load sensor is also visible in Fig. 3
where it is used to monitor the loads delivered by ducted fans.
The same sensor is again used in Fig. 4 to measure the loads un-
der a drone. The authors would like to motivate other facilities
to implement the monitoring of the loads generated by actuators
in their test set-up too as they believe that it is an essential step
in the quality control of any test where actuators are used. This
paper describes test set-ups where actuators have been used and
their loads monitored. It explains how these loads are measured
and proposes an analysis method to extract the wind turbine loads
from the load measurements.

6 component
Load frame

FIGURE 1. MARIN 5MW SCALED WIND TURBINE AT SCALE
1/50
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FIGURE 2. MARIN WINCH-SYSTEM

MEASUREMENTS OF LOADS AT THE TOWER-TOP

Load frames come in different sizes and measurement
ranges. Nevertheless, they can all be described as a clever as-
sembly of transducers. Their arrangement and the deformation
of the frame makes it possible to retrieve up to 6 components of
the global load exerted on the frame following simple arithmetic
relations. The force transducers are assembled on the bottom
and top plate with flexure hinges in between transducers and the
plates to prevent any stick slip in the load measurements (e.g.
Fig. 5). By accounting for the position and orientation of each
individual sensor, the loads recorded by the distinct sensors are
combined to determine the global loads exerted on the frame at
its geometrical centre. In addition to the calibration data of all
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individual sensors, the calibration of the whole load frame is re-
quired. This makes it possible to account for the deformation of
the frame under loading in the conversion of the reading of the
force measured by the sensors to the 6 components of the global
load on the frame.

FLOATING WIND TURBINE MODEL

For this paper, the model of a wind turbine used in a test
campaign in the Concept Basin of MARIN in the fall 2019 has
been chosen as an illustration of how the turbine loads can be
monitored and analyzed. The description of the full set-up is
publicly available in [10]. The picture of the test set-up is shown
in Fig. 3. The wind turbine loads were emulated by a ducted

FIGURE 6. DeepCwind semisubmersible with a ducted fan

fan mounted at the top of a very stout tube representing the rigid
tower. To further increase the rigidity of this tower, 3 guy wires
were tensioned between the top of the tower and the columns of
the semisubmersible. The force balance of Fig. 5 was placed
between the tower and the actuator generating the thrust. In this
example, the load frame of Fig. 5 was used to monitor the 3
forces Fx, Fy, Fz and 3 moments Mx, My, Mz at the connection
of the fan and the tower-top. It has been engineered, designed
and manufactured by MARIN for the purpose of model-testing.
The uncertainty on the measurement of Fx by this frame is below
0.5% of the applied Fx in the range of 10 N to 220 N.
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As visible on the photography of Fig. 6, two ducted fans
were mounted on the tower for this test campaign. MARIN
ceased the opportunity to check individually the performance of
two fans in the same model-test campaign. The fans were not op-
erated simultaneously. The results presented in this paper were
obtained with the bottom fan, which is the biggest and most pow-
erful of the two fans. This fan is produced by WeMoTech for re-
mote control (RC) aeroplane models. It consists of a motor and
a multi-bladed fan. It was selected based on the range of thrust
that it can deliver and its robustness. An RC sensor was added
to monitor the rotation speed of the fan’s motor. The voltage is
directly related to the rotation speed of the motor. The output of
the sensor is converted to a speed and read from an LCD screen.
This set-up has exclusively been used in this campaign to do tests
at constant levels of thrust. The thrust was achieved by providing
a voltage to the motor speed.

All the electrical components of the fan were powered by a
voltage supply installed on the side of the basin. This external
power supply was preferred to batteries for safety reasons. The
power supply could easily be switched off with an emergency
stop. Additionally this solution has also the advantage of guar-
anteeing a stable voltage supply and thus a stable rotation speed
of the fan. However, the power cable needs to be carefully se-
lected. It needs to be suitable for the required current and gives
a minimum voltage loss over its length. Therefore it needs to be
thick enough but not too thick such that its weight and lack of
flexibility don’t disturb the motion of the floater.

Prior to the tests in the basin, the fan system with its load
frame was placed on a fixed structure and tested to obtain the re-
lation between the motor’s rotation speed (RPM) and delivered
thrust. Calibration data are shown while compared to the thrust
measured during the actual testing ( Fig. 15). During this calibra-
tion work, the repeatability of this relation was verified. It was
also checked that the system can deliver a stable thrust for longer
than 25 min, which is a typical duration of tests at the considered
scale of 1/50. With the availability of trustworthy calibration
data, measuring the loads may seem unnecessary as the thrust
follows from the RPM measurement. Nevertheless, monitoring
the actual thrust delivered by the fan gives more options. It en-
ables to check that the relation between RPM and thrust which
was determined from steady measurements in static conditions
(i.e. the fan was fixed during the calibration) are still valid in dy-
namic conditions where the floater and the fan are moving with
rpm-controlled setting. It also makes it possible to use the thrust
as control parameter rather than the fan’s rotational speed. The
latest option is the most suitable for hybrid testing during which
the thrust is dynamically calculated by a software while the tests
are ongoing. However, this supposes that the thrust can be re-
trieved from the load measurements of the 6 component load
frame. Furthermore the dynamics of the fan system must be able
to follow this calculated thrust set point.

EXTRACTION OF AERODYNAMIC LOADS

The total aerodynamic loads acting on a wind turbine in
operation comprises the thrust generated by the rotor, and drag
forces acting on the tower and the part of the foundation exposed
to wind. For an operating rotor, the thrust is much larger than
these drag loads. For simplification, only the thrust is considered
in this study and the drag loads on other elements than the ro-
tor are neglected. Therefore, in Fig. 7 and all following figures
the load extracted from the actuator’s force in x direction is as-
similated to the thrust of the emulated wind turbine. On top of
the aerodynamic loads, the gravity loads and the inertial loads
need to be considered to match the total loads experienced by the
turbine.

Figure 7 shows the sketch of a single ducted fan mounted
on a load frame at the top of a tower. Several locations are of
importance for the transfer of the loads from the fan to the floater
via the tower.

H: the hub centre which can also be considered as the centre
of mass of the fan alone for simplification,

G: the centre of mass of the fan system which is made of the
fan, a mounting plate, a portion of the load frame, possibly
other components for the power supply and control of the
fan, and sometimes ballast weights,

N: the middle of the load frame which is considered as the
interface point of the nacelle where the 6 components of the
loads are measured.

It is capital to realize from Fig. 7 that the loads exerted by the
fan (at H) are not directly the loads measured by the load sen-
sors (at N). For instance, the thrust force applied at H generates
a moment at N. So does the total weight of the whole fan system
too for which the arm depends on the distance GN. For the in-
ertia moments of the fan system to be considered, these need to
include those of the fan itself and those of all other components.
These moments should eventually be expressed at the centre of
the load frame N. Once transferred to N, the inertia matrix of
the whole fan system will most certainly includes non-diagonal
components (especially coupling terms between surge and pitch).
Such that the construction of the fan system is at the origin of a
discrepancy of the loads generated by the fan and those mea-
sured by the 6 component load frame. The load frame does not
exclusively measured the loads generated by the fan, but also the
weight and inertial loads. Fortunately, these components can be
determined and subtracted from the total measured loads; leav-
ing the exclusive contribution of the fan. This chapter explains
how this was done in this campaign.

As it is common practice for most sensors, the signals of the
6 component load frame are zeroed at the start of the model-tests.
This is cancelling all steady load components, like those caused
by the weight. Nevertheless, the components that vary with the
motions, like the projection of the weight along the X, y and z
axes and the related moments are still contributing to the total
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FIGURE 7. Schematic description of the load transfer from a ducted-
fan

loads captured by the load frame. Knowing the mass of all el-
ements above the load frame, the dynamic weight components
can be calculated using the monitored roll and pitch rotation an-
gles. The associated moments were obtained by multiplying this
weight with the arm formed between the centre of mass of all
elements above the load frame and its geometrical centre N. The
inertial forces are equal to the product of the same mass by the
accelerations at the centre of the load frame. The inertial mo-
ments are the product of the gyration moments by the rotational
accelerations. The accelerations around the x-axis, y-axis and
z-axis can be derived from the combinations of the translation
accelerations at 3 positions on the rigid floater. Once, the trans-
lation accelerations measured at any of the 3 accelerometers are
transferred to the centre of the load frame, the 6 components in-
ertial loads acting on the load frame can be determined when the
floater, the tower and the nacelle are all considered as part of
the same rigid body. Within this assumption of full body rigid-
ity, the present set-up provides us with everything we need for
the extraction of the weight loads and inertial loads acting on the
load frame. In this way, the remaining loads are the contributions
caused by the operating fan. These remaining components repre-
sent the aerodynamic loads acting at the top of the wind turbine’s
tower (more precisely at location N).

The extraction of the actual loads due to the fan is an ana-
lytical exercise which requires a very detailed knowledge of the
assembly of all components of the fan system. In particular, the
inertia properties of the fan system can be difficult to assess with
sufficient certainty. Three main paths can be followed for their
assessment. The first one is rely on detailed technical drawings
of all components (or Computed Assisted Design data). The
second one is to experimentally determined the centre of mass

and inertia moments of the part(s) of the fan system. This can
be done through swing tests for instance. The third way is to
choose simplified geometry for all or parts of the components
(e.g. represent the ducted-fan by a cylinder) and assemble all
these inertia moments to an estimated total inertia 6x6-matrix at
the centre of mass of the whole system G of Fig. 7. Whatever
the way the total inertia matrix is determined, it remains an es-
timation process which results should be considered with some
precaution. Thankfully, these estimates can be checked and even
refined against model-test results. Some tests are providential to
verify the estimated values of the inertia matrix:

1. Static load tests: the test designed to check the mooring
restoring loads to a pitch inclination can provide steady mo-
ments monitored in the load frame and their relation with the
pitch angle. This enables to check the total mass acting on
the load frame and the position of the centre of mass of the
fan system.

2. Hydrostatic tests: the test designed to check the longitudinal
metacentric distance (GML) of the whole floater can provide
steady measurement from the load frame and their relation
with the pitch angle. This enables to check the total mass
acting on the load frame and the position of the centre of
mass of the fan system.

3. Surge decay tests: the knowledge of the acceleration in surge
combined with the loads monitored in the load frame makes
it possible to verify what the inertia contribution in the force
acting in surge is and thus check the estimated mass.

4. Pitch decay tests: the knowledge of the pitch angle and the
acceleration in pitch combined with the loads monitored in
the load frame makes it possible to verify what the inertia
contribution in the pitch moment at N is and thus check some
values of the inertia matrix.

5. Tests in still water under constant thrust: the relation be-
tween the pitch angle and value of the thrust should corrob-
orate the results of the static calibration of the fan. Know-
ing the thrust and thus the pitch moment at N, the moment
caused by the weight is the other remaining component of
the pitch moment measured by the load frame (at N).

6. Shutdown tests in still water: these tests consists in switch-
ing off the fan after the floater has come to a steady equi-
librium position with a constant thrust. What follows this
shutdown (of the fan) is a combined surge and pitch decay
(with no thrust). The analysis of these decays gives us sim-
ilar information as what can be obtained from decay tests
and tests under constant thrust. A shutdown test is chosen
as an example of the load decomposition method in the next
chapter.

F6Cy = Inrty +Wghty + Aeroy (D)

Copyright © 2023 by ASME



where,

F6Cy = loads monitored by the load sensors (3 forces and 3
moments at N).

Inrty = inertial loads (3 forces and 3 moments at N).

W ghty = Weight loads (3 forces and 3 moments at N).

Aeroy = loads exerted by the fan (3 forces and 3 moments at N).

The expression of inertia and weight tensors of Eqn. (1) will
be further detailed using the motions and the inertia matrix of the
fan system. For this purpose, the motion at N is introduced as a 6
component vector with the translations in the first 3 rows (surge,
sway and heave) and the rotations (in rad) in the last 3 rows (roll,
pitch and yaw):

€ DS N = r

The inertia are contained in a 6x6 matrix. These notations
are conformed to those of many other publications in ship hydro-
dynamics (e.g. [11]).

ey
InrtN:IN.XN (2)

where,

Iy = 6x6 inertia matrix of the fan system expressed at N;

= .

Xy = 6 component motion vector at N ( DOFs: surge, sway,
heave, roll, pitch and yaw);

Xy = 6 component acceleration vector at N ( DOFs: surge, sway,
heave, roll, pitch and yaw).

Wehty =Iy(1,1).R. g (3)

where,

In(1,1) = Mass of the fan system;

R = rotation matrix from the earth fixed referential to the nacelle
fixed referential;

? = gravity vector in earth referential (0, 0, -9.81).

The knowledge of the inertia characteristics of the fan sys-
tem and the (rigid body) motions and accelerations at N is suffi-
cient to calculate the inertial component and weight component

of the loads in Eqn. (1). This provides us with a way to retrieve
the loads created by the fan as they make the last unknown com-
ponent of Eqn. ( 1).

The (total) longitudinal force in the load frame (F6C-x) and
the pitch motion (X5) that have been recorded prior and after a
fan-shutdown event are displayed in Fig. 8. This test includes 2
steady states:

1. Prior to the shutdown event, the floater lies in a stable equi-
librium under the loading of the constant thrust. Signals in
this state are highlighted in green.

2. Well after the shutdown event till the end of the recording,
the floater lies in a stable equilibrium with no thrust excita-
tion. Signals in this state are highlighted in red.

The differences (in F6C-x and X5) between these 2 steady
states are exclusively due to the loss of thrust and the change of
the longitudinal projection of the weight. Back to Eqn. 1, the in-
ertia term (/nrty) can be disregarded while the value of the thrust
loss is known from calibration data of the fan. Between these 2
steady states, the aerodynamic moment in pitch has disappeared.
That informs us on the arm HN of Fig. 7 that contributes to the
pitch moment felt in the load frame. In addition, the weight pro-
jections in the longitudinal direction (X) and the vertical direc-
tion (Z) have changed with the pitch inclination. The variations
of weight forces and moment in pitch inform us on the mass of
the whole fan system and the arm GN of Fig. 7.

Let’s now look at the transient state between the 2 steady
states. The records of the longitudinal force in the load frame
(F6C-x) and the pitch motion (Xs) from the time which follows
immediately the fan’s shutdown event exhibit the dynamics of
the system. Signals in this transient state are highlighted in pur-
ple in Fig. 8. During this section of the test, the inertia loads
are significant because the accelerations decrease quickly in the
decaying motion of the turbine. Back to Eqn. (1), the aerody-
namic loads are now null, leaving only the weight loads and the
inertia loads, both loads acting at the centre of mass G of Fig. 7.
This gives us an opportunity to check the value of the mass of
the fan system and the position of its centre of mass through the
determination of GN.

Figure 9 shows the decomposition of the forces measured by
the load frame (6C) during two time intervals that represents two
of the distinct states discussed previously:

1. Prior to the shutdown event when the fan operates at constant
RPM in still water and the system lies in equilibrium. All
signals highlighted in green in Fig. 8.

2. Right after the shutdown event when the pitch motion decays
due to the loss of thrust. All signals in this dynamic state are
highlighted in purple in Fig. 8.

The longitudinal load in the load frame can be split in 3 compo-
nents corresponding to the 3 terms of Eqn. (1):
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FIGURE 8. PITCH AND LOAD DURING A SHUTDOWN EVENT

‘6C’ stands for the total measured forces by the load frame,
‘Wght’ stands for the dynamic contribution of the weight of
all elements above the load frame,

‘Inrt’ stands for the inertial loads of all elements above the
load frame,

‘Aero’ stands for the remaining part that must represents the
aerodynamic loads acting on the wind turbine. The aerody-
namic load in the x-direction is the thrust of the fan.

Following this decomposition, the thrust appears steady and rela-
tively unaffected by the decaying motion of the floater. It is noted
that the absolute mean value of the Fx component as measured
by the load frame is much bigger than the actual thrust. This is
caused by the projection of the weight that grows with the trim
angle of the floater.

This load decomposition is applied to all tests with the fan
in operation. Results of this load decomposition are shown for a
few of these tests in the next chapter.

REAL-TIME LOAD MONITORING

The hardware and method developed in the previous sec-
tions are employed in this section through several examples of
tests with the DeepCWind semisubmersible. It is useful to em-
phasize that the extraction of the wind turbine loads is purely
based on the decomposition of all the loads leading the dynamic
responses of the part of the wind turbine above the load frame.
As such the analysis method does not rely on any filtering tech-
nique to isolate the inertia loads or the weight, which makes it ap-
plicable to any kind of floaters. The biggest simplification is that
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FIGURE 9. LOAD DECOMPOSITION DURING A SHUTDOWN
EVENT

it considers the turbine and the floater has a rigid body to be able
to easily transform the motions and the acceleration from any lo-
cation of the floater to the centre of the load frame (points N of
Fig. 7). This limitation should not be an issue for floaters with
soft responses like spars, semisubmersible platforms and barges
which motions are mainly restricted to the wave frequency range
or below (i.e. well below the natural frequencies of the tower).
Nevertheless it could become an obstacle if the goal of the tests
was to investigate specifically the effects of high frequency re-
sponses on the floater (e.g. tests in steep and breaking waves
with the turbine operating). This simplification might also be too
strong for floaters with very stiff motion responses like tension
leg platforms which motion modes are likely to merge with the
structural modes of the tower ( [12]). In this case, a simple fix
could be to monitor the accelerations and the motion directly on
the load frame such that these measurements include the struc-
tural responses of the tower.

Still water tests with constant thrust

This chapter presents results for 7 fixed RPM tests while the
floater lays calmly in still water, which Fig. 10 gives an illustra-
tion of. At rest, the floater is tilted under the effect of the thrust
as can be seen in Fig. 11. Applying the decomposition method
of the previous chapter, the thrust can be extracted from the mea-
sured longitudinal force Fx 6C in the load frame (Fig. 12). The
extracted thrust is not perfectly constant for all these tests but
some small variations can be observed at high and low frequen-
cies (standard deviation less than 1.5 percent of mean value).
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These small variations have several sources. Firstly, the accel-
erations are used in the determination of the net aerodynamic
thrust from the total load measured by the load frame. Accelera-
tion measurements are noisy due to the vibrations of the structure
and the sensors themselves. Another important source of noise
is the actuator itself. A spectral analysis of a pitch decay test
with the fan operating at 3960 RPM confirms that the fan causes
significant vibrations at frequencies higher than the platform’s
motion frequencies. The spectra of the measured force in surge
(6C) and the extracted thrust (Aero) are shown in Fig. 13. The
variations measured in the load frame around the surge and pitch
eigen frequencies are neatly removed by the load decomposition
method as the spectrum of the thrust signal testifies. Neverthe-
less, an increase of high frequency vibrations was observed when
the fan was turned on. This noise induced by the fan has a sim-
ilar impact on both signals (6C and Aero). In Fig. 13, a broad
peak of vibrations is clearly visible around 9 rad/s. This noise
occurs at frequencies much lower than the 1P frequency of the
fan. The frequency of this peak does not seem to coincide with
the tower’s eigen frequencies for the first bending mode or the
second bending mode. The presence of noise in the thrust signal
was not judged detrimental to the demonstration of the method
for the extraction of the thrust and therefore no filtering was ap-
plied. The mean values of these thrust signals are plotted against
the fan’s velocity (in RPM) in Fig. 14.

For every fixed RPM tests, the average value of the extracted
thrust signal can be compared to the thrust value correspond-
ing to the RPM setting of the calibration curves of the fan alone
which was obtained before the tests in the basin. The values of
the thrust extracted from the fixed RPM tests with the floater in
the basin agree well with the values measured during the calibra-
tion of the fan (Fig. 15). This shows that there is no significant
variation of the fan’s performance between the calibration’s set-
up and the basin’s set-up. The wind turbine thrust emulation is
working as expected.

Operational wave with constant thrust

The system of Fig. 6 has been tested in regular and irreg-
ular waves with and without thrust ( [10]). One of these condi-
tions was a JONSWAP spectrum with peak period 7, of 12.1 s
and significant wave height Hy of 7.1 m. Figure 16 shows the
Power Spectrum Density (PSD) of different wave realizations of
this operational sea-state. 3 Tests were conducted with the fan
operating at fixed rotation speed at 3960 RPM, 4650 RPM and
5400 RPM. Figure 17 displays the signals of the thrust processed
from the measurement of the load frame as explained in the pre-
vious chapter. There again the thrust signals are relatively steady
although noisy. The standard deviations of the thrust signals are
slightly higher than what has been observed in the still water tests
but remains small relative (< 3%) to the thrust mean value (Table
1).

FIGURE 10. CONSTANT THRUST IN STILL WATER TEST
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BENEFITS OF MEASURING THE THRUST DURING THE
MODEL-TESTS

In the previous sections, it has been demonstrated that the
thrust can be accurately obtained from the loads measured at the
connection point between the nacelle and the tower. Knowing
the actual value of the applied thrust is a great asset for several
reasons.

Having the option of exerting a given load through an actua-
tor (like a fan) without changing anything to the test set-up makes
some usual system’s verification and documentation tests easy to
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FIGURE 13. PSD OF MEASURED FORCE IN SURGE VERSUS
EXTRACTED THRUST

execute. Increasing the thrust step-wise or combining a series of
constant thrust provide experimental data which can be used to
check the hydrostatic and mooring restoring characteristics of the
model (e.g. [13], [10]). A shutdown event triggers decaying pitch
and surge motions which can be analyzed as such to get informa-
tion on the natural period of the model and associated levels of
damping. Knowing the load applied by the actuator ensures a
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FIGURE 15. THRUST VALUES FROM TESTS IN BASIN AND
CALIBRATION OF FAN SYSTEM

very good repeatability of the testing conditions (c.f. [13], [10]).

It gives a way to monitor and check the true value of the
thrust during the actual testing. By doing that, the operator
does not depend any longer exclusively on calibration data that
were executed prior to the test with a different and often incom-
plete set-up (where only the fan system was present without the
model). Moreover, these calibration data are usually limited to
steady conditions and possibly not covering the whole range of
application of the fan (new thrust values can be explored and for a
longer duration during the tests than during the calibration). Fur-
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FIGURE 17. ESTIMATION OF THE THRUST SIGNAL

thermore, it gives the possibility to check for any deviation of the
performance of the fan over time caused for instance by possible
power supply issue, overheating or mechanical wear and tear.
These deviations can be easily spotted when the current thrust
is monitored. That also enables to assess how much the thrust
varies from the requested target value. This is already valuable
when testing under constant thrust and even more when the set-
point for the thrust varies over time. This is the case in hybrid
testing where the wind turbine loads are calculated in live con-
ditions by an aerodynamic software during the test in the basin.
The comparison of the loads applied to the physical turbine with
the targeted loads calculated by the software gives the most ro-
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TABLE 1.
RPM

THRUST STATISTICS IN WAVE TESTS WITH FIXED

RPM setting Mean STD  STD/Mean (%)
3960 617.07 17.18 2.78
4650 798.72 2250 2.82
5400 1121.89 19.82 1.77

bust quality assurance that the emulation of the wind turbine is
properly achieved.

In 2018, adjacent to the tests done with the fan system of Fig.
6, a drone system of CENER was mounted on the same floater
Fig. 19 and hybrid tests were completed as part of the project
ACTFLOW within the 3rd call of the MARINET?2 infrastruc-
ture transnational access program. The drone system allowed to
account for pitch and yaw moments in addition to the thrust as
part of the wind turbine loads acting on the floater ( [14]). This
test set-up is visible in Fig. 4. It used the same load frame as
the example previously developed of Fig. 3. Several publica-
tions have covered the results of ACTFLOW. MARIN employed
the same load monitoring and analysis techniques as presented
in this paper to track the wind turbine loads applied by this ac-
tuator. This time the drone system was not operating only at
constant thrust but also in gust winds with a collection of wind
turbine controllers designed specifically for this floating founda-
tion. The control strategies have been developed by POLIMI and
TU Delft ( [15]). One of this controller was tested in operational
waves (same PSD as in Fig. 16) under 3 gust wind conditions
with active control. Figure 18 displays the thrust set-point sig-
nals in the top graphic and the realized thrust for these 3 tests.
Without entering into a detailed comparison, it can be seen that
there is a good resemblance between the thrust extracted from
the load measurements at the nacelle and the targeted thrust pro-
vided by the software. The monitoring of the wind turbine load
makes it possible to do this comparison for the thrust and also
other moments generated by any actuator.

CONCLUSION

The loads applied by an actuator can be monitored using a
6 component load frame. The theory behind the extraction of
the wind turbine loads from the measurements of loads by a 6
component load frame is straightforward. This paper develops
the example of how this method was implemented for a semi-
submersible floating wind turbine using a fan for the emulation
of the wind turbine thrust. It is noted that the same technique
can be deployed for other floater types with no to little adapta-
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tions. Only for some cases (like for a TLP), it is preferable for
this method to monitor the motions and the acceleration as close
as possible to the load sensor(s). In addition to the improved ease
with which some documentation tests can be executed with load
actuators (e.g.: static load tests, decay test), the monitoring of
the loads delivered by actuators enables to keep an hold on the
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accuracy and precision of the actuation process. Under achieving
load actuators being diagnosed as one of the main risk of hybrid
testing ( [4]), the authors believe that the monitoring of the ac-
tuation loads must be given a higher priority as what they have
been commonly given so far. Especially during hybrid testing
where the target loads are calculated in real time by a software,
the comparison of the delivered loads and the target loads should
be systematically done and shared with the customer. This would
highlight the performance of the hybrid testing system with no
ambiguity.
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